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… of titania nanocrystals, repre-
sented by surface-functionalized
octahedra in the cover picture, are
found to spontaneously assemble
into highly anisotropic nanostruc-
tures by means of oriented attach-
ment in the [001] direction.
M. Niederberger et al. describe the
assembly behavior of preformed
titania nanopowders in terms of
the type of organic “assembler”
molecule bound to the crystal
surface in their article on
page 3541 ff.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


When is a Bond a Triple Bond?
In their Full Paper on page 3511 ff, P. Pyykkç et al. try to
push the concept of a triple bond to its reasonable limits. A
data set (ranging from Be to eka-Hg) of additive covalent
radii for s2 p4 triple bonds, R(A�B), is proposed. These
radii have a potential predictive value when assessing
homo- or heteronuclear triple bonds, many still unknown.


Microporous Materials
The Full Paper by K. Kim et al. on page 3521 ff describes
the synthesis and characterization of a series of three-
dimensional metal-organic frameworks in which dinuclear
paddle-wheel units are connected by linear linkers and
diamine pillars.


Domino Reactions
The organocatalytic generation of a strong base by the
action of a good nucleophile is used as the basis for the in
situ catalytic generation of conjugated acetylides in the
presence of aldehydes or activated ketones. F. Garc�a-Tell-
ado et al. describe the application of this method in a multi-
component, domino format in their Concept article on
page 3502 ff.
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Alkylchlorotins Grafted to Cross-
Linked Polystyrene Beads by a
�(CH2)n� Spacer (n=4, 6, 11): Selec-
tive, Clean and Recyclable Catalysts
for Transesterification Reactions
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In the paper by M. Biesemans et al., the nomenclature of some of the compounds
listed in column 1 of Table 2 was incorrect. The authors apologize for this error.
The corrected data read as follows:


Table 2. Comparison of the experimental elemental analysis data and the resulting functionalisation
degree t for 9. The elemental analysis data was calculated for different possible target compounds,
on the basis of the functionalisation degree of its immediate precursor.


Compound t % C %H % Sn %Cl found or calcd


9 58.86 5.97 16.15 14.85 found
P(CH2)4SnCl3 0.288[a]


P(CH2)4SnCl2OH 0.321[a]


P(CH2)4SnCl3·H2O 0.269[a]


P(CH2)4SnCl3·2 H2O 0.252[a]


P(CH2)4SnCl3 0.235[b] 63.20 5.72 16.39 14.69 calcd
P(CH2)4SnCl2OH 0.235[b] 64.82 8.01 16.84 10.06 calcd
P(CH2)4SnCl3·H2O 0.235[b] 61.67 5.85 15.99 14.33 calcd
P(CH2)4SnCl3·2 H2O 0.235[b] 60.17 5.98 15.63 14.01 calcd


[a] See footnote [a] in Table 1. [b] Functionalisation degree found experimentally for the precursor
P(CH2)4SnCy3 and henceforth expected for the target 9 (see Experimental Section).


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3492 – 35003500



www.chemeurj.org






CORRIGENDA


R. Bay�n, S. Coco,
P. Espinet* . . . . . . . . . . . . . . . . . . . . . 1079–1085


Gold Liquid Crystals Displaying Lumi-
nescence in the Mesophase and Short
F···F Interactions in the Solid State
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In the paper by P. Espinet et al., the intermolecular Fortho···Fmeta distance given was
incorrect. The correct distance is 2.869 �, which still corresponds to a short F···F
contact, as supported by theoretical calculations in progress by C. F. Matta, N. Cas-
tillo, and R. J. Boyd. This mistake does not affect the discussion and conclusions
of the paper, except for the casual statement made that it was the shortest
Fortho···Fmeta intermolecular distance reported so far, which is not the case. The
authors apologize for this error.
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Multicomponent Domino Processes Based on the Organocatalytic
Generation of Conjugated Acetylides: Efficient Synthetic Manifolds for


Diversity-Oriented Molecular Construction


David Tejedor,[a, b] David Gonz�lez-Cruz,[a] Alicia Santos-Exp�sito,[a]


Jose Juan Marrero-Tellado,[b, c] Pedro de Armas,[a] and Fernando Garc�a-Tellado*[a]


Dedicated to Research Scientist Melchor Garc�a Hern�ndez


Introduction


The demand for new synthetic methodologies able to pro-
duce molecules in a highly effective manner has increased
greatly in the last decades. This demand has fuelled an
active search for new synthetic protocols addressing the
modular and diversity-oriented construction of molecular
complexity. Although the available arsenal of tools in syn-
thetic organic chemistry is well suited to construct almost
any imaginable molecule, this new scenario demands the
continuous search for new reagents, catalysts, chemical
transformations, and reaction-processing technologies. Effi-
cient chemical syntheses not only need to be selective and
high yielding, they also have to fulfill new intrinsic reaction
values such as bond-forming efficiency and atom economy,
as well as extrinsic ones such as economy and safety, in addi-
tion to being bench and environmentally friendly and re-
source-effective. Among the best known efficient chemical


Abstract: The organocatalytic generation of a strong base
by the action of a good nucleophile is the base for the in
situ catalytic generation of conjugated acetylides in the
presence of aldehydes or activated ketones. The method is
affordable in a multicomponent, domino format able to
generate a chemically diverse set of multifunctionalized
adducts that are very well suited for diversity-oriented
molecular construction. The domino process involves a
nucleophile as catalyst and a terminal conjugated alkyne
(H�C�C�Z) and an aldehyde or activated ketone as
building blocks. The chemical outcome of this process
changes dramatically as a function of the nucleophile (ter-
tiary amine or phosphine), temperature, stoichiometry,
and solvent. These multicomponent domino processes
achieve molecular construction with good atom economy


and, very importantly, with an exquisite chemo-differenti-
ating incorporation of identical starting units into the
products (nondegenerated chemical output). These prop-
erties convert the H�C�C�Z unit into a specific building
block for diversity-oriented molecular construction. Appli-
cations to the modular and diversity-oriented synthesis of
relevant heterocycles are discussed. A protocol involving
two coupled domino processes linked in a one-pot manner
will be discussed as an efficient synthetic manifold for the
modular and diversity-oriented construction of multisub-
stituted nitrogen-containing heterocycles.


Keywords: alkynes · domino reactions · heterocycles ·
multicomponent reactions · nitrogen
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systems, multicomponent domino processes[1] occupy a privi-
leged position. They accumulate an exceptional set of much-
appreciated intrinsic and extrinsic reaction values that bring
them closer to the concept of ideal synthesis. When per-
formed in a catalytic manner, they constitute efficient syn-
thetic manifolds for the modular and diversity-oriented con-
struction of molecular complexity.


In this article we show the development and synthetic ap-
plications of new domino processes based on the organocat-
alytic generation of conjugated acetylides. This methodology
relies on a novel concept of reactivity generation, that is, the
organocatalytic generation of a strong base by the action of
a good nucleophile.[2] The synthetic implementation of this
concept allows the catalytic generation of conjugated acety-
lides in the presence of aldehydes or activated ketones to se-
lectively produce a chemically diverse set of products as a
function of the used nucleophile (a tertiary amine or phos-
phine), solvent, temperature, and stoichiometry. These prod-
ucts are excellent scaffolds for chemical-diversity genera-
tion.


Organocatalytic Generation of Conjugated
Alkynylides


Nonmetalated conjugated alkynylides 1 (Scheme 1) are not
easily accessible by conventional means.[3] Despite the sever-


al general approaches reported to the in situ catalytic gener-
ation of reactive metalated alkynylides,[4] there remains a
paucity of non-metal-catalyzed generation of type 1 anions.
Recently, Ishikawa and Saito reported on the organocatalyt-
ic generation of the ammonium acetylide 2 (Scheme 1).[5]


The method utilizes a catalytic amount of benzyltrimeth-
ylammonium hydroxide in dimethyl sulfoxide to selectively
deprotonate ethyl propiolate and other terminal alkynes in
the presence of aldehydes and ketones to afford propargylic
alcohols 3 (Scheme 1). Adducts 3, incorporating a conjugat-
ed alkyne and a free hydroxyl group, constitute excellent
building blocks for the productive construction of molecular
complexity.[6] It would be more beneficial if these adducts
could be generated in a domino format suitable for molecu-
lar diversity. Our approach to this challenge combines the
two main chemical properties of terminal conjugated al-
kynes (Scheme 1): their relatively high acidity (pKa<18.8)[7]


and their good Michael acceptor character.[8] This second
property has been extensively exploited in heterocyclic con-
struction through nucleophilic additions to conjugated triple
bonds.[9] Our domino approach is outlined in Scheme 2.


The energetically-favoured nucleophilic addition to the
terminal conjugated alkyne generates the zwitterionic inter-
mediate 4 (kinetic reaction), which deprotonates the starting
conjugated alkyne to generate the reactive acetylide salt 5
(thermodynamic reaction). Overall, a catalytic amount of a
good nucleophile generates a catalytic amount of a strong
base. Once formed, the reactive acetylide salt 5 adds to an


Abstract in Spanish: La generaci�n organocatal�tica de una
base fuerte por acci�n de un buen nucle�filo es la base para
la generaci�n in situ de aniones acetiluro conjugados en pre-
sencia tanto de aldeh�dos como de cetonas activadas. El
m�todo es abordable en un formato domin� multicomponen-
te y genera un conjunto diverso de aductos altamente funcio-
nalizados, muy adecuados para su utilizaci�n en construcci�n
molecular orientada a la diversidad. El proceso domin� re-
quiere un nucle�filo como catalizador y un alquino conjuga-
do terminal (H�C�C�Z) y un aldeh�do o cetona activada
como elementos de construcci�n. El resultado de este proceso
cambia dram�ticamente en funci�n del nucle�filo (aminas o
fosfinas terciarias), la temperatura, la estequiometr�a y el di-
solvente. Estos procesos domin� multicomponente realizan
construcciones moleculares con buena econom�a de �tomo, y
muy importante, con una exquisita quimio-diferenciada in-
corporaci�n de id�nticas unidades de reactivo en los produc-
tos finales (resultado qu�mico no degenerado). Estas propie-
dades convierten a la unidad H�C�C�Z en un elemento pri-
vilegiado de creaci�n de diversidad molecular en procesos de
construcci�n molecular orientados a la diversidad. Sus apli-
caciones a la s�ntesis modular y orientada a la diversidad de
mol�culas heteroc�clicas relevantes son discutidas. Un proto-
colo sint�tico constituido por dos procesos domin� acoplados
y unidos en un formato monoetapa, se presenta como un
modelo eficiente para la construcci�n modular y orientada a
la diversidad de heterociclos nitrogenados polisustituidos.


Scheme 1. Reactivity pattern of terminal conjugated alkynes. EWG =


electron-withdrawing group (also denoted by Z in further schemes).


Scheme 2. Domino process based on the organocatalytic generation of
conjugated alkynylides in the presence of aldehydes. A good nucleophile
generates a strong base.
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electrophile present in the reac-
tion medium to give the expect-
ed addition products. Alde-
hydes or ketones bearing no
protons with pKa<18 are good
electrophiles and their adducts,
propargylic alkoxides 6, are
themselves good nucleophiles
for Michael addition to the re-
active conjugated alkene count-
erion, affording enol-protected
propargylic alcohol derivatives
7 and free nucleophile to restart
the cycle.


Note the double role played
by the catalyst in this domino
process. It triggers the acetylide
generation to launch the cycle
and it catalyzes the Michael ad-
dition on the starting conjugat-
ed alkyne to terminate it. The
catalyst performs both tasks
through the formation of salt 5
(Scheme 2), which incorporates
the two required reactive inter-
mediates: the acetylide anion
and the activated conjugated
alkene counterion. The forma-
tion of this salt explains why
terminal conjugated alkynes are
not suitable substrates for cata-
lytic Baylis–Hillman reac-
tions.[10]


Pronucleophiles and alde-
hydes with pKa lower than 18
cannot be used under these
conditions, because they inhibit
the alkyne deprotonation, funnelling the chemical transfor-
mation toward the expected 1,4-nucleophilic addition (pro-
nucleophile)[11] or aldolic reaction (aldehydes). We have suc-
cessfully implemented this concept using trialkylamines or
trialkylphosphines (organocatalysts) as the trigger nucleo-
phile.[12]


Different organocatalyst, different product : 1,4-
Diazabicyclo[2.2.2]octane (DABCO), a powerful amine nu-
cleophile, catalyzes the reaction of aliphatic aldehydes with
alkyl propiolates or alkynyl sulfones yielding enol-protected
propargylic alcohols 7 with excellent atom economy
(Table 1). Triethylamine, a milder amine nucleophile, also
catalyzes this domino process efficiently affording a differ-
ent set of products as a function of the reaction temperature
and stoichiometry. At 0 8C, the expected compounds 7 are
again formed with excellent atom economy. When tempera-
ture is lowered to �78 8C, a new domino process begins to
operate funnelling the chemical transformation toward the
formation of 1,3-dioxolane derivatives 10 (Scheme 3, cycle


Table 1. Intrinsic and extrinsic reaction values of domino processes a–c.[12]


Domino a Domino b Domino c


intrinsic reaction values
substrates aldehydes aldehydes ketones aldehydes
R1 alkyl alkyl Ph, CF3 alkyl
R2 H H 4-CF3Ph H
Z COOR, SO2Tol COOR, COPh, SO2Tol COOR
catalyst DABCO, Et3N Et3N, Bu3P R3P (pKa �8.5)
solvent wide tolerance wide tolerance halogenated
selectivity 4 diastereoisomers regioselective
yield 56–87 66–95 40–70
atom economy high high moderate
complexity 1 ring 1 ring
BFE[a] 1 C�C, 1C�O 1 C�C, 2C�O 2C�C, 1C�O
format modular modular modular


diversity-oriented diversity-oriented diversity-oriented
multicomponent multicomponent multicomponent


autocalytic
chemical inputs degenerate degenerate degenerate


2 HC�C�EWG 1 HC�C�EWG 2HC�C�EWG
1 aldehyde 2 aldehydes 1aldehyde


(or 2 ketones)
chemical outputs nondegenerate nondegenerate nondegenerate


chemo-differentiation chemo-differentiation chemo-differentiation


extrinsic reaction values
solvent technical grade technical grade dry
atmosphere air atmosphere air atmosphere N2 atmosphere
time fast process fast process fast process
cost low low low
waste low low low-moderate
processing bench-friendly bench-friendly bench-friendly


simple simple simple
special precautions not required


[a] BFE =bond-forming efficiency.


Scheme 3. Domino processes based on the organocatalytic generation of
conjugated alkynylides in the presence of aldehydes and activated ke-
tones. Changes in temperature and stoichiometry afford different sets of
products.
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b ; see also Table 1). Dioxolanes are obtained in high yield
as a mixture of the four possible diastereoisomers (syn/anti,
E/Z). An interesting property of this new process is its auto-
catalytic nature: once alkoxide 6 is formed, it catalyzes its
own synthesis by reaction with another molecule of alde-
hyde or ketone to give alkoxide 8. Cyclization and alkyne
deprotonation generates 1,3-dioxolane 10 and salt 5 to re-
start the cycle. In this set of reactions, the conjugated b-tri-
ethylammonium alkene displays a simple counterion func-
tion. Note that while triethylamine triggers the process, alk-
oxide 6 keeps it going.


Tertiary phosphines are more nucleophilic and less basic
than their homologous tertiary amines and they exhibit dif-
ferent catalyst behavior. Remarkably, they catalyze the syn-
thesis of 1,3-dioxolanes 10, but they do not catalyze the syn-
thesis of propargylic derivatives 7. In non-halogenated sol-
vents and at low temperature, tributylphosphine efficiently
catalyzes the synthesis of 1,3-dioxolanes 10 (Scheme 3, Bu3P
instead of Et3N; also Table 1). Other trialkyl phosphines
(isobutyl, n-octyl) are also suitable catalysts for this process.
On the other hand, aromatic phoshines and phoshites do
not show any catalyst activity. Remarkably, when the reac-
tions are carried out in halogenated solvent, the chemical
outcome of the process changes dramatically. A new
domino process begins to operate funnelling the chemical
transformation toward the formation of trisubstituted dihy-
drofurans 16 (Scheme 4, cycle c ; Table 1). Note that in this


process, the catalyst again performs two functions: triggering
the domino process (generation of salt 12) and activation of
the starting alkynoate for Michael addition. The nature of
this activation is unclear at the moment, but is strongly de-
pendent on solvent and catalyst: only phosphines with pKa


values around 8.5 are able to catalyze this process in halo-
genated solvents. Unfortunately, polymerization of the start-
ing alkynoate is a resource-wasteful competitive reaction
and it produces a deleterious effect on the overall yield.


Chemo-differentiating incorporation of identical building
blocks : One remarkable property of these domino processes
is the discrimination of identical starting materials through a


chemo-differentiating incorporation into the products. In
terms of diversity generation, it means that every domino
process utilizes two identical starting units (degenerated
chemical input) to construct highly functionalized products
that contain a nondegenerated set of chemical functionali-
ties. In other words: each chemical function incorporated
into the product is chemically different from the other. This
chemo-differentiating property converts the H�C�C�Z unit
into a specific building block for diversity-oriented molecu-
lar construction.


Diversity-Oriented Molecular Construction


Compounds 7, 10, and 16 constitute highly functionalized
molecular units that are well suited for using as scaffolds for
diversity-oriented molecular construction (Figures 1 and 2).


We have recently begun to explore the rich chemistry of-
fered by these scaffolds. In particular, we have explored
their use developing novel, metal-free, modular, and diversi-
ty-oriented synthesis of relevant heterocyclic scaffolds.


Modular synthesis of 2,3,4-trisubstituted-furans :[12a] Dihydro-
furans 16 can be obtained as a mixture of E,Z isomers
(Scheme 5) (Table 1). The E isomer is the kinetic product
and it appears with the highest yield in all cases. On stand-
ing, this isomer is not only converted into the Z isomer, but


Scheme 4. Tributylphosphine-catalyzed domino synthesis of 2,3,4-trisub-
stituted dihydrofuranes from terminal conjugated alkynes and aldehydes.


Figure 1. Reactivity pattern of the scaffolds 7.


Figure 2. Reactivity pattern of the 1,3-dioxolanes 10.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3502 – 35103506


F. Garc�a-Tellado et al.



www.chemeurj.org





it mainly undergoes a slow aromatization to form the corre-
sponding 2,3,4-trisubstituted furan 17. This rearrangement is
conveniently accelerated by acid treatment in hot toluene
(Scheme 5). Overall, this procedure constitutes a metal-free,
two-step, modular and diversity-oriented synthesis of 2,3,4-
trisubstituted furans that are not easily obtained by other
methods.[13,14] The chemical yields of these domino processes
are not optimized, but they can be increased by using an
excess of either aldehyde or alkynoate.[12a]


Modular synthesis of 5-substituted tetronic acids :[15] Acid-
controlled trans-acetalization of 1,3-dioxolane derivatives 10
yields 5-substituted tetronic acids 18 in excellent yields.
Linking this reaction to the organocatalyzed domino synthe-
sis of 1,3-dioxolanes 10 allows us to obtain these molecules
in a one-pot manner in good yields (Scheme 6). Linear,
branched, and functionalized aldehydes are tolerated. In ad-
dition, the method is simple and bench-friendly. Once the
domino process finishes, acid and alcohol are added to the
same reaction flask and the reaction mixture is heated for
24 h to achieve complete trans-acetalization. Overall, it con-
stitutes the first practical, metal-free, modular, and diversi-


ty-oriented one-pot synthesis of this family of biologically
relevant molecules.[16]


Coupling domino processes—an efficient approach to the
modular construction of nitrogen-containing polysubstituted
heterocycles : We have approached this challenge through
the development of coupled domino processes. Our design
principle is based on the expected multiplicative effect on
molecular complexity achieved by a chain of two or more
coupled domino processes in the same reaction vessel. This
approach requires the careful design of each of the partici-
pant domino processes. To be coupled in a chainlike
manner, each domino process must generate a suitably func-
tionalized molecule able to be simultaneously engaged in
the subsequent complexity-generating domino process and
so on. Experimentally, the transformation of this concept
into a one-synthetic-step strategy is not a simple task due to
the unattainable kinetic tuning of each of the numerous
chemical reactions involved. A more feasible approach
would consist in the transformation of this concept into a
one-pot synthetic strategy. In this new scenario, the consecu-
tive coupled domino processes should be performed one at
a time and linked in a one-pot operation. We have success-
fully implemented this concept in a simple and practical ex-
perimental format. The syntheses of tetrasubstituted 1,3-ox-
azolidines 19 and tetrasubstituted pyrroles 20 constitute the
first examples of this strategy.


Tetrasubstituted 1,3-oxazolidines :[17] 1,3-Oxazolidines 19
present a particular and interesting chemical topology. The
molecule combines two biologically relevant structural
motifs: an a,b-disubstituted 1,2-amino alcohol[18] and a
latent b-substituted b-amino acid[19] (Figure 3). The masked


form of this 1,2-amino alcohol functionality induces a lipo-
philicity enhancement that facilitates the drug delivery and,
consequently, their favorable use as prodrugs.[20] Additional-
ly, the heterocycle is an excellent platform to place pending
chemical functionalities in an ordered three-dimensional
array.


Our synthetic approach is outlined in Scheme 7. The pro-
tocol is composed of two coupled domino processes linked
in a one-pot manner: an organocatalyzed domino synthesis
of a propargylic scaffold 7 (domino I) and a microwave-as-
sisted amine addition–cyclization domino process (domi-
no II). The different chemical reactivity of the two a,b-unsa-
turated ester groups present in scaffold 7 addresses the se-


Scheme 5. Modular and diversity-oriented synthesis of 2,3,4-trisubsituted
furans.


Scheme 6. Modular synthesis of 5-substituted tetronic acids (4-hydroxy-
5H-furan-2-one).


Figure 3. Biologically relevant structural motifs present in the 1,3-oxazoli-
dines 19.
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lective 1,4-addition of the primary amine on the triple bond
to launch the second domino process.


The synthetic protocol calls for an alkyl propiolate, an ali-
phatic aldehyde, and a primary amine. The method is mild
enough to allow several functionalities on the aldehyde
chain and it is quite general for the amine. Even aniline, a
bad nucleophile, is able to produce the corresponding 1,3-
oxazolidine 19 albeit with low atom efficiency: four equiva-
lents of the amine are required to complete the reaction.
Volatile amines are also tolerated, but they have to be used
in excess to preclude material waste during the silica-gel ab-
sorption process. In these cases, the direct 1,2-addition of
the amine on the ester function competes with the 1,4-addi-
tion on the triple bond, reducing the overall yield of the 1,3-
oxazolidines. Overall, these two linked and coupled domino
processes build up four new bonds and one ring in a very ef-
ficient manner and with a simple, bench and environmental-
ly friendly reaction process. The first domino process does
not require special caution with solvent or reagents; the mi-
crowave-assisted domino process is solvent-free. Once the
first domino process is completed, silica gel and the primary
amine are added to the reaction flask and the mixture is
concentrated to dryness. The flask containing the solid mix-
ture is placed in a domestic microwave oven and irradiated
at 160 W for 90 min. Filtration and flash chromatography
afford pure 1,3-oxazolidines 19.


We have also developed a complementary version using a
tandem Michael addition and ytterbium(iii)-catalyzed cycli-
zation reaction to transform linear scaffolds 7 in 1,3-oxazoli-
dines 19. The whole process is executed in a one-pot
manner affording heterocycles 19 in higher yields than the
microwave version (54–71%), although the amine versatility
is reduced to aliphatic cases. In addition, ethynyl tolylsul-
fones are good substrates for this transformation and they
afford 1,3-oxazolidines by simple heating of the respective
propargylic derivative 7 and the primary amine.


Tetrasubstituted pyrroles :[21] Polysubstituted pyrroles are
common pharmacophores of numerous natural antibiotics
and alkaloids[22] and they have also found applications in the
field of material chemistry.[23] Such properties are of consid-
erable interest in the development of new efficient syntheses
of these heterocycles. Among the plethora of methods avail-
able for pyrrole construction, metal-based strategies[24] and
1,3-dipolar cycloadditions[25] have received the most atten-
tion. In contrast, the number of examples reported in the lit-
erature dealing with metal-free, modular, and direct synthe-
ses of these heterocycles is scarce.[26] A serendipitously dis-
covered spontaneous rearrangement of 1,3-oxazolidines 19
to pyrroles 20 gave us the key for a novel modular and di-
versity-oriented synthesis of these important heterocycles.
The protocol is outlined in Scheme 8. Microwave irradiation


of a silica-gel-absorbed mixture of scaffold 7 and primary
amine affords pyrroles 20 in good yields. Oxazolidines 19
are transient intermediates in this domino process. The
method tolerates a wide scope in the primary amine (aro-
matic, aliphatic, amino acids, etc.) and it is sufficiently mild
to allow a range of functionalities on the aldehyde chain.


Overall, these two linked and coupled domino processes
build up two C�C bonds, two C�N bonds and an aromatic
ring in a regioselective and efficient manner. The overall
yields range from 44 to 53 %, reflecting the high chemical
efficiency of each of the reactions involved (at least nine re-
actions with a >90 % average yield).


In addition, the aliphatic ester group of pyrroles 20 can be
selectively submitted to a microwave-assisted reductive de-
carboxylation to give 21 or selectively hydrolyzed to the
monoacid 22 to generate a new functional-diversity point on
the molecule (Scheme 9).


Scheme 7. Modular and diversity-oriented synthesis of tetrasubstitued
1,3-oxzolidines through two coupled domino processes.


Scheme 8. Modular and diversity-oriented synthesis of tetrasubstitued
pyrroles through two coupled domino processes.
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Outlook


We have just begun to explore the vast chemical space ac-
cessible with this chemical methodology. The trees of chemi-
cal transformation outlined in Figure 1 show the large
number of different chemical transformations we can assay
with these scaffolds to cover unrevealed and/or biological
coincident areas of the vast chemical space.


The asymmetric version of these catalytic domino process-
es remains to be implemented. It is expected that all the
recent achievements in asymmetric organocatalysis and
asymmetric phase-transfer catalysis can be applied here. Al-
though our preliminary results are positive and encouraging,
hard work remains to be done. In close connection, the role
played by tributylphosphine in halogenated solvents catalyz-
ing the synthesis of dihydrofurans 16 remains elusive. Our
working hypothesis relies on the idea of a phosphonium-
mediated activation of the triple bond, but other approaches
have not been discarded.


We have shown how the chemo-differentiated incorpora-
tion of reagents into products converts the H�C�C�Z unit
into a specific building block for diversity-oriented molecu-
lar construction. This property is also inherent in domino
processes type b (Scheme 3): two identical aldehydes (or ke-
tones) units are incorporated into 1,3-dioxolanes 10 in the
form of two chemo-differentiated ethers. Dioxolanes 10 are


generated as a mixture of the four possible diastereomers
(syn/anti, E/Z). Interestingly, the double-bond geometry
controls the reactivity of the acetal center and can therefore
be used as a control element in reactions involving this
center. This geometrical property converts these dioxolanes
into potential substrates for the development of skeletal-di-
versity-generating reactions.[27] Preliminary results are very
encouraging. Scheme 10 shows an example of this idea.
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Triple-Bond Covalent Radii


Pekka Pyykkç,*[a] Sebastian Riedel,[a, b] and Michael Patzschke[a]


Introduction


The aim of additive covalent radii is to express approximate-
ly, as given in Equation (1), a bond length as the sum of two
atomic radii.


RAB ¼ rA þ rB ð1Þ


A well-known source for such covalent radii for single
bonds are the books by Pauling.[1,2] A more recent list is the
VCH periodic table.[3]


In simple terms, the single bond corresponds to a s2 elec-
tron pair in a bonding molecular orbital, as in H2, or to a
corresponding net excess, as in Cl2. Perhaps the best-defined
multiple bond is a s2 p4 triple bond. No comprehensive sets
of pruned triple-bond covalent radii seem to exist. In the
2nd Edition of The Nature of the Chemical Bond, Pauling
gave three primary radii (for C, N and P) and further esti-
mates for four other elements (B, O, Si, S).[1] In the 3rd Edi-
tion, he only kept four of them (C, Si, P, S). We now report
triple-bond covalent radii for the elements from Be to
E 112, only excluding the alkalis, the lighter Group-12 ele-
ments (Zn–Hg) and Ne. In addition, gaps are left among the


lanthanides, and the late actinides Pu–Lr are omitted.
Unlike in the systems of ionic radii—since the times of
Bragg[4] or Wasastjerna[5]—in which a particular radius, like
that of an oxide or fluoride ion, is held fixed, the present
system is self-consistent. The homonuclear systems do intro-
duce a certain emphasis for radii included in them (see
Computation Details, Equation (3)).


Furthermore, we look for a single radius for all oxidation
states and coordination numbers of the elements considered.
The other option would be to introduce a separate radius
for each of them, as done by Shannon and Prewitt for ionic
radii.[6,7]


When is a bond a triple bond? Claims for a triple bond
character could be based on the bond length itself, a visual
analysis of the s and p molecular orbitals, or a quantitative
analysis, for instance of the Morokuma-type,[8] of the contri-
butions to bonding energy from a given choice of reference
monomers. Here, we try to push the concept of triple bonds
to its reasonable limits, but not beyond. A coherent bond
length amplified by some s2 p4 character in the wave func-
tion will form an entrance ticket to the data set. Only a
demonstrated, fully ionic character (or other proof of inap-
propriate behaviour) would lead to excommunication from
it. To our knowledge, this is the first comprehensive set of
triple-bond covalent radii proposed.


Results and Discussion


General remarks : Both theoretical and experimental data
were used in the present fit. The primary data are given in
Table 1. Omitted cases are given in Table 2.


The computational methods and the fitting approach are
discussed in the Computational Details section at the end.


Keywords: ab initio calculations ·
covalent radii · density functional
calculations · heavy metals · super-
heavy elements · triple bonds


Abstract: A system of additive covalent radii is proposed for s2 p4 triple bonds in-
volving elements from Be to E 112 (eka-mercury). Borderline cases with weak
multiple bonding are included. Only the elements in Group 1, the elements Zn–
Hg in Group 12 and Ne in Group 18 are then totally excluded. Gaps are left at
late actinides and some lanthanides. The standard deviation for the 324 included
data points is 3.2 pm.
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The converged radii are given in Figure 1, and the devia-
tions from the predicted values are shown in Figure 2. We
then discuss the various groups of the periodic table.


Group 1: No systems with a clear triple-bond character were
found, not even for caesium. Therefore, the alkali metals
were omitted from the present work, despite the fact that
some evidence for 5 d contributions to the bonding of Cs
exists.[9] The molecules IrCs and OsCs+ had short calculated
bond lengths of 239.0 and 261.8 pm, respectively, but the
bonds were mainly ionic. Parenthetically, a single-bond
radius of 223 pm would result from Cs2 (R = 447 pm[10]).
Note also that the value of 253 pm in the VCH table[3] ap-
pears to be a perpetuated printing error.


Group 2 : Barium is known to have substantial 5 d character
in its covalent bonds.[11,12] This was found to result in multi-
ple bonding[9,13] to Ba if the ligands are capable of p bond-
ing. In the present work, BaO, BaS and CsNBa were includ-
ed but BaN� was omitted. With respect to Be or Mg, the
CO or SiO isoelectronic series can be continued to BeO2�,
BeF� or MgO2� ions. Although the present triple-bond
radius values of 88 and 133 pm, for r(Be) and r(Mg), respec-
tively, are not far below the single-bond values in the VCH
periodic table (89 and 136 pm, respectively), they now coex-
ist with the triple-bonded radii for their ligands (N, O, F, S).
For molecules including Ca, Sr and Ra, see the tables. The
predicted diatomic BaPt fits in perfectly and is a further ex-
ample of the chemical analogy between platinum and
oxygen.[14]


Group 3, lanthanides and actinides : The eight-electron (8 e)
systems ScN and YN have a well-developed s2 p4 multiple
bond. The lanthanides were treated using available data for
the 8 e LaO+ ion and the, effectively, 12 e GdO� and LuO�


ions. The homonuclear s2 p4 dimers La2, Ce2 and Pr2 were in-
cluded.[15] For the actinides, the database comprises the
monoxide ThO, the f 0 actinyl series[16] and, notably, the
triple bonds in the predicted N�U�Ir.[17] The Th�Th bond in


the acetylene-like, predicted HThThH of Straka[18] was also
included. It was shown by Marian et al.[19] that ThO has a
clear s2 p4 bond. In the actinyls, like O�U�O2+ and
s2


g p4
g s2


u p4
u, the g orbitals bond to the metal 6 d and the u or-


bitals to the metal 5 f.[20,21] Hence, these bonds can also be
called triple bonds.


Group 4 : For Ti, TiC (Figure 3), (Cp)2TiO and TiO were
used. (Cp)2MO and MO (M = Zr, Hf) provided data for the
heavier congeners. RfC and RfO provided a value for Rf.


Group 5 : The 10 e systems VN, NbN (excited S = 0 state)
and TaN (Figure 3) provided a systematic starting point. The
TaO+ , X3MO (M = V–Db, X = halogen) and h4-L�VO sys-
tems were also used. Db was also included by means of the
8 e DbB and DbC+ .


Group 6 : Nitrides, such as Cl3W�N and (MeO3)W�N, and
oxides, Cl4Cr�O, Cl4Mo�O, Cl2CrO2 and X4W�O, were
used. Their heavier phosphide, arsenide, antimonide and bis-
muthide analogues (MeO)3M�E, (M = Mo, W; E = P–Bi)
were also used. Further primary data came from sulphides,
Cl4M�S (M = Cr, Mo), X4W�S (X = F, Br), and selenides.
Group-14 ligands (Cp)(CO)2Cr�Ge(aryl) and Mo�GeR
were included. For a Cr�Cr triple bond, the present system
would predict an R of 206 pm. No such unbridged examples
seem to exist in the literature.[22] The existing unbridged
compounds have the Cr atom in oxidation state (i) rather
than (iii).[23,24] They have a much longer R of 228 pm and
221.5 pm, respectively. The experimental data used for Mo�
Mo and W�W bonds are shown in Table 1. Further compa-
rable data exists in Tables 5.3.1. and 5.2.1. of Cotton and
Walton.[22] These data are coherent with the heteronuclear
M�X radii. The considerably longer Mo�Mo bonds of
245 pm, found by Curtis,[25] and 249 pm, found by Dahl,[26]


have “semibridging” carbonyls and are not clearly MoIII


compounds. For a general review of multiple bonds between
metal atoms, see Cotton and Walton.[22]


Group 7: Various nitrides and oxides were used as primary
data, as explained in Table 1. For a Re�Re bond, the pres-
ent radii predict an R of 220 pm, not far from the 229 pm in
[Re2Cl5(dth)2] (dth = 1,5-dithiahexane).[27]


Group 8 : Unlike Ru and Os, the 3 d metal Fe no longer has
reliable data for the highest oxidation state (viii). In fact, it
appears to be still unknown. For iron, very short effective
radii would result from the experimentally unknown, excited
singlet states of FeC and FeN+ ; this r(Fe) would be 88 pm.
Chemically more meaningful choices are the included dia-
tomic FeO and a Fe�Ga bond. For the high oxidation states
of Ru and Os, the Cl4MN� nitrides (M = Ru, Os), the oxide
Cl4OsO, the 12 e diatomic species RuC (Figure 3) and RuN+


, and the 14-valence-electron OsS were used. For an Os�Os
bond, the predicted R is 218 pm. A value of 219 pm occurs
in the unbridged [Os2(CH2CMe3)4(h3-C3H5)2].[28] For bridged
complexes, longer values are observed.


Abstract in Finnish: Alkuaineille Be–(E 112) on m��r�tty
s2 p4-kolmoissidoksille luonteenomaiset kovalenttiset s�teet,
rajatapaukset mukaan lukien. Vain ryhm�n 1 alkuaineet,
ryhm�n12 alkuaineet Zn–Hg, ryhm�n 18 Ne sek� osa lanta-
noideista ja myçhemm�t aktinoidit on t�llçin kokonaan j�tet-
ty tarkastelun ulkopuolelle. Aineisto k�sitt�� 324 pistett� ja
tulosten standardipoikkeama on 3.2 pm.
Abstract in German: Ein System additiver kovalenter Radien
f�r s2 p4 Dreifachbindungen fast aller Elemente von Be bis
E 112 (Eka-Quecksilber) wird vorgestellt. Grenzf�lle mit
schwachen Mehrfachbindungen wurden mit einbezogen. Die
Elemente in Gruppe 1, Zn–Hg in Gruppe 12, Ne, die meisten
Lantanide und einige Actinide wurden wegen mangelnder
Daten nicht ber�cksichtigt. Die Standardabweichung f�r die
324 verwendeten Datenpunkte betr�gt 3.2 pm.
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Table 1. The triple-bonded species used in the fit.


Z1 Z2 Distance Species Ref. Z1 Z2 Distance Species Ref. Z1 Z2 Distance Species Ref.


6 6 120.5 HCCH [54] 6 73 184.9 Ta(Cp*)(CPh)(PMe3)2Cl [81] 7 79 181.2 AuN2+ [94]
7 7 109.77 N2 [10] 6 74 175.2 Me2ClW�CH [77] 7 83 193.489 BiN [95]
8 8 105.7 O2þ


2 [55] 6 74 175.8 Me3W�CH [77] 7 85 191.5 NAtO2�
3 pw


14 14 206.2 R3Si�SiSi�SiR3 [56] 6 74 172.07 WC pw 7 86 186.6 NRnO�
3 pw


14 14 207.2 RSi�SiR [57] 6 74 173.1 Cl3WCH [82] 7 89 193.46 AcN pw
14 14 207.2 RSi�SiR [58] 6 77 165.08 IrC� pw 7 92 174 NUIr [17]
15 15 189.34 P2 [10] 6 78 167.67 PtC [10] 7 105 175.66 DbN pw
31 31 231.9 Mes*2C6H3GaGa-


C6H3Mes*2


[59] 6 78 167.45 PtC pw 7 107 172.74 Cl4BhN pw


33 33 210.26 As2 [10] 6 79 181.0 AuC+ pw 7 109 166.59 MtN pw
42 42 216.7 Mo2(CH2SiMe3)6 [60] 6 104 192.89 RfC pw 7 112 182.45 (E 112)N3+ pw
42 42 221.4 Mo2(NMe2)6 [61] 6 105 188.57 DbC+ pw 8 12 174.9 MgO [10]
42 42 224 Mo2(Oc(CH3)3)6 [62] 6 106 179.06 SgC pw 8 12 186.8 MgO2� [66]
51 51 248.78 Sb2 [63] 6 109 173.22 MtC� pw 8 13 164.50 AlO� [68]
57 57 280 La2 [15] 6 110 171.8 DsC [42] 8 14 150.97 SiO [10]
58 58 262 Ce2 [15] 6 111 176.4 RgC+ pw 8 15 145.5 Cl3PO [83]
59 59 255.5 Pr2 [15] 6 112 190.84 (E 112)C2+ pw 8 15 143.7 F3PO [83]
74 74 225.5 W2(CH2SiMe3)6 [64] 7 8 106.32 NO+ [10] 8 15 142.76 PO+ [68]
74 74 229.2 W2(NMe2)6 [65] 7 14 159.2 SiN� [68] 8 17 146.7 OCl3+ [84]
74 74 230 W2Cl4(NHCH2CH3)2-


(P(CH3)3)2


[62] 7 15 149.0866 PN [10] 8 20 182.21 CaO [10]


83 83 265.96 Bi2 [10] 7 16 144.0 NS+ [10] 8 22 159.97 TiO [10]
90 90 271.1 HThThH [18] 7 16 145.0 NSCl [83] 8 22 161 (Cp)2TiO [96]
4 8 133.09 BeO [10] 7 17 143.9 NCl2+ [68] 8 22 161.3 (OEP)TiO [97]
4 8 139.4 BeO2� [66] 7 17 146.6 O3ClN2� [39] 8 23 162.0 (OEP)VO [97]
4 9 142.5 BeF� [32] 7 18 146.2 O3ArN� [39] 8 23 157.1 Cl3VO [98]
4 16 174.15 BeS [10] 7 18 153.3 NAr3+ [84] 8 23 158.2 Cl3VO [99]
4 16 184.3 BeS2� [66] 7 21 168.723 ScN [85] 8 23 152.79 VO+ pw
5 7 129.1 BN2� [32] 7 22 166 N�TiN3 [86] 8 24 152 [CrOX4]


� X =Hal. [90]
5 8 124.39 BO� [67] 7 23 154.6 VN pw 8 24 157 [CrO(O2)(OH2)] [62]
5 9 126.260 BF [10] 7 24 154 NCr(NiPr2)3 [62] 8 24 155.7 Cl4CrO [99]
5 16 169.2 BS� [68] 7 25 151 MnN(TPP) [87] 8 24 156.8 Cl2CrO2 [98]
5 17 171.59 BCl [10] 7 27 150.37 CoN pw 8 25 155.5 [Et4N][Mn(O-h4-L)] [90]
5 21 185.95 ScB pw[a] 7 28 157.66 NiN+ pw 8 25 159 MnO3F [87]
5 29 192.27 CuB pw 7 32 170.78 GeN� [88] 8 25 157.0 ClMnO3 [98]
5 47 208.18 AgB pw 7 33 161.843 AsN [10] 8 26 159.35 FeO pw
5 78 179.90 PtB� pw 7 35 163.4 NBrO2�


3 pw 8 27 153.53 CoO+ pw
5 79 192.27 AuB pw 7 36 161.7 NKrO�


3 pw 8 32 164.46 GeO [10]
5 105 199.35 DbB pw 7 39 178.9 YN pw 8 33 156.8 AsO+ [10]
5 111 191.69 RgB pw 7 41 165.25 NbN pw 8 38 191.983 SrO [10]
6 7 117.7 CN� [69] 7 42 163.9 [(MeO)3Mo�N] [89] 8 39 174.63 YO+ [100]
6 7 115.8 CH3CN [54] 7 42 165 MoN(Mes)3 [62] 8 40 171.16 ZrO [10]
6 8 112.83 CO [10] 7 42 163.0 MoNCl4 [62] 8 40 176 (Cp)2ZrO [96]
6 9 115.4255 CF+ [70] 7 43 165 NTcX4 X = Hal. [90] 8 41 169.4 Br3NbO [101]
6 15 160.53 CP� [68] 7 43 155.9 [TcNBr4(OH2)]� [87] 8 41 171.1 Cl3NbO [98]
6 15 154.8 tBu�CP [71] 7 44 152.82 RuN+ pw 8 41 164.62 NbO+ pw
6 16 153.49 CS [10] 7 44 157.0 RuNCl�4 [87] 8 42 165.8 Cl4MoO [102]
6 17 153.78 CCl+ [72] 7 45 159.80 RhN pw 8 42 169.7 Cl4MoO [99]
6 22 160.9 TiC [73] 7 46 172.03 PdN+ pw 8 42 164.6 [MoO(NCS)5]


2� [62]
6 27 152.07 CoC� pw 7 51 183.567 SbN [91] 8 43 161.39 TcO� pw
6 28 162.73 NiC [74] 7 53 183.8 NIO2�


3 pw 8 43 163.18 TcO� pw
6 28 159.60 NiC pw 7 54 180.2 NXeO�


3 pw 8 43 170.7 ClTcO3 [98]
6 29 180.69 CuC+ pw 7 56 204.7 CsNBa [13] 8 43 167.0 TcOF5 [87]
6 33 165.7 Mes*�CAs [75] 7 57 191.9 LaN pw 8 43 163.2 [Tc2O2F9]


+ [87]
6 34 167.65 CSe [10] 7 71 183.5 LuN pw 8 43 161.3 [TcOBr4]


� [87]
6 35 170.8 CBr+ [76] 7 73 168.31 TaN [92] 8 43 159.3 [TcOCl4]


� [87]
6 42 170.7 MoCH [62] 7 73 168.31 TaN pw 8 44 161.38 RuO pw
6 42 174.0 Me3Mo�CH [77] 7 74 166.6 Cl3WN [93] 8 45 165.16 RhO+ pw
6 42 173.6 Me2ClMo�CH [77] 7 74 167.0 [(MeO)3W�N] [89] 8 50 183.25 SnO [10]
6 44 158.54 RuC pw 7 75 165.67 Cl4ReN pw 8 53 171.5 F5IO [103]
6 44 160.79 RuC [78, 79] 7 75 158 Cl4ReN [87] 8 54 170.3 F4XeO [104]
6 45 161.52 RhC� pw 7 75 162 [ReNX4]


� [87] 8 56 193.97 BaO [10]
6 46 169.8 PdC [80] 7 76 160.4 Cl4OsN� [87] 8 57 186.1 LaO+ [105]
6 46 171.6 PdC pw 7 77 159.06 IrN pw 8 64 185 GdO� [106]
6 47 200.95 AgC+ pw 7 78 163.18 PtN+ pw 8 71 184 LuO� [106]
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Group 9 : Here the 14 e diatomic systems CoC� , RhC� , IrC�


and MtC� or CoN, RhN, IrN and MtN provided a systematic
data set. For the valence isoelectronic molecule RhP, an ex-
perimental R of 186 pm was claimed by Li and Balfour.[29]


Our calculated value is 198.2 pm. The present sum of our
triple-bond radii would give 200.5 pm. Thus the experimen-
tal RuP bond length remains unconfirmed.


Group 10 : The closed-shell molecules NiC, PdC, PtC
(Figure 3) and DsC provide a systematic starting point. The
isoelectronic PtB� ion was included to augment the data.


Group 11: In the coinage-metal group (M = Cu, Ag, Au,
Rg; Rg = roentgenium, E 111), the AuC+ ion was identified
as a potential triple bond[30] before its experimental detec-


Table 1. (Continued)


Z1 Z2 Distance Species Ref. Z1 Z2 Distance Species Ref. Z1 Z2 Distance Species Ref.


8 72 172.31 HfO [10] 14 79 222.2 AuSi+ pw 31 79 245.26 AuGa pw
8 72 176 (Cp)2HfO [96] 15 16 186.7 HF2P�S [83] 32 33 211.1 HGeAs [120]
8 73 166.68 TaO+ [10] 15 16 183.31 PS+ pw 32 33 217.92 GeAs� pw
8 73 166.73 TaO+ pw 15 27 189.82 CoP pw 32 42 227.1 (h5-Cp)(CO)2Mo-


GeC6H5-2,6-Mes2


[121]


8 73 176.5 Cl3TaO [99] 15 28 193.96 NiP+ pw 32 42 227.2[b] (Cp)(CO)2Mo�GeMe [117]
8 73 173.4 Cl3TaO [98] 15 32 210.68 GeP� [88] 32 42 231.4[c] [X(dppe)2Mo�Ge(h1-


Cp*)]
[36]


8 74 166.6 F4WO [107] 15 33 199.9 AsP [10] 32 74 227.7 (h5-Cp)(CO)2W-
GeC6H3-2,6-Mes2


[117]


8 74 168.5 Cl4WO [107] 15 42 210.2 [(MeO)3Mo�P] [89] 32 74 230.2 [Cl(dppe)2W�Ge(h1-
Cp*)]


[35]


8 74 168.92 Cl4WO pw 15 42 211 MoP(NiPrAr)3 [62] 33 34 208.05 AsSe+ pw
8 74 168.4 Br4WO [107] 15 45 198.24 RhP pw 33 42 225.2 MoAs(N3N) [62]
8 75 164.57 ReO� pw 15 51 220.544 SbP [91] 33 42 222.4 [(MeO)3Mo�As] [89]
8 75 165.30 ReO� pw 15 74 212.7 [(RO)3WPM(CO)5] [113] 33 74 224.5 [(MeO)3W�As] [89]
8 75 164.2 F5ReO [108] 15 74 212.6 [(MeO)3W�P] [89] 33 83 239.075 BiAs [122]
8 75 163 [ReOCl4](H2O) [87] 15 77 197.96 IrP pw 34 49 247.65 InSe� pw
8 76 166.3 Cl4OsO [102] 15 83 229.615 BiP [95] 34 73 230.6 Cl3TaSe [99]
8 76 166.82 Cl4OsO pw 16 20 231.78 CaS [10] 34 74 226.0 Cl4WSe [99]
8 76 160.18 OsO pw 16 23 206.1 VS(acen) [114] 34 74 222.6 F4WSe [107]
8 77 161.48 IrO+ pw 16 23 202.6 Cl3VS [99] 34 74 220.3 Cl4WSe [107]
8 82 192.18 PbO [10] 16 24 198.7 Cl4CrS [99] 34 74 222.0 Br4WSe [107]
8 88 211.33 RaO pw 16 26 192.67 FeS pw 34 81 255.31 TlSe� pw
8 90 184.03 ThO [10] 16 31 213.3 GaS� [115] 34 82 240.22 PbSe [95]
8 91 181.2 OPaO+ [16] 16 33 194.47 AsS+ [10] 42 51 243.6 [(MeO)3Mo�Sb] [89]
8 92 171.5 OUO2+ [109] 16 40 216.6676 ZrS [116] 42 83 248.8 [(MeO)3Mo�Bi] [89]
8 93 168.2 NpO3þ


2 [16] 16 41 210.4 av of X3(SPPH3)Nb�S
and X4Nb�S�


[114] 49 77 257.1 [(NC)5Ir�In(CN)]2� pw


8 104 180.97 RfO pw 16 41 212.0 Cl3NbS [101] 49 78 256.2 [(dcpe)Pt(InCp*)2] [119]
8 105 178.98 Cl3DbO pw 16 41 213.4 Br3NbS [101] 49 78 256.7 [(NC)5Ir�In(CN)]� pw
8 106 176.08 Cl4SgO pw 16 42 211.3 Cl4MoS [99] 50 51 258.5 SnSb� pw
8 107 172.22 BhO� pw 16 44 199.57 RuS pw 50 52 252.3 SnTe [10]
8 108 173.52 Cl4HsO pw 16 56 250.74 BaS [10] 50 74 249.0 [Cl(Me3P)4W�


Sn(C6H3-2,6-Mes2)]
[37]


9 13 165.44 AlF [10] 16 73 218.5 Cl3TaS [99] 50 74 250.4 [Cl(dppe)2W�SnR] [123]
9 14 153.1 SiF+ [84] 16 74 214.2 Cl4WS [99] 50 74 246.4 [(dppe)2W�Sn(C6H3-


2,6-Mes2)]+


[123]


9 15 144.30 PF2+ [68] 16 74 210.4 F4WS [107] 51 52 246.6 SbTe+ pw
9 16 145.7 SF3+ [84] 16 74 208.6 Cl4WS [107] 51 74 245.5 [(MeO)3W�Sb] [89]
12 16 214.25 MgS [10] 16 74 210.9 Br4WS [107] 52 82 259.49 PbTe [10, 95]
12 16 226.9 MgS2� [66] 16 76 198.43 OsS pw 56 78 257.3 BaPt pw
13 16 209.3 AlS� [110] 16 82 228.68 PbS [10] 74 82 254.77 [I(Me3P)4W�Pb(C6H3-


2,6-Trip2)]
[38]


13 17 199.4 AlCl2+ [111] 23 34 214.8 Cl3VSe [99] 74 83 250.8 [(MeO)3W�Bi] [89]
13 79 233.84 AuAl [10] 24 32 216.7 (Cp)(CO)2Cr�GeMe [117] 77 92 218.4 NUIr [17]
14 15 201.45 SiP� pw 24 32 216.66 (Cp)(CO)2Cr�Ge(aryl) [118] 77 81 257.2 [(NC)5Ir�Tl(CN)]2� pw
14 28 200.36 NiSi pw 24 34 211.2 Cl4CrSe [99] 78 81 259.6 [(NC)5Pt�Tl(CN)]� pw
14 33 213.5 SiAs� [88] 26 31 222.5 (CO)4Fe�GaR [59] 78 90 250 PtTh [124]
14 46 210.91 PdSi pw 31 34 228.6 GaSe� pw 82 83 271.25 PbBi� pw
14 47 238.10 AgSi+ pw 31 77 234.6 [(NC)5Ir�Ga(CN)]2� pw 83 84 263.2 BiPo+ pw
14 78 206.29 PtSi [112] 31 78 231.6 [(dcpe)Pt(GaC(SiMe3)3]2 [119]
14 78 208.22 PtSi pw 31 78 238.6 [(NC)5Pt�Ga(CN)]� pw


[a] pw=present work. [b] Mean value of two different X-ray experiments. [c] Mean value for X = Cl and Br.
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tion.[31] The valence isoelectronic molecules MB (M = Cu–
Rg) are included, of which Cu and Ag are limiting cases,
showing only traces of p bonding. Note that Rg has the
smallest triple-bond radius in Group 11, which can be attrib-
uted to relativistic effects. The heavier analogues AuAl and
AuGa were included, whereas AuIn and AuTl showed no
triple-bond character upon visual inspection, and were omit-
ted.


Group 12 : For eka-mercury (E112), the previous diatomic
isoelectronic series could be continued to (E 112)C2+ . For el-
ements Zn–Hg there are no data.


Group 13 : For boron, BF and its valence isoelectronic neigh-
bours have enough multiple-bonding character[32,33] to be in-
cluded. Several valence isoelectronic diatomic systems for
Al–Tl were also included. A different cross-check for the
present radii are the Ir�Ga, Pt�Ga, Ir�In, Pt�In, Ir�Tl and
Pt�Tl bonds. With respect to the Ga�Ga triple bond sug-
gested by Robinson�s group,[34] our results do not disagree
with the idea. In fact, their homonuclear Ga�Ga bond
length of 232 pm is shorter than twice the present r(Ga)
value of 121 pm, largely based on heteronuclear pairs.


Group 14 : Acetylene and its silicon analogues are funda-
mental examples of triple bonds. As mentioned, the series
CO�CSe, SiO�PbO and SiS�PbS, as well as the isoelectron-
ic SnTe and PbTe molecules and certain ions are included in
the data set. Note the recent triple bonds from Ge, Sn and
Pb to Group-6 elements[35–38] in Table 1.


Group 15 : The series N2 to Bi2, including many heteronu-
clear dimers, was the starting point of the present study.
Note the HCN and CN� analogues HGeAs and GeAs� , up
to PbBi� . Many nitrides and some phosphides, arsenides, an-
timonides and bismuthides of transition metals are included
in the data set. As a high-valent case, note Cl3P


VO.


Group 16 : Oxides to tellurides were already quoted. Po
occurs in the BiPo+ ion. As a ligand, Te is often on the long
side and many such cases were omitted.


Group 17: For fluorine, we have BF and CF+. For Cl, NCl2+,
OCl3+ and AlCl2+ (8e) ions and the ClVIIN bond of the
O3ClN2� ion were used. For the heavier halogens, O3X�N2�


species (X = Cl, Br, I, At) were
included.


Group 18 : For Ne, no example
can be found. For Ar, the
O3Ar�N� , predicted by
Pyykkç,[39] and NAr3+ species
were included. The penta-
atomic series O3Ng�N� is now
extended to Ng = Kr, Xe and
Rn.


Periodic trends : For the transi-
tion metals of Groups 4–9, a
general trend is 3 d ! 4 d�5 d.
Note that for Fe, smaller oxida-
tion states were used than for
the heavier analogues Ru and
Os. At Groups 10–12, the “gold
maximum” of relativistic effects
changes the trend: Pt is smaller


Table 2. List of outlier data points, which are not included in the fit.


Z1 Z2 Distance Species Reference Reason[a]


6 26 147.83 FeC(S=0) pw a
7 26 142.22 FeN+ pw a
8 16 138.06 SO2+ [68] a
16 16 178.9 S2þ


2 [125] a
8 44 170.5 RuO4 [54] b
8 76 171 OsO4 [54] b
8 42 170.5 Cl2MoO2 [98] b
8 74 173.1 Cl2WO2 [98] b
8 75 174.2 ClReO3 [98] b
49 79 266.8 AuIn pw c
79 81 276.3 AuTl pw c
6 76 168.82 OsC pw d
7 76 162.61 OsN+ pw d
5 26 168.96 FeB� pw d
5 44 178.62 RuB� pw d
5 76 181.76 OsB� pw d
7 27 157.5 CoN d
6 33 173.5 CAs� [88] d
24 24 191 Cr2H6 [126] e
24 24 195 Cr2H6 [127] e
8 26 158.1 FeO4 [98] b, f
16 40 228 (Cp)2ZrS [96] g
16 72 228 (Cp)2HfS [96] g
34 40 242 (Cp)2ZrSe [96] g
34 72 241 (Cp)2HfSe [96] g


[a] Reason a: Too small; b: more than one oxygen atom; c: not actually
triple bonds; d: not coherent with included systems d2 ; e: omit the badly
defined, experimentally unknown Cr�Cr case; f: omit the tetracoordi-
nate, unknown FeVIII species; g: too long (Cp)2M�E bond.


Figure 1. The proposed triple-bond covalent radii in pm.
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than Pd, and Au is far smaller than Ag. Rg is still smaller.
E 112 is the only Group-12 element that could be included
here.


Along a long row, a broad minimum would seem to occur
near Groups 8 to 9, with a reservation for the changes of ox-
idation state. Among the p elements, a monotonous de-
crease of r would seem to take place from Group 13 to, or
almost to, Group 18.


As a function of the row, the main-group elements show
the trend 2 p !3 p<4 p<5 p�6 p. Note here the anomalous-
ly small size of the nodeless 2 p shell.[40,41]


Along the actinide row, the effective triple-bond radii de-
crease from Ac to Np.


The 6 d elements in Groups 4–9 are about 6–10 pm larger
than their 5 d analogues. From Group 10 to 12, near the
“gold maximum” of relativistic effects in Group 11, the 6 d
elements develop remarkably short bonds. RgB and RgC+


are the smallest members in Group 11, even smaller than
CuB and CuC+ , respectively. Up to Groups 9 or 10, the
transactinides still form another normal d series. In
Groups 11 and 12, a transactinide break[42] becomes appar-
ent (Figure 4).


Conclusions


We present a self-consistent set of operational additive cova-
lent radii for 81 elements on the basis of 324 experimental
and theoretical data points. These radii have a potential pre-
dictive value when assessing 81 homonuclear or 3240 hetero-
nuclear triple bonds, most of them still unknown. Further
data can also be used to either improve or partially invali-
date the present system of radii.


Figure 2. The correlation between predicted and observed bond length
for the data in Table 1.


Figure 3. Cartoon of diatomic species with different numbers of electrons.


Figure 4. The difference in the lengths of the triple bonds between 6 d
and 5d metals for the cases in Table 1. Note the transactinide break
taking place in Groups 10 and 11.
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Computational Details


Data and fitting methods : Both experimental and computed bond lengths
were used. The experimental data comprised both gas-phase molecular
data and crystal-structure data. No attempt was made to even out the
“noise”, corresponding to the standard deviation.


A first fit was made manually, starting from the Group-15 homonuclear
diatomic species N2 to Bi2. The heteronuclear diatomics also fitted well.
The diatomic species CO to PbO provided preliminary radii for oxygen
and its heavier homologues in Group 16. Acetylene gave the traditional
r(C). All this opened the route to metal radii using the carbides, acety-
lides, nitrides or oxides. A more detailed discussion of the chemical sys-
tems was given above.


Using these starting values, an iterative program was written based on
the penalty function over homonuclear and heteronuclear pairs [Equa-
tion (2)].


X


k


ðDkÞ2 ¼
XKhomo


i


ðRii�2riÞ2 þ
XKhetero


ij


ðRij�ri�rjÞ2 ð2Þ


Putting its derivatives with respect to ri equal to zero, one obtains the
iterative algorithm given in Equation (3).


rðNþ1Þ
i ¼ 1


4Khomo þKhetero


� XKhomo


i


2Rii þ
XKhetero


j


ðRij�rðNÞj Þ
�


ð3Þ


Here K is the number of data points in each set and N the iteration. No
convergence difficulties or signs of multiple minima were noticed. The
final data set had 324 points, used for fitting 81 radii. The standard devia-
tion (given by Equation (4)) was 3.2 pm.


e ¼
�
ð
XK


tot


D2Þ=Ktot


�
1=2 , Ktot ¼ Khomo þKhetero ð4Þ


Quantum chemical methods : The calibration of the methods and basis
sets for our own calculations are shown in Table S1 of the Supporting In-
formation. All calculated bond distances on every validated level and
basis set are in good agreement with the experimentally known bond dis-
tances. It is seen from the results that the validated methods give values
that are close to the experimental ones, but no obvious trends could be
identified. The largest calculated error for the validated molecules was
smaller than 4%. Due to this result we decided to use the TZVPP basis
set for the main-group elements B–Se. For the heavier main-group ele-
ments we used the relativistic large core (RLC) ECP and the correspond-
ing basis set from the Stuttgart group.[43] All transition metals were de-
scribed by using the relativistic small core (RSC) ECP and the corre-
sponding basis set from the Stuttgart group[43] (see also below). The halo-
gen and rare gas species NXOn�


3 were described by the cc-pVTZ basis
set. The well-known density functional B3 LYP[44] was used for our pro-
duction work.


The calculations on transactinide compounds were exceptions. Here a
TZV2P basis set was used with the PW91-PW91[45] density functional.
These calculations were carried out with a different code (see below for
details).


Further exceptions were the X�N and Ng�N bonds in O3XN2� and
O3NgN� (X = Cl–At, Ng = Ar–Rn). All of these bonds were treated at
MP2 level, and for At and Rn, aug-cc-pVTZ-PP basis sets were used.


Calibration : In particular, to get comparable data for all elements in a
column of the periodic system, ab initio and density functional calcula-
tions were performed using quantum chemical program packages Gaussi-
an 03[44] and ADF[46] (for the transactinides). To establish a reasonably ac-
curate and efficient computational methodology, we at first performed a
calibration using some experimentally known systems, such as IrN, PtC,
PtSi, CuAl, AgAl and AuAl. We compared the following density func-
tionals: local density approximation in the form of the SVWN5[47] func-


tional, the gradient-corrected BP86[48, 49] functional, and the hybrid func-
tionals B3 LYP[44] (based on the work of Becke[50]) and BHandHLYP.[51]


In addition, ab initio MP2, CCSD and CCSD(T) calculations were done
for the calibration study. Three different basis-set combinations were
compared, denoted by a, b and c (see Table S2 in Supporting Informa-
tion). The scalar relativistic effects for the transition metals were includ-
ed by using the quasirelativistic, small-core pseudopotentials (effective-
core potential, ECP) of the Stuttgart group.[43] The corresponding basis
sets of the transition metals were augmented by one polarization f-func-
tion (see ref. [52]). For the main-group elements, we used various basis
sets: a) dunn-DZP, b) aug-cc-pVTZ and c) Ahlrichs TZV basis set aug-
mented with polarization functions of the cc-pVTZ (i.e., two d-functions
and one f-function) yielding the so called TZVPP basis set. Based on the
calibration study (see above), the density functional B3 LYP was used
with the following basis set combinations: basis set c for the lighter ele-
ments, and an enlarged basis set together with ECPs for the heavier ele-
ments (see Table S1). The structures were optimized with standard gradi-
ent methods available in Gaussian 03.[44] The lowest singlet and triplet
states were calculated for each considered molecule.


To treat all transactinides with the same accuracy, we chose ADF to do
the calculations, the reason being that similar frozen cores and basis sets
are available in this program for all the transactinides considered. Rela-
tivistic effects were treated with the zeroth-order regular approximation
(ZORA)[53] method. The innermost electrons of the heavy metals were
treated as frozen, using small frozen cores. For all elements, TZV2P basis
sets were used. It should be noted that ADF employs Slater-type basis
functions instead of Gaussian-type functions. No hybrid functionals are
available in ADF. Therefore, we chose the PW91-PW91[45] functional. All
transactinide compounds were checked for triplet-instabilities by calculat-
ing the excitation energies for the lowest triplet states.


Note on diatomics : To obtain a systematic sequence of data, many of the
calculated systems were diatomics, having 6 to 14 valence electrons. The
systems with 14 valence electrons could be described by a cartoon,[42] in
which, in addition to the six electrons in the s2 p4 system, there is room
for four electrons in a “delta ring”, d4, two electrons in s lone pairs at
each end and two electrons in one s “doughnut” pair on the metal atom.
If the system prefers a d2 configuration with a half-filled d ring, the two
electrons go to a further s orbital and lengthen the bond. Such systems
were removed from the data set.
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Synthesis, X-ray Crystal Structures, and Gas Sorption Properties of Pillared
Square Grid Nets Based on Paddle-Wheel Motifs: Implications for Hydrogen
Storage in Porous Materials


Hyungphil Chun, Danil N. Dybtsev, Hyunuk Kim, and Kimoon Kim*[a]


Introduction


One of the most important developments in chemical re-
search in this decade will involve studies on coordination
polymers with a crystal lattice. According to a survey report-
ed in a recent review,[1a] more than one thousand reports are
projected to appear on the topic within this year. Metal-or-
ganic open frameworks, coordination polymers with a void
space accessible to various guest molecules, are gaining im-
portance accordingly. Although it has been only a few years


since the first reports of such materials with a permanent
porosity,[2] many review articles have been dedicated to the
structural and functional aspects of metal-organic open
frameworks.[1] The strong interests in this field are partly
due to intrinsic advantages over conventional porous materi-
als, such as activated carbons and zeolites. They include
facile syntheses based on the self-assembly of molecular
components and the highly crystalline nature of products,
which not only allows single-crystal X-ray diffraction analy-
sis, but also guarantees the reproducibility and consistency
of physical properties. Besides, the well-defined geometry of
molecular components significantly improves the predicta-
bility of the crystalline phase of products. Of special inter-
ests among the advantageous properties pertinent to the
present work is the ability to modify pore environments
while maintaining the topology of the host framework.[3]


As the automobile and fuel cell industry looks for an effi-
cient method to store and transport hydrogen,[4] metal-or-
ganic porous materials have been closely examined for their
gas sorption properties. The results from recent papers on
hydrogen sorption in metal-organic porous materials,[5] how-
ever, do not converge to a singular conclusion that might be


Abstract: A systematic modulation of
organic ligands connecting dinuclear
paddle-wheel motifs leads to a series of
isomorphous metal-organic porous ma-
terials that have a three-dimensional
connectivity and interconnected pores.
Aromatic dicarboxylates such as 1,4-
benzenedicarboxylate (1,4-bdc), tetra-
methylterephthalate (tmbdc), 1,4-naph-
thalenedicarboxylate (1,4-ndc), tetra-
fluoroterephthalate (tfbdc), or 2,6-
naphthalenedicarboxylate (2,6-ndc) are
linear linkers that form two-dimension-
al layers, and diamine ligands, 4-
diazabicyclo[2.2.2]octane (dabco) or
4,4’-dipyridyl (bpy), coordinate at both


sides of Zn2 paddle-wheel units to
bridge the layers vertically. The result-
ing open frameworks [Zn2(1,4-bdc)2-
(dabco)] (1), [Zn2(1,4-bdc)(tmbdc)-
(dabco)] (2), [Zn2(tmbdc)2(dabco)] (3),
[Zn2(1,4-ndc)2(dabco)] (4), [Zn2-
(tfbdc)2(dabco)] (5), and [Zn2(tmbdc)2-
(bpy)] (8) possess varying size of pores
and free apertures originating from the
side groups of the 1,4-bdc derivatives.
[Zn2(1,4-bdc)2(bpy)] (6) and [Zn2(2,6-


ndc)2(bpy)] (7) have two- and threefold
interpenetrating structures, respective-
ly. The non-interpenetrating frame-
works (1–5 and 8) possess surface areas
in the range of 1450–2090 m2g�1 and
hydrogen sorption capacities of 1.7–
2.1 wt % at 78 K and 1 atm. A detailed
analysis of the sorption data in con-
junction with structural similarities and
differences concludes that porous ma-
terials with straight channels and large
openings do not perform better than
those with wavy channels and small
openings in terms of hydrogen storage
through physisorption.


Keywords: coordination polymers ·
gas sorption · hydrogen ·
microporous materials · zinc
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helpful in the future development of this area. For example,
it is not clear whether a porous material with a higher sur-
face area always uptakes more hydrogen than others, wheth-
er hydrogen adsorbs better on a certain surface than others,
or whether it is possible to influence hydrogen sorption in
porous materials with chemical functionalities.


This study is an effort to gain an insight into these ques-
tions, and here we present single-crystal X-ray structures
and gas sorption properties of metal-organic frameworks
that are systematically modulated from a prototype that we
have reported recently.[5a] The original framework [Zn2(1,4-
bdc)2(dabco)] (1) displays relatively high H2 sorption capaci-
ty, namely 2.0 wt% at 78 K and 1 atm. Therefore, we set out
to vary the ligands, 1,4-bdc (1,4-benzenedicarboxylate) and
dabco (1,4-diazabicyclo[2.2.2]octane), without altering the
overall connectivity of the nets and to monitor the differen-
ces in H2 gas sorption behavior under the same conditions.
The dicarboxylate and diamine ligands used to construct the
sister nets are shown in Scheme 1. First, a dicarboxylate
linker with aliphatic (tetramethylterephthalate, tmbdc), aro-
matic (1,4-naphthalenedicarboxylate, 1,4-ndc), or halogenic
(tetrafluoroterephthalate, tfbdc) side groups on the phenyl
ring was used instead of 1,4-bdc in 1, which resulted in a
series of isomorphous frameworks 2–5. Then, the linker and
diamine pillar in 1 were replaced with longer ones, such as,
2,6-naphthalenedicarboxylate (2,6-ndc) and 4,4’-dipyridyl
(bpy), respectively, and frameworks 6–8 were obtained.
Structural features arising from the substitutions and results
of gas sorption experiments will be discussed in detail in
order to draw a conclusion which may be useful in designing
a new metal-organic porous material for gas-storage applica-
tions.


Results and Discussion


Synthesis and structural characterization: The so-called “pil-
laring” strategy[6] in designing metal-organic open frame-


works involves using appropriate pillars to connect well-de-
fined two-dimensional (2D) layers either in a one-pot reac-
tion[7] or in two separate steps.[8] Throughout a series of pre-
liminary experiments, we noticed that solvothermal reac-
tions of Zn2+ and aromatic dicarboxylic acid in DMF
predominantly produce 2D layered structures based on
“paddle-wheel” units.[9] With solvent molecules occupying
both ends of the dinuclear center this type of charge-neutral
2D layers would be ideal candidates to pillar, and therefore,
we set out to construct 3D open frameworks by using linear
connectors along with Zn2+ and dicarboxylic acid. Unsuc-
cessful attempts include the use of pyrazine or 1,4-dicyano-
benzene which, in the presence of DMF as the solvent, does
not bridge between two Zn2+ ions. When dabco was used as
the pillaring agent, however, we obtained a 3D framework
with expected connectivity, and the porous and dynamic
nature of the framework [Zn2(1,4-bdc)2(dabco)] (1) has re-
cently been reported.[5a] Following this lead, we examined a
series of isomorphous frameworks by a systematic modula-
tion of 1, and open frameworks 2–8 were obtained.


The synthesis involves heating a solution of the reactants,
typically in DMF or in a MeOH/DMF mixture, to 90–120 8C
in a closed vessel. The reactions are reproducible, and can
be readily scaled up to produce a gram quantity of crystal-
line products. The structures were deduced by X-ray crystal-
lographic analysis on single crystals, and powder diffraction
patterns of bulk samples were compared to their simulations
based on single-crystal structures to confirm the phase
purity (see Supporting Information). No secondary phase
was observed in any of the reaction products described
above for 2–8.


Frameworks 2 and 3 are derived by a partial or complete,
respectively, replacement of 1,4-bdc in 1 with tmbdc (Fig-
ure 1a and b). The methyl groups of tmbdc reduce the size
of windows, which are already smaller than those in 1 due to
a non-zero dihedral angle between phenyl and carboxylate
planes (75.0(1)8 for 2 and 73.9(1)8 for 3). Therefore, the
pore structure of 3 is characterized by cavities measuring 6–


8 � interconnected through
3.5 � windows. The free
volume in 3, estimated from the
crystal structure (30 %), is far
underestimated due to the two-
fold conformational disorder in
tmbdc linkers. Considering that
1 has a solvent-accessible free
volume of approximately 62 %,
the void volume in the crystals
of 2 and 3 is expected to be in
the range of 45–55 %. It is
noted that the formation of 3
contradicts a previous belief[10]


that tmbdc does not allow a
square-grid net based on
paddle-wheel units for steric
reasons. We assume that alter-
nating orientations of phenylScheme 1. Linkers (L) and pillars (P) in paddle-wheel-based nets 1–8.
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rings around a square of four paddle-wheels renders enough
space to accommodate the methyl groups. As a conse-
quence, the tmbdc linkers are conformationally disordered
over two positions in the crystal structures of 2 and 3, and in
the case of 2, 1,4-bdc and tmbdc statistically occupy the
same positions (see Supporting Information). The refined
site occupancy factors of 1,4-bdc and tmbdc in the X-ray
structure converged to a value close to equal contributions
from each component. More directly, the 1:1 stoichiometry
of 1,4-bdc and tmbdc in 2 has been established by a
1H NMR measurement of the product dissolved in NaOH/
D2O solution, in which three singlets are observed with ex-
pected chemical shifts in a ratio of 1:3:3 for the protons of
1,4-bdc, dabco, and tmbdc, respectively.


Aromatic substituents on the phenyl ring of 1,4-bdc may
play a different role from that of alkyl substituents in gas
sorption, and therefore, 1,4-naphthalenedicarboxylate (1,4-
ndc) was used in place of 1,4-bdc to obtain an isomorphous
framework 4 (Figure 1c). Although the naphthalene moiety
of 1,4-ndc is disordered in a way similar to tmbdc in 3 (see
Supporting Information), the overall connectivity and the
underlying topology of 4 are unambiguously defined to be
the same as those of 1–3. Again, without alternating orienta-
tions of the naphathalene moieties in a square of four
paddle-wheel units the steric hindrance would have not al-


lowed the formation of 4. The
dihedral angle between carbox-
ylate and aromatic planes
(69.2(1)8) is somewhat smaller
than that for tmbdc in 2 and 3.
Structural characteristics, such
as pore size, channel shape, and
free volume of 4 are as expect-
ed not much different from
those of 3 except for the nature
of the chemical functionality.
For instance, frameworks 3 and
4 have an equal number of
extra carbon atoms in the back-
bone compared to 1, whereas
they are one half in 2. There-
fore, if the side groups of the
1,4-bdc derivatives are inactive
towards gas sorption, then the
decrease in the surface area in
3 and 4 from 1 should be simi-
lar and significantly larger than
in 2.


Of particular curiosity for us
during this systematic modula-
tion process was whether an
electronic factor plays a role in
the physisorption of gas al-
though this was counterintui-
tive. Therefore, we decided to
use a tetrahalo-substituted
linker, and a simple geometric


consideration was enough to realize that tetrabromo- or tet-
rachloro-substituted 1,4-bdc are sterically too demanding for
a paddle-wheel-based square grid net since the dihedral
angle between the phenyl ring and carboxylate plane should
be nearly 908. Consequently, we focused our efforts on the
synthesis of an isomorphous framework with tetrafluoroter-
ephthalic acid (H2tfbdc). The product thus obtained was for-
mulated as [Zn2(tfbdc)2(dabco)] (5) based on X-ray crystal-
lographic analysis on a single crystal which was completely
evacuated prior to the diffraction measurements.[11] The dif-
ference Fourier map after final refinements of the frame-
work atoms is virtually flat,[12] and the solvent-accessible
voids in the crystal are estimated to account for 55 % of the
crystal volume, with the simultaneous occupation of all dis-
ordered sites of dabco ligands. Unlike 2–4, the dicarboxylate
linker in the crystal structure of 5 (Figure 1d) is conforma-
tionally ordered, and the dihedral angle between the phenyl
ring and carboxylate plane is 44.4(3)8. The fully ordered, al-
ternating orientations of tetrafluorophenyl moieties around
a square in 5 verify the simple geometric requirement to ac-
commodate the side groups of the 1,4-bdc derivatives in 2–4
discussed above. A CuII analogue of 5 and its structure
based on X-ray powder diffraction analysis was published at
the time of writing this paper.[8a] The structure of the CuII


framework in the report is similar to that of 5 except for the


Figure 1. Partially expanded structures of a) 2, b) 3, c) 4 and d) 5 showing cube-like cages. For a)–c), dicarbox-
ylate linkers are disordered and only one of the possible conformations is shown. Hydrogen atoms are omitted.
Color code: Zn: green; N: blue; O: red; C: gray; F: orange.
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fact that the structure was de-
fined in space group P4/mmm
where the tfbdc linker should
have been conformationally dis-
ordered. The crystal structure
of 5 is best described in space
group P4/nbm with a unit cell
volume twice that of P4/mmm.
Note that setting the space
group for 2–4 to P4/nbm with a
doubled unit cell volume does
not make the dicarboxylate
linkers ordered: they are inher-
ently disordered. Each of the
cavity-like pores in 5 is equivalent to others; four tfbdc units
point inward and four outward. The channels along the c
axis have a free passage of 6 �, and the cavity surrounded
by eight paddle-wheel units measures 7.5 �11 �2 considering
the van der Waals surface of the framework atoms. The
volume of the cavity-like pore (633 �3) is equivalent to ap-
proximately 15 hydrogen-bonded water molecules. For com-
parison, 1 has straight channels with a 7.5-� opening and an
internal diameter of 10–11 �. The free volume per cavity of
1 of 708 �3 is also somewhat larger than that of 5. Figure 2
compares the solvent-accessible surface of derivatized
frameworks 3 and 5 to their parent net 1, and clearly shows
the changes in pore environments caused by the extra func-
tional groups. From the gas-sorption point of view, 5 has a
disadvantage compared to 1 not because of the slightly re-
duced pore size, but because of its higher framework density
originating from the fluorine atoms. The densities for 5 and
1 based on crystallographic analysis are 1.034 and
0.826 g cm�3, respectively.


In an effort to obtain an isomorphous net with a frame-
work density lower and surface area higher than 1, we tried
to replace 1,4-bdc and dabco ligands in 1 with 2,6-ndc and
bpy, respectively. This natural expansion of the series led to
the successful isolation of [Zn2(1,4-bdc)2(bpy)] (6) and [Zn2-
(2,6-ndc)2(bpy)] (7) where the network topology is exactly
as expected (Figure 3a and c). The pores of the expanded
nets, however, are found to be too large for a dinuclear
paddle-wheel node, and not surprisingly, two- and threefold
interpenetrations by the same net are observed in 6 and 7,
respectively (Figure 3b and d). A CuII analogue of 6, and its
characterization by X-ray powder diffraction and gas sorp-
tion studies have previously been reported.[13] Meanwhile,
the threefold interpenetration in 7 eliminates most of the
void space in the structure, and therefore it was not studied
further for gas sorption.


We thought that by using a derivative of 1,4-bdc the inter-
penetration observed in 6 could be avoided by reducing the
size of pores and free apertures along the c direction. There-
fore, H2tmbdc was used along with bpy in the same synthetic
protocol. This resulted in a non-interpenetrating 3D frame-
work [Zn2(tmbdc)2(bpy)] (8). Again, the overall connectivity
and underlying topology of 8 are the same as the rest of the
frameworks, as shown in Figure 3e. Compared to the parent


net 1, in which the largest opening is along the c axis, the
open structure of 8, which has large pores measuring 8 �
10 �2, allows a maximum free-passage of 7.5 � in the a or b
direction, whereas the window in the c direction (3.5 �) is
partially blocked by tetramethylphenyl moieties as in the
case of 3. In terms of the cavity size, 3 and 8 share the same
dimensions except for the length of the pillar, and the dis-


Figure 2. Solvent-accessible surface (1.4 � probe radius) of a) 1, b) 3, c) 5 viewed down the c axis. Effective
openings along the a and b directions measure 3.5� 5 �2.


Figure 3. Crystal structures of frameworks 6 (a, b), 7 (c,d), and 8 (e, f)
after a partial expansion. Two- and threefold interpenetrations observed
in 6 and 7 are shown in (b) and (d), respectively. f) Perspective view of 8
down the b axis. All the possible conformations of disordered tmbdc and
bpy ligands are shown.
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tance between two nearest zinc ions separated by the pillar-
ing ligand is 6.7 and 11.1 � in 3 and 8, respectively. The
structural relationship between 8 and 3, and between 3 and
other frameworks will be important in analyzing gas sorp-
tion properties. Both the tmbdc linker and the bpy pillar in
8 are rotationally disordered, and the solvent-accessible
voids in the structure calculated after allowing simultaneous
occupations of all disordered sites account for 48 % of the
crystal volume. Framework 8 has a crystallographic density
(0.731 g cm�3) lower than that of 1, while they share the
same connectivity and topology, and therefore it would be
interesting to see whether the lower framework density
leads to a higher surface area.


Results of the thermogravimetric analysis (TGA) for
frameworks 2–5 and 8 measured under a N2 atmosphere are
shown in Figure 4. The observed weight losses for 3 (25.7 %)


and 4 (25.5%) are reasonably close to calculated values
based on elemental analysis (27.2 % for 3 and 27.6 % for 4).
For others, such a comparison is not made since the exact
amount of guests in as-synthesized samples is unknown due
to severe disorder in X-ray structures and inconsistent ele-
mental analysis. In principle, TGA measurements alone
cannot be used to determine the stability of an open struc-
ture since it may collapse without a notable change in the
weight. However, the data in Figure 4 suggest that the
porous nets in this study have a stability range 200–320 8C
under an inert atmosphere. X-ray powder diffraction analy-


ses carried out for the evacuated solids confirm the stability
of the open structures in the absence of guest molecules
(Figure 5). For 3, X-ray diffraction patterns were measured
at different temperatures to unambiguously establish the


stability of its bulk phase. The fully evacuated open struc-
tures have been found to be stable at least up to 200 8C in
air (Figure 6). Note that there is an unusual line broadening


Figure 4. TGA plots of porous frameworks 2–5 and 8 recorded under an
N2 atmosphere. All the samples are as-synthesized except for 5 which
was soaked in DMF overnight prior to the measurement.


Figure 5. X-ray powder diffraction patterns for as-synthesized and evacu-
ated samples of 2, 4, 5, and 8 measured at room temperature. The evacu-
ation was carried out by heating to 120 8C under vacuum for 12 h.


Figure 6. Temperature progression of X-ray powder diffraction patterns
for 3 measured in air. The sample was held at designated temperatures
for at least 30 min.
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in the diffraction pattern of 8 after complete evacuation
(Figure 5). A collapse of the framework can be ruled out
since the peaks reversibly sharpen as the sample gets re-sol-
vated. Instead, we suspect that an unknown dynamic proper-
ty exists in the evacuated structure owing to the increased
length of the pillar that supports the porous network with-
out interpenetration. Nevertheless, 8 displays permanent po-
rosity and a high surface area, as we will show below with
gas sorption data. Notably, from Figure 5 and 6, none of the
frameworks show the dynamic behavior observed in 1[5a]


upon the inclusion and removal of guest molecules in the
pores.


Gas sorption properties : The porosity and specific surface
areas of framework materials 2–5 and 8 were estimated by
measuring nitrogen gas sorption isotherms at 78 K. The
sorption of hydrogen gas has also been studied under the
same conditions. The isotherms are shown in Figure 7, and
the results of the analysis are summarized in Table 1.


In all cases the sorption of nitrogen reaches near-satura-
tion at low relative pressures (P/P0 < 0.05) and thereafter
increases very slowly up to 1 atm. These are type I isotherms
typical for a microporous material. There is no significant
hysteresis between sorption and desorption traces (see the
Supporting Information). The
total pore volume (Table 1),
which is the volume adsorbed
at STP when P/P0 approaches 1,
ranges from 0.45 (8) to
0.59 cm3 cm�3 (5). Although
smaller than that of 1
(0.62 cm3 cm�3), the numbers
compare favorably with those
of most zeolites (�
0.50 cm3 cm�3).[14] With an ap-
proximation based on a mono-
layer condensation of adsorbed
N2 molecules on a uniform sur-


face, the sorption isotherms were fitted to a Langmuir equa-
tion and gave surface areas for the derivatized frameworks
from 1400 (8) to 1740 m2 g�1 (2). The same calculations for
unmodified framework 1 gave a Langmuir surface area of
2090 m2 g�1.


Introduction of substituents on the phenyl ring of 1,4-bdc
results in a significant decrease in the surface area of 2–5
with respect to that of 1, which may be easily understood
and expected from the crystal structures. The increase in the
surface area as well as in the number of adsorbed N2 mole-
cules per formula unit of 8 compared to that of 3 is viewed
in the same context. However, the chemical nature of the
side groups of the 1,4-bdc derivatives (aliphatic (3), aromat-
ic (4), or halogenic (5)) appears to be irrelevant with regard
to the trends observed.


The shape of the H2 sorption isotherms shown in Figure 7
is typical for their kind,[5] and is attributed to the fact that
the temperature (�196 8C) is well above the boiling point of
hydrogen (�253 8C at 1 atm). The sorption and desorption
curves almost overlap for 1–3 ; however, a marked hysteresis
is observed for 4 and to a lesser degree for 5 and 8 (see the
Supporting Information). We cannot correlate the observed
hysteresis with pore structures of corresponding frameworks
(Figure 2) at the moment; however, such behavior may be


Figure 7. N2 (left) and H2 (right) gas sorption isotherms of 2–5 and 8 measured at 78 K. Data for 1 are shown for comparison. The N2 isotherms are rever-
sible without a significant hysteresis between sorption and desorption curves, whereas H2 isotherms of 4 display some hysteresis (see Supporting Informa-
tion). Solid lines in H2 isotherms are visual aids.


Table 1. Summary of N2 and H2 gas sorption data.


A [m2g�1] Vp N2 per H2 at 1 atm H2 per Relative surface
Langmuir [cm3 g�1] f.u.[a] [cm3 g�1] ([mg g�1]) f.u.[a] coverage by H2 [%]
(BET) ([cm3 cm�3]) (Vocc [%])[b]


1 2090 (1450) 0.75 (0.62) 12.3 223 (20.1) 5.7 36.6 (37.7)
2 1670 (1100) 0.59 (0.54) 10.7 230 (20.8) 6.5 47.5 (49.7)
3 1400 (920) 0.50 (0.50) 9.9 205 (18.5) 6.2 50.3 (52.2)
4 1450 (1000) 0.52 (0.50) 10.1 189 (17.0) 5.7 44.8 (46.0)
5 1610 (1070) 0.57 (0.59) 11.9 197 (17.8) 6.3 42.0 (44.0)
8 1740 (1120) 0.62 (0.45) 13.0 187 (16.8) 6.1 36.9 (38.2)


[a] Formula unit (f.u.), [Zn2(dicarboxylate)2(diamine)]. [b] Percentage of pore volume (cm3 g�1) occupied by
adsorbed H2 which is assumed to have liquid density at 1 atm and boiling point (70.973 kg m�3).
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of interest since it allows H2 to be stored at a pressure lower
than when it is charged.[15]


A characteristic feature that is clearly apparent from the
H2 sorption isotherms shown in Figure 7 is the different
slopes of the curves in the low pressure ranges (P<0.4 atm).
For example, 3, in which 1,4-bdc is completely replaced by
tmbdc, shows the fastest rise in H2 uptake, whereas the ini-
tial slope of 1 is the flattest in the series. It may not be a co-
incidence that free apertures in the structures of 3 and 1 are
the smallest and largest, respectively, among the isomor-
phous frameworks. The free channels in 1 along the c axis
are uniform and straight with the diameter of 7.5 �, whereas
those of 3 have several indentations with the narrowest part
being barely over 3 �. In general, the lower pressure range
(P/P0�0.3) in BET isotherms is considered as the region
where gas molecules cover the surface almost exclusively as
a monolayer. Therefore, it may be said that the affinity of
H2 molecules towards the frameworks in this study is the
highest for 3, intermediate for 2, 4, and 8, and lowest for 1
and 5. We believe that the shape and size of channels, rather
than the chemical nature of organic linkers, are responsible
for this trend. Further support for this argument is available
from the similar values of sorbed H2 at 1 atm, 187–
230 cm3 g�1 or 1.7–2.1 wt %,[16] which become more uniform
when translated into molecular terms, such as the number of
sorbed H2 molecules per paddle-wheel unit (from 5.7 H2 for
1 and 4 to 6.5 H2 in 2). The lack of differences consequently
leads to a relative surface coverage by H2


[17] which is in an
approximately reverse order to that of the surface area de-
termined by N2 sorption experiments. Thus, similar to our
analysis on the surface affinity, 3 and 1 have the most and
least effective surface coverage with 50 and 37 %, respec-
tively. The fraction of pore volume occupied by adsorbed H2


may be an alternative representation of the relative surface
coverage by H2, and the values for frameworks 1–5 and 8
are in good agreement (the last column of Table 1).


Taken together with studies on other metal-organic open
frameworks,[5] it appears that some metal-organic frame-
works possess higher affinity towards H2 than other frame-
works, and we believe that they are the ones with wavy
channels and limited size of free passage rather than those
with straight channels and large openings. This conjecture,
which is derived from the analysis of experimental data, is
consistent with a theoretical study on methane sorption[18]


that considers the heat of adsorption, which is higher in
smaller pores, as an index of energetic interaction between
sorbate and sorbent. Another theoretical study on a metal-
organic framework[19] having two kinds of pores also sug-
gests that the preferred adsorption site for argon is smaller
pores. The ultimate capacity for H2 storage, on the other
hand, should also be related to available surface area, since
a “pore-filling” effect will become significant under high
pressure conditions. This is also evident from the H2 sorp-
tion isotherm of 3, which has the highest initial slope but al-
ready begins to saturate in the given pressure range. There-
fore, an ideal porous material intended for storing hydrogen
gas through physisorption would have to possess a large sur-


face area, high void fraction, sinuous channels with a curva-
ture and free windows of limited size. Based on our data
and those in literature, we propose that a porous material
with the surface area of 2000 m2 g�1 or above, a void fraction
of 60 % or more, and free windows of 6 � or less may show
an unprecedented H2 storage capacity. We believe that it is
not impossible to meet the first and the last requirements
within the same material, and our current effort is focused
on new metal-organic frameworks to realize this goal.


Conclusion


We have successfully synthesized and fully characterized a
series of 3D metal-organic frameworks in which dinuclear
paddle-wheel units are connected by linear linkers and di-
amine pillars. The metal–dicarboxylate–diamine system
allows a systematic modulation of either or both the linkers
and pillars without changing the a-Po topology, that is, the
change can be made anisotropically. Gas sorption studies
reveal that the closely related materials possess a permanent
porosity in terms of reversible gas sorption and high surface
area. The aromatic (1,4-ndc in 4) or electron-withdrawing
groups of the dicarboxylate linker (tfbdc in 5) have not been
found to exert a favorable influence on the physisorption of
N2 or H2 gas molecules. The amounts of nitrogen sorption
and the surface areas determined from it do not depart
greatly from expectations based on the crystal structures. In
the case of hydrogen, however, framework 3, which has the
most crowded pore environment, shows the highest affinity
towards the gas at low pressures, and the sorption capacities
of related materials measured at 1 atm do not directly
mirror the available surface areas judging from the similar
numbers of sorbed H2 molecules per formula unit. There-
fore, as a hydrogen-storage material we suggest preference
should be given to a system in which small windows and sin-
uous channels lead to a high surface area. This conclusion
helps to better understand the physisorption of gases in
metal-organic frameworks and should help to design new
porous materials with an efficient hydrogen-storage capaci-
ty.


Experimental Section


General considerations : All the ligands and transition metal salts were
obtained commercially and used as received. TGA data were obtained
on a Perkin-Elmer Pyris 1 TGA instrument with a heating rate of
10 8C min�1 under a N2 atmosphere. The X-ray powder diffraction pat-
terns were recorded on a Bruker D8 Avance system equipped with a Cu
sealed tube (l =1.54178 �) at a scan rate of 10 s deg�1. BET gas sorption
isotherms were measured with a custom-made vacuum manifold follow-
ing a standard volumetric technique at 78 K. The hydrogen gas used was
purchased from BOC Gases Korea and was of high purity (99.999%).
Typically, a sample of as-synthesized material (150–200 mg) was loaded
and, prior to the measurements, evacuated by heating to 120 8C under a
high vacuum (10�5 torr) overnight. For 5 and 8, the evacuation was car-
ried out at room temperature after exchanging the guests with CHCl3.
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Synthesis of [Zn2(1,4-bdc)(tmbdc)(dabco)] (2): dabco (6 mg, 0.05 mmol)
was added to a solution containing H2tmbdc (11 mg, 0.05 mmol), H2bdc
(8 mg, 0.05 mmol) and Zn(NO3)2·6H2O (30 mg, 0.1 mmol) in DMF
(1.5 mL), and the resulting slurry was stirred at room temperature for
3 h. After the white precipitate had been filtered off by gravity, the so-
lution was heated to 120 8C in a sealed glass tube for two days to produce
colorless, brick-shaped crystals (27 mg). The product was washed with
DMF and dried at 105 8C under vacuum overnight to obtain an evacuated
framework (20 mg, 63%). A portion of the desolvated solid was added to
NaOH in D2O and subjected to 1H NMR measurements. 1H NMR
(500 MHz, D2O, 25 8C, TMS): d=7.80 (4 H; bdc), 2.65 (12.2 H; dabco),
2.06 ppm (11.8 H; tmbdc). Elemental analysis was carried out for evacu-
ated samples because of inconsistent results from as-synthesized materi-
als. Elemental analysis calcd (%) for [Zn2(1,4-bdc)(tmbdc)(dabco)]·3 H2O
(681.32): C 45.84, H 5.03, N 4.11; found: C 45.54, H 4.59, N 4.41.


Synthesis of [Zn2(tmbdc)2(dabco)] (3): H2tmbdc (140 mg, 0.63 mmol),
Zn(NO3)2·6H2O (189 mg, 0.63 mmol) and dabco (35 mg, 0.31 mmol) were
mixed in DMF (15 mL) and homogenized by stirring for 2 h. The slurry
was heated to 120 8C in a Teflon-lined stainless still bomb reactor for 32 h
to obtain a white microcrystalline precipitate (275 mg, 93%). Single crys-
tals for structural study were obtained by following the same procedure
described above for 2. Elemental analysis calcd (%) for as-synthesized
material [Zn2(tmbdc)2(dabco)]·3 DMF·2 H2O (938.70): C 49.90, H 6.55, N
7.46; found C 49.39, H 6.70, N 7.82.


Synthesis of [Zn2(1,4-ndc)2(dabco)] (4): The standard protocol described
above for 2 was employed, and brick-shaped crystals with greenish
yellow color were obtained in 76% yield. Elemental analysis calcd (%)
for as-synthesized material [Zn2(1,4-ndc)2(dabco)]·3DMF·2H2O (926.60):
C 50.55, H 5.33, N 7.56; found: C 50.62, H 5.32, N 7.86.


Synthesis of [Zn2(tfbdc)2(dabco)] (5): Zn(NO3)2·6H2O (119 mg,
0.40 mmol) and H2tfbdc (96 mg, 0.40 mmol) were dissolved in methanol
(5 mL). After dabco (22 mg, 0.20 mmol) and DMF (1.2 mL) were added
to the mixture, it was stirred for 1 h at room temperature, and then a
white precipitate was filtered off. The resulting solution, upon heating to
95 8C for 7 h, produced colorless, brick-shaped crystals. The product
(105 mg) was washed with DMF and methanol and heated to 95 8C under
vacuum overnight to give evacuated framework (79 mg, 55 %). C,H,N
analysis was carried out for evacuated samples. Elemental analysis calcd
(%) for [Zn2(tfbdc)2(dabco)]·2 H2O (751.12): C 35.18, H 2.15, N 3.73;
found: C 35.62, H 2.69, N 4.07.


Synthesis of [Zn2(1,4-bdc)2(bpy)] (6): Zn(NO3)2·6H2O (89 mg,
0.30 mmol) and H2bdc (50 mg, 0.30 mmol) were dissolved in a mixture of
MeOH and DMF (1:1, 6 mL). Addi-
tion of bpy (23 mg, 0.15 mmol) to the
mixture led to formation a white
slurry. The heterogeneous mixture was
stirred at room temperature for 24 h
and heated to 120 8C in a closed vessel
for two days. A microcrystalline pre-
cipitate was isolated, thoroughly
washed with DMF, and dried in vacuo
(85 mg, 92%). Single crystals for struc-
tural study were obtained from the
same reaction in a DMF/xylene mixed
solvent. Elemental analysis calcd (%)
for evacuated solid [Zn2(1,4-bdc)2-
(bpy)] (615.15): C 50.76, H 2.62, N
4.55; found C 50.43, H 2.75, N 4.89.


Synthesis of [Zn2(2,6-ndc)2(bpy)] (7):
The same procedure as that for 6 was
used for this compound except for the
use of H2(2,6-ndc) instead of H2bdc.
The yield was nearly quantitative. Ele-
mental analysis calcd (%) for [Zn2(2,6-
ndc)2(bpy)]·0.5 DMF·H2O (769.86): C
55.39, H 3.34, N 4.55; found: C 55.16,
H 3.04, N 4.58.


Synthesis of [Zn2(tmbdc)2(bpy)] (8): This compound was obtained as col-
orless block-shaped crystals by following the same procedure as that for
2. The as-synthesized product was guest-exchanged with CHCl3 and evac-
uated under vacuum at room temperature. The yield was nearly quantita-
tive. Elemental analysis calcd (%) for [Zn2(tmbdc)2(bpy)]·2 H2O (763.43):
C 53.49, H 4.75, N 3.67; found: C 53.60, H 4.85, N 4.32.


Crystal structure determination : Single crystals were picked up with para-
ton oil on the tip of a glass fiber and mounted on a Siemens SMART
CCD diffractometer equipped with a graphite-monochromated MoKa


(l=0.71073 �) radiation source in a cold nitrogen stream. For 2, 4, and 5
diffraction data were collected for both as-synthesized and evacuated
crystals, and only the latter are reported here. For 3 and 8, contributions
from disordered solvent molecules were removed by the SQUEEZE rou-
tine (PLATON),[20] and the outputs from the SQUEEZE calculations are
attached to each CIF file. All crystallographic data were corrected for
Lorentz and polarization effects (SAINT), and semiempirical absorption
corrections based on equivalent reflections were applied (SADABS). The
structures were solved by direct methods and refined by the full-matrix
least-squares method on F2 with appropriate software implemented in
the SHELXTL program package. All the non-hydrogen atoms except for
those of disordered solvent molecules in 6 were refined anisotropically
with least-squares restraints, when necessary. Hydrogen atoms were
added at their geometrically ideal positions. Conformationally disordered
ligands were treated with split-atom models. Crystal data and results of
the structure refinements are summarized in Table 2 and Table 3. CCDC
255610–CCDC-255616 (2–8) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Table 2. Summary of crystal data and structure refinements for porous frameworks 2–5 and 8.


2 3 4 5 8


formula C26H28N2O8Zn2 C30H36N2O8Zn2 C30H24N2O8Zn2 C22H12F8N2O8Zn2 C34H32N2O8Zn2


FW 627.24 683.35 671.25 715.08 727.36
T [K] 223 213 297 223 223
crystal system tetragonal tetragonal tetragonal tetragonal tetragonal
space group P4/mmm P4/mmm P4/mmm P4/nbm P4/mmm
a [�] 10.895(1) 10.869(1) 10.921(1) 15.451(1) 10.877(1)
c [�] 9.569(1) 9.563(3) 9.611(1) 9.620(1) 13.964(3)
V [�3] 1135.9(2) 1129.7(4) 1146.3(1) 2296.5(2) 1652.1(4)
Z 1 1 1 2 1
1calcd [gcm�3] 0.917 1.004 0.972 1.034 0.731
m [mm�1] 1.086 1.096 1.080 1.105 0.752
Tmax/Tmin 0.8717/0.7295 0.9472/0.8797 0.6422/0.6143 0.7696/0.6361 0.8641/0.8227
reflections measured 6719 4788 6507 11 379 7819
independent (Rint) 816 (0.0459) 527 (0.0994) 885 (0.0351) 1249 (0.0433) 888 (0.0789)
restraints/parame-
ters


6/63 6/57 25/81 24/80 6/69


GOF 1.421 1.066 1.334 1.094 1.104
R1, wR2 [I>2s(I)] 0.0465, 0.1559 0.0585, 0.1610 0.0491, 0.1638 0.0364, 0.0963 0.0536, 0.1389
R1, wR2 (all data) 0.0483, 0.1572 0.0668, 0.1652 0.0500, 0.1650 0.0478, 0.1085 0.0612, 0.1429
1max/1min [e ��3] 0.906/�0.530 1.195/�0.624 1.261/�0.695 0.656/�0.771 1.283/�1.005
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Table 3. Summary of crystal data and structure refinements for inter-
penetrated frameworks 6 and 7.


6 7


formula C26H16N2O8Zn2 C34H20N2O8Zn2


FW 615.15 715.26
T [K] 243 223
crystal system triclinic monoclinic
space group P1̄ C2/m
a [�] 10.883(1) 10.458(3)
b [�] 10.926(1) 19.896(7)
c [�] 14.066(2) 7.753(2)
a [8] 92.417(2) 90
b [8] 90.099(2) 100.07(3)
g [8] 101.723(2) 90
V [�3] 1636.1(3) 1588.5(8)
Z 2 2
1calcd [gcm�3] 1.249 1.495
m [mm�1] 1.507 1.564
Tmax/Tmin 0.7526/0.6606 0.8593/0.7450
reflections measured 9742 3506
independent (Rint) 7306 (0.0328) 1284 (0.0639)
restraints/parameters 0/359 0/79
GOF 1.093 1.224
R1, wR2 [I>2s(I)] 0.0776, 0.1950 0.1147, 0.2663
R1, wR2 (all data) 0.1019, 0.2121 0.1453, 0.2801
1max/1min [e ��3] 1.435/�1.286 1.317/�1.217
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Metal-Induced Chiral Folding of Depsipeptide Dendrimers


Boris Buschhaus,[a] Frank Hampel,[a] Stefan Grimme,[b] and Andreas Hirsch*[a]


Introduction


Biopolymers such as DNA and proteins self-assemble with
precision and accuracy. The folding process of proteins,
which leads to the native, lowest energy structures of these
linear polymers, is encoded by the amino acid sequence.[1]


Often, metals play an important role in the folding process
(e.g. zinc in “zinc fingers”) and assist in forcing peptides and
proteins to adopt their native conformations. Only correctly
folded proteins are able to fulfil their specific functions,
such as chiral recognition, enantioselective catalysis, clathra-
tion, and transport of small molecules.[2] Misfolded proteins


can aggregate and cause serious illnesses.[3] In recent years,
extensive research has been devoted to the preparation of
protein mimetics and the elucidation of protein folding in
general.[4] The ultimate goal is the development of artificial
molecular architectures that are as efficient as the natural
machinery.


Dendrimers[5–11] have been investigated as a promising
class of protein mimetics owing to their monodisperse and
globular structures.[12, 13] However, in contrast to proteins,
which consist of folded, linear polypeptide chains, dendrim-
ers are based on a tree-like, branched architecture. In most
cases, their structures are quite flexible, leading to the co-ex-
istence of a multitude of almost isoenergetic conformers.[14]


Computational investigations on self-avoiding, neutral den-
drimers commonly suggest the presence of backfolded
branches.[14–20] However, attractive secondary interactions in
the interior and between the end groups can significantly
reduce this backfolding. Parquette et al. have described in-
tramolecularly hydrogen-bonded dendrimers showing a sol-
vent- and temperature-dependent chiral conformational
order.[21,22] The stability of the secondary structure was seen
to be strongly influenced by the globular compaction of the
dendrons.[23] In the absence of specific attractive or repulsive


Abstract: The synthesis and metal com-
plexation of chiral depsipeptide den-
drimers 3 and 7 containing an ethylene-
diaminetetraacetic acid (EDTA) ester-
derived core is reported. The EDTA
ester cavity of these dendrimers selec-
tively complexes Zn2+ and Cu2+ ions
leading to diastereoselective folding.
To elucidate the coordination motif in
the resulting “foldamers” of 3-ZnCl2,
7-ZnCl2, 3-CuCl2, and 7-CuCl2, the co-
ordination behavior of the tetramethyl
ester of EDTA (8) has been investigat-
ed as a model case. The corresponding
complexes 8-ZnCl2 and 8-CuCl2 have
been structurally characterized by 1H
NMR spectroscopy and X-ray analysis.


The complexes involve the inherently
chiral octahedral cis-a coordination
motif, in which 8 serves as a tetraden-
tate ligand. In the case of the ZnII com-
plex 8-ZnCl2, both Dcis-a(S,S,l) and
Lcis-a(R,R,l) stereoisomers were
found in the unit cell. For the CuII


complex 8-CuCl2, only one stereoisom-
er, namely Dcis-a(S,S,l) was found in
the crystal under investigation. 1H
NMR spectroscopy has shown that the


same coordination motif is diastereose-
lectively formed in the chiral Zn2+ den-
drimers 3-ZnCl2 and 7-ZnCl2. Likewise,
the calculated CD spectrum of the
Dcis-a(S,S,l) stereoisomer of the model
complex 8-CuCl2 shows good agree-
ment with the experimental spectrum
of the CuII dendrimers 3-CuCl2 and 7-
CuCl2, allowing assignment of the ab-
solute configurations of the preferred
foldamers as Lcis-a(R,R,l) for 3-CuCl2


and Dcis-a(S,S,l) for 7-CuCl2. This
work represents the first example of
metal-complexation-mediated diaster-
eoselective folding of chiral dendrimers
with known absolute configuration.
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secondary interactions in chiral dendrimers,[24–27] conforma-
tional order was found to be lacking.[28–42]


Recently, we introduced the concept of chiral depsipep-
tide dendrimers as peptide or protein mimetics.[34,43] This
new class of dendrimers closely
resembles the structures of nat-
ural depsipeptides, which consist
of a-hydroxy and a-amino acids
connected by ester and amide
linkages.[44] We have demon-
strated that the conformation
within the dendrons is very sen-
sitive to environmental condi-
tions (solvent and temperature)
and that a chiral secondary
structure might be stabilized in
non-protic solvents such as ace-
tonitrile.[43] However, no specific
folding motif could be found.
We also showed that chirality
transfer from the dendron to
the focal functionality takes
place.[43]


We now report on depsipep-
tide dendrimers that diastereo-
selectively fold upon metal com-
plexation in a well-defined manner, leading to a chiral sec-
ondary structure in the region of the ethylenediaminetetra-
acetic acid (EDTA)-derived core. In analogy to what is com-
monly found in metallo-proteins, the metal ions cause a
particular arrangement of the organic backbone. Incorpora-
tion of metal ions into dendritic structures per se has been
investigated previously in a variety of cases.[45–48] Dendrimers
containing metal complexes in the core, in the branches, and
at the periphery, as well as dendritic systems using metals as
branching centers, have been synthesized.[48] However, there
have only been a few reports on metal-complexation-in-
duced conformational changes in dendritic ligands.[49–51]


Aida et al. have reported on mechanistic aspects of the for-
mation of dendritic dinuclear iron(iii) complexes.[49,50] In
their work on iron–sulfur core dendrimers, Gorman
et al.[52, 53] related core encapsulation to the primary den-
drimer structure and conformation. Recently, Vçgtle et al.[51]


have reported on dendritic ligands containing a cyclam core.
The complexation rates for Zn2+ ions proved to be depend-
ent on the generation and conformation of the dendrons.
However, to the best of our knowledge, metal-complexa-
tion-mediated diastereoselective folding of a chiral dendrim-
er, leading to a certain configuration, has not hitherto been
reported.


Results and Discussion


Synthesis of the depsipeptide dendrimers : To induce a pre-
ferred chiral folding motif in the new type of chiral depsi-
peptide dendrons that we reported recently,[43] the confor-


mational flexibility needs to be reduced. The depsipeptide
dendrons are based on natural and non-natural tartaric acid
building blocks, which are connected to w-aminocaproic
acid spacers through ester and amide bonds (Scheme 1). We


decided to incorporate the tetraester building block derived
from ethylenediaminetetraacetic acid (EDTA) 1 as a metal-
chelating dendrimer core. Upon complexation of a metal
ion, the entire depsipeptide dendrimer would then be ex-
pected to stereoselectively fold in a chiral manner, because
a chiral coordination motif can be assumed.


It is surprising that despite the fact that the coordination
chemistry of EDTA has been very extensively elaborated,
little attention has been paid to its ester derivatives.[54,55]


However, copper(ii), cobalt(ii), and nickel(ii) complexes of
the tetraethyl ester were prepared by Beyer et al. in the
1960s.[54] The IR spectra of these complexes indicated the
presence of bound and “free” ester groups. Although these
authors could not determine the structure unambiguously,
they suggested that octahedral coordination geometry
should be present. Besides the two N atoms of the EDTA
ligand, two coordination sites were expected to be occupied
by carbonyl O atoms of the ester groups, leaving the possi-
bility of the adoption of a chiral coordination geometry.
Since in our case enantiomerically pure depsipeptide groups
are attached to the EDTA core, the diastereoselective for-
mation of a chiral folding motif around the metal ion could
be expected.


The synthesis of EDTA ligand 3 incorporating four first-
generation depsipeptide dendrons is shown in Scheme 2. Re-
action of the tris-protected (R,R)-tartrate 2, which we have
recently synthesized,[42] with EDTA 1 proceeded in 55 %
yield under slightly modified standard ester coupling condi-
tions.[56, 57] For this purpose, we used 1-ethyl-3-(3-dimethyla-
minopropyl)carbodiimide hydrochloride (EDC·HCl) in the
presence of a catalytic amount of 4-dimethylaminopyridine
(DMAP) as the coupling reagent. Long reaction times (ca.


Scheme 1. Depsipeptide dendron of the third generation.
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5 days) were found to give the best results, because EDTA
is insoluble in all common organic solvents and the reaction
therefore proceeds heterogeneously. Considering that four
ester bonds are formed, the overall yield is acceptable.


For the synthesis of a related second-generation ligand 7
with all-R configuration at the stereogenic centers, we used
the depsipeptide dendron 6, a structural modification of our
previously published systems.[43] In 6, the focal functionality
is a hydroxy group instead of a protected amine functional-
ity (Scheme 3), because it turned out that comparatively
long reaction times are required and the hydroxy-terminated
dendron proved to be more stable towards decomposition
than the corresponding second-generation analogue of 5.
Moreover, the stereogenic centers in 7 are in closer proxim-


ity to the central EDTA core, which should lead to more
stereoselective formation of chiral metal complexes. The
first step in the synthetic sequence leading to 7 was the re-
moval of the benzyl protecting groups of the carboxylic
groups of (R,R)-2 by stirring with 10 % Pd/C in MeOH
under an H2 atmosphere for 24 h. After filtration of the cat-
alyst and evaporation of the solvent, 4 was obtained in 99 %
yield. Next, the diacid was allowed to react with the depro-
tected first-generation dendron 5[43] under standard peptide-
coupling conditions (DCC, HOBt, 0 8C).[58] After purifica-
tion by flash chromatography, the second-generation den-
dron 6 was obtained in 54 % yield. Finally, dendrimer 7
(Scheme 4) was assembled by reaction of 6 with EDTA 1
(EDC·HCl, DMAP, 5 days). The yield of this fourfold cou-
pling product (18 %) was lower compared to that of 3.


For comparison purposes, we also synthesized tetramethyl
ethylenediaminetetraacetate (EDTA(OMe)4) (8)[59] to serve
as a model compound for the metal-binding cavity in the
dendrimers 3 and 7.


Metal ion complexation of the dendrimers : Stable metal
complexes were formed upon stirring of dendrimers 3 and 7
in CHCl3 at room temperature in the presence of a large
excess (6 �) of Zn(OTf)2, ZnCl2 or CuCl2. In the case of the
ZnII complexes, the 1H NMR spectra provided direct evi-
dence of a successful complexation due to the appearance of
a new set of signals (see below). The coordination of CuCl2


was monitored by reversed-phase TLC and by UV spectro-
scopy.


The ZnII dendrimers 3-ZnCl2 and 7-ZnCl2 were isolated
as colorless solids, whereas the CuII dendrimers 3-CuCl2 and


7-CuCl2 were obtained as light
green solids. All these metallo-
dendrimers were found to be
very soluble in apolar and polar
aprotic solvents such as CH2Cl2,
CHCl3, and CH3CN, and solu-
ble to some extent in polar
protic solvents such as CH3OH
and EtOH. The complexes
were characterized by 1H
NMR, 13C NMR, and UV/Vis
spectroscopies, mass spectrome-
try, elemental analysis, and
their specific and molar optical
rotations [a]D and [f]D, as well
as by CD spectroscopy. FAB
mass spectrometry confirmed
the expected molecular weights


Scheme 2. Synthesis of first-generation (R,R)1-dendrimer 3. a) EDC,
DMAP, CH2Cl2, room temperature, 10 days, 55 %.


Scheme 3. Synthesis of second-generation (R,R)1-(R,R)2-dendron 6. a) 10%Pd/C, CH3OH, room temperature,
24 h, 99 %; b) DCC, HOBt, NEt3, CH2Cl2, room temperature, 24 h, 54 %.
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and together with the elemental analyses revealed the purity
of the samples.


All attempts to coordinate other metal salts, such as
FeCl2, FeCl3, RuCl3·x H2O, CoCl3, NiCl2, Na2PdCl4, K2PtCl4,
and Gd(acac)3·x H2O, proved unsuccessful. Even after a pro-
longed reaction time and under more forcing conditions
(reflux), the 1H NMR, mass, and UV/Vis spectra did not
show any indication of metal complexation. This suggests


that the metal-binding cavity in the dendrimers 3 and 7 is
quite specific for Zn2+ and Cu2+ ions.


Coordination motif of the model complexes : Important in-
formation concerning the coordination motif in these chiral
dendritic metal complexes was obtained from X-ray struc-
ture analyses of model compounds 8-ZnCl2 and 8-CuCl2


(Figure 1, Figure 2). Although Beyer et al. described the
copper(ii) complex in the 1960s and put forward a proposal
for its structure, no X-ray structure analysis of such com-
plexes has hitherto been reported.[54] Hence, we present
here the unambiguous structural characterization of such
simple EDTA ester-based complexes. The complexes 8-


Scheme 4. Synthesis of second-generation (R,R)1-(R,R)2-dendrimer 7.
a) EDC, DMAP, CH2Cl2, room temperature, 10 days, 18 %.


Figure 1. Structure of the ZnII model complex (8-ZnCl2 ; H atoms omitted
for clarity). Selected bond lengths [�] and angles [8]: Zn1�N1 2.29, Zn1�
O22 a 2.26, Zn1�Cl1 2.30; N1-Zn1-N2 78, Cl1-Zn1-Cl2 102, O42 a-Zn1-
O22 a 167.
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ZnCl2 and 8-CuCl2 both feature a slightly distorted octahe-
dral geometry about the respective metal centers. The chlo-
ride ions are cis coordinated within the equatorial plane.
The other two coordination sites of the plane are occupied
by the amino N-atoms of 8. The axial positions are occupied
by the carbonyl O-atoms of the ester.


In principle, linear tetradentate ligands can occupy four
consecutive positions of an octahedral complex in three dif-
ferent ways, namely cis-a, cis-b, and trans[60] (Figure 3). The


cis-a and cis-b configurations are chiral and exist in enantio-
meric D and L forms. Furthermore, the atoms of the ethyle-
nediamine chelate ring backbone can exist in two dissym-
metric skew-boat conformations, denoted as d and l


(Figure 4).[61] The five-membered ring is twisted or puckered


so that the hydrogen atoms on adjacent atoms are in a stag-
gered or gauche conformation.[62] Lattice effects in the crys-
tals force the ethylenediamine ligand to adopt its more
stable conformation, but it is known that the d–l inversion
has an activation barrier of only about 0.6 kcal mol�1 and
that the ethylenediamine ligands therefore undergo rapid in-
version in solution.[61] After coordination to the central
metal ion, the two N-atoms of the ligands become stereo-
genic centers (S,S-, R,R- or R,S-configuration, depending on
the overall D and L configuration), irrespective of which co-
ordination motif, cis-a, cis-b or trans, is adopted. Altogether,
twenty stereoisomers, Dcis-a(S,S,d), Dcis-a(S,S,l), Lcis-a-
(R,R,d), Lcis-a(R,R,l), Dcis-b(R,S,l), Dcis-b(R,S,d), Dcis-b-
(R,R,l), Dcis-b(R,R,d), Lcis-b(S,R,l), Lcis-b(S,R,d), Lcis-b-
(S,S,l), Lcis-b(S,S,d), trans(R,R,d), trans(S,S,d), trans(R,S,d),
trans(S,R,d), trans(R,R,l), trans(S,S,l), trans(R,S,l), and
trans(S,R,l) are conceivable for all possible tetradentate
complexations of 8.


The crystal structures of both of our model cores 8-ZnCl2


and 8-CuCl2 show that they exclusively adopt the cis-a con-
figuration. Due to the achiral ligand, in each case racemic
cis-a species (Lcis-a and Dcis-a) are formed. In the case of
the Zn complex 8-ZnCl2, both Dcis-a(S,S,l) and Lcis-a-
(R,R,l) forms are found in the unit cell. The CuII complex 8-
CuCl2 crystallizes in its enantiomeric Dcis-a(S,S,l) or Lcis-
a(R,R,l) form. In the crystal under investigation, the Dcis-a-
(S,S,l) configuration was adopted.


The structure of the paramagnetic CuII complex 8-CuCl2


in solution is difficult to probe by NMR spectroscopy. How-
ever, the diamagnetic ZnII complex 8-ZnCl2 allows the appli-
cation of NMR spectroscopy to compare the solution and
solid-state structures. The 1H NMR spectrum of 8-ZnCl2 and
the assignment of the proton resonances are depicted in
Figure 5. Upon lowering the temperature, the line width of
the signals increases significantly. At �20 8C, the N-CH2 sig-
nals 1,1’ of 8-ZnCl2 are lost in the baseline. At �40 8C, two
broad signals for the 1,1’ protons appear at d = 2.4 and d =


3.1 ppm. This behavior can be rationalized in terms of the
interconversion of the Dcis-a and Lcis-a forms (Scheme 5).
This process involves breaking of the weak axial oxygen–
metal bonds and reformation of the cis-a coordination motif
with the opposite configuration. In contrast to this dynamic
process, the interconversion between the l and d forms
(0.6 kcal mol�1) is very fast and cannot be detected by NMR
spectroscopy at the temperatures under investigation. An-
other sensitive probe to distinguish between the coordinat-
ing (A’) and non-coordinating branches (A) (Figure 5) is
provided by the diastereotopic methylene protons 2,2’ and
the magnetically non-equivalent methyl groups 3,3’. In a
frozen geometry, two sets of signals can be expected in each
case. The splitting of the signal due to the methylene pro-
tons 2,2’ at �20 8C and of that due to the methyl protons
3,3’ at �40 8C is in accordance with this assumption.


At lower temperatures, the 1H NMR spectra of 8-ZnCl2


are generally in good agreement with the C2-symmetric cis-
a configuration determined by X-ray crystallography for the
solid-state structure. The presence of the cis-b configuration


Figure 2. Structure of the CuII model complex (8-CuCl2 ; H atoms omitted
for clarity). Selected bond lengths [�] and angles [8]: Cu1�N1 2.10, Cu1�
O21 a 2.50, Cu1�Cl1 2.25; N1-Cu1-N2 83, Cl1-Cu1-Cl2 94, O31 A-Cu1-
O21 A 161.


Figure 3. Schematic representation of all possible edge configurations in
octahedral complexes involving tetradentate ligands.


Figure 4. Schematic representation of d and l gauche conformations of
the ethylenediamine ligand backbone.
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in solution can be ruled out because such complexes involve
C1-symmetry, which is inconsistent with the simple NMR
spectrum. The adoption of an achiral trans configuration in
solution, on the other hand, would require an energetically
very demanding cis–trans isomerization of the coordinating
chloride ions and therefore can also be ruled out.


Coordination motif of the dendrimers : It is reasonable to
assume that dendrimers 3-ZnCl2, 7-ZnCl2, 3-CuCl2, and 7-
CuCl2 prefer the same cis-a-coordination motif as the model
complexes 8-ZnCl2 and 8-CuCl2. However, the mobility of
the coordinating branches is more restricted by steric con-
straints. Even more importantly, the chiral nature of the


enantiomerically pure dendrons should lead to preferential
formation of either the Dcis-a(S,S)(all-Rdend) or Lcis-a-
(R,R)(all-Rdend) diastereomers.


In the 1H NMR spectra of the metal-free first-generation
dendrimer 3, the C2-symmetry of the dendritic ligand is re-
flected by the expected splitting of the signal of the diaster-
eotopic protons into two doublets (Figure 6). In the second-
generation dendrimer 7, the corresponding resonances
remain essentially the same.


The 1H NMR spectra of the diamagnetic ZnII dendrimers
provide direct evidence for the successful complexation at
the EDTA ester-derived core through the appearance of a
new set of signals (Figure 6). The signals of the CH2Ncore


protons 1,1’ of the first-generation dendrimer 3-ZnCl2 are
shifted by 0.2 ppm towards lower field and are split into two
doublets. This splitting is consistent with the cis-a configura-
tion observed in the crystal structures of the model com-
plexes 8-ZnCl2 since the inequivalence of the diastereotopic
protons 1,1’ becomes much more pronounced due to the
presence of two distinct branches, A and A’. Further evi-
dence for one coordinating (A’) and one non-coordinating
dendritic “branch” (A) is provided by the splitting pattern
of the CH2COOcore protons 2,2’, the CH protons of the tarta-
ric acid 3,3’, and the benzylic CH2 groups 4,4’.


The C2-symmetry in 3-ZnCl2 eliminates all possible cis-b
coordination geometries having C1-symmetry that would
give rise to more complex NMR spectra. These folding
motifs can also be ruled out because of the energetically de-
manding cis–trans isomerization that would be required for
the adoption of a trans coordination pattern. This leaves the


Figure 5. 1H NMR spectra of the model complex 8-ZnCl2 in CDCl3 at
various temperatures.


Scheme 5. D–l inversion of cis-a-8-ZnCl2.


Figure 6. 1H NMR spectra (6.4–2.4 ppm region) of dendrimer 3 and its
zinc complex 3-ZnCl2 in CDCl3. Signals indicated with �X� are due to im-
purities.
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cis-a configurations as the only possibilities, which is in ac-
cordance with the structure of the model complex 8-ZnCl2.
Interestingly, in 3-ZnCl2 the L–D interconversion observed
for 8-ZnCl2 (Scheme 5) is already frozen at room tempera-
ture. Lowering the temperature to �40 8C does not lead to
any significant change in the NMR spectrum. This is prob-
ably due to the higher molecular mass of the dendritic
branches compared to the methyl groups in 8-ZnCl2.


The 1H NMR spectrum of 3-ZnCl2 shows only one set of
signals, indicating that one cis-a diastereomer (either Dcis-a-
(S,S)(all-R,Rdendrimer) or Lcis-a(R,R)(all-R,Rdendrimer)) is
formed predominantly. However, the possibility that the dia-
stereoisomers give rise to almost identical spectra cannot be
completely ruled out.


1H NMR spectroscopy of the ZnII second-generation den-
drimer 7-ZnCl2 is of limited value for the investigation of
the coordination geometry because of the increased com-
plexity and significant line broadening. This leads to a whole
series of closely overlapping signals, which prevents a de-
tailed analysis of coupling patterns and temperature-de-
pendent phenomena.


CD spectroscopy : The paramagnetic nature of the CuII com-
plexes impeded their characterization by NMR spectrosco-
py. However, the purity of the compounds was proven by re-
versed-phase HPLC, FAB mass spectrometry, elemental
analysis, IR spectroscopy, and UV/Vis spectrophotometry.
In particular, UV/Vis spectrophotometry is a useful tool for
following the complexation due to the appearance of new
metal-centered bands at lmax = 290 nm (charge-transfer
band), 380 nm, and 720 nm (a weak d–d band) (Figure 7). It


was found that the model complex 8-CuCl2 gave rise to the
same absorptions with nearly identical extinction coeffi-
cients. Furthermore, these absorptions are clearly separated
from the absorptions of the metal-free dendrimers (lmax =


260 nm) and are therefore suitable for probing the environ-
ment at the metal center by means of CD spectroscopy


(Figure 7). First, we discuss the experimental CD spectra of
the metallo-dendrimers 3-CuCl2 and 7-CuCl2, in which four
distinct metal-centered bands A–D can be observed in the
range 300–800 nm (Figure 8). These CD bands nicely corre-


late with the UV/Vis absorption bands of 3-CuCl2, 7-CuCl2,
and 8-CuCl2 (Figure 7). This is clearly indicative of chirality
transfer from the ligand to the metal, which, as a result of
stereoselectivity, leads to the preferred formation of a chiral
coordination motif. It is interesting to note that the CD
spectra of the first- and second-generation dendrimers 3-
CuCl2 and 7-CuCl2 exhibit opposite signs (Figure 8). This
shows that the same coordination motif, but in the opposite
configuration, is adopted, namely Lcis-a(R,R)(all-Rdend)-3-
CuCl2 and Dcis-a(S,S)(all-Rdend)-7-CuCl2. The determination
of the coordination motif and the assignment of the absolute
configuration was carried out by comparison with calculated
CD spectra (see below). The CD curves are seen to be
mirror images above 280 nm, because the two diastereomers
possess an enantiomeric coordination motif. Below 280 nm,
the chirality of the remote depsipeptide branches dominates
the CD spectra. At present, we have no explanation for the
fact that the two dendrimers 3-CuCl2 and 7-CuCl2, which
differ in the steric demand of the dendritic branches, favour
different configurations.


For the determination of the coordination motif and the
absolute configuration, we decided to calculate the CD spec-
trum of 8-CuCl2 (Figure 2) using the DFT method and to
compare the calculated spectrum with the experimental
spectra of 3-CuCl2 and 7-CuCl2. All quantum-chemical cal-
culations were performed with the Turbomole[63] suite of
programs. Prior to performing the CD calculations, the
structure of the model compound 8-CuCl2 was fully opti-
mized at the density functional (DFT) level employing the
BP86 functional,[64, 65] a Gaussian AO basis of valence-triple-
zeta quality, including polarization functions (TZVP),[66] and
the RI approximation for the two-electron integrals.[67] The
starting geometry was the X-ray crystal structure of 8-CuCl2


Figure 7. Electronic absorption spectra of 3-CuCl2, 7-CuCl2, 3-ZnCl2, 7-
ZnCl2, and 8-CuCl2 in CH3CN.


Figure 8. CD spectra of 3-CuCl2 and 7-CuCl2 in CH3CN.
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in the Dcis-a(S,S) configuration. The optimized structure
was used in the subsequent calculation of the CD spectrum,
which was performed in the framework of time-dependent
DFT,[68] as described in detail by Grimme and Diedrich[69, 70]


and references therein. In this TDDFT approach, the TZVP
basis sets and the B3 LYP hybrid density functional[71,72]


were used.
Comparison of the mirror image of the theoretically simu-


lated spectrum of the model compound Dcis-a(S,S)-8-CuCl2


with the experimental spectrum of the copper(ii) dendrimer
3-CuCl2 reveals very good qualitative correlation (Figure 9).


The features in the region 400–600 nm in the calculated
spectrum are red-shifted compared with the experimental
spectrum. However, this deviation is not surprising, bearing
in mind the structural differences between the model com-
pound and the metallo-dendrimers and the fact that the cal-
culation refers to the gas phase. The absolute configurations
of the diastereoselectively preferred foldamers of the chiral
metallo-dendrimers could thus be assigned as Lcis-a-
(R,R)(all-Rdend)-3-CuCl2 and Dcis-a(S,S)(all-Rdend)-7-CuCl2.
Accurate predictions of the diastereomeric excess are diffi-
cult, as the calculated De values are often subject to an
error of up to 50 %.[73] These results are in very good agree-
ment with those of the 1H NMR spectroscopic investigations
of the Zn complexes 3-ZnCl2 and 7-ZnCl2, from which it
was also concluded that cis-a configurations are present.


Conclusion


We have synthesized depsipeptide dendrimers 3 and 7 con-
taining an EDTA ester-derived central cavity capable of co-
ordinating Cu2+ and Zn2+ ions. The coordination motif of
the related model complexes 8-ZnCl2 and 8-CuCl2 has been
investigated by 1H NMR spectroscopy and X-ray analysis,
which showed that the model core 8 strongly favours a cis-a


coordination geometry. In addition, the CD spectrum of
Dcis-a(S,S)-8-CuCl2 has been calculated, on the basis of
which the absolute configurations of the preferentially
formed diastereoisomers of the related chiral dendritic com-
plexes could be assigned as Lcis-a(R,R)(all-Rdend)-3-CuCl2


and Dcis-a(S,S)(all-Rdend)-7-CuCl2. Independently, the pres-
ence of the cis-a coordination motif has been established
from 1H NMR spectroscopic studies of the related ZnII dep-
sipeptide dendrimers 3-ZnCl2 and 7-ZnCl2. This work repre-
sents the first case of metal-complexation-induced diastereo-
selective folding of chiral dendrimers with known absolute
configuration. In order to obtain even more compact and
rigid foldamers of chiral dendrimers, we propose the intro-
duction of a series of chelating moieties within the precursor
dendrimer. In addition, further types of oriented interac-
tions, such as hydrogen bonds or electrostatic interactions,
should be useful driving forces for such artificial dendrimer
folding. Work in this direction is currently underway in our
laboratory.


Experimental Section


General remarks : All starting materials were purchased from commercial
sources or were prepared according to known literature procedures. The
preparation of 2 and 5 was described in our previous communication.[43]


Solvents were dried using standard techniques. Reactions were monitored
by thin-layer chromatography using DC silica gel 60F254 (Merck) alumi-
num-backed plates. 1H and 13C NMR spectra were recorded on JEOL
GX 400, JEOL EX 400, and JEOL A 500 spectrometers. Chemical shifts
are given in ppm relative to SiMe4 or the solvent peak as a standard ref-
erence. Resonance multiplicities are indicated as s (singlet), d (doublet),
t (triplet), q (quartet), and m (multiplet). Broad resonances are denoted
as b. Mass spectra were measured with a Micromass Lab Spec (FAB) on
a Finnigan MAT 900 spectrometer with 3-nitrobenzylic alcohol as the
matrix. IR spectra were recorded on a Bruker FT-IR IFS 88 spectrome-
ter. Circular dichroism (CD) measurements were carried out on a Jasco
J 710 machine using optical grade solvents and quartz glass cuvettes with
a 10 mm pathlength. Optical rotations were measured on a Perkin
Elmer 341 polarimeter. UV spectroscopy was performed using a Shimad-
zu UV-3102 spectrophotometer. X-ray crystallographic analysis was per-
formed on an Enraf-Nonius MACH 3 diffractometer. Calculations were
carried out using the SHELX software,[74] and the graphics were generat-
ed using ORTEP-3.[75] Products were isolated by flash column chroma-
tography (FC) (silica gel 60, particle size 0.04–0.063 nm, Merck).


(R,R)-2-(Benzoyloxy)-3-hydroxysuccinate (4): (R,R)-Dibenzyl-2-(benzoy-
loxy)-3-hydroxysuccinate (2)[43] (1.80 g, 4.14 mmol) was dissolved in
CH3OH and 10% Pd/C (200 mg) was added. The resulting suspension
was subjected to hydrogenation until no more hydrogen was consumed.
The solution was then filtered through Celite to remove the catalyst. The
CH3OH was evaporated and the product was dried in vacuo. Yield:
1030 mg (99 %) as a white solid; 1H NMR (300 MHz, CD3OD): d = 4.85
(d, 3J = 2.4 Hz, 1 H; *CH), 5.68 (d, 3J = 2.4 Hz, 1 H; *CH), 7.48 (m, 2 H;
Bz), 7.63 (m, 1 H; Bz), 8.11 ppm (m, 2H; Bz); 13C NMR (75 MHz,
CD3OD): d = 72.1, 75.8 (*CH), 129.9, 131.0, 131.4, 135.1 (Bz), 167.4,
170.6, 174.1 ppm (C=O); IR (KBr): ñ = 3320, 2930, 1758, 1711, 1626,
1598, 1582, 1490, 1450, 1398, 1340, 1283, 1250, 1221, 1137, 1108, 1073,
1025, 1001 cm�1; MS (FAB): m/z (%): 255 (25) [M+H]+ , 154 (100).


Compound 6, second-generation dendron : (R,R)-2-(Benzoyloxy)-3-hy-
droxysuccinate (4) (410 mg, 1.61 mmol) was suspended in CH2Cl2


(50 mL) and then the deprotected first-generation dendron 5[43] (2.43 g,
4.16 mmol), triethylamine (NEt3) (420 mg, 0.578 mL, 4.16 mmol), and
HOBt (562 mg, 4.16 mmol) were added at 0 8C. After the addition of
DCC (860 mg, 4.16 mmol), the mixture was stirred for 24 h. The white


Figure 9. Comparison of the UTDFT-B3 LYP/TZVP simulated and exper-
imental CD spectra of 3-CuCl2. Calculated CD transitions are shown as
vertical lines.
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precipitate of dicyclohexyl urea (DCU) was filtered off, and the CH2Cl2


layer was washed with a saturated aqueous solution of NaHCO3 (2 �
50 mL) and then dried over MgSO4. After removal of the solvent, the
crude product was purified by column chromatography (silica, CH2Cl2/
MeOH, 25:1; Rf = 0.27). Yield: 1146 mg (54 %) as a white solid; 1H
NMR (400 MHz, CDCl3): d = 1.43 (m, 12 H; CH2), 2.13 (m, 4 H;
CH2COO), 3.13 (m, 4H; CH2N), 4.62 (br, 2 H; OH, CH*), 5.02 (d, 2J =


5.5 Hz, 1 H; CH2-Bn), 5.05 (d, 2J = 5.5 Hz, 1 H; CH2-Bn), 5.09 (d, 2J =


6.5 Hz, 1 H; CH2-Bn), 5.12 (d, 2J = 6.5 Hz, 1 H; CH2-Bn), 5.15 (d, 2J =


6 Hz, 1 H; CH2-Bn), 5.18 (d, 2J = 6 Hz, 1H; CH2-Bn), 5.22 (d, 2J =


4 Hz, 1 H; CH2-Bn), 5.24 (d, 2J = 4 Hz, 1H; CH2-Bn), 5.71 (d, 3J =


3 Hz, 1H; *CH), 5.78 (d, 3J = 3 Hz, 1H; *CH), 5.80 (d, 3J = 3 Hz, 1 H;
*CH), 5.82 (d, 3J = 3 Hz, 1 H; *CH), 5.89 (d, 3J = 3 Hz, 1 H; *CH), 5.91
(d, 3J = 3 Hz, 1 H; *CH), 6.49 (br, 1H; NH), 6.92 (br, 1H; NH), 7.09 (m,
6H; Bn), 7.15 (m, 4 H; Bn), 7.28 (m, 10H; Bn), 7.40 (m, 6H; Ph), 7.56
(m, 3 H; Bz), 7.91 (m, 4H; Bz), 8.01 ppm (m, 2H; Bz); 13C NMR
(100.6 MHz, CDCl3): d = 23.2, 24.0, 24.1, 25.8, 25.9, 26.0, 28.7, 28.9, 29.2
(CH2), 33.1, 33.2 (CH2COO), 38.9, 39.2, 39.3 (CH2N), 53.4, 67.7, 67.8,
67.9 (CH2-Bn), 70.7, 71.2, 71.7, 73.1 (*CH), 128.2, 128.3, 128.42, 128.47,
128.6, 128.7, 129.9, 130.0, 133.6, 133.7, 133.9, 134.4, 134.5, 134.8 (Ph),
155.9, 164.9, 165.5, 165.6, 165.7, 168.6, 169.3, 172.0, 172.1 ppm (C=O); IR
(KBr): ñ = 3396, 3066, 2940, 1734, 1655, 1601, 1542, 1498, 1453, 1382,
1262, 1213, 1139, 1094, 1070, 1025, 962, 714, 698 cm�1; MS (FAB): m/z
(%): 1313 (40) [M+H]+ , 925 (39), 590 (100); elemental analysis calcd
(%) for C73H72O21N2·H2O (1331.37): C 65.86, H 5.60, N 2.10; found: C
65.80, H 5.75, N 2.49; [a]20


D = ++ 43.0 (c = 0.108, CH2Cl2).


Compound 3, first-generation dendrimer : Ethylenediaminetetraacetic
acid (EDTA) (915 mg, 3.13 mmol), 4-dimethylaminopyridine (DMAP)
(306 mg, 2.5 mmol), and (R,R)-dibenzyl-2-(benzoyloxy)-3-hydroxysucci-
nate[43] (6.8 g, 15.7 mmol) were suspended in CH2Cl2 (100 mL). Dicyclo-
hexyl carbodiimide (DCC) (2.6 g, 12.5 mmol) was added in one portion
at room temperature and the resulting suspension was stirred for 10 days.
The white precipitate of dicyclohexyl urea (DCU) was then filtered off,
and the organic solution was washed with saturated aqueous NaHCO3 so-
lution (2 � 100 mL) and with saturated NaCl solution (1 � 100 mL), and
then dried over MgSO4. After evaporation of the solvent under reduced
pressure, the crude product was purified by column chromatography
(silica, CH2Cl2/MeOH, 40:1; Rf = 0.68). Yield: 3370 mg (55 %) as a
white solid; 1H NMR (400 MHz, CDCl3): d = 2.79 (d, 2J = 10 Hz, 2H;
CH2NEDTA), 2.81 (d, 2J = 10 Hz, 2H; CH2NEDTA), 3.55 (d, 2J = 18 Hz,
4H; CH2COOREDTA), 3.62 (d, 2J = 18 Hz, 4H; CH2COOREDTA), 4.89 (d,
2J = 12 Hz, 8H; CH2-Bn), 5.11 (d, 2J = 12 Hz, 8 H; CH2-Bn), 5.83 (d, 3J
= 3 Hz, 4 H; CH*), 5.90 (d, 3J = 3 Hz, 4 H; *CH), 7.05 (m, 20H; Bn),
7.11 (m, 20H; Bn), 7.31 (m, 8 H; Bz), 7.43 (m, 4 H; Bz), 7.88 ppm (m,
8H; Bz); 13C NMR (100.6 MHz, CDCl3): d = 51.2 (CH2NEDTA), 54.3
(NCH2COEDTA), 67.8 (CH2-Bn), 71.0, 71.2 (*CH), 128.1, 128.3, 128.4,
128.6, 130.0, 133.5, 134.5, 134.8 (Ph), 165.0, 165.4, 171.1 ppm (C=O); MS
(FAB): m/z (%): 1958 (80) [M+H]+ , 1867 (5) [M�Bn]+ , 1495 (20), 992
(40), 978 (100) [M+H]2+ ; IR (KBr): ñ = 3065, 3034, 2962, 1768, 1733,
1601, 1586, 1498, 1455, 1262, 1123, 1091, 1069 cm�1; UV/Vis (CH3CN):
lmax (e) = 268 (4600), 231 nm (47 500); CD (CH3CN): lmax (De) = 229
(�10), 216 (�8), 202 nm (�26); elemental analysis calcd (%) for
C110H96O32N2 (1956.5): C 67.48, H 4.94, N 1.43; found: C 67.55, H 4.85, N
1.41; [a]20


D = ++30.0 (c = 1.1120, CH2Cl2).


Compound 7, second-generation dendrimer : Ethylenediaminetetraacetic
acid (EDTA) 1 (13 mg, 0.044 mmol), 4-dimethylaminopyridine (DMAP)
(9 mg, 0.077 mmol), and the second-generation dendron compound 6
(289 mg, 0.22 mmol) were suspended in dry CH2Cl2 (100 mL). 1-(3-Dime-
thylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl) (72 mg,
0.375 mmol) was added and the resulting suspension was stirred for
10 days at room temperature. The white precipitate was then filtered off
and, after evaporation of the solvent under reduced pressure, the crude
product was purified by column chromatography (silica, CH2Cl2/MeOH,
25:1; Rf = 0.68). Yield: 44 mg (18 %) as a white solid; 1H NMR
(400 MHz, CDCl3): d = 1.3 (m, 48 H; CH2), 1.97 (m, 4H; CH2COO),
2.08 (m, 8 H; CH2COO), 2.25 (m, 4H; CH2COO), 2.87 (m, 4 H; CH2NED-


TA), 3.12 (m, 16 H; CH2N), 3.62 (d, 2J = 7.5 Hz, 4H; CH2COOEDTA), 3.85
(d, 2J = 7.5 Hz, 4H; CH2COOEDTA), 5.15 (m, 32 H; CH2-Bn), 5.85 (m,
24H; *CH), 6.51 (br, 4H; NH), 6.95 (br, 4 H; NH), 7.10 (m, 36 H; Bn),


7.25 (m, 44H; Bn), 7.35 (m, 24H; Bz), 7.55 (m, 12 H; Bz), 7.91 (m, 16H;
Bz), 8.05 ppm (m, 8H; Bz); 13C NMR (100.6 MHz, CDCl3): d = 24.0,
25.9, 26.0, 28.8, 29.1, 29.6 (CH2), 33.1 (CH2COO), 38.9, 39.3 (CH2N), 51.8
(CH2NEDTA), 54.7 (CH2COOEDTA), 66.3, 67.7, 67.8, 68.1 (CH2-Bn), 70.7,
71.1, 71.2, 71.1, 72.5, 72.9, 73.1 (*CH), 128.0, 128.3, 128.4, 128.6, 128.7,
128.8, 130.0, 130.3, 133.6, 134.0, 134.5, 134.8 (Ph), 164.8, 164.9, 165.0,
165.5, 165.7, 165.9, 166.2, 166.3, 168.3, 168.5, 169.9, 170.1, 172.1 ppm (C=


O); MS (FAB): m/z (%): 5474 (40) [M+H]+ , 4269 (35), 2736 (25), 1396
(18), 1313 (20), 548 (100); IR (KBr): ñ = 3066, 3034, 2943, 2863, 1734,
1680, 1601, 1585, 1535, 1498, 1454, 1382, 1351, 1316, 1261, 1213, 1195,
1147, 1128, 1094, 1070, 1025 cm�1; UV/Vis (CH3CN): lmax (e) = 274
(13 000), 231 nm (142 000); CD (CH3CN): lmax (De) = 239 (�17), 213 nm
(37); elemental analysis calcd (%) for C302H296O88N10 (5473.6): C 66.27, H
5.45, N 2.56; found: C 66.20, H 5.50, N 2.32; [a]20


D = �51.0 (c = 0.058,
CH2Cl2).


General procedure for the preparation of the dendritic metal complexes :
The dendrimer (0.05 mmol) was dissolved in CH2Cl2 (10 mL) or CHCl3


(10 mL) and a large excess of the metal salt (0.30 mmol) was added in
one portion. After stirring overnight at room temperature, the suspension
was filtered (Iso-Disc, 0.45 mm) to remove the uncomplexed metal salt.
After evaporation of the solvent under reduced pressure, the product
was dried in vacuo.


Compound 3-ZnCl2, ZnII-first-generation dendrimer : Compound 3-ZnCl2


was synthesized according to the general procedure from dendrimer 3
(98 mg, 0.05 mmol) and ZnCl2 (41 mg, 0.30 mmol). C,H,N elemental anal-
ysis was carried out on a sample prepared in CH2Cl2. Yield: 114 mg
(99 %) as a white solid; 1H NMR (400 MHz, CDCl3): d = 2.95 (m, 2 H;
CH2NEDTA), 3.10 (br, 2 H; CH2NEDTA), 3.70 (d, 2J = 18 Hz, 2 H;
CH2COOREDTA), 3.86 (d, 2J = 18 Hz, 2 H; CH2COOREDTA), 3.92 (d, 2J =


18 Hz, 2H; CH2COOREDTA), 4.14 (d, 2J = 18 Hz, 2H; CH2COOREDTA),
4.71 (d, 2J = 12 Hz, 2H; CH2-Bn), 5.03 (d, 2J = 12 Hz, 2 H; CH2-Bn),
5.16 (m, 10H; CH2-Bn), 5.25 (d, 2J = 12 Hz, 2 H; CH2-Bn), 5.93 (d, 3J =


3 Hz, 2H; *CH), 5.98 (d, 3J = 3 Hz, 2H; *CH), 6.02 (d, 3J = 3 Hz, 2 H;
*CH), 6.18 (d, 3J = 3 Hz, 2 H; *CH), 6.90 (m, 12H; Bn), 7.29 (m, 34 H;
Ph), 7.37 (m, 4H; Bz), 7.55 (m, 2 H; Bz), 7.82 (m, 4 H; Bz), 7.87 ppm (m,
4H; Bz); 13C NMR (100.6 MHz, CDCl3): d = 53.0 (CH2NEDTA), 56.9
(CH2COOEDTA), 68.3, 68.6, 69.0, 69.9, 70.7, 72.4, 127.9, 128.1, 128.2, 128.5,
128.6, 128.7, 128.8, 128.9, 129.2, 129.9, 130.0, 130.1, 133.7, 134.0, 134.5,
134.6 (Ph), 164.4, 164.6, 164.8, 165.3, 180.1 ppm (C=O); MS (FAB): m/z
(%): 2189 (10) [M+Cs�Cl]+ , 2057 (50) [M�Cl]+ , 1957 (80) [M�ZnCl2],
1603 (30), 1496 (20), 992 (100); IR (KBr): ñ = 3441, 3034, 2957, 1736,
1601, 1498, 1455, 1384, 1263, 1214, 1091, 1069, 1025, 961 cm�1; UV/Vis
(CH3CN): lmax (e) = 274 (4500), 231 nm (48 000); elemental analysis
calcd (%) for C110H96O32N2Cl2Zn·2CH2Cl2·H2O (2282.1): C 58.95, H 4.51,
N 1.23; found: C 58.84, H 4.47, N 0.98; [a]20


D = ++54.0 (c = 0.114,
CH2Cl2).


Compound 7-ZnCl2, ZnII-second-generation dendrimer : Compound 7-
ZnCl2 was synthesized according to the general procedure from dendri-
mer 7 (30 mg, 5.5 mmol) and ZnCl2 (10 mg, 0.07 mmol). C,H,N elemental
analysis was carried out on a sample prepared in CHCl3. Yield: 30 mg
(99 %) as a white solid; 1H NMR (400 MHz, CDCl3): d = 1.33 (m, 48H;
CH2), 2.10 (m, 16 H; CH2COO), 2.90 (br, 4H; CH2NEDTA), 3.20 (m, 16H;
CH2N), 4.27 (m, 8 H; CH2COOEDTA), 5.10 (m, 32H; CH2-Bn), 5.78 (m,
12H; *CH), 5.9 (m, 12H; *CH), 6.35 (br, 4 H; NH), 6.60 (br, 4H; NH),
7.10 (m, 36H; Bn), 7.25 (m, 44H; Bn), 7.40 (m, 24H; Bz), 7.54 (m, 12H;
Bz), 7.92 (m, 16 H; Bz), 8.05 ppm (m, 8H; Bz); 13C NMR (100.6 MHz,
CDCl3): d = 24.0, 24.1, 24.3, 24.5, 25.9, 26.3, 28.4, 28.9, 29.0, 29.6, 29.7
(CH2), 33.1, 33.2, 33.7, 33.9 (CH2COO), 38.7, 39.2, 39.3, 40.1 (CH2N),
51.4, 52.7, 53.4, 67.7, 67.9 (CH2-Bn), 70.7, 71.2, 71.3, 72.3, 72.8 (*CH),
128.3, 128.4, 128.5, 128.6, 128.7, 129.9, 130.0, 133.6, 133.9, 134.5, 134.8
(Ph), 165.0, 165.5, 165.7, 166.0, 166.1, 170.3, 171.8, 172.0 ppm (C=O); MS
(FAB): m/z (%): 5573 (50) [M�Cl]+, 5057 (10), 4241 (20), 2769 (18),
1313 (50), 548 (100); IR (KBr): ñ = 2947, 1734, 1638, 1544, 1498, 1454,
1382, 1261, 1213, 1196, 1128, 1094, 1070, 1025 cm�1; UV/Vis (CH3CN):
lmax (e) = 274 (14 000), 231 nm (145 000); elemental analysis calcd (%)
for C302H296O88N10ZnCl2·3 CHCl3 (5968.0): C 61.38, H 5.05, N 2.35; found:
C 61.38, H 5.07, N 2.02; [a]20


D = �34.0 (c = 0.174, CH2Cl2).
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Compound 3-CuCl2, CuII-first-generation dendrimer : Compound 3-CuCl2


was synthesized according to the general procedure from dendrimer 3
(28 mg, 0.014 mmol) and CuCl2 (12 mg, 0.09 mmol). Yield: 29 mg (99 %)
as a light-green solid; MS (FAB): m/z (%): 2056 (30) [M�Cl]+ , 2021 (40)
[M�2Cl]+ , 1958 (40) [M�CuCl2]


+ , 1495 (18), 1083 (20), 978 (100); IR
(KBr): ñ = 3066, 3035, 2956, 1733, 1602, 1586, 1498, 1455, 1382, 1349,
1316, 1263, 1197, 1126, 1091, 1069, 961, 823 cm�1; elemental analysis
calcd (%) for C110H96O32N2CuCl2 (2092.4): C 63.14, H 4.62, N 1.34;
found: C 63.34, H 4.75, N 1.20; UV/Vis (CH3CN): lmax (e) = 720 (75),
370 (1000), 310 (5200), 260 (9000), 276 (14 100), 231 nm (62 900); CD
(CH3CN): lmax (De) = 700 (�0.3), 387 (1.1), 340 (2.6), 309 (2.5), 230
(�10), 203 nm (�30); [a]20


D = ++118 (c = 0.126, CH2Cl2).


Compound 7-CuCl2, CuII-second-generation dendrimer : Compound 7-
CuCl2 was synthesized according to the general procedure from dendrim-
er 7 (24 mg, 4.4 mmol) and CuCl2 (4 mg, 0.03 mmol). Yield: 24 mg (99 %)
as a light-green solid; MS (FAB): m/z (%): 5570 (10) [M�Cl]+ , 5536 (10)
[M�2Cl]+ , 5473 (20) [M�CuCl2]


+ , 4267 (25), 2736 (20), 1495 (18), 1313
(50), 978 (80), 548 (100); IR (KBr): ñ = 3450, 3035, 2956, 1733, 1681,
1602, 1537, 1498, 1453, 1261, 1214, 1197, 1094, 1069, 1026 cm�1; elemental
analysis calcd (%) for C302H296O88N10CuCl2 (5608.1): C 64.68, H 5.32, N
2.50; found: C 64.70, H 5.55, N 2.16; UV/Vis (CH3CN): lmax (e) = 720
(85), 370 (1000), 310 (5800), 276 (18 000), 260 (14 000), 231 nm (148 000);
CD (CH3CN): lmax (De) = 700 (0.15), 384 (�0.3), 338 (�0.8), 305 (2.2),
252 (�16), 215 (6), 205 nm (0.3); [a]20


D = �41.0 (c = 0.066, CH2Cl2).


Compound 8-ZnCl2, model core-ZnCl2 : Compound 8-ZnCl2 was synthe-
sized according to the general procedure from ethylenediaminetetraacetic
acid tetramethyl ester[59] (235 mg, 0.675 mmol) and ZnCl2 (109 mg,
0.8 mmol). Single crystals suitable for X-ray and C,H,N analysis were ob-
tained by slow diffusion of Et2O into a solution of 8-ZnCl2 in CH3CN at
room temperature. Yield: 324 mg (98 %) as a white solid; 1H NMR
(400 MHz, CDCl3): d = 3.03 (br, 4H; CH2NEDTA), 3.79 (s, 12H; CH3),
3.98 ppm (s, 8H; CH2COOEDTA); 13C NMR (100.6 MHz, CDCl3): d =


51.4, 53.2, 55.2, 172.7 ppm; MS (FAB): m/z (%): 447 (100) [M+H]+ , 349
(95) [M�ZnCl2]


+ , 289 (20), 188 (50); IR (KBr): ñ = 3460, 2954, 1740,
1697, 1445, 1386, 1311, 1243, 1212, 1122, 1066, 1012, 994, 906, 812 cm�1;
elemental analysis calcd (%) for C14H24O8N2ZnCl2·CH3CN (525.8): C
36.56, H 5.18, N 7.99; found: C 36.63, H 5.28, N 8.16.


Compound 8-CuCl2, model core-CuCl2 : Compound 8-CuCl2 was synthe-
sized according to the general procedure from ethylenediaminetetraacetic
acid tetramethyl ester[59] (200 mg, 0.575 mmol) and CuCl2 (94 mg,
0.7 mmol). Single crystals suitable for X-ray and C,H,N analysis were ob-
tained by slow diffusion of Et2O into a solution of 8-CuCl2 in CH2Cl2 at
room temperature. Yield: 275 mg (99 %) as a light-green solid; MS
(FAB): m/z (%): 484 (100) [M+H]+ , 349 (90) [M�CuCl2]


+ , 188 (50); IR
(KBr): ñ = 3430, 2953, 1745, 1724, 1461, 1432, 1383, 1358, 1291, 1245,
1215, 1098, 1018, 993, 975, 815 cm�1; elemental analysis calcd (%) for
C14H24O8N2CuCl2 (482.8): C 34.83, H 5.01, N 5.80; found: C 35.02, H
5.02, N 5.80; UV/Vis (CH3CN): lmax (e) = 720 (100), 390 (1200), 291 nm
(6200).


Crystal structure analysis data for 8-ZnCl2 and 8-CuCl2 : CCDC-242592
and CCDC-243021 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.


Crystal structure analysis data for 8-ZnCl2 : C14H24Cl2N2O8Zn·2CH3CN,
Mr = 566.73; crystal dimensions 0.15 � 0.15 � 0.10 mm3; monoclinic space
group P2(1)/n, a = 11.4655(4), b = 14.9823(5), c = 15.2985(4) �, b =


101.728(2)8, Z = 4; F(000) = 1176, 1calcd = 1.463 Mg m�3 ; diffractome-
ter: Nonius Kappa CCD area detector, MoKa radiation (l = 0.71073 �);
T = 173(2) K; graphite monochromator; theta range: 2.038<q<27.488 ;
index range: �14�h�14, �19�k�19, �19� l�19; 11380 reflections
measured, of which 5910 were independent and 4301 observed with I>
2s(I); linear absorption coefficient 1.209 mm�1. The structure was solved
by direct methods using SHELXS-97 and refined with all data (299 pa-
rameters) by full-matrix least-squares on F2 using SHELXL-97;[74] all
non-hydrogen atoms were refined anisotropically; R1 = 0.0595 for I>
2s(I) and wR2 = 0.0955 (all data); largest peak = 0.470 e��3 and
�0.368 e ��3.[74] Extinction coefficient 0.0020(4).


Crystal structure analysis data for 8-CuCl2 : C14H24Cl2N2O8Cu, Mr =


482.79; crystal dimensions 0.30 � 0.10 � 0.10 mm3; orthorhombic space
group P2(1)2(1)2(1), a = 7.0723(14), b = 13.800(3), c = 20.033(4) �, Z
= 4; F(000) = 996, 1calcd = 1.640 Mgm�3; diffractometer: Nonius Kap-
paCCD area detector, MoKa radiation (l = 0.71073 �); T = 173(2) K;
graphite monochromator; theta range: 2.518<q<27.498 ; index range:
�9�h�9, �17�k�17, �25� l�25; 4438 reflections measured, of which
4438 were independent and 3735 observed with I>2s(I); linear absorp-
tion coefficient 1.434 mm�1. The structure was solved by direct methods
using SHELXS-97 and refined with all data (244 parameters) by full-
matrix least-squares on F2 using SHELXL-97;[74] all non-hydrogen atoms
were refined anisotropically; R1 = 0.0476 for I>2s(I) and wR2 =


0.0833 (all data); largest peak = 0.308 e��3 and �0.400 e��3.[74] Abso-
lute structure parameter �0.018(12).
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Ligand Functionality as a Versatile Tool to Control the Assembly Behavior of
Preformed Titania Nanocrystals


Julien Polleux,[a] Nicola Pinna,[a] Markus Antonietti,[a] Christian Hess,[b] Ute Wild,[b]


Robert Schlçgl,[b] and Markus Niederberger*[a]


Introduction


In addition to the synthesis of nanoparticles with controlled
particle size, shape, and crystal structure, the main focus of
nanochemistry shifts more and more towards the use of
these nanoparticles as building blocks for the fabrication of
one-, two-, and three-dimensional superstructures.[1–4] The
continuing trend towards miniaturization, combined with an
increase in performance and multifunctionality, is a major
driving force for the exploration of such novel “bottom-up”
approaches. Key requirements of a new nanofabrication
technique are the ability to produce components with nano-
meter precision and the ability to control their assembly


into functional devices.[5] In the last few years, many differ-
ent methodologies of nanoparticle synthesis have been re-
ported, covering a wide range of compositions, morpholo-
gies, and structures. Anisotropic structures, which are partic-
ularly promising as modules for nanodevices,[6] have been
obtained in the form of nanowires,[7,8] nanotubes,[6,9] or
nanobelts[10] mainly by the so-called vapor–liquid–solid
growth,[11] thermal evaporation,[12] or template-directed syn-
thesis approaches. In the last case, diverse molecular surfac-
tants are used to control the anisotropic particle
growth.[13–16] Another promising, but yet much less investi-
gated, approach for the preparation of one-dimensional
(1D) nanostructures is based on the spontaneous self-assem-
bly of preformed, individual, and crystalline nanoparticles.
One of the few examples is the spontaneous organization of
nanoparticles into luminescent CdTe nanowires.[17, 18] The
key step in this process was the controlled removal of the
protective shell provided by the organic stabilizer, thiogly-
colic acid, from the nanoparticles. After the formation of a
pearl-necklace aggregate, the linear assemblies recrystallized
into wires. Another example is based on the oriented attach-
ment of preformed quasi-spherical ZnO nanoparticles lead-
ing to the formation of single-crystal nanorods.[19] Also in or-


Abstract: Nanoparticle powders com-
posed of surface-functionalized anatase
crystals with diameters of about 3 nm
self-organize into different structures
upon redispersion in water. The assem-
bly is directed by a small amount of a
low-molecular-weight functional ligand
(the “assembler”) adsorbed on the sur-
face of the nanoparticles. The ligand
functionality determines the anisotropy
of the resulting structures. Multidentate
ligands, such as trizma
((HOCH2)3CNH2) and serinol
((HOCH2)2CNH2), with a chargeable
terminal group preferentially induce


the formation of anisotropic nanostruc-
tures several hundreds of nanometers
in total length, whereas all the other in-
vestigated ligands (ethanolamine H2N-
(CH2)2OH, glycine hydroxamate
H2NCH2CONHOH, dopamine
(OH)2C6H3(CH2)2NH3Cl, tris (HOCH2)3-
CCH3) mainly lead to uncontrolled
agglomeration. Experimental data sug-


gests that the anisotropic assembly is a
consequence of the water-promoted de-
sorption of the organic ligands from
the {001} faces of the crystalline build-
ing blocks together with the dissocia-
tive adsorption of water on these crys-
tal faces. Both processes induce the
preferred attachment of the titania
nanoparticles along the [001] direction.
The use of polydentate and charged li-
gands to functionalize the surface of
nanoparticles thus provides a versatile
tool to control their arrangement on
the nanoscale.
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ganic chemistry, the crystallization of dyes[20] or dl-ala-
nine[21] by directed aggregation of colloidal intermediates
was reported, providing a model case for this nonclassical
mesoscopic crystallization process.


The synthesis of titanium oxide (TiO2) nanomaterials is a
particularly attractive objective with respect to applications
in photocatalysis,[22] photovoltaics,[23,24] photochemical water
splitting,[25] and sensing.[26] The large surface-to-volume ratio
of anisotropic nanostructures results in a favorable combina-
tion of high specific surface areas with improved conduction
paths, having significant implications for solar energy con-
version and photocatalysis.[27] For the synthesis of anisotrop-
ic TiO2, two methodologies have mainly been applied,
namely, surfactant-assisted methods and oriented attach-
ment of TiO2 nanocrystals. In the former case, the lateral ex-
pansion of the crystal lattice has to be suppressed to achieve
anisotropic crystal growth, usually by adding a large excess
of surfactant, such as oleic acid.[28] Oleic acid plays two
roles, namely, as stabilizing solvent and as chemical modifier
to control the hydrolysis rate of the titanium alkoxide pre-
cursor. Better fine-tuning of the growth rate of the different
crystal faces, and thus, control over the shape evolution of
the anatase nanocrystals, has been obtained by the use of
mixtures of surfactants, which selectively bind to different
crystal faces and eliminate high-energy facets.[29] This
method relies on the fact that the crystal growth is deter-


mined by the different surface energies of the crystal faces,
and the surface energy is either enhanced or reduced by sur-
factant adhesion, using lauric acid (LA) as the surface-selec-
tive surfactant and trioctylphosphine oxide (TOPO) as the
nonselective surfactant. However, anisotropic crystal growth
resulting in the formation of anatase nanorods was only ob-
tained at a Ti-to-LA ratio of less than one, which means
that the selective surfactant was always present in large
excess relative to the amount of Ti atoms on the {001} faces.


Oriented attachment involves spontaneous self-organiza-
tion of adjacent particles, so that they share a common crys-
tallographic orientation, followed by joining of these parti-
cles at a planar interface.[30–32] Penn et al. reported the for-
mation of anisotropic aggregates during hydrothermal treat-
ment of TiO2 nanocrystals under acidic conditions by orient-
ed attachment.[33] However, hydrothermally induced
assembly processes are difficult to control and a better ap-
proach to controlled assembly behavior might involve the
adsorption of polydentate, low-molecular-weight ligands
onto the surface of the nanoparticles in a crystallographical-
ly selective manner, leading to differentially functionalized
crystal faces. Based on these ideas, we recently reported a
simple strategy to synthesize and assemble functionalized ti-
tania nanoparticles into highly anisotropic nanostructures of
several hundred nanometers in total length.[34] The forma-
tion of these pearl-necklace agglomerates was a direct con-
sequence of the two-step procedure, which included the
nonaqueous in situ functionalization process for the prepa-
ration of the titania nanoparticles functionalized with an
aminotrialcohol, and the subsequent assembly of the parti-
cles into anisotropic nanostructures in water by means of
oriented attachment. It is an outstanding feature of this
process that a particularly small amount of the directing
ligand (the “assembler”) not only allows the modification of
the surface, and thus, the control of the assembly, but also
influences the size and shape of the nanoparticles during the
synthesis. The observation that the agglomeration of the par-
ticles occurs mainly along the [001] direction, albeit with
some misorientations, points to the fact that the ligands are
bound or removed in a crystallographically selective
manner, resulting in the stabilization of all exposed crystal
faces except the {001} faces.


Recent work has also shown that nonaqueous synthesis
methods provide a generally applicable tool to obtain sur-
face-functionalized nanoparticles.[35,36] For example, synthe-
sis protocols based on the reaction of metal oxide precur-
sors, such as metal halides or metal alkoxides, with benzyl
alcohol allow the preparation of a large variety of
binary[37,38] and ternary metal oxide nanoparticles,[39,40] with
excellent control over particle size,[41] shape,[42] crystallinity,
and surface functionalization.[43] Nanoparticles, for example,
of SnO2 and In2O3, obtained by the “benzyl alcohol route”
have already shown their high potential for applications in
gas sensing.[44]


In the present work, fabrication of well-defined nano-
structures, consisting of nanosized building blocks of func-
tionalized anatase, was achieved using the “benzyl alcohol


Abstract in French: Selon les fonctions chimiques pr�sentes
en surface, les nanocristaux d�anatase obtenus sous forme de
nanopoudres ont la propri�t� de s�auto-organiser en diff�r-
entes nanostructures apr�s redispersion dans l�eau. L�assemb-
lage est dirig� par la pr�sence de mol�cules organiques de
faible masse molaire, adsorb�es � la surface des nanoparti-
cules, dont les fonctions chimiques d�terminent si l�assemb-
lage s�effectue de faÅon anisotropique ou non sp�cifique. Comme
le trizma (HOCH2)3CNH2 et le s�rinol (HOCH2)2CHNH2,
les polyalcools amin�s pr�sentant des groupes terminaux
charg�s induisent pr�f�rentiellement la formation de nano-
structures anisotropiques de plusieurs centaines de nano-
m�tres de long, tandis que les autres types de ligands �tudi�s
(�thanolamine H2N(CH2)2OH, hydroxamate de glycine
H2NCH2CONHOH, dopamine (OH)2C6H3(CH2)2NH3Cl, tris
(HOCH2)3CCH3) n�aboutissent qu�� un assemblage al�atoire
des nanocristaux. Les donn�es exp�rimentales supposent que
l�assemblage anisotropique est la cons�quence d�une d�sorp-
tion sp�cifique promue par l�eau des ligands li�s aux plans
{001} composant la surface des building blocks et simultan�-
ment, d�une adsorption dissociative des mol�cules d�eau sur
ces plans cristallins. Ces deux effets privil�gient l�attachement
orient� des nanoparticules d�oxide de titane selon la direction
[001]. L�utilisation de ligands charg�s et polydent�s afin de
fonctionnaliser la surface de nanoparticules s�av�re Þtre un
outil complet pour contr�ler leurs propri�t�s de solubilit� et
d�organisation � l��chelle nanom�trique permettant la fabrica-
tion de nanostructures par une approche bottom-up.
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route” for the preparation of anatase nanopowders, followed
by redispersion and assembly in water. To elucidate the role
of the functional groups of the “assembler” during the for-
mation of the nanostructures, we systematically investigated
the assembly behavior of the titania nanoparticles and its
dependence on the ligand types attached to the surface of
the particles. The ligands consist of an anchoring part bind-
ing to the titania surface and a terminal group pointing
away from the particle core. We studied three families of li-
gands, with the main focus directed towards the comparison
of unidentate with multidentate ligands and also the com-
parison of charged with uncharged terminal groups. In con-
trast to the surfactant-assisted methods, the assembly pro-
cess, using preformed nanoparticles and a particularly low
concentration of low-molecular-weight “assembler” mole-
cules, bears the advantage of keeping the amount of organic
impurities very low.


Results and Discussion


Different “assemblers” and their influence on the agglomer-
ation behavior of preformed titania nanoparticles were in-
vestigated in detail. The molar ratios were kept constant as
follows (BA= benzyl alcohol): Ti/BA= 1/20, Ti/“assem-
bler”=12 and BA/“assembler”= 240.


All of the differently functionalized TiO2 nanoparticles
were analyzed by X-ray diffraction (XRD). The correspond-
ing powder diffraction patterns are shown in Figure 1. The
diffraction peaks can be assigned to the anatase phase. How-
ever, a small shoulder frequently occurring on the higher
angle side of the anatase (101) peak points to the presence
of small amounts of brookite.[45] All particle sizes discussed
in the following paragraphs were calculated from the (101)
reflection of anatase by using Scherrer�s equation. Although
particle-size determination by peak broadening is just a
rough estimation, the results coincide well with the transmis-
sion electron microscopy (TEM) data. A closer look at the
XRD patterns shows some peculiar features, mainly related
to the relative intensities of the (004) and (200) reflections,
representing the c and a axes, respectively. In the case of the
reference and serinol ((HOCH2)2CNH2) samples, the (004)
reflection is notably more intense and sharper than the
(200) peak, pointing to an extended crystalline domain
along the c axis, which is typical for anatase nanoparticles
with a preferred growth in this direction.[28] On the other
hand, titania powders synthesized in the presence of tris
((HOCH2)3CCH3), trizma ((HOCH2)3CNH2), glycine hy-
droxamate (H2NCH2CONHOH), and ethanolamine (H2N-
(CH2)2OH) exhibit approximately equal intensities for the
(004) and (200) reflections, proving that anisotropic growth
along the c axis is slightly suppressed leading to a less elon-
gated particle shape. This effect is most pronounced in
the sample functionalized with dopamine ((OH)2C6H3-
(CH2)2NH3Cl), for which the (004) reflection is considerably
less intense than the (200) peak, which is typical for nearly
spherical particles.[28]


To prove that the anisotropic growth can be quantified by
XRD, diffraction patterns calculated from the Debye scat-
tering equation are presented in Figure 2.[16,46] Although the
calculations are based on model particles without accounting
for a possible polydispersity of size and shape, such calcula-
tions have proven to be a useful tool in determining the
preferential growth along one crystallographic direction.[16]


The solid line in Figure 2 represents the calculated pattern
of a spherical nanoparticle with a diameter of 3 nm. In this
case, the (004) diffraction peak centered at 388 is slightly
less intense than the (200) peak at 488. In the calculated pat-
tern of an anisotropic particle (1.9 � 1.9 �4.8 nm) elongated
along the [001] direction (dotted line in Figure 2), the rela-
tive intensities of the (004) and (200) reflections are oppo-
site to the above, that is, the (004) diffraction peak is sharp-
er and more intense than the (200) peak.


It is important to note that the XRD patterns of all sam-
ples, with the exceptions of the reference, trizma-, and seri-
nol-functionalized titania particles, are similar before and
after the reflux experiment (data not shown). In the cases of


Figure 1. Powder XRD patterns of the anatase TiO2 nanoparticles func-
tionalized with various “assembler” ligand molecules. A Ti-to-“assem-
bler” molar ratio of 12 was used before and after reflux.
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the trizma and serinol samples, the intensity of the (004) re-
flection is considerably decreased after reflux, relative to
the (200) reflection (Figure 1, trizma (refluxed), serinol (re-
fluxed)). This is rather surprising, because one would expect
that the fusion of the nanoparticles in the [001] direction, as
observed by using high-resolution TEM (HRTEM, see
below), should lead to an increase in intensity of the (004)
reflection. This observation of decreased intensity points to
the fact that the assembly of the nanoparticles during reflux
incorporates many lattice defects, particularly in the stacking
direction along the c axis. These defects result in a broaden-
ing of the (00l) reflections, and higher order reflections, such
as the (004) peak, are particularly affected. In the case of
the refluxed reference experiment, this effect is less pro-


nounced, as the elongated primary particles aggregate in
various directions (see HRTEM results below).


HRTEM was performed to evaluate the stability, shape,
size, and degree of agglomeration of the nanoparticles de-
pending on the type of ligand. The TEM image for the refer-
ence experiment without any additional “assembler” (Fig-
ure 3a) shows that the as-synthesized anatase nanocrystal-
lites exhibit a slightly elongated shape, which is further con-
firmed by HRTEM measurements (Figure 3b). The particles
are oriented along the [100] direction, that is, the a axis is
perpendicular to the copper grid. Figures 3a and b reveal
that the growth of the nanocrystals occurs along the c axis
of the anatase lattice. This observation is in agreement with
the experimental and calculated powder X-ray diffraction
patterns. According to the presence of single spots in the
power spectrum (square of the Fourier transform of the
HRTEM image, Figure 3c), the lattice fringes exhibit no
visible defects. The anisotropic crystal growth is governed
by benzyl alcohol (BA). BA acts like a shape controller and
favors the growth kinetics of TiO2 nanoparticles in one di-
rection (along the c axis) by preferential adsorption onto
the {101} faces. Refluxing in water only leads apparently to
uncontrolled aggregation of nanoparticles (Figure 3d), pre-
sumably due to unspecific desorption of the BA molecules
from the surfaces of the nanoparticles. However, it was
found that oriented attachment along the [010] and [001] di-
rections generates porous superstructures, which are some-
times perfectly aligned with respect to the vectorial organi-
zation of the single-crystal coordinate system (Figure 3e).
The presence of single spots in the power spectrum (Fig-
ure 3f) of such a porous assembly gives further evidence of
a single crystal, that is, the vectorial alignment is perfect.


Based on this observation, the influence of tris and trizma
on the agglomeration behavior of the anatase nanosized
building blocks was examined. Tris and trizma differ only in
the presence of a methyl or an amine function (see insets of
Figures 4a and d, respectively). Tris is commonly used in the
synthesis of tridentate metal alkoxide complexes,[47,48] and
trizma is used as a buffer for cell and tissue culture,[49] but


Figure 2. Diffraction patterns calculated from the Debye scattering equa-
tion for spherical nanoparticles with a diameter of 3 nm (solid line) and
elongated particles (1.9 � 1.9� 4.8 nm) along the [001] direction (dotted
line).


Figure 3. a) TEM image of the reference experiment (without any additional “assembler”) before reflux (scale bar=50 nm); b) HRTEM of slightly elon-
gated nanocrystallites (scale bar=5 nm) and c) its corresponding power spectrum; d) TEM image of the reference experiment after reflux (scale bar=


50 nm); e) HRTEM image of the reference experiment after reflux (scale bar=5 nm) and f) its corresponding power spectrum.
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they are rarely used for the functionalization of nanoparti-
cles. The tris ligand probably plays an important role in the
formation of iron oxide microplatelets consisting of perfectly
aligned hematite nanoparticles.[50]


In the presence of tris, the as-synthesized nanoparticles
are smaller, with an approximate size of 2.8 nm, and less ag-
glomerated relative to the reference experiment (Figure 4a).
Because tris, as a polydentate ligand, binds more strongly to
titania than benzyl alcohol, the anisotropic growth is almost
completely inhibited, yielding nearly spherical nanoparticles.
However, upon refluxing, the tris-functionalized nanoparti-
cles form irregularly shaped agglomerates (Figure 4b) com-
posed of randomly oriented nanocrystals (Figure 4c).


The nanoparticles obtained in the presence of trizma ex-
hibit similar crystallite size and shape to those obtained by
tris-functionalization, but the as-synthesized particles al-
ready show anisotropic agglomeration behavior resulting in
the formation of short nanorods (Figure 4d). This effect is


enhanced during the reflux procedure in water. The particles
assemble into highly anisotropic nanostructures, composed
of a continuous string of precisely ordered nanoparticles
(Figure 4e). Considering an average particle size of about
3 nm, hundreds of nanoparticles are involved in the forma-
tion of these well-defined structures.[34] The diameter (about
3–6 nm) of the whole chain is quite uniform throughout, in-
dicating that the nanostructure is best described as one
single chain of coalesced primary particles. Some of the
chains contain forks that result in the formation of branched
and more complex architectures. This infrequent occurrence
of branching events underlines that, in a few cases, crystal
faces other than {001} can also participate in vectorial aggre-
gation.


The presence of the free terminal amine function on the
trizma-functionalized nanoparticles determines the solubility
properties of the powder. Figure 5 shows trizma-functional-
ized titania nanoparticles dispersed in water and chloroform
(Figures 5a and b, respectively) without reflux. In the case


of water, the particles immediately start to agglomerate in
an anisotropic fashion forming pearl-necklace structures.
The particles are just loosely connected with each other;
however, initial branching events are already occurring.
After one day of reflux, the nanostructures are longer,
better defined, and the surface is smoother due to a better
orientation of the primary particles in the pseudo-monocrys-
tals. In chloroform, the titania nanoparticles form large, un-
specific agglomerates. The amine functions on the surface of
the particles evidently stabilize the particles in water but not
in chloroform. The fast formation of rodlike structures in
water, even at room temperature, further highlights the im-
portant role of the interplay between water and the “assem-
bler”.


To test if the presence of three hydroxymethyl groups,
that is, a tripodal ligand, is a crucial prerequisite for an ef-
fective “assembler”, we also investigated the influence of
serinol and ethanolamine on the aggregation process. These
two candidates only differ in their number of hydroxymethyl


Figure 4. TEM and HRTEM images of functionalized titania nanoparticle
assemblies: tris experiment a) before, and b) and c) after reflux; trizma
experiment d) before and e) after reflux. The insets show schematics of
the corresponding functionalizing molecules. All scale bars correspond to
50 nm, except c), in which the scale bar is 5 nm.


Figure 5. TEM images of as-synthesized trizma-functionalized titania
nanoparticles a) dispersed in water and b) dispersed in chloroform. Scale
bars =50 nm.
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arms, two in the serinol molecule and one in the ethanol-
amine molecule (see inset of Figures 6a and d, respectively).
The as-synthesized nanoparticles obtained in the presence
of serinol are short isolated rods composed of smaller pri-
mary particles with an average crystallite size of 3 nm (Fig-
ure 6a). The anisotropic shape of the nanocrystals is in
agreement with the experimental and calculated powder X-
ray diffraction patterns. After reflux, the serinol-functional-
ized nanoparticles assemble into isolated anisotropic nano-
structures (Figure 6b), in addition to larger, apparently less-
defined, aggregates. As in the case of trizma, these nano-
structures exhibit monocrystal-like lattice fringes (Fig-
ure 6c), and they are formed by oriented attachment of the
functionalized primary nanocrystals along the [001] direc-
tion. The ethanolamine-functionalized nanoparticles behave
differently. Undefined agglomerates are found in the as-syn-
thesized product (Figure 6d) as well as in the refluxed speci-
mens (Figure 6e).


Although serinol, as in the case of trizma, exhibits the
ability to induce the anisotropic organization of preformed
titania nanoparticles, the obtained nanostructures are less
defined, generally shorter, and frequently mixed with larger,
undefined agglomerates. Ethanolamine, with one �OH and
one �NH2 group, is not able to act as an “assembler”, prob-
ably due to the fact that both chemical functions can bind to
the titania surface. Consequently, at least two alcohol and
one amine functions are necessary to provide stability in hot
water and to induce oriented attachment.


To gain further information about the adsorption of the
trizma to the particle surface, X-ray photoelectron spectros-
copy (XPS) and Raman measurements were performed.
XPS is usually employed for the analysis of thin film and
bulk materials and has rarely been applied to the surface
characterization of nanoparticles. Nevertheless, it is a power-
ful method and generated some surprising results in this
case. Figures 7 (left-to-right) depicts the N 1s, C 1s, and O1s
regions of the XP spectra of as-synthesized trizma-function-
alized titania nanoparticles in comparison to nanoparticles
that were obtained using benzyl alcohol only. The atomic
ratios of the detected elements are summarized in Table 1.


The N 1s spectrum (Figure 7, left) of trizma-functionalized
titania clearly proves that trizma is adsorbed on the surface
of the titania nanoparticles. It is split into two components.
The peak at 399.4 eV can be assigned to the amine function
(�NH2), whereas that at 401.4 eV is characteristic of the am-
monium group (�NH3


+).[51] The corresponding peak areas
yield a NH3


+-to-NH2 ratio of 1.6 after exposure to the X-
ray beam for 120 min. These results indicate that in addition
to the protonated amine function, which stabilizes the nano-
particles in protic solvents, a significant amount of amine
(~40 %) is also present at the nanoparticle surface.


The C 1s (Figure 7, middle) and O 1s (Figure 7, right) XP
spectra confirm the presence of trizma on the surface, in ad-
dition to benzyl alcohol. The C 1s spectrum of trizma-func-
tionalized titania (Figure 7, middle, trizma) can be described
using three peak functions centered at 284.2, 284.6, and
286.1 eV. They can be assigned to aromatic carbon, aliphatic
carbon, and oxygen-bound carbon (C�OH), respective-
ly.[52,53] In contrast, the spectrum of titania obtained in
benzyl alcohol without any additional “assembler” (Figure 7,
middle, BA) shows two main peaks at 284.2 and 286.1 eV
(aromatic carbon and C�OH, respectively), but only a small
contribution of aliphatic carbon (284.6 eV). The area of the
peak associated with oxygen-bound carbon (286.1 eV) in-
creases when trizma is added. Quantitatively, based on the
peak areas, an increase in oxygen-bound carbon by a factor
of 4.4 is observed. Considering the proportions of benzyl al-
cohol (obtained from the C-to-C�OH ratio in the reference
sample) and C�NH2 bond (which has a similar binding
energy), a trizma-to-BA ratio of 0.75 on the nanoparticle
surface is calculated. The aliphatic carbon signal is assigned
to contributions from trizma and hydrocarbon impurities
due to air exposure.


The O1s spectra can be described by three peak functions
centered at 530, 531.3, and 532.9 eV (Figure 7, right). They


Figure 6. TEM and HRTEM images of functionalized-titania nanoparti-
cle assemblies: serinol experiment a) before, and b) and c) after reflux;
ethanolamine experiment d) before and e) after reflux. The insets show
schematics of the corresponding functionalizing molecules. All scale bars
correspond to 50 nm, except c), in which the scale bar is 5 nm.
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can be assigned to bulk oxygen in TiO2, oxygen in surface
hydroxy groups, and oxygen in adsorbed water, respective-
ly.[54] In the presence of trizma, an increase in the peak in-
tensities of oxygen in hydroxyl groups (20 %) and in water
(120 %) is observed. These results confirm the bonding of
trizma to the surface. The adsorbed trizma renders the sur-
face of the titania nanoparticles more hydrophilic, leading
also to an increase in the amount of water on the nanoparti-
cle surface. Furthermore, this enhanced hydrophilicity re-
sults in good stabilization of the nanoparticles in protic sol-
vents.


These XPS results were confirmed by Raman spectrosco-
py (data not shown). Trizma-functionalized titania, as well
as titania nanoparticles synthesized without any additional
ligands, exhibit strong Raman bands at 1003, 1211, 1586,
1608, and 3064 cm�1, due to the benzyl group.[52] In the pres-
ence of adsorbed trizma, an additional band appears at
1118 cm�1, which can be assigned to aliphatic C�C stretch-
ing.[52]


To learn more about the molecular parameters that con-
trol the assembly process, other bidentate ligands with ter-


minal amino groups, such as dopamine and glycine hydroxa-
mate, were investigated. It has been reported that enediol li-
gands bind to transition-metal oxides by covalent linkages
of one metal atom per enediol function, providing a simple
means of modifying the surface and physical properties of
the nanoparticles with specific terminal functional
groups.[43,55, 56] The use of dopamine and glycine hydroxa-
mate potentially enables functionalization of the titania
nanoparticles with ligands characterized by an amine func-
tion as the stabilizing terminal group and a strong anchoring
part responsible for binding to the particle surface. The
TEM image of the as-synthesized sample shows well-dis-
persed and spherical nanoparticles (Figure 8a) with an aver-
age crystallite size of 2.5 nm. The isotropic growth of the
crystals is also confirmed by the experimental and calculated
powder X-ray diffraction patterns. In the case of glycine hy-
droxamate, the TEM image reveals similarly well-dispersed
nanoparticles (Figure 8d) with an average crystallite size of
3 nm. Both surface modifiers provide considerable stabiliza-
tion of the nanoparticles in water by electrostatic repulsion
of the amino groups.


After refluxing, the red solution of the dopamine-func-
tionalized particles turned brown and cloudy. The TEM
image (Figure 8b) reveals the presence of small, isolated
particles in addition to larger, undefined agglomerates con-
sisting of randomly attached nanocrystals (Figure 8c). On
the other hand, glycine hydroxamate functionalized nano-
particles form larger, but better stabilized assemblies (Fig-
ure 8e). In spite of the strong binding of the chelates to the


Figure 7. N1s (left), C 1s (middle), and O 1s (right) spectra of trizma-functionalized titania (trizma) and reference experiment (BA), together with the re-
sults from the peak-fitting procedure (solid lines). The spectra of the trizma sample are offset for clarity.


Table 1. Atomic ratios [%] of the detected elements as obtained from
the XPS analyses of trizma-functionalized titania (trizma) and the refer-
ence experiment (BA).


C1s N 1s O 1s Na 1s Cl2p Ti2p


trizma 39.08 1.12 39.07 1.89 3.23 15.61
BA 22.58 0.00 50.66 2.44 3.11 21.20
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particle surface, combined with the presence of the terminal
amino function, the reflux experiment does not result in the
formation of well-defined nanostructures, unlike the case of
trizma. This is probably due to the fact that in these cases
the particle surfaces are less covered (see below) and less
protected, as compared to trizma, and, thus, destabilization
is mainly induced by desorption of the large amount of BA
molecules from the particle surface.


For the surface-coverage calculation, we have to make
some assumptions regarding the binding mode of the differ-
ent ligands to the titania nanoparticles. Usually, chelating li-
gands bind to the titania surface by the so-called bridge
bonding mode, that is, each OH group is coordinated to one
titanium atom.[56, 57] Investigations of the binding modes of
polypodal alcohols on metal oxide surfaces are scarce and in
the case of titania mainly restricted to the rutile phase.[58]


However, it is reasonable to assume that trizma can coordi-
nate three titanium atoms, by either three OH groups or


one NH2 and two OH groups. The two OH functions of seri-
nol are expected to coordinate two titanium centers, where-
as dopamine and glycine hydroxamate bind only to one tita-
nium atom. Rajh et al.[55] reported that the molar concentra-
tion of the titania surface sites ([Tisurf]) can be calculated as
follows: [Tisurf]= [TiO2]� 12.5/d, with [TiO2] being the molar
concentration of titania and d being the diameter of the par-
ticles in angstroms. With an applied Ti-to-ligand ratio of
only 12, and assuming that all TiCl4 molecules are trans-
formed into TiO2 molecules, and all ligand molecules are
linked by the proposed binding modes to titania nanoparti-
cles (taking a mean particle diameter of 30 �), the coverage
of the particles is approximately 20 % for dopamine and gly-
cine hydroxamate, 40 % for serinol, and 60 % for trizma.


The ligand functionality of trizma and serinol represents a
useful tool to cover and protect the particle surfaces very ef-
ficiently, whereas dopamine and glycine hydroxamate pro-
vide the lowest surface coverage. In the last two cases, there
is a large amount of BA adsorbed on the particles, leading
to uncontrolled agglomeration upon refluxing. Even though
the relationship between surface coverage and agglomera-
tion behavior in water is based on simple assumptions, the
results obtained give a good explanation for the difference
in agglomeration behavior of the various ligands in terms of
ligand functionality.


In addition to the solubility and stability properties in hot
water, anisotropic reactivity of the nanosized building
blocks is evidently required for the formation of pseudo-1D
nanostructures. In this context, two possibilities have to be
considered, involving either selective binding of the “assem-
bler” molecules to specific crystal faces or selective desorp-
tion of “assembler” molecules from specific crystal faces. It
is reasonable to believe that the formation of anisotropic as-
semblies is not based on the selective binding of “assem-
blers”. The basis for this assumption is that all the applied
“assemblers” (except serinol) lead to the formation of more
spherical particles with respect to the reference experiment.
Without “assemblers”, the as-synthesized particles are elon-
gated along the [001] axis of the anatase lattice. In the pres-
ence of “assembler” molecules, the particles are nearly
spherical, giving evidence that the “assembler” molecules
bind nonspecifically to all crystal faces, and, thus, inhibit the
anisotropic crystal growth. Consequently, the anisotropic as-
sembly has to be induced by the selective removal of the
protective shell of organic stabilizers from specific crystal
faces to enhance the nanoparticles� reactivity towards ori-
ented coalescence. Assuming that the “assemblers” stabilize
all crystal faces of the building blocks, the {001} face must
have some specific chemical features to allow selective de-
sorption. For this reason, a detailed examination of the crys-
tal structure and the relative surface energies of the crystal
faces is necessary. Anatase has a tetragonal structure (the c
axis being 2.7 times the a axis) and has been shown to nucle-
ate as truncated bipyramidal seeds,[33] exposing eight equiva-
lent {101} and two equivalent {001} faces. According to
Donnay and Harker rules,[59] the surface free energy of the
{001} faces is ~1.4 times larger than that of the {101} faces.


Figure 8. TEM and HRTEM images of functionalized-titania nanoparti-
cle assemblies: dopamine experiment a) before, and b) and c) after
reflux; glycine hydroxamate experiment d) before and e) after reflux.
The insets show schematics of the corresponding functionalizing mole-
cules. All scale bars correspond to 50 nm except c), in which the scale bar
is 5 nm.
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This lower stability is an important feature on the pathway
to the oriented attachment of titania nanosized building
blocks in a crystallographically controlled manner. Based on
the geometrical construction shown in Figure 9b, it is possi-
ble to provide a simple scheme to visualize the morphology
of the primary particles (Figure 9a) as well as the assembly
process (Figures 9c and d).


The important role of water in the formation of anisotrop-
ic nanostructures has been highlighted here. Water seems to
play two roles, namely, separation of the building blocks in a
polar medium and replacement of the stabilizers on the
{001} faces, enhancing the anisotropy of aggregation. Theo-
retical calculations indicated a significant difference in the
adsorption of water on the {101} and {001} faces. Water ad-
sorbs molecularly on the (101) surface and dissociates on
the (001) surface.[60] H2O dissociative adsorption induces the
presence of hydroxyl groups on the (001) plane, which pro-
vide a potential reactive site for particle attachment. It is
reasonable to assume that anisotropic organization of the
nanoparticles is initiated by a decrease in the amount of sta-
bilizers on the (001) plane and by the activation of the OH
groups on this plane. The aggregation/fusion process is then
given by, first, a removal of high-surface-energy planes and,
second, by the removal of solvents and the formation of


chemical bonds by OH-condensation at the interface be-
tween primary particles.[32]


Conclusion


In this work we present detailed investigations on the as-
sembly properties of preformed TiO2 nanopowders in terms
of their dependence on ligand functionality. A systematic
variation of the organic “assembler” molecules bound to the
surface of the anatase nanocrystals shows that four parame-
ters play a particularly important role: 1) the type and
number of “assembler” functional groups, 2) the surface
coverage of the nanoparticles by the “assembler”, 3) the sur-
face energy of the anatase crystal faces, and 4) the surface
reactivity of the different crystal faces towards water.


As the examples of trizma and serinol show, surface func-
tionalization by means of polyalcohols with terminal amino
groups results in the formation of anisotropic nanostruc-
tures. As tris-functionalized nanoparticles do not assemble
anisotropically, the additional functionality provided by the
amino group is clearly the key to providing sufficient stabili-
zation for a controlled process. However, the presence of an
amino group alone is not enough to induce anisotropic parti-
cle arrangement, the other prerequisite is good surface cov-
erage of the nanoparticulate building blocks. Therefore,
dopamine and glycine hydroxamate, with their low coverage
of particle surface, are not able to induce nanowire forma-
tion in spite of their amino groups. These organic species
even prevent any kind of oriented attachment and just allow
the formation of random assemblies upon reflux. This obser-
vation is in agreement with previous reports, in which organ-
ic additives such as glycine, acetic acid, and adipic acid sup-
pressed the hydrothermal coarsening of titania nanocrystals
by oriented attachment.[33] On the other hand, it is notable
that oriented attachment also occurs in the reference sample
without any “assembler” during reflux. In this case, howev-
er, particles fuse in all directions generating porous crystal-
line superstructures. In addition to the role of the “assem-
blers”, the peculiar features of the anatase crystal structure
are also relevant. It is, ultimately, the increased reactivity of
the titania {001} faces that allows trizma and serinol to act
successfully as assembling agents.


Another important aspect of this work is the evaluation
and comparison of X-ray diffraction and HRTEM results. It
is found that, although in HRTEM the particles are identi-
fied as perfectly vectorially aligned, XRD peaks of higher
order crystal planes perpendicular to the fiber direction are
weakened and less defined. This is attributed to lattice de-
fects that are presumably typical for the special mode of
nanofiber growth by particle alignment. It has to be checked
with other systems undergoing controlled alignment whether
this criterion can be used to identify this special mode of
crystallization.


In addition, we are able to show that XPS can be em-
ployed to gain information about the different organic spe-
cies attached to the surface of the nanoparticles, their rela-


Figure 9. a) HRTEM image of a trizma-functionalized titania nanoparti-
cle (scale bar =2 nm). b) The equilibrium shape of a TiO2 crystal in the
anatase phase according to the Wulff construction. c) HRTEM image of
a trizma-functionalized titania nanoparticle assembly (scale bar=5 nm).
d) Proposed formation mechanism from the building blocks to the aniso-
tropic nanostructure.
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tive ratio, and even about the functional groups that are in-
volved in the binding. Therefore, it will be possible to ex-
plain the different efficiencies of various potential “assem-
bler” molecules with sometimes very similar chemical struc-
tures.


To conclude, the synthesis of powders consisting of nano-
particles, which have their assembly behavior already encod-
ed by functional molecules on their surfaces, would be an
immense step forward toward the controlled, bottom-up fab-
rication of well-defined nanostructures. In this work we
highlighted some novel, but crucial, aspects and principal
physicochemical phenomena occurring on the long way to
self-organization of individual nanoparticle components into
nanodevices.


Experimental Section


Materials : Titanium(iv) chloride (TiCl4, 99.9 %), anhydrous benzyl alco-
hol (BA, 99.8 %), 1,1,1-tris(hydroxymethyl)ethane (tris, 99%), 2-amino-
2-(hydroxymethyl)-1,3-propanediol (trizma, 99.9 %), 3-hydroxytyramine
hydrochloride (dopamine, 98 %), glycine hydroxamate (>90 %), 2-
amino-1,3-propanediol (serinol, 98%), ethanolamine (99.5 %), and the
solvents (analytical grade) were purchased from Sigma-Aldrich. All
chemicals were used without further purification.


Synthesis of functionalized TiO2 nanocrystals : In a typical synthesis, the
ligand (0.38 mmol, i.e., Ti-to-ligand molar ratio of 12) was dispersed in
benzyl alcohol (10 mL). The ligands used were tris, trizma, dopamine,
glycine hydroxamate, serinol, and ethanolamine. In the next step, TiCl4


(0.5 mL, 4.55 mmol) was slowly added to the benzyl alcohol and ligand
mixture under vigorous stirring at room temperature. The vial was sealed
and the mixture was heated to 80 8C under continuous stirring. The aging
time was 24 h. The resulting suspension was centrifuged and the precipi-
tate was thoroughly washed twice with chloroform. After each washing
step, the solvent was removed by centrifugation. The collected material
was left to dry in air at 60 8C and finally ground into a fine powder.


Synthesis of anisotropic TiO2 nanostructures : For the assembly process,
the functionalized titania nanoparticles (65 mg) were dispersed in distil-
led water (12.5 mL) and refluxed for 24 h under stirring.


Characterization : The powder X-ray diffraction diagrams of all samples
were measured in reflection mode (CuKa radiation) on a Bruker D8 dif-
fractometer equipped with a scintillation counter. XRD patterns were
obtained in the 2q range of 20–608 by step scanning with a step size of
0.018. Transmission electron microscopy investigations were performed
either on an Omega 912 (Carl Zeiss) microscope, operated at 100 kV
(TEM), or on a Philips CM200 FEG microscope, operated at 200 kV
(HRTEM). For the functionalized TiO2 nanocrystals, the fine powders
were dispersed in ethanol and one drop of this dispersion was deposited
on a TEM grid. Refluxed TiO2 dispersions were further diluted with
water and one drop was deposited on a TEM grid, supported by filter
paper for fast drying. X-ray photoelectron spectroscopy measurements
were carried out by using a modified LHS/SPECS EA200 MCD system
equipped with a MgKa source (1253.6 eV, 168 W). The pass energy of the
analyzer was fixed to 48 eV. The binding energy scale of the system was
calibrated with foil samples of Au (4f7/2 =84.0 eV) and Cu (2p3/2 =


932.67 eV). The functionalized TiO2 powder samples were mounted on a
stainless steel sample holder. The base pressure of the UHV chamber
was 1 � 10�10 mbar. All binding energies were referenced to the O 1s peak
of the oxygen component of anatase TiO2 at 530.0 eV.[54] The shifts in
binding energy due to charging effects amounted to 1.63 and 1.27 eV for
trizma-functionalized titania and titania obtained by using only benzyl al-
cohol, respectively. The spectra were normalized to yield the same Ti in-
tensity. Quantitative data analysis was performed by subtracting a step-
ped background and using empirical cross sections.[61] For Raman spec-


troscopy, the spectrometer (LabRam, Jobin Yvon) was equipped with a
HeNe laser (632.8 nm). The laser was operated at a power level of
10 mW measured at the position of the sample. The spectral resolution of
the spectrometer was 1 cm�1. Sampling times varied between 500–1000 s.
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Borate-Catalyzed Reactions of Hydrogen Peroxide: Kinetics and Mechanism
of the Oxidation of Organic Sulfides by Peroxoborates


D. Martin Davies,*[a] Michael E. Deary,[a] Kieran Quill,[b] and Robert A. Smith[c]


Introduction


Hydrogen peroxide is an atom-efficient and environmentally
benign oxidant. It is increasingly used in such areas as the
manufacture of pharmaceutical and fine chemicals, pulp,
paper and textile processing, bleaching and cleaning, waste
water treatment and environmental remediation.[1] More-
over, due to growing concerns about chemical pollutants,
and the resulting pressure against nitric acid, chlorine and
heavy-metal oxidants, there is a trend to use it even as a
bulk chemical oxidant.[1,2] Although it is a powerful oxidant,
the reactions of hydrogen peroxide are generally rather
slow, and the challenge is to overcome this kinetic barrier in


more cost-effective and “green chemical” ways. Hydrogen
peroxide is activated through the formation of peroxycar-
boxylic acids, either from a reactive carboxylic acid deriva-
tive with a good leaving group (as in the peroxide bleach ac-
tivators)[3] or from the parent carboxylic acid and a strong
acid catalyst in preparative reactions.[1] Activation by the
formation of peroxycarboxylic acids entails a sharp decrease
in atom-efficiency that is avoided in true catalysis. The
range of catalysts for any given reaction of hydrogen perox-
ide is vast.[4] The properties of simple and effective catalysts
such as methyltrioxorhenium, [Re(CH3)O3], and tungstate,
the latter coupled with a phase-transfer catalyst, have re-
cently been reviewed.[5,2] The discovery of the hydrogen car-
bonate catalysed oxidation of organic sulfides and alkenes
through peroxymonocarbonate, HOOCO2


� , is a significant
development.[6–8] Peroxymonocarbonate has been compared
with the methyltrioxorhenium system: the latter decomposes
above pH 2 in the presence of hydrogen peroxide, whereas
the hydrogen carbonate system has the advantage of being
stable and functional at neutral pH, although the equilibri-
um formation of peroxymonocarbonate is rather slow.[6]


Similarly, the functional pH range of tungstate is limited be-
cause the bisperoxotungstate anion forms the feebly active
dianion above pH 4. The present paper will report that
borate is a better catalyst than hydrogen carbonate, with the
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rapidly formed peroxoborate (sometimes called peroxybo-
rate or perborate) species being more reactive than peroxy-
monocarbonate and extending the functional pH range into
the 8–12 region.[9]


Peroxoborates are rapidly formed in solutions of hydro-
gen peroxide and borate and their salts are selectively crys-
tallised from solution to form perborates, which are avail-
able commercially and have synthetic as well as bleaching
and cleaning applications.[10, 11] Over fifty years ago Edwards
reported that the pH of borate buffer solution drops as hy-
drogen peroxide is added, due to the rapid equilibrium for-
mation of peroxoborates.[12] Several years later Wilson sug-
gested the equilibria shown in Equations (1) and (2) for the
formation of monoperoxoborate and diperoxoborate, re-
spectively.[13]


BðOHÞ3 þH2O2 Ð HOOBðOHÞ3� þHþ ð1Þ


HOOBðOHÞ3� þH2O2 Ð ðHOOÞ2BðOHÞ2� þH2O ð2Þ


He noted that the formation of peroxoborates has impor-
tant kinetic consequences in that some reactions in which
hydrogen peroxide functions as an electrophile may be sub-
stantially accelerated in the presence of a borate buffer,
giving as an example the oxidation of the anionic nucleo-
phile, SCN� . He also stated, without an example, that where
hydrogen peroxide itself functions as a nucleophile, peroxo-
borate appears to be less reactive than HO2


� (this is certain-
ly the case in the perhydrolysis of para-nitrophenyl ace-
tate).[14] Wilson concludes his paper with the warning “Use
of borate buffers in reactions which involve hydrogen perox-
ide should only be made with care”. This is reiterated in
later work by Jones and co-workers who give examples of
the “notorious behaviour of borate buffers in complicating
the kinetics of peroxide reactions”.[15] It is, on the one hand,
rather surprising, perhaps, that anionic peroxoborates
should show a high reactivity towards nucleophiles, particu-
larly anionic ones (and, as the present paper will report, es-
pecially since the uncharged, electron-deficient peroxoboric
acid, HOOB(OH)2 is less reactive). This may have led some
authors to suggest that HOOB(OH)3


� can behave as a nu-
cleophile, with B(OH)3 acting as an uncharged leaving
group.[10,11] On the other hand the bisperoxotungstate mono-
anion is a well-known anionic electrophile, so the existence
of effective negatively charged electrophiles cannot be con-
tested.[2] In any case, over thirty years after the original ob-
servation by Edwards, Pizer and Tihal quantified the effect
of hydrogen peroxide on the pH of borate buffer. In addi-
tion to the equilibria represented by Equations (1) and (2),
they deduced the formation of peroxoboric acid, Equation (3).


BðOHÞ3 þH2O2 Ð HOOBðOHÞ2 þH2O ð3Þ


The equilibrium constants for the three processes are
2.0 � 10�8, 2.0 m


�1 and 0.01 m
�1, respectively.[16] No other per-


oxoboron species are evident at the fairly low total boron
concentrations (less than or equal to 0.1 m) used, although at


higher boron concentrations there is NMR and Raman spec-
troscopic evidence for polymeric peroxoborate species.[17]


The work of Pizer and Tihal has opened the way for com-
prehensive studies of the reactions of peroxoboron species.
Despite this, and perhaps because of the earlier warnings in
the papers of Wilson, and Jones and co-workers, no rigorous
studies of their reactivity toward nucleophiles have been
published until now (rigorous studies involve a systematic
variation of the ratio of the total concentrations of boron
and peroxide; it is not sufficient merely to vary the concen-
tration of a perborate salt added to the reaction mix). The
present paper will report on the oxidation of substituted
phenyl methyl sulfides by hydrogen peroxide in boric acid/
borate buffer.


The oxidation of organic sulfides by hydrogen peroxide
and peroxyacids involves nucleophilic attack by the sulfur
atom on the (outer, in the case of peroxyacids) peroxidic
oxygen atom and is generally well understood.[18] Recent ab
initio calculations provide further insight to the mechanism
in aqueous solutions.[19] Edwards and co-workers found that
the rate of reaction of thioxane and hydrogen peroxide in
protic solvents, ROH, is overall second-order (first-order in
each reactant) and the rate constant shows a positive corre-
lation with the autoprotolysis (i.e., ion product, [ROH2]


+


[RO]�) constant. Edwards concluded that specific solvent in-
teractions provide a mechanistic path that avoids significant
charge separation in the activated complex. He proposed
that the solvent acted as a proton-transfer agent to stabilise
the transition state by minimizing charge separation as
shown in Equation (4).


Moreover, in the aprotic solvent dioxane the reaction is
overall third-order, (second-order in hydrogen peroxide)
showing the participation of a second molecule of the perox-
ide as the proton-transfer agent, that is, R=OH in Equa-
tion (4).[20] Recent ab initio calculations on the oxidation of
dimethyl sulfide by hydrogen peroxide in aqueous solution
show that the extent of charge development in a transition
state involving a single water molecule is + 0.37 on the
sulfur atom and �0.35 on the distal oxygen atom of hydro-
gen peroxide. It is concluded that the transition state in-
volves O�O bond breaking together with S�O bond forma-
tion, and that hydrogen transfer occurs after the system has
passed the transition state. The calculated activation energy
in this case is much lower than that for direct 1,2-hydrogen
transfer of H2O2 and shows that solvent molecules can effi-
ciently lower the activation barrier for reaction. The activa-
tion barrier is, nevertheless, too high compared with experi-
mental values. It is, however, successfully predicted by using
mechanistic pathways involving hydrogen transfer through
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one or two water molecules, provided that an additional
water molecule stabilises the negative charge on the distal
oxygen atom of hydrogen peroxide.[19] This is shown in
Equation (5) for hydrogen transfer involving one water mol-
ecule.


Bunton has extensively discussed the effect of substituents
on the peroxomonosulfate oxidation of substituted phenyl
methyl sulfides in terms of strongly solvated transition
states.[21] The present work uses substituted phenyl methyl
sulfides to explore the nature of the reactivity of peroxobo-
rates and peroxoboric acid relative to hydrogen peroxide,
and with respect to previous studies of peroxycarboxylic
acids, peroxomonsulfate and peroxymonocarbonate.[22,21, 7]


Experimental Section


Materials : The organic sulfides were obtained from Aldrich and aqueous
solutions were prepared and standardised as described previously.[23] Hy-
drogen peroxide, 30 wt. %, n-tert-butyl-a-phenylnitrone (BPN), the diso-
dium salt of ethylenediaminetetraacetate (EDTA), boric acid, sodium ni-
trate and sodium hydroxide were of the best available grade obtained
from Aldrich. Ethylenediaminetetramethylenephosphonic acid
(EDTMP) was a gift from Warwick International Limited. All solutions
were made up in distilled water. Stock solutions of hydrogen peroxide
were standardised by using titanium sulfate, taking the molar absorptivity
of the resultant pertitanic complex as 730 m


�1 cm�1 at 410 nm.[24] Solutions
of boric acid and hydrogen peroxide were mixed and brought to the re-
quired pH with sodium hydroxide solution and the appropriate amount
of sodium nitrate solution added to bring the mix to the required ionic
strength.


Kinetics : During kinetic runs well-sealed spectrophotometer cuvettes
were used in order to prevent volatilisation of the less polar sulfides,
which would give falsely high rate constants. All runs were carried out at
25 8C. Total peroxide concentration was at least ten times greater than
the sulfide concentration. Pseudo-first-order rate constants, kobs were ob-
tained from nonlinear regression of the monoexponential decrease in ab-
sorbance due to the disappearance of the sulfide. The reaction was fol-
lowed at 352 nm and 310 nm for methyl 4-nitrophenyl sulfide and methyl
4-methylsulfanylphenyl ketone, re-
spectively, and 260 nm for the other
sulfides. Hydrogen peroxide absorbs in
the UV range and so the variation of
peroxide concentration for runs in-
volving the other sulfides was limited
in order to keep the measured absorb-
ance within the dynamic range of the
spectrophotometer. Unless stated oth-
erwise, runs were carried out at ionic
strength 0.1m, under identical condi-
tions to those used by Pizer and Tihal
for the determination of the formation
constants of the peroxoboron spe-
cies.[16]


Results


Unless stated otherwise, the absorbance dropped exponen-
tially with time showing that the rate of reaction was direct-
ly proportional to the concentration of the sulfide as shown
in Equation (6).


d½S�=dt ¼ kobs½S� ð6Þ


Addition of the metal-ion chelating agents EDTA and
EDTMP, and the radical scavenger BPN had no effect on
the observed rate constant, kobs ; though, at higher pH, low
concentrations (1 � 10�5


m) of the chelating agents were used
to suppress peroxide decomposition. Figure 1 shows the


effect of hydrogen peroxide concentration on kobs for the ox-
idation of methyl 4-nitrophenyl sulfide in the presence and
absence of borate. The upward curvature in the absence of
borate shows that, in addition to a first-order term, there is
a second-order component in the hydrogen peroxide con-
centration dependence, according to Equation (7), which
yields the rate constants kP1 and kP2, included in Table 1.


kobs ¼ kP1½H2O2� þ kP2½H2O2�2 ð7Þ


Figure 1. Effect of peroxide concentration on the observed rate constant
for reaction with (11 or 2.2) � 10�5


m methyl 4-nitrophenyl sulfide in the
absence (pH 4.5–4.8) or presence (pH 9.6) of borate buffer; ionic
strength 0.1m (NaNO3). The curves represent Equations (7) or (8), using
the rate constants given in Table 1.


Table 1. 4-XC6H4SCH3: Hammett sp values for the substituents and rate constants� standard deviations for
the reactions with one and two molecules of hydrogen peroxide and with mono- and diperoxoborate.


X sp kP1


[10�5
m
�1 s�1]


kP2


[10�5
m
�2 s�1]


kP1BOH


[10�2
m
�1 s�1]


kP2BOH


[10�2
m
�1 s�1]


NO2 0.78 8.29�0.15 1.48�0.09 1.51�0.02 1.06�0.02
CH3C(O) 0.50 25.1�0.5 5.08�0.28 2.51�0.02 1.45�0.03
Br 0.23 97.9�7.2 –[a] 4.79�0.02 –[a]


CO2
� �0.16 239�2 –[a] 5.77�0.06 –[a]


CH3 �0.17 257�4 –[a] 6.66�0.22 –[a]


CH3O �0.27 378�2 –[a] 8.53�0.18 –[a]


[a] Not determined under the experimental conditions used.
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In the presence of 0.05 m borate there is evident catalysis,
which levels off at higher concentrations of hydrogen perox-
ide at which the borate catalyst becomes saturated with per-
oxide. The dependence of kobs on peroxide concentration
was fitted according to Equation (8), in which the subscripts
P1BOH, P2BOH and P1B refer to the reactions of the or-
ganic sulfide and monoperoxoborate, diperoxoborate and
peroxoboric acid, respectively.


kobs¼kP1½H2O2�þkP2½H2O2�2 þ kP1BOH½ðHOÞ3BOOH��þ
kP2BOH½ðHOÞ2BðOOHÞ2�� þ kP1B½ðHOÞ2BOOH�


ð8Þ


The values of kP1 and kP2 obtained in the absence of
borate were substituted into Equation (8), and the concen-
trations of the various species were calculated numerically
by using the measured pH of the reaction mix, the peroxo-
boron formation constants of Pizer and Tihal, and their
values for the acid ionisation constants of boric acid and hy-
drogen peroxide, 1.05 � 10�9 and 2.51 � 10�12


m, respective-
ly,[16] together with the mass balance equations for total
boron and total peroxide. Best-fit values of the rate con-
stants and their standard deviations, obtained by nonlinear
regression (inserting a routine in the equation editor of Gra-
fit 3.09b to perform the bisection method to determine the
concentrations of the various species[25]), are included in
Table 1. The curves in Figure 1 represent the best-fit rate
constants with kP1B set to zero.


Figure 2 shows the dependence of kobs on pH. It should be
noted at this point that the kinetic runs at low pH showed a
small, more rapid phase that comprised about 4 % of the
total absorbance change independent of the concentration
of the peroxide between 0.19 m and 1.91 m (although in the
absence of peroxide there was no absorbance change, show-
ing that complex formation between borate and the sulfide
was not taking place); the subsequent absorbance change
paralleled that in the absence of borate catalyst. This small
initial phase was ignored in the calculation of kobs. The de-


pendence of kobs on pH was fitted by using Equation (8) in
exactly the same way as its dependence on peroxide concen-
tration. The best-fit values of kP1BOH and kP2BOH and their
standard deviations are [(1.4�0.2)� 10�2 and (1.0�0.2) �
10�2


m
�1 s�1, respectively] in agreement with, but less precise


than, the values from the peroxide concentration depend-
ence shown in Table 1. An upper limit of kP1B =4.1 �
10�4


m
�1 s�1 is estimated. This is calculated as 5kP1 by assum-


ing a possible 5 % error in kobs and by using the formation
constant of the predominant low pH peroxoboron species,
HOOB(OH)2, as 0.01 m


�1.
Figure 3 shows the dependence of kobs on total boron con-


centration. The lines show the expected values of kobs calcu-
lated according to Equation (8) by using the rate constants


in Table 1. There is excellent agreement between expected
and observed values for the runs carried out under identical
conditions to those of Pizer and Tihal. In the other runs, the
total boron concentration range is extended and the ionic
strength is allowed to increase along with the concentration
of borate. The small negative deviation from linearity in this
case is consistent with the small effect of ionic strength we
have observed (results not shown) and does not constitute
evidence for the presence of less reactive polymeric peroxo-
borate species.


The reaction of methyl 4-methylsulfanylphenyl ketone
showed an identical pattern of behaviour to that of the
methyl 4-nitrophenyl sulfide, and the more precise rate con-
stants obtained from the peroxide concentration depen-
dence runs are shown in Table 1. The estimated upper limit
for kP1B is 1.3 � 10�3


m
�1 s�1. For the other sulfides the maxi-


mum peroxide concentration used was between 0.08 and
0.16 m, and the contributions of second-order terms in perox-
ide concentration to the observed rate constants were negli-
gible. Best-fit rate constants are shown in Table 1. The data
are shown in Figure 4 as Hammett plots using para-substitu-
ent constants.[26] For hydrogen peroxide the slope (Hammett


Figure 2. Effect of pH on the observed rate constant for reaction of two
different concentrations of hydrogen peroxide with 1� 10�4


m methyl 4-ni-
trophenyl sulfide in borate buffer; [boric acid]0 0.05 m, ionic strength 0.1 m


(NaNO3). The curves represent Equation (8), using the rate constants
given in the text (full lines) and Table 1 (broken lines).


Figure 3. Effect of total boric acid concentration on the observed rate
constant for reaction of hydrogen peroxide with 2.2� 10�5


m methyl 4-ni-
trophenyl sulfide, pH 9.6. The lines represent Equation (8) using the rate
constants in Table 1.
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1 value) is �1.5�0.1, whereas for monoperoxoborate it is
�0.65�0.07, and for diperoxoborate it is �0.48 (two points
only).


Discussion


Oxidation by hydrogen peroxide : For the oxidation of
methyl 4-nitrophenyl sulfide and methyl 4-methylsulfanyl-
phenyl ketone, for which the use of a high concentration of
peroxide was possible, a second-order term in its concentra-
tion appears in the rate equation, [Eq. (7)]. This has been
observed previously not only in aprotic solvents, but also in
alcohol/water mixtures.[20,6] The high concentration of hydro-
gen peroxide competes with the solvent water, either as the
proton-transfer agent or the hydrogen-bond donor (or both)
in the transition state, see Equations (4) and (5). To com-
pare the stability of the transition state containing one hy-
drogen peroxide group plus at least one water molecule
with that of the transition state containing two molecules of
hydrogen peroxide, it is necessary to divide kP1 by 55 m, the
concentration of bulk water. The third-order rate constants
obtained are 1.5 � 10�6 and 4.6 �10�6


m
�2 s�1 for methyl 4-ni-


trophenyl sulfide and methyl 4-methylsulfanylphenyl
ketone, respectively. These values are about ten times less
than the respective values of kP2, in keeping with H2O being
a poorer proton donor/acceptor, and a weaker acid and hy-
drogen-bond donor than H2O2.


The negative Hammett 1 value for the reaction of substi-
tuted phenyl methyl sulfides and hydrogen peroxide is indi-
cative of the development of positive charge on the sulfur in
the transition state, with the sulfide behaving, as expected,
as a nucleophile.[18] The actual value of 1, �1.5, is commen-
surate with the difference in charge of the sulfur in the tran-
sition state and reactant cluster, +0.37, calculated for the
oxidation of dimethyl sulfide.[19]


Oxidation by peroxoborates : To compare the reactivity of
peroxides it is usual to construct a Brønsted-type plot of the
log of the rate constant for reaction with a particular sub-


strate against the pKa of the parent acid of the peroxide.
The latter quantity is used as an indicator of the leaving
group character of the parent anion formed by heterolytic
cleavage of the peroxide bond, and the greater the slope of
the plot the greater the significance of peroxide bond cleav-
age in the transition state.[18] Figure 5 shows the Brønsted


plot for methyl 4-nitrophenyl sulfide, including literature
data for its reactivity with peroxomonosulfate, peroxycar-
boxylic acids and peroxymonocarbonate,[22,21,7] as well as the
present results for hydrogen peroxide and monoperoxobo-
rate and diperoxoborate. The pKa of HOOB(OH)2, the
parent acid of diperoxoborate, is 5.7, compared with 8.98
for B(OH)3, the parent acid of monoperoxoborate (these
values are consistent with HOO� being less electron donat-
ing than HO�).[16] Figure 5 shows that the peroxoborates are
less reactive than peroxycarboxylic acids, though this disad-
vantage lessens with increasing pH above their pKa values,
at which the peroxycarboxylic acids become ionised. The
peroxoborates are, however, more reactive than peroxy-
monocarbonate, and this advantage increases with increas-
ing pH above the pKa of hydrogen carbonate.


It should be noted at this point that the parent acids of
the peroxoborates are Lewis acids and their pKa values
denote something different from those of the other
(Brønsted) acids in Figure 5. Thus, decreasing pKa of a
parent Brønsted acid (a measure of the equilibrium between
XOH and XO�+ H+ , in which XOOH is the peroxide) im-
plies easier cleavage of the peroxide oxygen–oxygen bond
due to the better leaving group ability of XO� , whereas de-
creasing pKa of the Lewis acids (a measure of the equilibri-
um between X+H2O and XOH�+ H+ , in which XOOH is
the peroxide) implies more difficult cleavage of the boron
peroxide bond due to the poorer leaving group ability of X.
The line on the plot is drawn through the data points for the
peroxycarboxylic acids with Brønsted slope blg =�0.65.[22] It
is evident that peroxomonosulfate, peroxymonocarbonate
and hydrogen peroxide lie near to the line, suggesting that
their reactions are mechanistically quite similar and oxygen–


Figure 4. Hammett plots for the reactions of peroxoborates or hydrogen
peroxide and substituted phenyl methyl sulfides.


Figure 5. Brønsted-type plot, including parent Lewis acids, for the reac-
tions of peroxides and methyl 4-nitropheny sulfide.
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oxygen bond breaking is significant in the transition state.
Monoperoxoborate also lies close to the line, although this
is almost certainly fortuitous since the diperoxoborate does
not lie equally close. The rate constants for the peroxobo-
rates are very similar (dashed line on Figure 5) despite their
different pKa values. This shows that boron–oxygen bond
breaking is not significant in the transition state, consistent
with the peroxoborates not acting as nucleophiles in which
the neutral B(OH)3 or HOOB(OH)2 moieties are the re-
spective leaving groups.


A comparison of the Hammett 1 values of the peroxobo-
rates and other peroxides gives further insight into the
nature of the transition state. Figure 6 shows a reactivity se-


lectivity plot including the present data and that reported
for peroxymonocarbonate, peroxycarboxylic acids and per-
oxomonosulfate.[7,22, 21] This plot uses the Hammett 1 values
as a measure of the selectivity of the peroxide with respect
to the nature of the substituent on the phenyl group, and
the logarithm of the rate constant for the reaction with the
nitro derivative as a measure of the reactivity of the perox-
ide. The plot shows that the peroxoborates behave very dif-
ferently to the other peroxides. The much less negative
Hammett 1 values indicates that there is significantly less
positive charge development on the sulfur atom in the tran-
sition state. The essentially linear reactivity–selectivity rela-
tionship including hydrogen peroxide, peroxymonocarbon-
ate, the peroxycarboxylic acids and peroxomonosulfate is
consistent with all these peroxides reacting with the sulfides
by the same mechanism. This is because, according to the
Hammond postulate, the structure of the transition state be-
comes closer to that of the reactant cluster as the energy dif-
ference between the transition state and reactants becomes
smaller.[27] In the present case the more reactive peroxides
have a transition state earlier along the reaction coordinate
with less positive charge development on the sulfur atom. In
the case of the peroxoborates, they are much less selective


than expected from their reactivity compared with the other
peroxides. This indicates that the transition states for their
reactions lie on a region of the reaction coordinate at which
at least some of the relative energy changes involved in
sulfur–oxygen bond formation, oxygen–oxygen bond break-
ing, proton transfer and solvation changes are significantly
different due to the presence of the boron atom. It is neces-
sary that any mechanism that is proposed to account for the
very different behaviour of the peroxoborates must also ac-
commodate the very low reactivity of peroxoboric acid.


Peroxoboric acid : The upper limits of the rate constants for
the reaction of peroxoboric acid and the two sulfides investi-
gated are very small relative to the rate constants for the
peroxoborates. At first sight this seems contrary to what is
expected, because if the peroxoborates are acting as electro-
philes then peroxoboric acid, with its absence of a negative
charge and, moreover, the presence of the electron-deficient
boron, ought to be a better electrophile. If, however, proton
transfer provides a mechanistic path for the reaction of the
peroxoborates, as shown in the transition state structure 1
(in which the extent of charge development on the sulfur
and respective peroxide oxygen atoms in the transition
state, and any additional specific solvent interactions, are
not shown) then this path is not available to peroxoboric
acid. This is because proton transfer is less favoured due to
the positive charge located on the oxygen atom of 2, associ-


ated with the partial double-bond character of the boron–
oxygen bond. Hence, proton transfer as a significant part of
the reaction coordinate for the peroxoborates is strongly
suggested, because of the lack of reactivity of peroxoboric
acid. We propose that the much lower extent of positive
charge development on the sulfur atom for the reactions of
the peroxoborates, as shown by the lower magnitude of the
Hammett 1 values in Figure 6, is due to the greater impor-
tance of proton transfer in stabilising the transition state in
the case of the peroxoborates.


Finally it is worth noting that the alternative nucleophilic
attack of the sulfur atom on the inner peroxide oxygen atom
in 3 to form a positively charged intermediate could possibly


Figure 6. Reactivity–selectivity plot for the reactions of peroxides and
substituted phenyl methyl sulfides, with the 4-nitro derivative as the reac-
tivity measure.
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be subject to neighbouring group assistance by boron that is
well known in organoboron compounds.[28] Indeed, as de-
scribed in the results section, the kinetic runs at low pH in
the presence of boric acid showed a short rapid initial phase
consistent with the formation of an intermediate that breaks
down considerably more slowly than the rate of the uncata-
lysed reaction.


Conclusion


The following conclusions can be drawn.


1) The reaction of hydrogen peroxide and substituted
phenyl methyl sulfides shows a negative Hammett 1


value consistent with the development of positive charge
on the nucleophilic sulfur atom, as predicted by recently
published ab initio calculations on a transition state in-
volving S�O bond formation and O�O bond breaking.
The calculations also predict that transfer of hydrogen to
the distal oxygen atom of hydrogen peroxide through
one or more solvent water molecules, although an impor-
tant part of the reaction coordinate, occurs after the
system has passed the transition state, so that the devel-
oping negative charge on the distal oxygen atom is stabi-
lised by hydrogen bonding from an additional water mol-
ecule.


2) At high concentrations of hydrogen peroxide a pathway
involving catalysis by a second molecule of the peroxide
occurs. This is consistent either with hydrogen peroxide
being a better proton donor/acceptor than water, or it
being a better hydrogen-bond donor, or both.


3) The reaction of hydrogen peroxide and substituted
phenyl methyl sulfides is catalysed in aqueous boric acid/
borate buffer through the formation of monoperoxobo-
rate and diperoxoborate anions.


4) The peroxoborate anions are stable and functional in the
pH range 8–12.


5) The peroxoborates are less reactive than peroxomono-
sulfate and peroxycarboxylic acids, but more reactive
than peroxymonocarbonate.


6) The peroxoborate anions, in common with other perox-
ides, are subject to nucleophilic attack of the sulfur atom
on the outer peroxide oxygen atom, although the devel-
opment of positive charge on the sulfur atom is much
less in the case of the peroxoborates.


7) Peroxoboric acid is much less reactive than the peroxo-
borates. This is strong evidence for the importance of
proton transfer through a solvent water molecule in the
reaction coordinate for the peroxoborates, since proton


transfer in the reaction involving peroxoboric acid is less
favourable due to the positive charge on the acceptor
oxygen atom associated with the partial double-bond
character of the boron–oxygen bond.


[1] C. W. Jones, Applications of Hydrogen Peroxide and Derivatives,
The Royal Society of Chemistry, Cambridge, 1999.


[2] R. Noyori, M. Aoki, K. Sato, Chem. Commun. 2003, 1977 – 1986.
[3] D. M. Davies, S. J. Foggo, P. M. Paradis, J. Chem. Soc. Perkin Trans.


2 1998, 1381 –1385; D. M. Davies, M. E. Deary, J. Chem. Soc. Perkin
Trans. 2 1992, 559 – 562; D. M. Davies, M. E. Deary, J. Chem. Soc.
Perkin Trans. 2 1991, 1549 –1552.


[4] B. S. Lane, K. Burgess, Chem. Rev. 2003, 103, 2457 –2473.
[5] J. H. Espenson, Chem. Commun. 1999, 479 – 488.
[6] D. E. Richardson, H. Yao, K. M. Frank, D. A. Bennett, J. Am.


Chem. Soc. 2000, 122, 1729 –1739.
[7] D. A. Bennett, H. Yao, D. E. Richardson, Inorg. Chem. 2001, 40,


2996 – 3001.
[8] H. Yao, D. E. Richardson, J. Am. Chem. Soc. 2000, 122, 3220 – 3221.
[9] A preliminary account of this work was presented at the 227th


American Chemical Society National Meeting, Anaheim, California,
USA, 28th March–1st April, 2004.


[10] D. M. Schubert, Struct. Bonding (Berlin) 2003, 105, 1– 40.
[11] A. McKillop, W. R. Sanderson, Tetrahedron 1995, 51, 6145 –6166.
[12] J. O. Edwards, J. Am. Chem. Soc. 1953, 75, 6154 –6155.
[13] I. R. Wilson, Aust. J. Chem. 1960, 13, 582 –584.
[14] D. M. Davies, M. E. Deary, J. Chem. Res. Synop. 1988, 354 – 355.
[15] S. B. Brown, P. Jones, A. Sugget, Prog. Inorg. Chem. 1970, 13, 159 –


204.
[16] R. Pizer, C. Tihal, Inorg. Chem. 1987, 26, 3639 –3642.
[17] J. Flanagan, W. P. Griffith, R. D. Powell, A. P. West, J. Chem. Soc.


Dalton Trans. 1989, 1651 –1655; B. N. Chernyshov, Russian J. Inor.
Chem. 1990, 35, 1333 –1335.


[18] R. Curci, J. O. Edwards, in Organic Peroxides, Vol 1 (Ed: D. Swern),
Wiley, New York, 1970, pp. 199 –264; Y. Sawaki, in Organic Perox-
ides (Ed.: W. Ando), Wiley, Chichester, 1992, pp. 426 –477.


[19] J.-W. Chu, B. L. Trout, J. Am. Chem. Soc. 2004, 126, 900 –908.
[20] M. A. P Dankleff, R. Curci, J. O. Edwards, H.-Y. Pyun, J. Am.


Chem. Soc. 1968, 90, 3209 –3218.
[21] C. A. Bunton, H. J. Foroudian, A. Kumar, J. Chem. Soc. Perkin


Trans. 2 1995, 33– 39.
[22] D. M. Davies, M. E. Deary, J. Chem. Soc. Perkin Trans. 2 1996,


2423 – 2430.
[23] D. M. Davies, M. E. Deary, . Chem. Soc. Perkin Trans. 2 1995, 1287 –


1294.
[24] G. M. Eisenburg, Ind. Eng. Chem. 1943, 15, 327 –328.
[25] A. C. Norris, Computational Chemistry, Wiley, Chichester, 1981,


p. 74.
[26] C. Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165 –195.
[27] A. Williams, Free Energy Relationships in Organic and Bio-organic


Chemistry, The Royal Society of Chemistry, Cambridge, 2003,
pp. 135 –138.


[28] D. S. Matteson, in progress in Boron Chemistry, Vol. 3 (Eds: R. J.
Brotherton, H. Steinberg), Pergamon, New York, 1970, pp. 117 –176.


Received: November 25, 2004
Published online: April 13, 2005


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3552 – 35583558


D. M. Davies et al.



www.chemeurj.org






Atom-Type Assignment in Molecules and Clusters by Perturbation Theory—
A Complement to X-ray Structure Analysis


Florian Weigend* and Claudia Schrodt[a]


Introduction


X-ray structure analysis is one of the most powerful and
most widely used tools for the determination of crystal
structures. Distances between atoms can be determined very
accurately and reliably with this method. Nevertheless, it is
a major obstacle that elements of similar atomic numbers
usually are hardly to distinguish solely from X-ray data. In
many cases the correct assignment of atom types to atomic
sites can be found by chemical experience and intuition.
Matters become difficult, if the systems investigated show
more complex structures, which is usually the case for atom
clusters, in particular if they consist of (different types of)
metal atoms. For these systems the assignment of metal
types to atomic sites sometimes is possible by a combination
of X-ray data, chemical experience, and quantum-chemical
calculations.[1] Chemical experience is of high importance
for this kind of treatment, as the number of possible distri-
butions of atoms to sites, which increases exponentially with
the number of atoms, has to be reduced to a manageable
size for quantum-chemical calculations.


A desirable alternative might be a more systematic and
more economic method, using as input only the atomic coor-


dinates from X-ray structure analysis and, if available, the
stoichiometry or at least the total number of nuclear and
electronic charges of the system yielding a prediction for the
(most probable) assignment of atom types to atomic sites.
Indeed, a very efficient estimation for the relative stabilities
of different distributions is provided by first-order perturba-
tion theory, as described in a previous work.[2] In the first
step, the heteroatomic system, AnBm, is “homogenized”
yielding Mn+ m, for which the electron density is calculated
by quantum-chemical methods. In the second step, the “het-
eroatoms” are re-introduced as perturbations of the homog-
enized system, causing energy changes that depend on the
position of the perturbations and allow us to predict the
atomic sites favorable for an increase/decrease of nuclear
charge (i.e., of the atomic number) leading to a proposal for
the assignment of atom types A and B to the atomic sites. It
is known that any perturbation theory can be expected to
give reasonable results only if the perturbation is not too
large; this means 1) that the difference in the nuclear charge
of the elements of interest must be small and 2) that the ho-
mogenized reference system, that is, the type of M, has to
be chosen with care, as the real system is described as a per-
turbation of this system. After briefly explaining the theory
we focus on the choice of suitable reference systems and in-
vestigate applicability and limits of the method. We apply
the method to selected systems taken from literature; all
systems selected consist (among others) of two types of ele-
ments that are close together in the periodic table, thus
causing problems in assigning atom types to atom positions
solely from X-ray data.


Abstract: An approach to distinguish
elements with similar atomic numbers
in molecules and clusters is presented
and applied to experimentally synthe-
sized and structurally characterized
mixed-metallic compounds. By first
treating a homogenized reference
system constructed from the original
compound and applying first-order per-


turbation theory it is possible to find
the most stable distribution of the
atom types to the atomic sites in a very
efficient way. This work is focused on


the appropriate choice of homogenized
reference systems and on applications
treating experimentally synthesized
compounds. With these examples is
shown that the method is a helpful
complement to X-ray crystal structure
analysis.


Keywords: cluster compounds ·
density functional calculations · per-
turbation theory · X-ray diffraction
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Computational Methods


We consider an arbitrary molecule AmBnLk. The elements A and B are of
similar atomic numbers, Lk denotes the rest of the system, that is, the
sum of all atoms (not necessarily all of the same type) that are neither of
type A nor of type B. To identify the positions of A and B we pursued
the following route. First, the homogenized system Mm+nLk is treated.
M might be chosen, for example, as M=A, or as M =B, but other
possible (and better) choices are discussed below. For the reference
system Mm+nLk energy and electron density are calculated, for exam-
ple, by means of density functional theory (or any other quantum-
chemical method suited for the system), by using the atomic coordi-
nates of AmBnLk determined, for example, by X-ray structure anal-
ysis (this usually is not exactly a local minimum structure for the
quantum-chemical method used, but it is sufficient for our goal, namely
the determination of atom types). In the next step we re-introduce
the heteroatoms as perturbations of the (unperturbed) reference system
Mm+nLk and compare the first-order energy change for different dis-
tributions of the m (n) atoms of type A (B) to the n+m possible
sites.


We briefly repeat the derivation of the first-order energy change as de-
scribed previously.[2] Starting from the “homogenized” system Mn+mLk,
replacement of a single atom of type M by one of type A at site Ri


means adding the nuclear charge DZ=ZM�ZA at Ri and changing the
total electron number by the same amount. In this case, the first-order
energy change DEi is given by the derivative of the total energy of
Mn+mLk (E) with respect to the nuclear charge (Z) at the corresponding
site Ri and with respect to the change in the number of electrons (e)
[Eq. (1)].


DEi ¼
@E
@Z
jRi
ðZA�ZMÞ þ


@E
@e
ðZA�ZMÞ ð1Þ


The second term in Equation (1) does not depend on the specific position
of the perturbation (Ri) as (expressed in term of molecular orbitals), in-
dependent from the specific position of Ri, always the same orbitals,
LUMO/HOMO, of the reference system are filled/emptied when adding/
removing (differential) electronic charges. This term cancels when com-
paring the first-order energy change (DEi) for different atom positions to
obtain relative stabilities and does not need to be discussed any more.
The first term consists of contributions from core–electron attraction
(EZe) and core–core repulsion (EZZ). Carrying out the derivative of these
contributions at Ri with respect to Z leads to energy change for
Mm+n�1A1Lk in the first-order [Eq. (2)].


DEi ¼
�
@EZe


@Z
jRi
þ @EZZ


@Z
jRi


�
ðZA�ZMÞ


¼
�
�
Z


1ðrÞ
jRi�rj d


3r þ
Xmþn


k¼1,k 6¼i


ZM


jRi�Rkj


�
ðZA�ZMÞ


¼ Vi � ðZA�ZMÞ


ð2Þ


In Equation (2) Vi is the electrostatic potential (for the homoatomic
system Mm+nLk) at Ri, arising from the total electron density, 1(r), and
all nuclear charges except of that located at Ri.


For AmBnLk, in which atoms of type A are to occupy sites Ri and those
of type B sites Rj we get the sum of single contributions, as energy contri-
butions from interactions of “perturbed” centers are of higher order. For
the definition of relative stabilities it is convenient to normalize the first-
order energy changes by substracting the mean value. We finally obtain
the estimated relative energy [Eq. (3)].


Eest ¼ ðZA�ZMÞ
Xm


i¼1


vi þ ðZB�ZMÞ
Xn


j¼1


vj


vi ¼ Vi�
Xmþn


l


Vl


ð3Þ


The value for Eest can be computed with very low computational effort,
as it only requires calculation of the electrostatic potential at m +n
atomic sites. Thus, for ZB>ZA, the most stable distribution of A and B in
AmBnLk (the lowest value for Eest) is obtained, if the m positions with
lowest vi are occupied by atom type B and the other ones by type A.
These formulae are valid for any choice of M, but of course the quality
of the results depends on the choice of M. Close-lying choices for M are
M =A or M =B, that is, the systems Am+nLk or Bm+nLk, but we may also
think of using an “averaged” (pseudo) atom Ē with a nuclear charge
ZĒ = (mZA +nZB)/(n+m). ZĒ usually is not an integer number, but this
choice has the advantage that the system Ēm+nLk has the same total
number of nuclear (and electronic) charges as the original system
AmBnLk. Of course, this choice is possible only if m and n, that is, the
stoichiometry, or at least the total number of nuclear and electronic
charges of the system are known.


Before investigating the accuracy of the method, in particular the influ-
ence of M, and applying it to selected examples, we summarize the tech-
nical details of quantum-chemical treatments. All calculations were done
with the program system TURBOMOLE by using methods of density
functional theory[3] with the Becke–Perdew-86 functional.[4,5] For the
Coulomb part the resolution-of-the-identity approximation (RI-J)[6, 7] was
used. We accounted for scalar relativistic effects by effective core poten-
tials (ECPs);[8] for Rb–Cd ECPs included the inner 28 electrons, for In–
Te the inner 46 electrons. Basis sets were of triple-zeta valence quality
(TZVP),[7,9] except for the Ag–In cluster[1] (see below), for which split va-
lence bases (SVP)[7,9] were used. For this system, phenyl rings of the ex-
perimental structure were replaced by H atoms leading to
[Ag26In18S36Cl6(H2PCH2PH2)10]


2+ , as done previously.[1] Convergence of
the SCF procedure and obtaining the (usually) most stable orbital occu-
pation was realized by using the approach of fractional occupation num-
bers (FON).[10] SCF procedures (spin-unrestricted) always started from
an occupation showing some unpaired electrons (typically four); the ini-
tial electron “temperature” was set to 300 K and gradually lowered until
it reached 30 K leading to integer occupations of all shells.


Results and Discussion


Applicability and limits of the method : In a previous work[2]


the first-order perturbational method was shown to give reli-
able estimations for bare mixed transition-metal clusters,
but “real” chemical systems usually are less homogeneous,
as for example, complexes or clusters in which the metal
atoms are bridged and/or covered by different kinds of ligands.


To investigate the applicability of the method to more
general chemical systems, we treated the simplified model
compounds OC-A-B-Cl shown in Figure 1; A and B denote
selected combinations of elements Rb–Te, as specified
below. In all cases, topology and structure parameters were
fixed to the values given in Figure 1. For these idealized sys-
tems (in fact, for most choices of A and B the systems are
nonlinear) we investigated the energy change when ex-
changing A and B obtained with the first-order method with
respect to the difference of single-point energies of original
and A–B interchanged system. At first, we calculated the
energy difference between the situation in which A occupies
position 1 (B occupies 2) and the situation with interchanged
atoms A and B [Eq. (4)], for A and B being neighboring el-
ements in the periodic table (ZB =ZA + 1), as well as for the
case ZB = ZA +2.


Eswapð1,2Þ ¼ EðOC-A-B-ClÞ�EðOC-B-A-ClÞ ð4Þ
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For clarity we note, that a negative value of Eswap(1,2) in-
dicates a preference for the situation “atom A (lower nucle-
ar charge) at position 1 (left), atom B at position 2”, where-
as a positive value means, that the A–B-interchanged
system is preferred. Figure 1 shows a plot of Eswap(1,2)/DZ
versus the average group number of A and B (dividing by
DZ=ZB�ZA ensures comparability of energy differences for
the two cases DZ=1, 2). For the majority of element combi-
nations, systems with the element left in the periodic table
bonding to Cl (“B–A”) are preferred versus the inter-
changed ones by 0.1 to 0.8 eV, but for Pd/Ag, Ag/Cd, Pd/Cd
and Ag/In it is the other way around. We note in passing,
that similar results are obtained for the previous period (K–
Se), as well as for mixtures of both periods, for example, for
Cu/Zn we obtain �1.25 eV, for Cu/Cd �1.33 eV, which are
both close to the value for Ag/Cd of �1.34 eV.


Next we applied the first-order perturbation theory. We
calculated the homogenized reference systems OC-M-M-Cl
to compare the first-order expression DE= (v2�v1)DZ
[Eq. (3)] and Eswap(1,2) [Eq. (4)]. For M we used both “real”
elements (nuclear charge Z=38, 39,…, 51) and “pseudo” el-
ements with noninteger atomic charges (Z= 37.5, 38.5,…,
51.5). In case of the latter, the orbital basis of the element
to the right in the periodic table was used, for example, for
Z=46.5 (the pseudo element between Pd and Ag) the orbi-
tal basis for Ag was used. Values for v2�v1, the first-order
approximation for Eswap(1,2)/DZ, are also shown in Figure 1.
The connecting lines are mainly drawn to help the eye, but
as one may vary the number of nuclear and electronic
charges continuously, they are not completely artificial.
Indeed, we observe a good correlation of the first-order esti-
mated and explicitly correlated values, if we compare the
value of Eswap(1,2)/DZ for a given heteroatomic system with
the values for v2�v1 obtained from the homoatomic system


with the same number of electrons (i.e. , the same average
group number). Errors for v2�v1 compared to Eswap(1,2)/DZ
typically amount to 0.1–0.4 V, and reveal the effect of higher
orders of perturbation theory describing redistribution of
electrons due to the nonequivalence of the two nuclear
charges. These errors are small enough to allow for the cor-
rect prediction of the assignment of A and B to sites 1 and 2
in all cases except for the combination Zr/Mo. The error for
this system is in the usual range (0.4 V), but as estimated
and calculated values are small in this case (0.2 V), we ob-
serve different signs for explicit calculation and first-order
estimation in this case.


In previous work[4] we treated mixed metallic systems of
neighboring elements Pt and Ir without using averaged nu-
clear charges; instead we averaged the values obtained from
the pure Pt and pure Ir systems and this lead to very reason-
able results. Also for the present case this appears to be a
suitable procedure as well, at least as long as DZ is not too
large. In the present example similar results are obtained for
the two different averaging procedures, as one may see by
connecting in Figure 1 one point with the next point but one
and comparing the result to the point in-between. The two
procedures do not always yield similar results, as the follow-
ing example shows.


We consider the model compound H2InSbH2 shown in
Figure 2. The Cs symmetric system shows a planar coordina-
tion for the In atom and a bent one for the Sb atom as the
HOMO (a’) mainly represents the lone pair of Sb. Conse-
quently, the In–Sb interchanged system is much less stable,
Eswap(1,2) ��4.0 eV [for the sign see Eq. (4) and subse-
quent discussion]. The first-order perturbational method
was applied by using as reference systems M= In, Sb, Sn. In
case of Sn, two different occupations were considered; at


Figure 1. Geometry parameters for the model system OC-AB-Cl, single-
point energy differences between A-B interchanged and original system,
Eswap(1,2) (divided by DZ), and difference of electrostatic potentials at
positions 1 and 2, v2�v1, for homogenized reference systems OC-MM-Cl,
that is, first-order estimation for Eswap(1,2)/DZ, Equations (3) and (4).
Quantities are plotted versus the average group number of atoms A and
B.


Figure 2. Molecular structure, and HOMO and LUMO orbitals for
H2InSbH2. Electrostatic potentials vi at positions 1 and 2 for different ho-
mogenized reference systems (see text) and single-point energy differ-
ence for interchanging In and Sb, Eswap(1,2), divided by DZ (right hand
side) to be compared with v2�v1.
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first the one identical to the original compound and second-
ly one in which the a’’ (the LUMO of the original com-
pound) instead of the a’ orbital was occupied; for all cases
the results for v2�v1 are also shown in Figure 2. From the
value for Eswap(1,2) one would expect (see above) v2�v1 �
Eswap(1,2)/DZ ��2 V. A result in this range is obtained only
for M=Sn and even for this choice only if the a’ orbital is
occupied, but not if the a’’ orbital is occupied instead. This
is not too surprising, as for M= In both the HOMO and the
LUMO of the original compound are not occupied, whereas
for M= Sb both orbitals are occupied. In both cases the
electronic situation of the homogenized system H2MMH2 is
completely different from that in H2InSbH2, and values ob-
tained for v1�v2 cannot be used to predict the preferred dis-
tribution of In and Sb to the two sites. Consequently, results
are even worse for M=Sn, if the “wrong” orbital, that is,
the LUMO of the original compound, is occupied. As a cri-
terion to distinguish the “wrong” from the “correct” occupa-
tion, the total energy for each of them may be used. It is
much lower for the latter (4.5 eV), and it is indeed the occu-
pation found by the method of fractional occupation num-
bers (FON).[10]


From these results it is evident that the most appropriate
reference system is constructed by averaging nuclear charges
(M= Ē, ZĒ = (mZA +nZB)/(n+m)) and determining the en-
ergetically best occupation of molecular orbitals by using
the FON method.[10] Nevertheless, for less critical cases,
qualitative results often are obtained correctly also when
using M=A or M=B as reference, as in the previous
study[2] and in the following example.


Complex [Ru3Rh(CO)13]
� ,[11] Figure 3, is an experimental-


ly synthesized comparably small system that contains two
neighboring transition-metal-atom types. The authors pro-
posed that Rh occupies position 1, because of the symmetry
of the cluster core and due to arguments of local electron
counting. The first-order perturbational method was applied
by using [Ru4(CO)13]


� , [Rh4(CO)13]
� , and a system with


averaged nuclear charge [Ē4(CO)13]
� with ZĒ =44.25 as ref-


erence systems; for Ē the orbital basis of Rh was used. The
resulting quantities vi [Eq. (3)] for the four positions by
using the three different reference systems are also shown in
Figure 3. The assignment proposed previously[11] is con-
firmed independent of the reference system used. In all
cases v1 is clearly negative, whereas v2–4 exhibit positive
values that are very similar for these three positions, as the
system is of slightly disturbed C3v symmetry. To determine
the quality of the different reference systems, we compare
the first-order estimation, v2�v1, and Eswap(1,2)/DZ
(=1.75 V), that is, the energy difference (from single-point
calculations) between the distribution proposed in refer-
ence [11] and a system in which Rh occupies position 2 in-
stead of position 1. We observe increasing errors of the esti-
mation with increasing difference in electron numbers (and
electronic situation) between the original system and the ho-
mogenized reference case. Agreement is excellent for M=


Ē, v2�v1�1.8 V, worse for M=Ru (Rh) differing by one
(three) electrons from the reference; v2�v1�1.25 (0.75 V)


for these cases. Thus, for the following we only discuss re-
sults obtained by the reference system that has the same
number of electrons as the original one.


Application to a large system : For the cluster shown in
Figure 4, [Ag26In18S36Cl6(H2PCH2PH2)10]


2+ , the assignment
of Ag and In to atomic sites was not possible solely on the
basis of X-ray data.[1] In fact, the assignment proposed by
the authors was achieved by a combination of X-ray data,
quantum-chemical calculations, and chemical intuition or ex-
perience. First of all, the number of In/Ag atoms had been
determined from the total mass of the cluster (under the as-
sumption that the types and numbers of nonmetal atoms
were correct). This means, one has to find the correct distri-
bution among 497 420 possibilities to distribute 13 Ag atoms
and 9 In atoms to 22 sites (the other 22 position are deter-
mined by the Ci symmetry of the cluster). In reference [1]
this problem was solved by reducing the number of possibili-
ties dramatically by using arguments from chemical experi-
ence and many test calculations, finally leading to eight pos-
sible candidates. In a computationally demanding study,
structure parameters were optimized for these isomers, for
the two of lowest energy a comparison of calculated and
measured distances finally lead to the proposed assignment.


We applied the first-order approach using
[Ē44S36Cl6(H2PCH2PH2)10]


2+ (ZĒ =47.818) as the homogen-
ized reference system. For Ē the orbital basis of Cd was


Figure 3. Molecular structure of [Ru3Rh(CO)]� (distances in ring 2–3–4:
286–289 pm, remaining edges: 273–276 pm) and electrostatic potentials vi


at positions 1–4 for different homogenized reference systems (see text).
Ē denotes a nucleus carrying 44.25 elementary charges, the weighted
average of Ru and Rh. At the right hand side, the difference of single-
point energies for interchanging assignment for positions 1 and 2,
Eswap(1,2), divided by DZ is plotted to be compared with v2�v1.
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used, as nuclear charges of Ē and Cd are most similar
(ZCd =48). Moreover, we employed a second reference
system. As not only Ag and In are of similar atomic num-
bers, but also P, S, and Cl, we used as reference
[Ē44Ū42(H2ŪCH2ŪH2)10]


2+ (ZŪ =15.774). In the middle part
of Figure 4, the values for vi at the 22 symmetry-distinct Ag/
In positions are shown for both reference systems; in addi-
tion, in the lower part of the figure the values for vi at the
31 symmetry distinct P/S/Cl positions are presented for the


second reference system. For both reference systems the as-
signment due to the first-order estimation, done with com-
parably small computational effort (less than 1 % of that in
reference [1]), and, in particular for the second reference
system, without any assumptions from chemical intuition, is
in line with that proposed in reference [1]. If In is assigned
to the nine positions with lowest vi (and to the symmetry
images of these positions) and Ag to the remaining ones,
one obtains the same assignment for In/Ag as in refer-
ence [1]. This is also true for the assignment of P/S/Cl. If we
occupy the three positions with lowest vi (and the three sym-
metry images) with Cl atoms, the next (2� )18 sites with S,
and the remaining ones with P, we indeed get the assign-
ment postulated in reference [1]. Let us discuss some details
concerning the values of vi. For position 8 (middle part of
Figure 4), we observe a slightly negative value; despite this
fact we assigned Ag to this position, as all available In
atoms (their number is fixed due to the mass of the cluster)
were already distributed to sites showing lower vi. This as-
signment strictly speaking is not correct in the sense of
Equation (3). Probably the averaging of nuclear charges
lead to an electron density yielding slightly overestimated vi


for some of the sites binding to phosphine ligands (13–21),
which lifted the average value of V leading to a slight nega-
tive shift of vi for the other positions. Moreover the energet-
ic sequence of less stable interchanged systems derived from
the differences of the vi in the present approach is different
from that in reference [1]. This is not too surprising, as the
present treatment neglects not only electronic relaxation,
but also effects of geometry relaxation, which both were in-
cluded in the previous treatment.[1] As noted above, also the
occupation of the P/S/Cl sites is correctly predicted by the
first-order approach. One observes a large difference of vi


for the P sites on the one hand and for the S/Cl sites on the
other. Moreover, whereas the values for the P sites are
nearly identical, those for the S/Cl sites show a large scatter,
which may be rationalized as follows. The P sites always
have the same environment, they are bound to two H, one
C, and one Ē atom, but a great variety is observed for the
environments of the S sites, which may in a simplified way
be characterized by the number of neighboring atoms. This
is two for sites 51 and 55, four for 53 and 59, and three for
the others. We observe a (weak) correlation between con-
nectivity of S sites and values for vi at these sites. Positions
with two neighbors show low vi (within the S sites), such
with four neighbors high vi, those with three neighbors usu-
ally show values somewhere inbetween, but also values in
the range of the two- as well as in that of the fourfold coor-
dinated S sites. The three (Cl) sites with lowest vi, 63–65,
have only one neighboring atom. At this point we meet
chemical experience and intuition: in the present work Cl
was assigned to these three positions as they show lowest vi ;
in the previous treatment the same was done because of the
single coordination of these sites.


Figure 4. Molecular structure of [Ag26In18S36Cl6(H2PCH2PH2)10]
2+ (upper


part). Middle part: Electrostatic potentials vi at the 22 symmetry non-
redundant metal atom sites using [Ē44S36Cl6(H2PCH2PH2)10]


2+ and
[Ē44Ū42(H2ŪCH2ŪH2)10]


2+ as reference systems. Ē denotes a nucleus
with the weighted average of nuclear charges of In and Ag (47.818 ele-
mentary charges), Ū analogously one with that of P, S, and Cl (15.774 ele-
mentary charges). The labeling “In4–9” and so forth is that of refer-
ence [1]. Lower part: Electrostatic potentials vi at the 31 symmetry non-
redundant P/S/Cl sites as obtained for [Ē44Ū42(H2ŪCH2ŪH2)10]


2+ .
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Conclusion


We have presented an economic method to propose the as-
signment of atoms of similar atomic numbers to atomic sites
in experimentally synthesized and structurally characterized
molecules. As this method is based on perturbation theory,
the results are most reliable if the atomic numbers of the re-
spective atoms are not too different (this makes the method
an ideal complement to X-ray structure analysis) and if the
reference system is constructed by averaging nuclear charges
at atom positions of interest, so that the total number of
electrons and nuclear charges is the same as in the original
compound. Following this route reasonable proposals for
the distribution of atom types to atomic sites are possible
with comparatively low computational effort.
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C-Linked Disaccharide Analogue of the Thomsen–Friedenreich (T)-Epitope
a-O-Conjugated to l-Serine


Loay Awad, Jens Riedner, and Pierre Vogel*[a]


Introduction


The Thomsen–Friedenreich or T epitope (b-d-Galp-(1!3)-
a-d-GalNAcp)-a-O has been known for a long time as a
tumor-associated antigen.[1] The presence of T antigen
during an early fetal phase, its absence in noncarcinomatous
post-fetal tissues, and its association with carcinomas suggest
that T antigen is a stage-specific oncofetal carbohydrate anti-
gen. The T antigen is also related to blood group antigens.[2]


In epithelial cells, the T epitope is carried by mucin
(MUC1), which belongs to a family of highly glycosylated
proteins present on the apical surfaces of many epithelial
cells. On tumor cells MUC1 is post-translationally modified,
resulting in incomplete O-glycosylation and exposing the
T epitope.[3] Everyone has “preexisting” anticarcinoma anti-
T antibodies, induced predominantly by the intestinal flora,
while cellular immune responses to T epitopes are evoked
only by carcinomas and some lymphomas.[4] The T antigens
have been prepared and their immunogenicity in conjugate


vaccines has been confirmed.[4,5] The clustered antigen
motifs such as 1 a prepared by Danishefsky and co-workers[6]


have demonstrated the potential for antitumor vaccines[7]


based on T antigen conjugates.


Disaccharide conjugates are relatively short-lived in the
blood stream, because of their hydrolysis catalyzed by ubiq-
uitous glycosidases. Disaccharide mimetics such as C-linked
disaccharide analogues offer improved stability towards hy-
drolysis, as required for a disaccharide-based vaccine. In a
preliminary communication we proposed a first approach to


Abstract: Condensation of a silylated
b-d-galactopyranosylaldehyde (3) with
isolevoglucosenone (4) in the presence
of Et2AlI provided bicyclic enone 5.
Subsequent addition of BnNHOMe
gave adduct 6, which was converted
into 4-O-acetyl-1,6-anhydro-3-C-[(1 R)-
1,3,4,5,7-penta-O-acetyl-2,6-anhydro-d-
glycero-l-manno-heptitol-1-C-yl]-2-
azido-2,3-dideoxy-b-d-galacto-hexopy-
ranose after liberation of the 2-amino
group, its transformation into a 2-azido


moiety, desilylation, and peracetyla-
tion. Ring-opening of the 1,6-anhydro
galactopyranosyl unit and O-glycosida-
tion with Fmoc-Ser-O-tBu afforded a
5:1 mixture of a- and b-galactosides.
Treatment with CH3COSH gave pure


N-[(9H-fluoren-9-ylmethoxy)carbonyl]-
{4,6-di-O-acetyl-3-C-[(1 R)-2,6-anhydro
1,3,4,5,7-penta-O-acetyl-d-glycero-l-
manno-heptitol-1-C-yl]-2-[(N-acetyl)-
amino]-2,3-dideoxy-a-d-galactopyrano-
syl}-l-serine tert-butyl ester (2), a pro-
tected form of a C-disaccharide ana-
logue of the Thomsen–Friedenreich (or
T) epitope (b-d-Galp-(1!3)-a-d-Gal-
NAcp) a-O-conjugated to l-serine.
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the synthesis of a C-glycoside analogue of epitope T disac-
charide 1 b.[8] As the O-glycosidation of semiprotected forms
of l-serine with 1 b (and derivatives of 1 b) failed to generate
the desired a-galactopyranosides as required for T epitope,
we were forced to explore other synthetic routes.[9] We de-
scribe one of them here and show that the protected form
of a C-linked disaccharide analogue of T epitope has been
obtained. It was necessary to use a 2-azido-2-deoxygalacto-
pyranosyl intermediate for the a-galactosylation of l-serine,
and the construction of this has not been straightforward,
since the chemistry known for simpler galactosyl derivatives
and O-linked disaccharides did not apply to our C-linked
disaccharide analogues.[9] Our studies use enones 5, which
are obtained in good yield by the Oshima–Nozaki condensa-
tion[10] between the d-galactopyranosylcarbaldehyde 3 and
the readily available isolevoglucosenone (4) (Scheme 1).


Results and Discussion


For the synthesis of this compound, we envisaged the appli-
cation of the chemistry developed from isolevoglucosenone
(4) and aldehyde 3. Under our previous conditions[8]


(0.1 mmol of 3, �78 8C) the yield of the condensation[10] of
aldehyde 3 and isolevoglucosenone (4) had been 61 %. With
use of large amounts of 3 (10 mmol) and 4 (15 mmol), high
concentrations, and slow addition of Et2AlI at �90 8C, the
yield of isolated enone 5 climbed to 95 %(Scheme 1).


For the conjugate addition to enone 5, we chose hydroxyl-
amine derivatives as nitrogen nucleophiles. Because of the
a-effect, their nucleophilicities are much higher than those
of other amines.[11] Initially a Lewis acid such as Me2AlCl
was used to activate the enone, but unfortunately no reac-


tion occurred when MeONHBn was added to a mixture of 5
and Me2AlCl between �78 8C and 0 8C. In fact, we found
that use of a Lewis acid was not necessary for this addition.
The best results were obtained with use of no solvent and
no catalyst (Table 1).


MeONHBn and enone 5 give a 1:1 mixture of stereomeric
adducts 6 and 6’, which are isomerized during slow chroma-
tography on silica gel at room temperature. Thanks to this,
conditions were found under which adduct 6 could be ob-
tained pure in 82 % yield (Scheme 2).


When pure 6 was dissolved in THF with MeONHBn, a
mixture of 6 and 6’ was obtained upon standing at 25 8C for
2–3 h. Fast column chromatography on silica gave a first
fraction containing of mixture of 6 and 6’ (major), and a
second fraction of pure 6 (minor). Slow elution led to a
smaller fraction of 6 and 6’ and increased amounts of pure 6


(second fraction), indicating
that 6 and 6’ exist in equilibri-
um in the presence of an amine
and that the equilibrium shifts
in favor of 6 when the mixture
is adsorbed on silica gel. Slower
elution thus allows the conver-
sion of absorbed 6’ into absor-
bed 6, which is finally recov-
ered pure from the column.


It is proposed that the mech-
anism of the isomerization 6Q6’
involves reversible E1cb-like
eliminations (6Q5+MeONHBn
and 6’Q5+MeONHBn), both
catalyzed by MeONHBn.


In a preliminary work[8] we showed that treatment of iso-
levoglucosenone (4) with Me2AlNBn2 gave an aluminum
enolate that could be treated directly with sugar-derived al-
dehydes to give the corresponding 2-amino-2-deoxy-3-C-
linked disaccharide derivatives in a one-pot fashion. We


Scheme 1. Synthesis of C(1!3)-disaccharide precursors.


Table 1. Conjugate addition of methoxybenzylamine to enone 5.


Entry Catalyst Solvent T [8C] Yield [%]


1 Me2AlCl CH2Cl2 �78!0 no reaction
2 Me2AlCl CH2Cl2 25 20
3 – CH2Cl2 25 18
4 – no solvent 25 82


Scheme 2. Reversible addition of methoxybenzylamine to enone 5.
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thus attempted to obtain 6 in a similar way by treatment of
isolevoglucosenone (4) with Me2AlN(OMe)Bn, followed by
addition of aldehyde 3. From related Oshima–Nozaki reac-
tions with 4, we expected (Zimmerman–Traxler[12] steric fac-
tors) that the double adduct preferred under kinetic control
conditions should be 6 (Scheme 3). After several unfruitful


assays we found that the reaction between 4 and Me2AlN-
(OMe)Bn in THF at �78 8C gave the expected enolate 4 a.
After the addition of 3 to this solution, a slow reaction oc-
curred at �78 8C. Subsequent aqueous workup and purifica-
tion by chromatography on silica gel gave 6 in only 19 %
yield (Scheme 3). Attempts to run the reaction at higher
temperatures and/or for longer times led to decomposition
only.


Reduction of ketone 6 with LiBH4 furnished diol 7 in
90 % yield; hydride addition to the exo face of the bicyclo-
[3.2.1]octanone system is preferred for steric reasons. Treat-
ment of 7 with Bu4NF (TBAF) in THF (20 8C, 3 h) and then
with Ac2O/pyridine and a catalytic amount of 4-dimethyl-
aminopyridine (DMAP) provided peracetate 8 quantitative-
ly (Scheme 4).


Ring-opening of the 1,6-anhydrogalactose moiety of 8
with ZnI2 in CH2Cl2 required suitable conditions that would
avoid the easy formation of furanoside rather than pyrano-
side derivatives.[13] The crude product obtained was there-
fore not isolated but was immediately desilylated (TBAF,
THF) and peracetylated under standard conditions to pro-
duce thiogalactoside 9 in 93 % yield (Scheme 4). Glycosida-
tion of Fmoc-Ser-OBn with 9 under the conditions of Ima-
mura et al.[14] led exclusively to the b-d-galactoside 10 (92 %
yield). The structure of 10 b was deduced from its 1H NMR
spectrum, which showed 3J(H-1, H-2)= 7.4 Hz, and 3J(H-
2,H-3) =12.3 Hz. Thus, participation of the 2-(N-benzyl-N-
methoxy)amino group cannot be avoided (Scheme 4; forma-
tion of intermediate 10 b).


It was thought that it may be the bulk of the 2-BnNOMe
substituent that does not allow a-glycosidations, so a non-
bulky and nonparticipating group that was readily convert-
ible into a 2-acetamido moiety was desired at C-2. Inspired
by the work of Wong and co-workers,[15] we converted the
N-benzyl-N-methoxyamino group of 7 into the correspond-
ing primary amine 11 under Birch�s conditions[16] with subse-
quent catalytic (Pd/C, H2) hydrogenation (Scheme 5).[17] The
obtained amine 11 was not isolated but was directly treated
with trifluoromethanesulfonyl azide, cupric sulfate, and tri-
ethylamine in a H2O/MeOH/CH2Cl2 mixture. Azide 12 was
thus obtained in 81 % yield (based on 7). Smooth ring-open-
ing of the 1,6-anhydrogalactose moiety of 12 involved initial
peracetylation (Ac2O/pyridine/DMAP) and then treatment
with Me3SiOSO2CF3 in Ac2O to give 14 in 98 % yield. Con-
version of galactosyl acetate 14 into the corresponding bro-
mide 15 (92%) was done with TiBr4 in CH2Cl2 (20 8C, 12 h).


Kçnigs–Knorr glycosidation
(AgClO4/CH2Cl2, 2,4,6-colli-
dine, 4 � molecular sieves)[18]


of N-Fmoc-serine tert-butyl
ester gave a 5:1 mixture of a-
(16 a) and b-galactoside (16 b)
in 93 % yield. Flash chromatog-
raphy provided pure 16 a. The
preferred formation of the a-
galactoside is ascribed to a ki-
netic anomeric effect (no par-
ticipating group at C-2;
Scheme 5).[19]


Treatment of 16 a with eth-
anethioic acid, collidine, and
Ac2O


[20] furnished 2—a protect-
ed form of a C-linked analogue
of epitope T a-O-conjugated to
l-serine—in 89 % yield. This
form should be suitable for the
construction of clusters through
peptide synthesis and further
conjugation to immunogenic
proteins, as demonstrated by
Danishefsky and co-workers[6]


for an O-linked analogue of 2


Scheme 3. One-pot double addition.


Scheme 4. b-O-Galactosidation: participation by the 2-methoxy (benzyl)-amino group.
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that was converted into cluster 1. We have verified that the
disaccharide 2 protected as a peracetate can be deprotected.
When 2 was treated with morpholine in DMF, followed by
MeONa/MeOH, disaccharide 17 was obtained in 52 % yield
after HPLC purification.


Conclusion


The C-linked disaccharide a-O-conjugated with l-serine
(16 a) mimicking epitope T has been obtained for the first
time. The method relies on the Oshima–Nozaki condensa-
tion of silylated b-d-galactopyranosylcarbaldehyde deriva-
tive 3 with isolevoglucosenone (4) to give enone 5. Stereose-
lective 1,4-addition of MeONHBn to enone 5 generated a
1,6-anhydro-2-(N-benzyl-N-methyl)-2-deoxygalactose inter-
mediate 6, which was converted into the corresponding per-
acetylated b-galactosyl-b(1-CH(OH)-3)-2-azido-2-deoxyga-
lactopyranosyl bromide 15. Kçnigs–Knorr glycosidation of
Fmoc-Ser-O-tBu with 15 afforded a 5:1 mixture of a- and b-
galactosides. The a-galactoside 16 a can be obtained pure
and can be converted into 2. The mimic of epitope T thus
obtained is protected in a form suitable for clustering and
further conjugation.


Experimental Section


General remarks : Reagents were purchased from Acros, Fluka, Senn, Al-
drich, or Merck and were used without further purification. All solvents
for extraction and chromatography were distilled prior to use. Anhydrous


THF, Et2O, and toluene were distilled
from sodium benzophenone, CH2Cl2


from CaH2, and methanol from mag-
nesium. Reactions were monitored by
TLC (Merck Kieselgel 60F 254 silica
gel plates; detection with UV
(254 nm) light or molybdate reagent
(21 g of (NH4)6Mo7O24·4H2O, 1 g
Ce(SO4)2, 31 mL H2SO4, and 470 mL
H2O). Flash chromatography (FC) was
performed over 230–400 mesh silica
gel (Merck No. 9385). Melting points
were measured with a Mettler FP52
instrument and were uncorrected. Op-
tical rotations were measured with a
JASCO DIP-370 digital polarimeter.
UV spectra were recorded on a Kon-
tron Uvikon 810 CW spectrophotome-
ter. IR spectra were recorded on
Perkin–Elmer Paragon 1000 FT-IR
spectrometer. Mass spectra were re-
corded on a Nermag R 10–10 C instru-
ment in chemical ionization mode.
Electron spray mass analyses were re-
corded on a Finnigan MAT SSQ 710C
spectrometer in positive ionization
mode. 1H NMR spectra were recorded
on Bruker DPX 400 FT, Bruker
ARX 400 FT, or AMX 600 spectrome-
ters; all 1H signal assignments were
confirmed by COSY spectra. 13C
NMR spectra were recorded on


Bruker DPX 400 FT (100.61 MHz) or Bruker ARX 400 FT (100.61 MHz)
machines; all 13C signal assignments were confirmed by HMQC spectra.
Chemical shifts are in ppm, relative to internal standards, such as residual
signals of solvents, and coupling constants are in Hertz. High-resolution
FAB mass spectra were recorded on a FAB-LSIMS device (Uniservidad
de Sevilla, Spain). Microanalyses were performed by the Ilse Beetz Labo-
ratory, Kronach (Germany).


1,6-Anhydro-3-{(1R)-2,6-anhydro-3,4,5,7-tetrakis-O-[(tert-butyl)dimeth-
ylsilyl]-d-glycero-l-manno-heptitol-1-C-yl}-2,3-dideoxy-b-d-glycero-hex-
2-enopyran-4-ulose (5): A solution of Et2AlI (1 m in toluene, 12 mL,
12.0 mmol) was added dropwise at �78 8C to a mixture of aldehyde 3
(6.0 g, 9.4 mmol) and 4 (2.0 g, 15.9 mmol) in CH2Cl2 (100 mL). The so-
lution was stirred at this temperature for 2 h and was diluted with Et2O
(500 mL). Aqueous HCl (2 m, 50 mL) was added, and the aqueous phase
was extracted with Et2O (2 � 200 mL). The combined organic phases were
washed sequentially with aqueous HCl (2 m, 50 mL), H2O (50 mL), and
brine (50 mL), dried (MgSO4), and concentrated. FC (light petroleum
ether/EtOAc 9:1) afforded 5 (6.89 g, 96%) as a colorless oil; Rf =0.37
(petroleum ether (PE)/diethyl ether 4:1); [a]25


D =++79 (c=0.243 in
CHCl3); 1H NMR (400 MHz, CDCl3): d=7.39 (dd, 3J(H�C(1),H�C(2))=


3.5, 4J(H�C(2),H�C(1’))=1.0 Hz; H�C(2)), 5.83 (d, 3J(H-1,H�C(2))=


3.5 Hz; H�C(1)), 4.75 (dd, 3J(H�C(5),H�C(6))=6.4, 3J(H�C(5),H�
C(6)) =1.3 Hz; H�C(5)), 4.45 (dd, 3J(H�C(3’),H�C(4’))=8.6, 3J(H�
C(2’),H�C(3’)) =7.0 Hz; H�C(3’)), 4.26 (d, 2J=12.4 Hz; Ha�C(7’)), 4.23
(ddd, 3J(H�C(1’),H�C(2’))=7.0, 3J(H�C(1’),OH�C(1’))=6.7, 4J(H�
C(2),H�C(1’))=1.0 Hz; H�C(1’)), 4.06 (dd, 2J =8.3, 3J(H�C(5),Hexo�
C(6)) =6.4 Hz; Hexo-6), 3.99 (d, 3J(H�C(3’),H�C(4’))=8.6 Hz; H�C(4’)),
3.96 (d, 3J(H�C(5’),H�C(6’))=4.1 Hz; H�C(5’)), 3.91 (t, 3J(H�C(1’),H�
C(2’))= 3J(H-2’, H-3’)= 7.0 Hz; H�C(2’)), 3.80 (dd, 3J(H�C(5’),H�
C(6’))=4.1, 3J(H�C(6’),Hb-(7’))=1.9 Hz; H�C(6’)), 3.75 (dd, 2J =12.7,
3J(H�C(6’),Hb�C(7’))=1.9 Hz; Hb-(7’)), 3.65 (dd, 2J=8.3, 3J(H�
C(5),Hendo�C(6))= 1.3 Hz; Hendo�C(6)), 2.94 (d, 3J(H�C(1’),OH�C(1’)=


6.7 Hz; OH�C(1’)), 0.94, 0.93, 0.90, 0.90 (4 � s, 4 � 9H; 4� tBu), 0.14, 0.12,
0.10, 0.09, 0.08, 0.07, 0.06, 0.05 ppm (8 � s, 8 � 3 H; 8� SiCH3); 13C NMR
(100.6 MHz, CDCl3): d=194.5 (s; C(4)), 143.6 (d, 1J(C,H)=165 Hz;
C(2)), 137.0 (s; C(3)), 96.9 (d, 1J(C,H)=177 Hz; C(1)), 79.7 (d, 1J(C,H)=


141 Hz; C(2’)), 79.1 (d, 1J(C,H)= 160 Hz; C(5)), 73.1 (d, 1J(C,H)=


Scheme 5. Synthesis of C-linked disaccharide a-O-conjugated to l-serine.
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143 Hz; C(6’)), 70.5 (d, 1J(C,H)=144 Hz; C(5’)), 67.3 (d, 1J(C,H)=


142 Hz; C(3’)), 67.1 (d, 1J(C,H)=147 Hz; C(1’)), 66.9 (d, 1J(C,H)=


138 Hz; C(4’)), 62.3 (t, 1J(C,H)=154 Hz; C(6)), 58.2 (t, 1J(C,H) =142 Hz;
C(7’)), 25.9, 25.89, 25.85, 25.7 (4 � q, 1J(C,H)=125 Hz; (CH3)3CSi), 18.2,
18.1, 17.9, 17.0 (4 � s; (CH3)3CSi), �4.4, �4.6, �4.7, �4.9, �5.0, �5.1,
�5.3, �5.5 ppm (8 � q, 1J(C,H)=118 Hz; CH3Si); HRMS (MALDI-TOF):
m/z : calcd for C37H74O9Si4Na+ : 797.4307; found: 797.4310; elemental
analysis calcd (%) for C37H74O9Si4 (775.32): C 57.32, H 9.62; found: C
57.24, H 9.56.


1,6-Anhydro-3-{(1R)-2,6-anhydro-3,4,5,7-tetrakis-O-[(tert-butyl)dimeth-
ylsilyl]-d-glycero-l-manno-heptitol-1-C-yl}-2-[(N-benzyl-N-methoxy)ami-
no]-2,3-dideoxy-b-d-xylo-hexopyran-4-ulose (6): A solution of 5 (200 mg,
0.258 mmol) in CH2Cl2 (1 mL) was stirred at RT, and BnNHOMe
(120 mg, 0.876 mmol) was added. The mixture was allowed to stir at am-
bient temperature for 12 h. Slow chromatography on silica gel (light pe-
troleum ether/diethyl ether 9:1) afforded 6 (193 mg, 82%) as a colorless
oil; Rf =0.61 (PE/diethyl ether 4:1); [a]25


D =�1.7 (c= 0.40 in CHCl3); 1H
NMR (400 MHz, CDCl3): d=7.46–7.43 (m, 2 H; ArH), 7.38–7.26 (m, 3 H;
ArH), 6.07 (s; H�C(1)), 4.50 (dd, 3J(H-5,Hexo�C(6)) =5.8, 3J(H-5,Hendo�
C(6)) =0.9 Hz; H-5), 4.27 (dd, 3J(H�C(1’),H�C(2’))=6.6, 3J(H�C(1’),H�
C(3)) =2.6 Hz; H�C(1’)), 4.23 (d, 2J =13.0 Hz; Ha�C(NCH2Ph)), 4.19–
4.10(m, 3H; H�C(6’), Ha�C(7’), H�C(5’)), 3.95 (d, 3J(H�C(3’),H�
C(4’))=4.2 Hz; H�C(3’)), 3.87 (d, 2J=13.0 Hz; Hb�C(NCH2Ph)), 3.84 (d,
2J=7.6 Hz; Hendo�C(6)), 3.85–3.80 (m, 2 H; H�C(4’), H�C(2’)), 3.74 (dd,
2J=7.6, 3J(Hexo�C(6),H�C(5)) =5.8 Hz; Hexo�C(6)), 3.70 (dd, 2J =12.9,
3J(Hb�C(7’),H�C(6’))=1.2 Hz; Hb�C(7’)), 3.45 (d, 3J(H�C(2),H�C(3))=


9.83 Hz; H�C(2)), 3.25 (m, 4 H; H�C(3),3H�C(OCH3)), 0.96, 0.93, 0.92,
0.87 (4 � s, 36H; 36� H�C(SiC(CH3)3)), 0.14, 0.13, 0.13, 0.12, 0.11, 0.10,
0.10, 0.09 ppm (8 � s, 24 H; 24� H�C(SiCH3)); 13C NMR (100.6 MHz,
CDCl3): d=214.0 (s; C(4)), 137.0 (s; C(arom)), 129.8 (d, 1J(C,H)=


159 Hz; C(arom)), 128.1 (d, 1J(C,H)=156 Hz; C(arom)), 127.3 (d,
1J(C,H)=159 Hz; C(arom)), 100.3 (d, 1J(C,H)=179 Hz; C(1)), 79.5 (d,
1J(C,H)=146 Hz; C(2’)), 78.4 (d, 1J(C,H)=159 Hz; C(5)), 73.3 (d,
1J(C,H)=154, C4’), 70.2 (d, 1J(C,H)=141 Hz; C(3’)), 67.4 (d, 1J(C,H)=


144 Hz; C(1’)), 70.4 (d, 1J(C,H)= 146 Hz; C(5’)), 67.0 (t, 1J(C,H)=


154 Hz; C(6)), 66.7 (d, 1J(C,H) =147 Hz; C(6’)), 64.9 (d, 1J(C,H)=


126 Hz; C(2)), 62.0 (q, 1J(C,H) =125 Hz; C(OCH3)), 58.5 (t, 1J(C,H)=


143 Hz; C(7’)), 46.3 (d, 1J(C,H)=143 Hz; C(3)), 25.9, 25.89, 25.85, 25.7
(4 � q, 1J(C,H)=125 Hz; (CH3)3CSi), 18.2, 18.1, 17.9, 17.0 (4 � s;
(CH3)3CSi), �4.4, �4.6, �4.7, �4.9, �5.0, �5.1, �5.3, �5.5 ppm (8 � q,
1J(C,H)=118 Hz, CH3Si); IR (film): ñ=3550, 2954, 2857, 1718, 1471,
1263, 1129, 880, 777, 741 cm�1; HRMS (MALDI-TOF): m/z : calcd for
C45H85NO10Si4Na+ : 934.5148; found: 934.5134; elemental analysis calcd
(%) for C45H85NO10Si4 (912.50): C 59.23, H 9.39, N 1.53; found: C 59.33,
H 9.33, N 1.55.


1,6-Anhydro-3-{(1R)-2,6-anhydro-3,4,5,7-tetra-O-[(tert-butyl)dimethylsil-
yl]-d-glycero-l-manno-heptitol-1-C-yl}-2-[(N-benzyl-N-methoxy)amino]-
2,3-dideoxy-b-d-galacto-hexopyranose (7): A solution of LiBH4 in THF
(7.0 mL, 14.0 mmol) was added dropwise at �78 8C to a solution of 6
(3.50 mg, 3.84 mmol) in THF (50 mL). The mixture was stirred at �78 8C
to 15 8C for 4 h. An aqueous NH4Cl solution (25 mL) was added. The re-
action mixture was warmed to 20 8C. An aqueous solution of sodium po-
tassium tartrate (25 mL) was added. The aqueous phase was extracted
with CH2Cl2 (100 mL; three times). The combined organic phases were
dried and concentrated in vacuo. FC (4:1, light petroleum ether/Et2O)
gave 7 (3.22 g, 92%) as a colorless oil; Rf = 0.32 (PE/diethyl ether 7:3);
[a]25


D =++26 (c =0.275 in CHCl3); 1H NMR (400 MHz, CDCl3): d=7.45–
7.39 (m, 2 H; ArH); 7.38–7.27 (m, 3 H; ArH), 5.84 (s; H�C(1)), 4.84 (m;
H�C(4)), 4.54 (dd, 3J(H-5,H�C(4))=7.0, 3J(H�C(5),Hexo�C(6)) =5.4 Hz;
H�C(5)), 4.43 (dd, 2J =11.5, 3J(Ha�C(7’),H�C(6’))=9.9 Hz; Ha�C(7’)),
4.37–4.30 (m, 2H; Hendo�C(6), H�C(1’)), 4.27 (dd, 3J(H�C(5’),H�C(6’))=


6.4, 3J(H�C(5’),HC-(4’))=2.6 Hz; H�C(5’)), 4.13 (d, 3J(H�C(2’),H-(1’))=


9.3 Hz; H�C(2’)), 3.64 (d, 2J=13.1 Hz; Ha�C(NCH2Ph)), 3.98–3.89 (m,
3H; H�C(3’), H�C(6’), Hb�C(NCH2Ph)), 3.72 (dd, 3J(H�C(4’),H�
C(3’))=3.5, 3J(H�C(4’),H�C(5’)) =2.6 Hz; H�C(4’)), 3.80 (dd, 2J =11.5,
3J(Hb�C(7’),H�C(6’))=1.9 Hz; Hb�C(7’)), 3.51 (dd, 2J=7.4, 3J(H-5,Hexo�
C(6)) =5.4 Hz; Hexo�C(6)), 3.3 (s, 3H; H�C(OCH3)), 4.24 (d, 3J(H�
C(2),H�C(3))=9.6 Hz; H�C(2)), 2.64 (ddd, 3J(H-3,H-2)=9.6, 3J(H-3,H-
4)=6.7, 3J(H�C(3), H�C(1’))= 2.6 Hz; H�C(3)), 0.98, 0.95, 0.94, 0.93 (4 �


s, 36 H; 36� H�C(SiC(CH3)3)), 0.16, 0.15, 0.14, 0.13, 0.120, 0.12, 0.11,
0.10 ppm (8 � s, 24H; 24 � H�C(SiCH3)); 13C NMR (100.6 MHz, CDCl3):
d=137.6 (s; C(arom)), 129.6 (d, 1J(C,H)=159 Hz; C(arom)), 128.3 (d,
1J(C,H)=156 Hz; C(arom)), 127.3 (d, 1J(C,H)=156 Hz; C(arom)), 99.6
(d, 1J(C,H)= 179 Hz; C(1)), 79.1 (d, 1J(C,H) =147 Hz; C(6’)), 73.6 (d,
1J(C,H)=159 Hz; C(5)), 73.4 (d, 1J(C,H)= 154 Hz; C4’), 70.7 (d,
1J(C,H)=141 Hz; C(3’)), 69.0 (d, 1J(C,H)= 144 Hz; C(1’)), 67.4 (d,
1J(C,H)=146 Hz; C(2’)), 67.3 (d, 1J(C,H)=146 Hz; C(5’)), 66.3 (t,
1J(C,H)=144 Hz; C(4)), 64.2 (d, 1J(C,H)=143 Hz; C(2)), 61.6 (t,
1J(C,H)=154 Hz; C(6)), 61.6 (q, 1J(C,H) =122 Hz; C(OCH3)), 58.5 (t,
1J(C,H)=143 Hz; C(7’)), 58.5 (t, 1J(C,H)=145 Hz; C(NCH2Ph)), 34.9 (d,
1J(C,H)=126 Hz; C(3)), 26.0, 25.9, 25.8, 25.7(4�q, 1J(C,H) =125 Hz;
(CH3)3CSi), 18.3, 18.0, 17.9, 17.8 (4 � s; (CH3)3CSi), �4.4, �4.6, �4.8,
�4.9, �5.0, �5.1, �5.3, �5.5 ppm (8 � q, 1J(C,H) =118 Hz; CH3Si); IR
(film): ñ=3477, 2953, 2856, 1714, 1633, 1471, 1256, 1099, 836, 778,
739 cm�1; HRMS (MALDI-TOF): m/z : calcd for C45H87NO10Si4Na+ :
936.5304; found: 936.5304; elemental analysis calcd for C45H87NO10Si4


(914.52): C 59.10, H 9.59, N 1.53; found: C 59.15, H 9.50, N 1.62.


4-O-Acetyl-1,6-anhydro-3-{(1R)-1,3,4,5,7-penta-O-acetyl-2,6-anhydro-d-
glycero-l-manno-heptitol-1-C-yl}-2-[(N-benzyl-N-methoxy)amino]-2,3-di-
deoxy-b-d-galacto-hexopyranose (8): Compound 7 (1.12 g, 1.22 mmol)
was dissolved in THF (3 mL), a solution of TBAF in THF (8 mL g,
9.76 mmol) was added, and the resulting solution was stirred for 3 h at
20 8C. The mixture was evaporated to dryness, and the residue was then
dissolved in pyridine (5 mL). A catalytic amount of DMAP was added,
followed by acetic anhydride (3 mL), and the solution was stirred for 2
days at 20 8C. MeOH (5 mL) was added, and the mixture was evaporated
to dryness and then dissolved in EtOAc (25 mL). The solution was
quenched with aqueous HCl (10 mL), washed with a sat. aqueous so-
lution of NaHCO3 (5 mL), water, and brine, and dried (MgSO4). Evapo-
ration of the filtrate and FC gave 8 (870 mg, 100 %) as a colorless oil;
Rf = 0.6 (PE/EtOAc 1:1); [a]25


589 =++73 (c =0.183 in CHCl3); 1H NMR
(400 MHz, CDCl3): d=7.47–7.42 (m, 2 H; H�C(arom)), 7.33–7.22 (m,
6H; H�C(arom)), 5.87–5.77 (m, 3H; H�C(1’), H�C(1), H�C(4)), 5.33
(dd, 3J(H�C(6’),H�C(5’))= 6.2, 3J(H�C(6’),Ha�C(7’))=3.1 Hz; H�C(6’)),
5.25 (dd, 3J(H�C(3’),H�C(4’))=4.0, 3J(H�C(3’),H�C(2’))=3.7 Hz; H�
C(3’)), 4.84 (dd, 3J(H�C(4’),H�C(3’)) =4.0, 3J(H�C(4’),H�C(5’))=


1.2 Hz; H�C(4’)), 4.72 (dd, 3J(H�C(5),H�C(4))=7.7, 3J(H�C(5),Hexo�
C(6)) =4.6 Hz; H�C(5)), 4.68 (d, 2J =12.9 Hz; Ha�C(7’)), 4.29–4.20 (m,
3H; Hb�C(7’), H�C(2’), H�C(5’)), 4.02 (d, 2J=12.9 Hz; Ha�C(NCH2Ph);
3.95 (d, 2J =7.4 Hz; Hendo�C(6)), 3.79 (d, 2J= 12.9 Hz; Hb�C(NCH2Ph);
3.42 (dd, 2J =7.4, 3J(Hexo�C(6),H�C(5)) =4.6 Hz; Hexo�C(6)), 3.20 (s, 3 H;
H�C(OCH3)), 2.72 (m; H�C(2)), 5.31 (ddd, 3J(H�C(3),H�C(2))=10.8,
3J(H�C(3),H�C(4))=5.5, 3J(H�C(3),H�C(1’))=2.6 Hz; H�C(3)), 2.13–
1.87 ppm (6 � s, 18 H; H�C(CH3COO)); 13C NMR (100.6 MHz, CDCl3):
d=170.7, 170.1, 169.8, 169.4, 169.2, 168.8 (6 � s; C(CH3COO)), 137.3 (s;
C(arom)), 129.9 (d, 1J(C,H)=159 Hz; C(arom)), 128.0 (d, 1J(C,H)=


156 Hz; C(arom)), 127.2 (d, 1J(C,H) =156 Hz; C(arom)), 99.3 (d,
1J(C,H)=179 Hz; C(1)), 71.9 (d, 1J(C,H) =159 Hz; C(5)), 71.7 (d,
1J(C,H)=146 Hz; C(2’)), 67.3 (d, 1J(C,H)= 144 Hz; C(1’)), 67.1 (d,
1J(C,H)=154 Hz; C(4’)), 66.6 (d, 1J(C,H)= 141 Hz; C(3’)), 66.3 (d,
1J(C,H)=144 Hz; C(4)), 65.5 (d, 1J(C,H)=147 Hz; C(6’)), 65.4 (d,
1J(C,H)=146 Hz; C(5’)), 64.5 (d, 1J(C,H)= 143 Hz; C(2)), 62.6 (t,
1J(C,H)=154 Hz; C(6)), 62.3 (q, 1J(C,H)=122 Hz; OCH3), 59.2 (t, 1J-
(C,H)=143 Hz; C(7’)), 59.2 (t, 1J(C,H)= 145 Hz; C(NCH2Ph)), 33.0 (d,
1J(C,H)=126 Hz; C(3)), 21.0–20.5 ppm (6 � q, 1J(C,H) =130 Hz; H�C-
(CH3COO)); IR (film): ñ=2058, 2983, 2897, 1751, 1665, 1431, 1370, 735,
701 cm�1; HRMS (MALDI-TOF): calcd for C33H43NO16Na+ : 732.2479;
found: 732.2469.


4,6-Di-O-acetyl-3-C-[(1R)-2,6-anhydro-1,3,4,5,7-penta-O-acetyl-d-glyc-
ero-l-manno-heptitol-1-C-yl]-2-[(N-benzyl-N-methoxy)amino]-2,3-di-
deoxy-b-d-galacto-hexopyranosyl phenylsulfide (9 b): A mixture of 8
(0.316 g, 0.450 mmol), (phenylthio)trimethylsilane (0.254 mL,
1.345 mmol), and ZnI2 (0.42 g, 1.333 mmol) in dry CH2Cl2 (7 mL) was
stirred at 20 8C for 2 h. The mixture was diluted with CH2Cl2 (50 mL) and
washed successively with sat. aqueous NaHCO3 (30 mL), water (20 mL,
three times), and brine (20 mL), dried (MgSO4), and evaporated. The
residue was dissolved in THF (10 mL), TBAF (0.450 mL, 0.450 mmol)
was added, and the mixture was stirred at 20 8C for 1 h. The solvent was
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evaporated, the residue was dissolved in pyridine (10 mL), and then
DMAP (40 mg) and Ac2O (4 mL) were added. The mixture was stirred
at 20 8C for 18 h. The solvent was evaporated, and FC gave 9b (370 mg,
96%) as a colorless oil; Rf =0.64 (PE/EtOAc 1:1); [a]25


D =++24 (c =0.206
in CHCl3); 1H NMR (400 MHz, CDCl3; data for the b anomer): d=7.65–
7.55 (m, 4H; H�C(arom)), 7.35–7.25 (m, 6H; H�C(arom)), 6.10 (dd,
3J(H�C(1’),H�C(3))=9.9, 3J(H�C(1’),H�C(2’))=1.5 Hz; H�C(1’)), 5.61
(s; H�C(4)), 6.34 (d, 3J(H�C(1),H�C(2))=8.6 Hz; H�C(1)), 5.31 (dd,
3J(H�C(5’),H�C(6’))=6.5, 3J(H�C(5’),H�C(4’))=3.1 Hz; H�C(5’)),
5.173 (t, 3J(H�C(4’),H�C(3’))=3.4 Hz; H�C(4’)), 4.86 (d, 3J(H�C(3’),H�
C(4’))=3.4 Hz; H�C(3’)), 4.75 (dd, 2J =12.9, 3J(Ha�C(7’),H�C(6’))=


9.9 Hz; Ha�C(7’)), 4.59 (d, 2J =12.6 Hz; Ha�C(NCH2Ph)), 4.50 (d, 3J(H�
C(2’),H�C(1’)) =10.2 Hz; H�C(2’)), 4.38 (dd, 2J=12.9, 3J(Ha�C(7’),H�
C(6’))=1.8 Hz; Hb�C(7’)), 4.30–4.18 (m, 2 H; Hendo�C(6), H�C(6’)), 4.08
(dd, 2J= 11.4, 3J(Hexo�C(6),H�C(5)) =7.4 Hz; Hexo�C(6)), 3.90 (t, 3J(H�
C(5),Hexo�C(6))=6.8 Hz; H�C(5)), 3.75 (d, 2J =12.6 Hz; Ha�C-
(NCH2Ph)), 3.11–3.08 (m, 4H; H�C(OCH3), H�C(2)), 2.57 (d, 3J(H�
C(3),H�C(2))=12.3 Hz; H�C(3)), 2.27–1.83 ppm (7 � s, 21H; CH3COO);
13C NMR (100.6 MHz, CDCl3; data for the b anomer): d=170.6, 170.5,
170.3, 169.8, 169.6, 169.1, 169.0 (7 � s; �COO), 138.7 (s; C(arom)), 134.0
(s; C(arom)), 131.9 (d, 1J(C,H)=162 Hz; C(arom)), 130.0 (d, 1J(C,H)=


158 Hz; C(arom)), 128.7 (d, 1J(C,H)=159 Hz; C(arom)), 128.0 (d,
1J(C,H)=159 Hz; C(arom)), 127.4 (d, 1J(C,H) =159 Hz; C(arom)), 127.3
(d, 1J(C,H)=159 Hz; C(arom)), 83.4 (d, 1J(C,H)=159 Hz; C(1)), 76.2 (d,
1J(C,H)=139 Hz; C(5)), 72.9 (d, 1J(C,H)=150 Hz; C(6’)), 67.6 (d,
1J(C,H)=155 Hz; C(1’)), 67.1 (d, 1J(C,H)= 155 Hz; C(3’)), 66.7 (d,
1J(C,H)=157 Hz; C(4’)), 65.6 (d, 1J(C,H)= 149 Hz; C(5’)), 65.4 (d,
1J(C,H)=150 Hz; C(4)), 64.9 (d, 1J(C,H)=144 Hz; C(2’)), 63.2 (q,
1J(C,H)=130 Hz; OCH3), 62.5 (t, 1J(C,H)=149 Hz; C(6)), 60.8 (d,
1J(C,H)=139 Hz; C(2)), 59.5 (t, 1J(C,H)=148 Hz; C(7’)), 41.4 (d,
1J(C,H)=127 Hz; C(3)), 21.3–20.7 ppm (7 � q, 1J(C,H)=130 Hz;
CH3COO); HRMS (MALDI-TOF): m/z : calcd for C41H51NO17SNa+ :
884.2775; found: 884.2776.


N-[(9H-Fluoren-9-ylmethoxy)carbonyl]-{4,6-di-O-acetyl-3-C-[(1R)-2,6-
anhydro-1,3,4,5,7-penta-O-acetyl-d-glycero-l-manno-heptitol-1-C-yl]-2-
[(N-benzyl-N-methoxy)amino]-2,3-dideoxy-b-d-galactopyranosyl}-l-


serine benzyl ester (10 b): A mixture of preactivated molecular sieves
(4 �, 200 mg), 9b (167 mg, 0.194 mmol), and N-Fmoc-threonine-OBn
(170 mg, 0.407 mmol) were dissolved in dry CH2Cl2. NIS (44 mg,
0.194 mmol) and TMSOTf (70 mL, 0.388 mmol) were added at 0 8C. The
reaction mixture was continuously stirred at 0 8C until 9 b was completely
consumed (TLC analysis). The mixture was filtered through a pad of
Celite and washed with CH2Cl2 (50 mL), and the combined filtrate and
washings were washed with sat. aqueous NaHCO3 (10 mL), sat. aqueous
Na2S2O3 (10 mL), and brine, dried over Na2SO4, and concentrated in
vacuo. FC (hexanes/EtOAc 4:1!3:1) gave 10b only (205 mg, 92 %), as a
white foam; Rf =0.64 (PE/EtOAc 1:1); [a]25


D =++31 (c =0.211 in CHCl3);
1H NMR (400 MHz, CDCl3; data for the b anomer): d =7.81–7.10 (m,
18H; H�C(arom)), 6.84 (d, 3J(H�N,H�C*(Ser)) =9.2 Hz; H�N); 6.12
(dd, 3J(H�C(1’),H�C(3)) =9.9, 3J(H�C(1’),H�C(2’))=1.2 Hz; H�C(1’)),
5.56 (s; H�C(4)), 5.34 (dd, 3J(H�C(5’),H�C(6’))=6.5, 3J(H�C(5’),H�
C(4’))=3.1 Hz; H�C(5’)), 5.29 (t, 3J(H�C(4’),H�C(3’))=3.1 Hz; H�
C(4’)), 5.23 (t, 2J =12.9 Hz, 2H; H�C(CH2Ph), 6.34 (d, 3J(H�C(1),H�
C(2)) =7.7 Hz; H�C(1)), 4.81 (m, 1H; H�C(3’)), 4.78 (dd, 2J =12.5,
3J(Ha�C(7’),H�C(6’))=9.9 Hz; Ha�C(7’)), 4.67 (dt, 3J(H�C*(Ser), H�
N)= 9.2, 3J(H�C*(Ser) H2�C(Ser)=3.1 Hz; H�C*(Ser)), 4.63 (d, 2J =


11.7 Hz; H2�C(Ser)), 4.53–4.39 (m, 4H; H2�C(Fmoc), Hb�C(7’), H�
C(6’)), 4.36 (d, 2J=12.9 Hz; Ha�C(NCH2Ph), 4.30–4.15 (m, 3H; H�C(2’),
Hendo�C(6), H�C(Fmoc)), 4.03 (dd, 2J =11.4, 3J(Hexo�C(6),H�C(5))=


7.1 Hz; Hexo�C(6)), 4.63 (dd, 2J=11.7, 3J(H2�C(Ser),H�C*(Ser)=3.1 Hz;
H2�C(Ser)), 3.88 (t, 3J(H�C(5),Hexo�C(6))=6.47 Hz; H�C(5)), 3.6 (d,
2J=12.6 Hz; Ha�C(NCH2Ph)), 3.08 (s, 3 H; H�C(OCH3)), 2.84 (dd,
3J(H�C(2),H�C(3))=12.3, 3J(H�C(2),H�C(1)) =7.7 Hz; H�C(2)), 2.57
(br dd, 3J(H�C(3),H�C(2)) =12.3 Hz; H�C(3)), 2.25–1.89 ppm (7 � s,
21H; CH3COO); 13C NMR (100.6 MHz, CDCl3; data for the b anomer):
d=170.5, 170.4, 170.2, 170.1, 169.8, 168.9, 168.7 (7 � s; �COO), 156.3 (s;
C(carbamate)), 143.7 (s; C(arom)), 143.6 (s; C(arom)), 141.2 (s;
C(arom)), 141.0 (s; C(arom)), 138.1 (s; C(arom)), 135.1 (s; C(arom)),
130.4 (d, 1J(C,H)=162 Hz; C(arom)), 128.4 (d, 1J(C,H)=158 Hz;


C(arom)), 128.2 (d, 1J(C,H)=158 Hz; C(arom)), 128.1 (d, 1J(C,H)=


158 Hz; C(arom)), 128.0 (d, 1J(C,H)=159 Hz; C(arom)), 128.0 (d,
1J(C,H)=159 Hz; C(arom)), 127.9 (d, 1J(C,H) =159 Hz; C(arom)), 127.6
(d, 1J(C,H) =159 Hz; C(arom)), 127.5 (d, 1J(C,H)=159 Hz; C(arom)),
127.1 (d, 1J(C,H)=159 Hz; C(arom)), 126.9 (d, 1J(C,H)=159 Hz;
C(arom)), 124.9 (d, 1J(C,H)=159 Hz; C(arom)), 119.8 (d, 1J(C,H)=


159 Hz; C(arom)), 103.9 (d, 1J(C,H) =159 Hz; C(1)), 74.3 (d, 1J(C,H)=


139 Hz; C(5)), 72.9 (d, 1J(C,H)=144 Hz; C(2’)), 70.4 (t, 1J(C,H)=


153 Hz; CH2(Ser)), 67.4 (t, 1J(C,H)=149 Hz; CH2(Bn)), 67.3 (t,
1J(C,H)=150 Hz; CH2(Fmoc)), 67.3 (d, 1J(C,H) =139 Hz; C(1’)), 67.0 (d,
1J(C,H)=155 Hz; C(3’)), 66.5 (d, 1J(C,H)= 157 Hz; C(4’)), 65.6 (d,
1J(C,H)=150 Hz; C(4)), 65.4 (d, 1J(C,H)=149 Hz; C(5’)), 64.9 (d,
1J(C,H)=150 Hz; C(6’)), 63.4 (q, 1J(C,H)=130 Hz; OCH3), 62.5 (t,
1J(C,H)=149 Hz; C(NCH2Ph)), 61.7 (t, 1J(C,H) =148 Hz; C(7’)), 61.0 (d,
1J(C,H)=139 Hz; C(2)), 59.5 (t, 1J(C,H)=149 Hz; C(6)), 54.5 (d,
1J(C,H)=138 Hz; C*(Ser)), 47.1 (d, 1J(C,H)=130 Hz; C(Fmoc)), 41.1 (d,
1J(C,H)=127 Hz; C(3)), 21.1–20.5 ppm (7 � q, 1J(C,H)=130 Hz;
CH3COO); HRMS (MALDI-TOF): m/z : calcd for C60H68N2O22Na+ :
1191.416; found: 1191.416.


1,6-Anhydro-3-C-{(1R)-2,6-anhydro-3,4,5,7-tetrakis-O-[(tert-butyl)dime-
thylsilyl]-d-glycero-l-manno-heptitol-1-C-yl}-2-azido-2,3-dideoxy-b-d-
galacto-hexopyranose (12): A solution of 7 (300 mg, 0.329 mmol) in dry
THF (5 mL) was added at �78 8C to a stirred mixture of metallic sodium
(184 mg, 8.0 mmol, 24 equiv) in liquid NH3 (10 mL). After the system
had been stirred for 30 min at �78 8C, NH4Cl (540 mg, 10 mmol,
30 equiv) was added and the ammonia was allowed to evaporate at 20 8C.
After the addition of H2O (20 mL), the aqueous phase was extracted
with CH2Cl2 (20 mL, three times). The combined organic phases were
dried and concentrated in vacuo. The residue was dissolved in MeOH
(10 mL), and 10% Pd on charcoal (35 mg) was added. The degassed mix-
ture was stirred under H2 at 20 8C for 12 h. The catalyst was filtered off,
the solvent was evaporated, and the residue was dissolved in CH2Cl2


(1 mL). CuSO4 in H2O (1 mg in 2 mL) was added, then triethylamine
(131 ml, 0.987 mmol), followed by MeOH (7 mL). The freshly prepared
solution of trifluoromethanesulfonyl azide in dichloromethane (1 mL,
0.6m, 0.6 mmol) was added at once. The reaction was stirred until TLC
showed reaction to be complete, and the mixture was extracted with
CH2Cl2 (15 mL, three times). These combined organic phases were dried
and concentrated in vacuo. FC (light petroleum ether/diethyl ether 7:3)
afforded 12 (220 mg, 81 %, three steps) as a colorless oil; Rf =0.62 (PE/
diethyl ether 7:3); [a]25


D =++ 28 (c=0.296 in CHCl3); 1H NMR (400 MHz,
C6D6): d =5.43 (s; H�C(1)), 4.81 (t, 3J(H�C(4),H�C(3))=7.4 Hz; H�
C(4)), 4.72 (dd, 2J =12.3, 3J(Ha�C(7’),H�C(6’))=10.5 Hz; Ha�C(7’)), 4.47
(dd, 3J(H�C(5’),H�C(6’))=6.2, 3J(H�C(5’),HC-(4’))=2.5 Hz; H�C(5’)),
4.38–4.28 (m, 3H; H�C(5),H�C(1’), H�C(2’)), 3.25 (d, 2J =7.4 Hz; Hendo�
C(6)), 4.20 (d, 3J(H�C(3’),H-(4’))=4.3 Hz; H�C(3’)), 4.13 (dt, 3J(Ha�
C(7’),H�C(6’)) =10.5, 3J(H�C(6’),H�C(5’)) =6.2, 3J(H�C(6’),(Hb�
C(7’))=2.5 Hz; H�C(6’)), 3.99 (dd, 3J(H�C(4’),H�C(3’))=4.3, 3J(H�
C(4’),H�C(5’)) =2.5 Hz; H�C(4’)), 3.96 (dd, 2J=12.3, 3J(Hb�C(7’),H�
C(6’))=2.5 Hz; Hb�C(7’)), 3.63 (d, 3J(H�C(2),H�C(3))=6.2 Hz; H�
C(2)), 3.63–3.50 (br s, 2 H; 2� H�C(OH)), 3.27 (dd, 2J=6.8, 3J(H-5,Hexo�
C(6)) =4.9 Hz; Hexo�C(6)), 2.64 (ddd, 3J(H-3,H-2)=9.9, 3J(H-3,H-4)=


7.4, 3J(H�C(3), H�C(1’))= 3.1 Hz; H�C(3)), 1.05, 1.01, 0.99, 0.96 (4 � s,
36H; 36 � H�C(SiC(CH3)3)), 0.28, 0.21, 0.19, 0.17, 0.16, 0.15, 0.11,
0.06 ppm (8 � s, 24H; 24 � H�C(SiCH3)); 13C NMR (100.6 MHz, C6D6):
d=102.5 (d, 1J(C,H)= 179 Hz; C(1)), 78.9 (d, 1J(C,H)=147 Hz; C(6’)),
74.2 (d, 1J(C,H)= 159 Hz; C(5)), 74.1 (d, 1J(C,H)=154 Hz; C4’), 71.5 (d,
1J(C,H)=141 Hz; C(3’)), 70.6 (d, 1J(C,H)= 144 Hz; C(1’)), 68.8 (d,
1J(C,H)=146 Hz; C(2’)), 67.9 (d, 1J(C,H)=146 Hz; C(5’)), 66.8 (t,
1J(C,H)=144 Hz; C(4)), 63.5 (d, 1J(C,H)=143 Hz; C(2)), 62.7 (t,
1J(C,H)=154 Hz; C(6)), 59.1 (t, 1J(C,H)=143 Hz; C(7’)), 40.4 (d,
1J(C,H)=126 Hz; C(3)), 26.3, 26.1, 26.0, 25.9 (4 � q, 1J(C,H)=125 Hz;
(CH3)3CSi), 18.5, 18.2, 18.1, 18.0 (4 � s; (CH3)3CSi), �4.3, �4.4, �4.4,
�4.6, �4.8, �4.9, �5.0, �5.1 ppm (8 � q, 1J(C,H) =118 Hz; CH3Si); IR
(film): ñ=3477, 2953, 2856, 1714, 1633, 1471, 1256, 1099, 836, 778,
739 cm�1; HRMS (MALDI-TOF): m/z : calcd for C37H77N3O9Si4Na+ :
842.4634; found: 842.4631; elemental analysis calcd (%) for
C37H77N3O9Si4 (920.36): C 54.17, H 9.46, N 5.12; found: C 54.19, H 9.38,
N 5.12.
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4-O-Acetyl-1,6-anhydro-3-C-[(1R)-2,6-anhydro-1,3,4,5,7-penta-O-acetyl-
d-glycero-l-manno-heptitol-1-C-yl]-2-azido-2,3-dideoxy-b-d-galacto-hex-
opyranose (13): The tert-butyldimethylsilyl-protected 12 (600 mg,
0.733 mmol) was dissolved in THF (4 mL), a solution of TBAF in THF
(4 mL, 4.0 mmol) was added, and the resulting solution was stirred for
3 h at room temperature. The mixture was evaporated to dryness and
was then dissolved in pyridine (5 mL). A catalytic amount of DMAP
(10 mg, 0.08 mmol) was added, followed by acetic anhydride (3 mL,
31.80 mmol), and the solution was stirred for 2 days at 20 8C. MeOH
(5 mL) was added, the mixture was evaporated to dryness and then dis-
solved in ethyl acetate (25 mL), and the solution was quenched with
aqueous HCl (10 mL), washed successively with saturated aqueous
NaHCO3 (5 mL), water, and brine, and dried (MgSO4). Evaporation of
the filtrate and FC (light petroleum ether/EtOAc 1:1) gave 13 (355 mg,
89%) as a white solid. m.p. 46–47 8C; Rf =0.57 (PE/EtOAc 1:1); [a]25


D =++


51 (c =0.124 in CHCl3); 1H NMR (400 MHz, CDCl3): d=5.74 (dd, 3J(H�
C(4),H�C(5))=8.0, 3J(H�C(4),H�C(3)) =5.9 Hz; H�C(4)), 5.52 (s; H�
C(1)), 5.43–5.36 (m, 2H; H�C(5’), H�C(1’)), 5.22 (t, 3J(H�C(4’),H�
C(5’))=4.0 Hz; H�C(4’)), 5.03 (dd, 3J(H�C(3’),H�C(4’))=4.3, 3J(H�
C(3’),H�C(2’)) =1.8 Hz; H�C(3’)), 4.82–4.74 (m, 2 H; Ha�C(7’), H�
C(5)), 4.39–4.27 (m, 2H; H�C(6’),H�C(2’)), 4.19 (dd, 2J =12.6, 3J(Hb�
C(7’),H�C(6’)) =2.5 Hz; Hb�C(7’)), 3.97 (d, 2J =7.4 Hz; Hendo�C(6)), 3.43
(dd, 2J =7.4, 3J(Hexo�C(6),H�C(5))=4.3 Hz; Hexo�C(6)), 3.25 (d, 3J(H�
C(2),H�C(3))=10.2 Hz; H�C(2)), 2.18–2.00 ppm (7 � s, 22H; H�C(3),
CH3COO); 13C NMR (100.6 MHz, CDCl3): d =167.0, 169.9, 169.8, 169.7,
169.7, 169.4, 168.9 (7 � s, �COO), 102.9 (d, 1J(C,H) =175 Hz; C(1)), 72.3
(d, 1J(C,H)= 149 Hz; C(6’)), 72.1 (d, 1J(C,H) =146 Hz; C(5)), 67.5 (d,
1J(C,H)=149 Hz; C(5’)), 67.2 (d, 1J(C,H)= 148 Hz; C(4’)), 66.9 (d,
1J(C,H)=149 Hz; C(3’)), 65.6 (d, 1J(C,H)= 156 Hz; C(1’)), 65.5 (d,
1J(C,H)=144 Hz; C(2’)), 65.0 (d, 1J(C,H)= 151 Hz; C(4)), 63.2 (t,
1J(C,H)=149 Hz; C(6)), 62.1 (d, 1J(C,H)=129 Hz; C(2)), 59.3 (t,
1J(C,H)=147 Hz; C(7’)), 36.4 (d, 1J(C,H)=127 Hz; C(3)), 21.0–20.6 ppm
(7 � q, 1J(C,H)=130 Hz; CH3COO); HRMS (MALDI-TOF): m/z : calcd
for C25H33N3O15Na+ : 638.1809; found: 638.1801; elemental analysis calcd
(%) for C25H33N3O15 (615.54): C 48.78, H 5.40, N 6.83; found: C 48.82, H
5.46, N 6.83.


4,6-Di-O-acetyl-3-C-[(1R)-2,6-anhydro-1,3,4,5,7-penta-O-acetyl-d-glyc-
ero-l-manno-heptitol-1-C-yl]-2-azido-2,3-dideoxy-a-d-galacto-hexopyra-
nosyl acetate (14 a): Compound 13 (0.35 g, 0.57 mmol) was dissolved in
Ac2O (10 mL). After the mixture had been cooled to �40 8C, Me3SiO-
SO2CF3 (0.123 mL, 0.683 mmol) was added (syringe) and the mixture was
stirred for 1 h. CH2Cl2 (30 mL) was added and the reaction was quenched
with a saturated aqueous solution of NaHCO3 (10 mL). The organic
phase was collected and extracted with H2O and then with brine and
dried (MgSO4). Solvent evaporation and FC (hexanes/EtOAc 2:1!1:3)
gave 14a (400 mg, 98%) as a white foam; Rf =0.50 (PE/EtOAc 1:1);
[a]25


D =++89 (c =0.3775 in CHCl3); 1H NMR (400 MHz, CDCl3; data for
the a anomer): d= 6.34 (d, 3J(H�C(1),H�C(2)) =3.4 Hz; H�C(1)), 5.58
(s; H�C(4)), 5.38 (dd, 3J(H�C(1’),H�C(3))=10.2, 3J(H�C(1’),H�C(2’))=


2.5 Hz; H�C(1’)), 5.31 (dd, 3J(H�C(5’),H�C(6’))=6.5, 3J(H�C(5’),H�
C(4’))=3.1 Hz; H�C(5’)), 5.17 (t, 3J(H�C(4’),H�C(5’))=3.1 Hz; H�
C(4’)), 4.86 (dd, 3J(H�C(3’),H�C(4’)) =4.5, 3J(H�C(3’),H�C(2’))=


1.5 Hz; H�C(3’)), 4.77 (dd, 2J =12.9, 3J(Ha�C(7’),H�C(6’))=10.2 Hz;
Ha�C(7’)), 4.50 (dd, 3J(H�C(2’),H�C(1’)) =10.2, 3J(H�C(2’),H�C(3’))=


1.5 Hz; H�C(2’)), 4.33–4.25 (m, 2H; Hb�C(7’),H�C(6’)), 4.14 (t, 3J(H�
C(5),Hexo�C(6))=6.5 Hz; H�C(5)), 4.08 (d, 2J=11.1 Hz; Hendo�C(6)),
3.91 (dd, 2J =11.1, 3J(Hexo�C(6),H�C(5))=6.5 Hz; Hexo�C(6)), 3.61 (dd,
3J(H�C(2),H�C(3))=12.3, 3J(H�C(2),H�C(1)) =3.4 Hz; H�C(2)), 2.45
(dt, 3J(H�C(3),H�C(2))= 12.3, 3J(H�C(3),H�C(1’))=2.5 Hz; H�C(3)),
2.08–1.99 ppm (8 � s, 24H; CH3COO); 13C NMR (100.6 MHz, CDCl3;
data for the a anomer): d=170.3, 170.2, 169.8, 169.7, 169.3, 168.8, 168.7,
168.6 (8 � s, �COO), 90.1 (d, 1J(C,H)=175 Hz; C(1)), 72.7 (d, 1J(C,H)=


149 Hz; C(6’)), 69.9 (d, 1J(C,H)= 146 Hz; C(5)), 66.6 (d, 1J(C,H)=


156 Hz; C(1’)), 66.6 (d, 1J(C,H)=148 Hz; C(4’)), 66.5 (d, 1J(C,H)=


149 Hz; C(3’)), 65.3 (d, 1J(C,H)=149 Hz; C(5’)), 64.8 (d, 1J(C,H)=


151 Hz; C(4)), 64.6 (d, 1J(C,H)=144 Hz; C(2’)), 61.3 (t, 1J(C,H)=


149 Hz; C(6)), 59.3 (t, 1J(C,H)=147 Hz; C(7’)), 54.8 (d, 1J(C,H)=


129 Hz; C(2)), 37.1 (d, 1J(C,H)=127 Hz; C(3)), 20.8–20.4 ppm (8 � q,
1J(C,H)=130 Hz; CH3COO); HRMS (MALDI-TOF): m/z : calcd for


C25H33N3O15Na+ : 740.2126; found: 740.2128; elemental analysis calcd for
C29H39N3O18 (717.63): C 48.54, H 5.48, N 6.86; found: C 48.59, H 5.50, N
5.78.


4,6-Di-O-acetyl-3-C-[(1R)-2,6-anhydro-1,3,4,5,7-penta-O-acetyl-d-glyc-
ero-l-manno-heptitol-1-C-yl]-2-azido-2,3-dideoxy-a-d-galacto-hexopyra-
nosyl bromide (15 a): A solution of 14 (0.50 g, 0.697 mmol) and anhy-
drous TiBr4 (0.99 mg, 1.35 mmol) in anhydrous CH2Cl2 (14 mL) was stir-
red at 20 8C for 12 h. After addition of CH2Cl2 (150 mL), the solution was
washed with ice-cold H2O (50 mL, twice) and dried (MgSO4). Solvent
evaporation in vacuo and quick FC (hexane/EtOAc 1:1) gave 15 a
(472 mg, 92 %) as a yellow foam, which was dried and stored at �20 8C
until use; Rf =0.50 (PE/EtOAc 1:1); [a]25


D =++116 (c =0.243, CHCl3); 1H
NMR (400 MHz, CDCl3): d= 6.69 (d, 3J(H�C(1),H�C(2))=3.7 Hz; H�
C(1)), 5.69 (s; H�C(4)), 5.413 (dd, 3J(H�C(1’),H�C(3))= 9.6, 3J(H�
C(1’),H�C(2’)) =1.8 Hz; H�C(1’)), 5.36 (dd, 3J(H�C(5’),H�C(6’))=6.5,
3J(H�C(5’),H�C(4’))=3.1 Hz; H�C(5’)), 5.22 (t, 3J(H�C(4’),H�C(5’))=


3.7 Hz; H�C(4’)), 4.97–4.89 (m, 2H; Hexo�C(6), H�C(3’)), 4.53 (dd,
3J(H�C(2’),H�C(1’))=9.9, 3J(H�C(2’),H�C(3’))=1.5 Hz; H�C(2’)), 4.40
(t, 3J(H�C(5),Hexo�C(6))=6.5 Hz; H�C(5)), 4.24–4.16 (m, 2H; Hendo�
C(6),Ha�C(7’)), 4.02 (dd, 2J= 11.7, 3J(Ha�C(7’),H�C(6’))=7.4 Hz; Hb�
C(7’)), 3.70 (dd, 3J(H�C(2),H�C(3))= 12.0, 3J(H�C(2),H�C(1))=3.7 Hz;
H�C(2)), 2.59 (dt, 3J(H�C(3),H�C(2))=12.0, 3J(H�C(3),H�C(1’))=


1.8 Hz; H�C(3)), 2.19–2.00 ppm (8 � s, 24 H; CH3COO); 13C NMR
(100.6 MHz, CDCl3; data for the a anomer): d=170.7, 170.3, 169.8,
169.6, 169.3, 168.9, 168.8 (7 � s; �COO), 92.8 (d, 1J(C,H) =184 Hz; C(1)),
72.9 (d, 1J(C,H) =153 Hz; C(6’)), 72.6 (d, 1J(C,H)= 146 Hz; C(5)), 66.8
(d, 1J(C,H)=149 Hz; C(5’)), 66.7 (d, 1J(C,H) =148 Hz; C(4’)), 66.6 (d,
1J(C,H)=149 Hz; C(3’)), 65.4 (d, 1J(C,H)= 139 Hz; C(1’)), 64.7 (d,
1J(C,H)=151 Hz; C(4)), 64.6 (d, 1J(C,H) =143 Hz; C(2’)), 61.1 (t,
1J(C,H)=151 Hz; C(7’)), 59.2 (t, 1J(C,H) =155 Hz; C(6)), 57.6 (d,
1J(C,H)=142 Hz; C(2)), 38.0 (d, 1J(C,H)= 129 Hz; C(3)), 20.9–20.5 ppm
(7 � q, 1J(C,H)=130 Hz; CH3COO); elemental analysis calcd (%) for
C27H36BrN3O16 (738.49): C 43.91, H 4.91, Br 10.82, N 5.69; found:
C 43.81, H 5.05, Br 10.73, N 5.65.


Mixture (5 :1) of N-[(9H-fluoren-9-ylmethoxy)carbonyl]-{4,6-di-O-acetyl-
3-C-[(1R)-2,6-anhydro-1,3,4,5,7-penta-O-acetyl-d-glycero-l-manno-hepti-
tol-1-C-yl]-2-azido-2,3-dideoxy-a- and -b-d-galactopyranosyl}-l-serine
tert-butyl ester (16 a, 16 b): A mixture of N-Fmoc-Serine-OtBu (408 mg,
1.03 mmol), anhydrous CH2Cl2 (10 mL), AgClO4 (370 mg, 1.73 mmol),
2,4,6-collidine (240 mL, 1.73 mmol), and molecular sieves (4 �, dried
under vacuum at 200 8C, 1 g) was stirred at 20 8C for 10 min. A solution
of bromide 15 a (834 mg, 1.129 mmol) in anhydrous CH2Cl2 (10 mL) was
added slowly (syringe) to the stirred mixture over 30 min. After the
system had been stirred at 20 8C for 5 h, CH2Cl2 (100 mL) was added and
the mixture was filtered through a pad of Celite (washing with CH2Cl2).
Solvent evaporation and FC (hexanes/EtOAc 4:1!3:1) gave 16a/16b
(5:1, 1.1 g, 93%) as a white foam; Rf =0.48 (PE/EtOAc 1:1); [a]25


589 =++91
(c= 0.375 in CHCl3); 1H NMR (400 MHz, CDCl3; data for the a


anomer): d =7.80–7.26 (4 � m, 8H; ArH); 6.04 (d, 3J(H�N,H�C*)=


8.0 Hz; H�N), 5.56 (s; H�C(4)), 5.38 (dd, 3J(H�C(1’),H�C(3)) =9.6,
3J(H�C(1’),H�C(2’))=2.6 Hz; H�C(1’)), 5.32 (dd, 3J(H�C(5’),H�C(6’))=


6.7, 3J(H�C(5’),H�C(4’))=3.2 Hz; H�C(5’)), 5.22 (t, 3J(H�C(4’),H�
C(3’))=3.5 Hz; H�C(4’)), 4.96 (d, 3J(H�C(1),H�C(2))=2.9 Hz; H�
C(1)), 4.83 (d, 3J(H�C(4’),H�C(3’))= 3.5 Hz; H�C(3’)), 4.75 (dd, 2J=


12.8, 3J(H�C(6exo),H�C(5)) =9.9 Hz; H�C(6exo)), 4.54–4.44 (m, 2 H; H�
C(2’), H�C*(Ser)), 4.43–4.31 (m, 3 H; Hendo�C(6), H2�C(Fmoc)), 4.30–
4.11 (m, 5H; Ha�C(7’), H�C(6’), H�C(5), H�C(Fmoc), H2�C(Ser)),
4.30–4.11 (m, 2 H; Hb�C(7’), H2�C(Ser)), 3.33 (dd, 3J(H�C(2),H�C(3))=


12.2, 3J(H�C(2),H�C(1)) =2.9 Hz; H�C(2)), 2.59 (d, 3J(H�C(3),H�
C(2)) =12.2 Hz; H�C(3)), 2.25–1.94 (7 � s, 21 H; CH3COO), 1.48 ppm (s,
9H; (CH3)3C); 13C NMR (100.6 MHz, CDCl3; data for the a anomer):
d=170.7, 170.4, 170.3, 169.9, 169.8, 168.9, 168.7, 168.4 (8 � s, �COO),
155.8 (s; C(carbamate)), 143.6 (s; C(Fmoc)), 141.2 (s; C(Fmoc)), 127.6
(d, 1J(C,H)=159 Hz; C(Fmoc)), 126.9 (d, 1J(C,H)= 159 Hz; C(Fmoc)),
125.1 (d, 1J(C,H)=158 Hz; C(Fmoc)), 119.8 (d, 1J(C,H)=158 Hz;
C(Fmoc)), 99.3 (d, 1J(C,H)=184 Hz; C(1)), 82.8 (s; C(CH3)3), 72.9 (d,
1J(C,H)=153 Hz; C(6’)), 70.7 (t, 1J(C,H) =153 Hz; CH2(Ser)), 68.8 (d,
1J(C,H)=146 Hz; C(5)), 66.8 (t, 1J(C,H)=150 Hz; CH2(Fmoc)), 66.6 (d,
1J(C,H)=148 Hz; C(4’)), 66.6 (d, 1J(C,H)= 139 Hz; C(1’)), 66.4 (d,
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1J(C,H)=149 Hz; C(3’)), 65.8 (d, 1J(C,H)=151 Hz; C(4)), 65.4 (d,
1J(C,H)=149 Hz; C(5’)), 64.6 (d, 1J(C,H)=143 Hz; C(2’)), 62.1 (t,
1J(C,H)=151 Hz; C(7’)), 59.4 (t, 1J(C,H) =155 Hz; C(6)), 55.0 (d,
1J(C,H)=138, C*(Ser)), 54.9 (d, 1J(C,H) =142 Hz; C(2)), 47.0 (d,
1J(C,H)=130 Hz; C(Fmoc)), 37.0 (d, 1J(C,H)=129 Hz; C(3)), 27.7 (q,
1J(C,H)=128 Hz, 3 C; (CH3)CO), 20.9–20.5 ppm (7 � q, 1J(C,H) =130 Hz;
CH3COO); HRMS (MALDI-TOF): m/z : calcd for C49H60N4O21Na+ :
1063.3647; found: 1063.3612; elemental analysis calcd (%) for
C49H60N4O21 (1041.02): C 56.53, H 5.81, N 5.38; found: C 56.56, H 5.79,
N 5.36.


N-[(9H-Fluoren-9-ylmethoxy)carbonyl]-{4,6-di-O-acetyl-3-C-[(1R)-2,6-
anhydro-1,3,4,5,7-penta-O-acetyl-d-glycero-l-manno-heptitol-1-C-yl]-2-
[(N-acetyl)amino]-2,3-dideoxy-a-d-galactopyranosyl}-l-serine tert-butyl
ester (2): Compound 16a (120 mg, 0.115 mmol) was dissolved in a colli-
dine/CH3COSH/Ac2O mixture (4:4:1, 6 mL). After stirring at 20 8C for
18 h the mixture was co-evaporated with toluene under vacuum
(10�3 Torr). FC (hexanes/EtOAc 4:1!1:2) gave 2 (107 mg, 89%) as a
white foam; Rf =0.25 (PE/EtOAc 1:1); [a]25


589 =++65 (c =0.21 in CHCl3);
1H NMR (400 MHz, CDCl3): d=7.74–7.23 (4 � m, 8 H; ArH), 5.89 (d,
3J(H�N,H�C*) =8.3 Hz; H�N), 5.52 (s; H�C(4)), 5.49 (d, 3J(H-
(NAc),H�C(2))=8.7 Hz; H�N), 5.33–5.27 (m, 2 H; H�C(1’), H�C(5’)),
5.23 (t, 3J(H�C(4’),H�C(5’))= 3.4 Hz; H�C(4’)), 4.75–4.65 (m, 3 H; H�
C(1), Hexo�C(6), H�C(5’)), 4.60 (td, 3J(H�C(2),H�C(3)) =12.9, 3J(H�
C(2),H-(NAc)) = 10.0, 3J(H�C(2),H�C(1)) =3.4 Hz; H�C(2)), 4.52–4.35
(m, 5 H; H2�C(Fmoc), H�C(Ser), H�C(2’), H�C(3’), Hendo�C(6)), 4.26–
4.17 (m, 3 H; H�C(Fmoc), H�C(6’), Ha�C(7’)), 4.14–4.06 (m, 1 H; H�
C(5)), 3.97–3.87 (m, 3 H; H2�C(Ser), Hb�C(7’)), 2.53 (d, 3J(H�C(2),H�
C(3)) =12.9 Hz; H�C(2)), 2.22–1.87 (8 � s, 24 H; CH3COO), 1.47 ppm (s,
9H; (CH3)3C); 13C NMR (100.6 MHz, CDCl3): d =170.7, 170.3, 170.0,
169.7, 169.5, 169.4, 169.1, 169.0, 168.9 (9 � s, �COO), 155.9 (s; C(carba-
mate)), 143.6 (s; C(Fmoc)), 141.3 (s; C(Fmoc)), 127.7 (d, 1J(C,H)=


159 Hz; C(Fmoc)), 127.0 (d, 1J(C,H) =159 Hz; C(Fmoc)), 124.9 (d,
1J(C,H)=158 Hz; C(Fmoc)), 120.0 (d, 1J(C,H)=158 Hz; C(Fmoc)), 98.8
(d, 1J(C,H) =169 Hz; C(1)), 82.8 (s; C(CH3)3); 72.9 (d, 1J(C,H)=149 Hz;
C(6’)), 69.8 (t, 1J(C,H)=153, CH2(Ser)), 68.9 (d, 1J(C,H)=140 Hz; C(5)),
67.0 (t, 1J(C,H)=150 Hz; CH2(Fmoc)), 67.0 (d, 1J(C,H)=149 Hz; C(3’)),
66.4 (d, 1J(C,H) =149 Hz; C(4’)), 65.8 (d, 1J(C,H)= 160 Hz; C(4)), 65.5
(d, 1J(C,H)=159 Hz; C(5’)), 65.2 (d, 1J(C,H) =148 Hz; C(1’)), 64.8 (d,
1J(C,H)=139 Hz; C(2’)), 62.4 (t, 1J(C,H) =163 Hz; C(7’)), 59.7 (t,
1J(C,H)=151 Hz; C(6)), 55.0 (d, 1J(C,H) =138 Hz; C*(Ser)), 47.1 (d,
1J(C,H)=130 Hz; C(Fmoc)), 43.5 (d, 1J(C,H)=130 Hz; C(Ser)), 38.0 (d,
1J(C,H)=128 Hz; C(3)), 28.6 (q, 1J(C,H) =128 Hz, 3C; (CH3)CO), 23.4
(q, 1J(C,H) =129 Hz; CH3CON), 21.1–20.6 ppm (7 � q, 1J(C,H) =130 Hz;
CH3COO); HRMS (MALDI-TOF): m/z : calcd for C51H64N2O22Na+ :
1079.3848; found: 1079.3843; elemental analysis calcd for C51H64N2O22


(1057.05): C 57.95, H 6.10, N 2.65; found: C 57.88, H 6.11, N 2.59.


3-C-[(1R)-2,6-Anhydro-d-glycero-l-manno-heptitol-1-C-yl]-2-[(N-ace-
tyl)amino]-2,3-dideoxy-a-d-galactopyranosyl-l-serine (17): Product 2
(60 mg, 0.058 mmol) was dissolved in a DMF/morpholine mixture (1:1,
5 mL). After stirring at 20 8C for 2 h, the mixture was coevaporated with
toluene under vacuum, the residue was subjected to FC (CH2Cl2, MeOH
9:1), the solvent was evaporated, the residue was dissolved in MeOH,
and NaOMe solution (1 m, 2 drops) was added. After 1 h the mixture was
neutralized by addition of Dowex 50WX8–100, stirred for 5 min, filtered,
and evaporated. HPLC gave 17 (15 mg, 55%) as a yellow foam; 1H
NMR (400 MHz, D2O): d =5.62 (s; H�C(1)), 5.20 (d, 3J(H�C(2), H�
C(3)) =12.4 Hz; H�C(2)), 5.06 (s; H�C(1’)), 4.87–4.33 (m, 15H), 5.20
(td, 3J(H�C(3), H�C(2))=12.4 Hz; H�C(3)), 2.70 ppm (s, 3H;
CH3CON); 13C NMR (100.6 MHz, D2O): d=177.8, 173.7, 99.8, 80.9, 78.9,
74.8, 72.6, 70.9, 69.8, 68.8, 68.6, 68.4, 64.3, 60.5, 56.8, 46.8, 39.1, 24.3;
HRMS: m/z : calcd for C18H33N2O13: 485.198; found: 485.200.
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Isomeric Mono- and Bis[(phosphane)gold(i)] Thiocyanate Complexes


Raphael J. F. Berger,[a] Michael Patzschke,[a] Daniel Schneider,[b]


Hubert Schmidbaur,[b] and Dage Sundholm*[a]


Introduction


The term pseudohalogen suggests a similarity of the general
chemical behaviour of this group of species to the halogens.
Halide and pseudohalide complexes are by far the most im-
portant classes of compounds in gold chemistry.[1,2] For ex-
ample, the cyanide anion [CN]� is the key ligand in gold ex-
traction from ores and in gold recycling[3] as well as in sur-
face deposition processes (gilding).[4,5] Based on the observa-
tion that the affinity for gold(i) to the thiocyanate anion
[SCN]� is comparable to that for cyanide [CN]� ,[6,7] there
have been many attempts to replace [CN]� with [SCN]� in
gold leaching processes, where thiocyanate is expected to
have environmental and technological advantages.[3] So far it
has not superseded cyanide, though. Gold(i) coordination to
the heavier halide ions (excluding fluoride) is also well es-
tablished and complexes of the type LAuX with X= Cl, Br,


I are among the key reagents in gold chemistry. Recent
work has shown that these complexes can be converted into
digold(i) halogenonium cations of the type [(LAu)2X]+ ,
where L is a neutral tertiary phosphine ligand.[8–10] Consider-
ing the halogen–pseudohalogen analogy, the question arises
whether diauration of pseudohalide anions is also possible.
In a first series of experiments it was shown that the diaura-
tion of the thiocyanate anion can indeed be achieved.[1]


While the products could be characterised by elemental
analysis, IR and NMR spectroscopy, and mass spectrometry
(MS), all attempts to prepare single crystals suitable for X-
ray structure analysis have so far been unsuccessful.[1] In the
absence of experimental data for structure assignment, the
problem was approached using quantum chemical ab initio
calculations.


The literature coverage on gold thiocyanate complexes is
very extensive. It is mainly concerned with systems where
an excess of [SCN]� is employed for the oxidative complexa-
tion of gold metal and mononuclear gold(i) salts, which are
particularly relevant as an alternative to cyanide leaching
from refractory gold ores. By contrast, the present study is
oriented towards systems with an excess of gold(i) in which
dinuclear complexes are formed. Schneider et al.[1] recently
presented a short summary on gold(i) thiocyanate complexes
with phosphino ligands. This also includes some vibrational
studies of the [Au(SCN)2]


� anion, which is not in the focus
of the present study.[11]


Abstract: The solid-state IR spectrum
of Me3PAuSCN shows two signals in
the range of the C–N stretching vibra-
tions at 2075 and 2113 cm�1. On the
basis of thoroughly tested quantum
chemical ab initio calculations (MP2
level of theory) these signals have been
assigned to the two isomeric forms
Me3PAuNCS and Me3PAuSCN. The
molecular structures, the vibrational
frequencies, and the relative energies
of the two species have been calculated


and the results compared with the ex-
perimental IR data. Treatment of Me3-
PAuSCN with equimolar quantities of
[(Me3P)Au]+[SbF6]


� in CH2Cl2 at
�78 8C gives the dinuclear reaction
product [C7H9Au2NP2S]+[SbF6]


� in
high yields. A comparison of results of


ab initio calculations and IR data sug-
gest that at least three isomeric
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(AuPR3)]+ are present, the second and
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Treatment of a selection of (R3P)AuSCN compounds with
equimolar quantities of [(R3P)Au]BF4 or [(R3P)Au]SbF6


under carefully controlled conditions gave dinuclear adducts
of the type [(R3PAu)2SCN]+Y� in high yields, where R =


Ph, 2-Me-C6H4, 3-Me-C6H4, iPr or Me2Ph. The general Re-
action (1) has been formulated giving preference to the S,S-
diaurated structure of the cation, but alternatives could not
be ruled out.


ðR3PÞAuSCN þ ½ðR3PÞAu�þY�
CH2Cl2


�78 �C
���! f½ðR3PÞAu�2SCNgþY�


ð1Þ


In the present study the experimental data are reconsidered
and complemented by results obtained from ab initio calcu-
lations.


Computational Methods


The present study employs ab initio methods for geometry optimisations
on high-dimensional energy surfaces and calculations of vibrational fre-
quencies including anharmonic corrections. Since the dispersion-type au-
rophilic attraction may play an important role for the molecules studied,
density-functional-theory (DFT) methods may not be applicable,[12] and
because the molecules are large, high-order correlation methods like con-
figuration-interaction (CI) and coupled-cluster (CC) approaches are not
feasible. A good compromise regarding accuracy and demands on resour-
ces are second-order Møller–Plesset (MP2) perturbation-theory calcula-
tions.


Dunning�s correlation-consistent double-zeta quality basis sets (cc-
pVDZ)[13, 14] were used for the lighter elements, while for Au the Stuttgart
60 electron relativistic effective core potential (ECP) and the correspond-
ing double-zeta quality basis set (Stuttgart-RSC-(1997)-ECP)[15] augment-
ed with two f functions were used. The two polarisation f functions with
exponents 1.19 and 0.20 are needed for an accurate description of corre-
lation effects and the aurophilic interaction.[16] In the following, this basis
set is denoted RDZ, whereas the basis set consisting of the cc-pVDZ
basis sets for the lighter elements combined with the original Stuttgart
double-zeta basis set for Au is denoted DZ. The applicability of the com-
putational methods was checked by test calculations on [SCN]� by using
calculations up to the coupled-cluster singles and doubles level with a
perturbative treatment of triple excitations [CCSD(T)][17–19] and triple-
zeta quality basis sets.[13, 14] The computational methods were also checked
by performing restricted Hartree–Fock (RHF) and MP2 calculations on
[(H3PAu)2Cl]+ and R3PAuSCN with R =H, Me. For the latter accurate
experimental data are available.


The MP2 geometry optimisations and the harmonic frequency analysis
were carried out with the Turbomole[20–22] program package (version 5.6)
employing the resolution-of-the-identity (RI) density-fitting approach.[20]


The anharmonic corrections to the vibrational frequencies were obtained
by vibrational self-consistent-field (VSCF)[23, 24] calculations at the RHF,
MP2, CCSD and CCSD(T) levels by using the GAMESS[25] program. Di-
electric effects of the solvent CH2Cl2 (e = 9.08[26]) were estimated by
using the COSMO conductor-like screening model.[27]


Experimental Section


General methods : All experiments were routinely carried out in an at-
mosphere of dry nitrogen. Solvents and glassware were dried and saturat-
ed/filled with nitrogen. Standard equipment was used throughout. Mass
spectra were recorded on a Finnigan MAT 90 spectrometer by using
FAB as an ionisation method. NMR spectra were obtained at room tem-


perature in CD2Cl2 on JEOL-270. Chemical shifts are reported in d


values relative to the residual solvent resonances (1H, 13C). 31P{1H} NMR
spectra are referenced to external aqueous H3PO4 (85 %). The IR spectra
were measured on a Perkin–Elmer FT-IR 577 spectrometer. (Me3-
P)AuSCN was prepared by a published method.[28]


Thiocyanato-bis[(trimethylphosphine)gold] hexafluoroantimonate : (Me3-
P)AuCl (93 mg, 0.30 mmol) was treated with AgBF4 (103 mg, 0.32 mmol)
in dichloromethane (15 mL) at �78 8C. The reaction mixture was stirred
for 30 min and filtered into a precooled (�78 8C) solution of (Me3-
P)AuSCN (100 mg, 0.30 mmol) in dichloromethane (10 mL). The reaction
mixture was allowed to warm up slowly (2 h) to room temperature and
stirred for another 3 h. The solvent was removed under reduced pressure
and the collected residue was recrystallised from dichloromethane/n-pen-
tane at �30 8C to give a colourless product (178 mg, 71%). M.p. 169 8C;
1H NMR: d=1.67 (d, 2J(H,P) =11.6 Hz, Me); 13C{1H} NMR: d=15.7 (d,
1J(C,P)=41.5 Hz, Me); 31P{1H} NMR: d = �7.3 (s, PMe3); IR (KBr):
ñ = 2161 s, 2121 s, 2075 w n(CN), 961 s n(PC), 793 w n(SC), 655 cm�1 vs
n(SbF); MS(FAB): m/z : 604.6 (100) {[(Me3P)Au]2SCN}+ , 349.5 (14.8)
[(Me3P)2Au]+ , 332.4 (5.6) [(Me3P)AuSCN+H]+ , 273.4 (74.4)
[(Me3P)Au]+ ; elemental analysis calcd (%) for C7H18Au2F6NP2SSb
(839.91 gmol�1): C 10.01, H 2.16, N 1.67, S 3.82; found: C 10.32, H 2.18,
N 1.75, S 3.71.


The absorption bands in the IR spectra (KBr pellets) of (Me3P)AuSCN
at 2113 and 2075 cm�1 were consistent with the work of Akhtar et al.[28]


and could be assigned to the CN stretching vibration. A small band ob-
served at 682 cm�1 (see Figure 1), which was not detected in the refer-
ence spectra of the starting material (Me3P)AuCl, can be assigned to the
SC stretching vibration. In other previously published IR data of com-
plexes (R3P)AuSCN (R= alkyl, aryl) this band was not detected due to
overlapping of P–C bands in the same region.[1,29]


Results


The thiocyanate anion : MP2 and CCSD(T) calculations on
[SCN]� employing cc-pVDZ and cc-pVTZ basis sets show
that the experimental bond lengths can be reproduced
rather well at the MP2/cc-pVDZ level of theory. The largest
deviation was obtained for the C�N bond which was found
to be about 0.024 � too long compared with the best litera-
ture value.[30] At the CCSD(T)/ccpVTZ level, the calculated
bond lengths agree well with previously calculated values.[30]


The CN stretching frequency, nCN, calculated at the


Figure 1. Harmonic frequencies calculated at the MP2/RDZ level com-
pared with the experimental IR spectrum of (Me3P)AuSCN (in KBr);
calculated (c), measured (c).
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CCSD(T)/cc-pVTZ level, is in excellent agreement (within
2 cm�1) with the experimental data, whereas the SC stretch-
ing frequency, nSC, calculated at the same level of theory is
33 cm�1 smaller than the experimental value. The results of
the [SCN]� benchmark calculations are summarised in
Table 1.


The calculations on [SCN]� showed that high-quality
wave-functions and large basis sets are needed to obtain ac-
curate vibrational stretching frequencies. From Table 1, it is
evident that anharmonic corrections must also be considered
in order to obtain stretching frequencies in close agreement
with experiment.


Although the MP2/cc-pVDZ calculations did not yield
very accurate vibrational frequencies, the data seem to re-
flect the right trends. The accuracy of the calculated har-
monic and anharmonic contributions to the vibrational fre-
quencies is sufficient to generate an extrapolation scheme
based on a combination of experimental data and computa-
tional results. The IR data obtained using this extrapolation
procedure are very useful for a verification of the molecular
structures proposed in this study.


The bis[(phosphine)gold(i)]chloronium cation : The
[(H3PAu)2Cl]+ cation, displayed in Figure 2, was used to
probe the capability of the computational methods to de-
scribe the gold–gold interactions correctly. The Au–Au dis-
tance of 4.190 � obtained at the RHF level is 0.97 � longer
than the experimental value of 3.22 � for [(Ph3PAu)2Cl]
ClO4·CH2Cl2.


[10] This is as expected, since the aurophilic at-
traction is predominantly a dispersion interaction, which is
considered only in correlation calculations.[12]


The difference of 0.58 � between the Au–Au distances
calculated at the MP2/DZ and MP2/RDZ levels is surpris-
ingly large and shows the significance of the polarisation f
functions on Au for a correct description of the aurophilic
attraction.[16] This has also been demonstrated in earlier
studies.[12,33] The Au–Au distance of 3.181 � obtained at the
MP2/RDZ level is in excellent agreement with the experi-


mental value of 3.22 �. Since MP2/RDZ calculations can be
applied on all molecular species of this study, and all geo-
metrical parameters for [(Ph3PAu)2Cl]ClO4·CH2Cl2 calculat-
ed at this level are in good agreement with those measured
in the solid state,[10] the MP2/RDZ calculations are adopted
here as the main computational level. The results of the


benchmark calculations on
[(H3PAu)2Cl]+ are given in
Table 2.


It is to be expected that for
ion pairs or in the condensed
phase there will be a significant
influence of the counterions.
This effect is likely to reduce
the attraction between the cat-
ions as recently demonstrated
for other systems.[34]


Isomeric mononuclear gold(i)
thiocyanate complexes
(R3P)AuSCN : For a realistic
verification of the accuracy of
the MP2/RDZ results, calcula-


tions at this level of theory were performed on mononuclear
gold(i) thiocyanate complexes such as the hypothetical
(H3P)AuSCN and the known (Me3P)AuSCN. These mole-
cules are good reference compounds for this purpose, since


Table 1. Comparison of calculated and experimental structural parameters and vibrational frequencies of
[SCN]� . Harmonic vibrational frequencies and vibrational frequencies corrected for anharmonicity are listed.
Bond lengths are given in �, and frequencies in cm�1.


nCN nSC


RS–C RC–N harm. anharm. harm. anharm.


RHF/cc-pVDZ 1.691 1.152 2425 2399[a] 734 723[a]


RHF/cc-pVTZ 1.681 1.143 2397 2371[a] 739 728[a]


MP2/cc-pVDZ 1.676 1.203 2031 1995[a] 744 734[a]


MP2/cc-pVTZ 1.660 1.191 2018 1983[a] 748 739[a]


CCSD/cc-pVDZ 1.693 1.187 2175 – 720 –
CCSD/cc-pVTZ 1.678 1.172 2181 – 723 –
CCSD(T)/cc-pVTZ 1.677 1.181 2103 2068[b] 721 712[b]


CCSD(T)[30] 1.674 1.179 2091 2061[c] 720 708[c]


exptl[31, 32] 2066[d] 745[e]


[a] VSCF calculation. [b] Extrapolated VSCF results, based on the MP2/cc-TZVP VSCF anharmonicity correc-
tion. [c] The rotational–vibrational energy levels were determined by a full 3D variational fitting of the energy
surface.[30] [d] Measured in gas phase.[31] [e] Measured in a CsI matrix[32] and verified as a gas phase value by
hot bands in the photo-electron spectrum.


Figure 2. Equilibrium structures of the bis[(phosphine)gold(i)]chloronium
cation calculated at the MP2/RDZ level. The distances are given in �
and the angles in degrees.


Table 2. Comparison of calculated (R= H) and experimental (R =Ph)
values for some structural parameters of [(R3PAu)2Cl]+ . Bond lengths
are given in � and angles in degrees.


Calculated Xrd.[a]


RHF/RDZ MP2/DZ MP2/RDZ


RAu–Cl 2.438 2.401 2.345 2.328–2.345
RAu–Au 4.190 3.763 3.181 3.22
aAu-Cl-Au 118.5 103.2 85.4 92


[a] X-ray data for [(Ph3PAu)2Cl]+ .[10]
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accurate experimental data are available not only for (Me3-
P)AuSCN, but also for several homologues with larger terti-
ary phosphines.[1,35] (Me3P)AuSCN forms a tetramer in the
solid state with a rather short intermolecular Au–S distance
of 3.771(2) �. The formation of a tetramer may influence
the electronic and the molecular structure in this particular
case but all other complexes are monomeric in the solid
state. The heteroleptic form (Me3P)AuSCN, with more than
one type of ligand at the transition metal, is just one possi-
ble isomer of the net composition (R3P)AuSCN (see
Figure 3).


The heavy atom skeleton of (H3P)AuSCN as calculated at
the MP2/RDZ level agrees well with the framework of the
X-ray structures of (Me3P)AuSCN and [(o-tol)3P]AuSCN.
The comparison of the molecular structures of (H3P)AuSCN
and (Me3P)AuSCN in Table 3 shows that it is justified to use
PH3 as a model for PMe3 in the calculation of geometrical
parameters and vibrational frequencies. This is a common
approximation in computational gold chemistry.[12]


At the MP2/RDZ level, the largest difference between
the structures of (H3P)AuSCN and (Me3P)AuSCN is found
for the Au–P distance (2.306/2.247 �). This can be rational-
ised as a consequence of the slightly enhanced electron do-
nating effect (+I effect) and hyperconjugation (�M effect)
of the methyl groups compared to hydrogen, resulting in a
shorter and stronger bonding of the ligand in (Me3-
P)AuSCN. This effect propagates to a small extent to the
Aud+�Sd� bond, which is found to be somewhat longer in
(H3P)AuSCN than in (Me3P)AuSCN. At the MP2/RDZ
level, the Au–S distances obtained for (H3P)AuSCN and
(Me3P)AuSCN are 2.308 and 2.295 �, respectively.


The harmonic C–N and C–S stretching frequencies of
2087 and 2081 cm�1 and of 700 and 701 cm�1 calculated at
the MP2/RDZ level for (H3P)AuSCN and (Me3P)AuSCN,
respectively, are in good agreement with experimental IR
data, nCN =2113 and nCS =


682 cm�1 for (Me3P)AuSCN.[28]


In solution, the heteroleptic
form (R3P)AuSCN may be the
component of an equilibrium
including the two homoleptic
ionic species as demonstrated,
for example, for cyano gold(i)
complexes[29,36–38] or anions X�


other than thiocyanate.[1,28,39–42]


The ionic form may also appear
in the solid state [Eq. (2)].


A second heteroleptic form
to be considered is the N-
bonded isomer, which can also
be involved in such equilibria
[Eq. (3)]:


2 ðR3PÞAuSCN Ð ½ðR3PÞ2Au�þ þ ½AuðSCNÞ2�� ð2Þ


ðR3PÞAuSCN Ð ðR3PÞAuNCS ð3Þ


Equilibria of type (3) have been frequently observed and
studied with other metal atoms[28,39–42] and are quite well un-
derstood at an empirical level in terms of the so called anti-
symbiotic trans effect predominantly at class (b) metals.[41–43]


To our knowledge, N-bonded gold(i) thiocyanate complexes


Figure 3. Equilibrium structures of the monoaurated thiocyanate anions
calculated at the MP2/RDZ level: a) (H3P)AuSCN (0.0 kcal mol�1),
b) (H3P)AuNCS (2.0 kcal mol�1), c) (Me3P)AuSCN. The distances are
given in �, the angles in degrees; the calculated (MP2/RDZ/COSMO)
relative energies are given in parentheses.


Table 3. Structural parameters and vibrational frequencies of (R3P)AuSCN complexes calculated at the RHF/
RDZ and MP2/RDZ levels as compared to experimental data. Bond lengths are given in �, angles in degrees
and frequencies in cm�1.


Calculated Xrd.
R! H Me Me[a] o-tol[b]


RHF MP2 RHF MP2 tetramer monomer


RN–C 1.141 1.192 1.142 1.193 1.167(14) 1.147(4)
RC–S 1.712 1.710 1.712 1.709 1.673(11) 1.681(3)
RAu–S 2.381 2.295 2.393 2.308 2.334(2) 2.3256(8)
RAu–P 2.360 2.306 2.356 2.247 2.252(2) 2.2726(7)
aN-C-S 179.1 178.8 179.5 178.5 175.6(1) 177.1(3)
aC-S-Au 98.3 94.2 97.9 93.2 102.7(3) 98.75(11)
nCN 2516 2087 2511 2081 2113[c] 2120[c]


nCS 722 700 721 701 682[c] –[d]


[a] X-ray data from ref. [35]. [b] X-ray data from ref. [1]. [c] IR spectra (KBr). [d] Not observed due to over-
lapping P–C modes.
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have not previously been reported.
The first step in the present computational study of Equi-


librium (3) was to calculate the structures of the
(H3P)AuSCN and (H3P)AuNCS isomers. At the MP2/RDZ
level, local minima were obtained on the potential-energy
surface for both molecular isomers with ground-state molec-
ular structures shown in Figure 3 and geometrical parame-
ters given in Tables 3 and 4. Results for S-bonded
(H3P)AuSCN and (Me3P)AuSCN were discussed in the pre-
vious Section.


At the MP2/RDZ level, the optimisation of the molecular
structure of the (H3P)AuNCS isomer yielded equilibrium
structures with exclusively real vibrational frequencies. The
main structural difference between the N-bonded and the S-
bonded complex is the angle at the donor atom (N/S): For
(H3P)AuSCN, the Au-S-C angle is 97.98 (MP2/RDZ) that is,
slightly larger than a right angle, whereas (H3P)AuNCS has
colinear Au�N and N�C bonds; the Au-N-C angle is 1808.
The Au–N distance of 1.955 � (MP2/RDZ) is rather short.
Thus, in terms of Lewis formulae, the mesomeric form A in
Equation (4) seems to be slightly more significant than for
the S-bonded complex. A dominating B character would
imply an sp2 hybridisation and consequently a C-N-Au angle
of about 1208, which is for example, observed in the solid
state structure of the [CuII(NCS)(tim)]PF6 complex.[44]


At the MP2/RDZ level, the C�N bond in (H3P)AuNCS is
1.210 � compared with 1.192 � in (H3P)AuSCN, whereas
the C�S bond is longer in (H3P)AuSCN (1.607/1.710 � for
(H3P)AuNCS/(H3P)AuSCN).


Gold is known to be a distinctly thiophilic metal, which
suggests a significant energy difference between the S-
bonded and the N-bonded isomers, favouring the S-bonded
form. Surprisingly, the energy release of the isomerisation
reaction (DEiso) in Equation (5), with R = H, is calculated


at the MP2/RDZ level to be only �3.6 kcal mol�1. See
Table 5.


ðR3PÞAuNCS Ð ðR3PÞAuSCN ð5Þ


This value can be compared to an estimated free energy DG
of �4.2 kcal mol�1 for the Equilibrium (5) with R = Me, de-
duced from the IR spectrum measured in CH2Cl2 solution.
Assuming a linear relation between concentrations and IR
intensities, the equilibrium constant, k, and the free energy,
DG, can be obtained from the ratio of the integrated intensi-
ties of a certain vibrational mode of the different species.
The intensities obtained have to be scaled with the calculat-
ed ratios of the same modes. The integration of the two nCN


peaks at 2113 and 2075 cm�1 in the spectrum of (Me3-
P)AuSCN shown in Figures 1 and 5 yields a ratio of 15:1. At
the MP2/RDZ level, the intensities of nCN({H3P}AuSCN)
and nCN({H3P}AuNCS) are 0.46 and 41.90 km mol�1, respec-
tively. This yields an equilibrium constant k of 1.366·103 and
a DG value of �4.2 kcal mol�1, which is in good agreement
with the DEiso values given in Table 5 calculated for the gas
phase. The equilibrium constant of 1.1 reported by Akhtar
et al. differs from this value since it is obtained using an esti-
mated IR absorption ratio of 1:10.[28]


Estimates for DG, DH and DS in the gas phase can be ob-
tained by also considering the vibrational energy contribu-
tions. The obtained values for DG and DH differ by less
than 1.0 kcal mol�1 from DEiso, since the entropy (DS) calcu-
lated at the MP2/RDZ level is only 0.1 cal mol�1 K�1.


The vibrational frequency calculations on [SCN]� re-
vealed difficulties to accurately reproduce experimental IR
spectra. However, the computational errors for the vibra-
tional frequencies of the thiocyanate complex are expected
to be cancelled to a large extent by employing an extrapola-
tion scheme with the vibrational frequencies of [SCN]� as
reference. Thus, improved values for the C–N and S–C
stretching vibrations (Y) of the thiocyanate complex (X)
can be obtained as given in Equation (6):


nest
Y ðXÞ ¼ ncalcd


Y ðXÞ þ fnexptl
Y ð½SCN��Þ � ncalcd


Y ð½SCN��Þg ð6Þ


where ncalcd
Y (X) is the calculated stretching frequency of the


Table 4. Structural parameters and vibrational frequencies of
(H3P)AuNCS calculated at the RHF/RDZ and MP2/RDZ levels. Bond
lengths are given in �, angles in degrees, and frequencies in cm�1.


RHF MP2


RS–C 1.628 1.607
RC–N 1.159 1.210
RN–Au 2.029 1.955
RAu–P 2.312 2.215
RH–P 1.404 1.411
aS-C-N 180.0 179.7
aC-N-Au 178.4 178.1
aN-Au-P 179.8 179.9
aAu-P-H 117.1 117.4
nCN 2349 2075
nCS 901 748


Table 5. Isomerisation energy (DEiso in kcal mol�1) and the frequencies
(in cm�1) for the C–N stretching vibration of (R3P)AuNCS and
(R3P)AuSCN (with R =H) calculated at the RHF/RDZ and MP2/RDZ
levels as compared to experimental data (for R =Me).


Calculation Exptl[a]


RHF MP2 MP2[b] IR


DEiso �2.2 �3.6 �2.0 �4.2
nCN({R3P}AuNCS) 2349 2075 – 2075
nCN({R3P}AuSCN) 2516 2087 – 2113


[a] Obtained using DEiso = �RT lnk at 298 K and k from integrated and
calculated IR intensities (MP2/RDZ). [b] Dielectrical continuum effect
of CH2Cl2 were considered by using the COSMO model.
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thiocyanate complex, ncalcd
Y ([SCN]�) the corresponding calcu-


lated IR frequency of [SCN]� , nexptl
Y ([SCN]�) its experimen-


tal IR frequency, and nest
Y (X) the extrapolated IR frequency


for the thiocyanate complex. The vibrational frequencies
and the corresponding vibrational frequency shifts are listed
in Table 6. The extrapolated values for those vibrational


modes which [SCN]� and the thiocyanate complex have in
common are to some extent corrected for anharmonicities,
solvent effects, and computational uncertainties. The ex-
trapolated value for nest


Y ({H3P}AuSCN) is 2122 cm�1, whereas
the corresponding band in the IR spectrum of (Me3-
P)AuSCN appears at 2113 cm�1 (see Table 7).


These values can be further improved by also considering
differences in the anharmonic corrections [ahnY(X)] in a sim-
ilar manner


ahnest
Y ðXÞ¼nest


Y ðXÞ þ fahncalcd
Y ð½SCN��Þ � ncalcd


Y ð½SCN��Þg ð7Þ


Anharmonic corrected frequencies for (H3P)AuSCN and


(H3P)AuNCS were estimated by using this procedure. The
anharmonic corrections for [SCN]� were calculated by using
the VSCF approach[24] as implemented in GAMESS[23] (see
Table 1). The extrapolated vibrational frequencies including
anharmonic corrections are 2086 and 2074 cm�1 for
ahnest


CN({H3P}AuSCN) and ahnest
CN({H3P}AuNCS), respectively.


These values are in reasonable
agreement with the correspond-
ing experimental values of 2113
and 2075 cm�1, respectively.


The results of these analyses
for the vibrational frequencies
of (H3P)AuNCS and
(H3P)AuSCN are consistent
with conclusions by Akhtar
et al. ,[28] who assigned the
prominent IR band at
2113 cm�1 to (Me3P)AuSCN
and the weaker band at
2075 cm�1 to Me3PAuNCS.


Isomeric dinuclear gold(i) thio-
cyanate complexes {[(R3P)Au]2-
(SCN)}+X� : Digold(i) thiocya-
nate complexes can be synthes-


ised by adding one equivalent of [(R3P)Au]+X� to Equilibri-
um (3). At least three isomers can be proposed which are
compounds of a new equilibrium:


f½ðR3PÞAu�2SCNgþ Ð f½ðR3PÞAu�SCN½AuðPR3Þ�gþ


Ð f½ðR3PÞAu�2NCSgþ
ð8Þ


with the energetically lowest isomer dominating.


The geometry optimisations at the MP2/RDZ level for the
cation with R = H yielded local minima for each of the
three isomers, with [(H3PAu)SCN(AuPH3)]+ as the most
stable species, followed by [(H3PAu)2NCS]+ . The energy dif-
ference between these isomers is 7.9 kcal mol�1, while
[(H3PAu)2SCN]+ lies 10.6 kcal mol�1 above [(H3PAu)SCN-
(AuPH3)]+ . The data calculated for the three isomers are
summarised in Table 8, and the structures are shown in
Figure 4.


In the gas phase, the [(H3PAu)SCN(AuPH3)]+ species
(see Figure 4b) has the structural features of both the
(H3P)AuSCN and the (H3P)AuNCS molecule. The Au�N/
Au�S bonds appear to be weaker than in the reference mol-
ecule, since the distances are slightly larger and the Au-S-C
bond angle is wider: At the MP2/RDZ level, the N–Au dis-
tance in [(H3PAu)SCN(AuPH3)]+ is 2.054 compared with
1.955 � for (H3P)AuNCS. Similarly, the S–Au distance in
the former is 2.391 and 2.295 � for (H3P)AuSCN. The Au-S-
C angle in [(H3PAu)SCN(AuPH3)]+ is 98.4 compared with
94.28 for H3PAuSCN.


For [(H3PAu)2SCN]+ with Cs symmetry (see Figure 4a),
the trends observed in the structural changes from [SCN]�


via (H3P)AuSCN to [(H3PAu)2SCN]+ continue: At the MP2/


Table 6. Vibrational frequencies [nCN(X), nCS(X) in cm�1] and vibrational frequency shifts [DnY(X)=


nY(X)�nY([SCN]�) in cm�1] for the thiocyanates calculated at the MP2/RDZ level compared with the experi-
mental values.


nCN(X) DnCN(X) nCS(X) DnCS(X)
R! H Me H Me H Me H Me
X Calcd Exptl Calcd Exptl Calcd Exptl Calcd Exptl


[SCN]� 2031 2066[a] 0 0 748 745[b] 0 0
(R3P)AuNCS 2075 2075 44 9 971 –[c] 223 –
(R3P)AuSCN 2087 2113 56 47 700 682 �48 –63
[(R3PAu)2NCS]+ 1917 –[d] �114 – 960 –[c] 212 –
[(R3PAu)2SCN]+ 2089 2121 58 55 680 –[e] �68 –
[(R3P)AuSCNAu(PR3)]+ 2140 2161 109 95 819 793 71 48


[a] Measured for [SCN]� in gas phase.[31] [b] Measured for [SCN]� in a CsI matrix[32] and verified as a gas
phase value by hot bands in the photo-electron spectrum. [c] The band was obscured by the strong absorptions
of P–C modes of the PMe3 group. [d] This band was not observed. [e] The band was obscured by the strong
[SbF6]


� absorptions.


Table 7. Extrapolated frequencies (in cm�1) for the C–N and C–S stretch-
ing vibrations of thiocyanates obtained by using Equation (6) compared
with available experimental values. The extrapolated values are deduced
from MP2/RDZ data.


nexptl
CN


[a] nest
CN


[b] nexptl
CS


[a] nest
CS


[b]


[SCN]� 2066[c] (2066) 745[d] (745)
(R3P)AuNCS 2075 2110 –[e] 969
(R3P)AuSCN 2113 2122 682 698
[(R3PAu)2NCS]+ –[f] 1952 –[e] 957
[(R3PAu)2SCN]+ 2121 2124 –[g] 678
[(R3PAu)SCN(AuPR3)]+ 2161 2175 793 816


[a] R = Me. [b] R = H. [c] Measured in gas phase.[31] [d] Measured in a
CsI matrix[32] and verified as a gas phase value from hot bands in the
photoelectron spectrum. [e] The band was obscured by the strong absorp-
tions of P–C modes of the PMe3 group. [f] This band was not observed.
[g] The band was obscured by the strong [SbF6]


� absorptions.
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RDZ level, the C–N distance decreases in [SCN]� from
1.203 to 1.192 and 1.118 � whereas the S–C distance in-


creases systematically from
1.676 to 1.710 to 1.711 � for
[SCN]� , (H3P)AuSCN, and
[(H3PAu)2SCN]+ , respectively.
For [(H3PAu)2SCN]+ , the two
Au�S bonds of 2.391 � are
0.1 � longer than for the S-
monoaurated and S,N-diaurated
species.


The Au-S-C angles are 98.38
in [(H3PAu)2SCN]+ and 98.48 in
the [(H3PAu)SCN(AuPH3)]+


cation. The small Au-S-Au angle of 84.38 in the former leads
to a short aurophilic contact of 3.208 �. This distance is
slightly larger than in the reference cation [(R3PAu)2Cl]+


which has an Au–Au distance of 3.181 � calculated at MP2/
RDZ level with R = H. For comparison, the experimental
Au–Au distance in the solid state structure of
[(Ph3PAu)2Cl]+ is 3.22 �.[10]


The strength of the intramolecular Au–Au interaction in
[(H3PAu)2SCN]+ is estimated at the MP2/RDZ level to 3.5–
3.6 kcal mol�1. This value is obtained from a comparison of
the energies for the isomerisation Reaction (9):


½ðH3PAuÞ2SCN�þ ! ½ðH3PAuÞSCNðAuPH3Þ�þ; DEiso ð9Þ


At the MP2/DZ level, that is, without f functions for the Au
atoms, one obtains a DEiso, value of �13.9 kcal mol�1. The
addition of f functions for gold stabilises the m2-S isomer
with direct Au–Au interactions resulting in a lower isomeri-
sation energy of �10.6 kcal mol�1. The energy difference of
3.5 kcal mol�1 between the isomerisation energies calculated
at the MP2/RDZ and MP2/DZ levels is an estimate of the
intramolecular aurophilic attraction energy for this species.
The use of a larger basis set would yield a stronger aurophil-
ic interaction. However, since MP2 tends to overestimate
Au�Au bond strengths,[45] the MP2/RDZ calculations seems
to describe the aurophilic interaction rather well. See
Table 2. The obtained isomerisation energies are summar-
ised in Table 8.


The m2-N isomer [(H3PAu)2NCS]+ with C2v symmetry
shown in Figure 4c was found at the MP2/RDZ level to be
2.7 kcal mol�1 lower in energy than the m2-S isomer
[(H3PAu)2SCN]+ . This is a remarkable result which is not in
agreement with the generally accepted idea of a pronounced
thiophilic nature of Au+ .[12] This thiophilic nature has also
been confirmed here by the calculations on the monoaurat-
ed thiocyanate isomers. Contrary to the m2-S isomer, the m2-
N isomer with its distorted-trigonal-planar configuration of
the nitrogen atom has a planar heavy atom skeleton. The
Au–N distance of 2.048 � is almost the same as for the mono-
aurated species. The Au-N-C angles of 123.58 are very close
to the sp2 angle of 1208. The Au–Au distance in the m2-N
isomer of 3.414 � (MP2/RDZ) is large and indicates very
weak intramolecular aurophilic interactions of 0.8–
1.6 kcal mol�1, estimated from the isomerisation energies for
Reactions (9) and (10) given in Table 8.


Table 8. Gold–gold distances [R(Au–Au) in �] of the three isomeric diaurated thiocyanate cations (with R =


H) calculated at the RHF and MP2 levels by using the DZ and RDZ basis sets. The isomerisation energies
(DEiso in kcal mol�1) relative to [(R3PAu)SCN(AuPR3)]+ calculated at different levels are also given.


R(Au–Au) DEiso


RHF[b] MP2[a] MP2[b] RHF[b] MP2[a] MP2[b] MP2[c] Exptl[d]


[(R3PAu)SCN(AuPR3)]+ 6.122 5.921 5.839 0 0 0 0 –
[(R3PAu)2NCS]+ 3.778 3.609 3.414 +9.5 +8.7 +7.9 +7.2 –
[(R3PAu)2SCN]+ 4.165 3.740 3.208 +14.0 +13.9 +10.6 �1.2 �2.0


[a] The DZ basis set was used. [b] The RDZ basis set was used. [c] Dielectrical continuum effects of CH2Cl2


were considered by using the COSMO model. [d] This is an estimate for the R =Me compound based on the
IR intensity integrals and the MP2/RDZ level IR intensities.


Figure 4. Equilibrium structures of three isomeric digold(i) thiocyanate
cations calculated at the MP2/RDZ level: a) {(H3PAu)2SCN}+ (0.0 kcal
mol�1), b) {(H3PAuSCNAuPH3}


+ (1.2 kcal mol�1), c) {(H3PAu)2NCS}+


(8.4 kcal mol�1) The distances are given in �, the angles in degrees; the
calculated (MP2/RDZ/COSMO) relative energies are given in parenthe-
ses.
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½ðH3PAuÞ2NCS�þ Ð ½ðH3PAuÞNCSðAuPH3Þ�þ ð10Þ


For the interpretation of the experimental IR spectrum of
the diauration products, frequency analyses at the MP2/
RDZ level by using the same extrapolation procedure as de-
scribed above were carried out. The calculated frequencies
for the C–N stretching vibration (nCN) are 2140, 2089 and
1917 cm�1 for the cations [(H3PAu)SCN(AuPH3)]+ ,
[(H3PAu)2SCN]+ and [(H3PAu)2NCS]+ , respectively (see
Table 6). The extrapolation procedure yields estimated
values (nest


CN) of 2175, 2124 and 1952 cm�1, see Table 7. These
are in very good agreement with the frequencies of the two
IR bands at 2161 (strong, broad) and 2121 cm�1 (weak,
sharp) obtained for the corresponding Me3P complex(es)
(see Table 7 and Figure 5). The IR spectrum was recorded
for the reaction product of the diauration Reaction (1) (with
R = Me). The band predicted at 1952 cm�1 was not ob-
served.


The C–S stretching vibrations were also calculated. Due
to P–C vibrations and other IR modes which also appear in
the finger-print region, only the peak at 793 cm�1 can be as-
signed to nSC of the [(H3PAu)SCN(AuPH3)]+ cation. The
MP2/RDZ and extrapolated values are 819 and 816 cm�1,
respectively (see also Tables 6 and 7).


The calculated relative energies of the three isomers can
be compared with measured IR intensities using the same
procedure as previously applied for the two monoauration
isomers. Only two nCN signals of the diauration products can
be assigned to different diauration isomers obtained in Re-
action (1). The ratio of these integrated intensities for
n{[(H3PAu)SCN(AuPH3)]+}:n{[(H3PAu)2SCN]+} of the mea-
sured IR spectrum is 9:1, while the ratio of the correspond-
ing calculated IR intensities (MP2/RDZ) is 270:1, yielding
an equilibrium constant k of 30. This k value corresponds to
a free energy of +2.0 kcal mol�1 for Reaction (9).


The calculated vibrational frequencies confirm the pro-
posed structures of the cations in equilibrium, whereas the


calculated relative energies seem to contradict the observed
IR intensities. However, by also considering effects from the
dielectric continuum in the computational model the calcu-
lated isomerisation energies for Reaction (9) change sign. A
significant stabilisation by �10.4 kcal mol�1 of the m2-S
isomer relative to the m1-N–m1-S isomer was found. This is in
contrast to the monoauration isomers, where only small
matrix effects where found. Also for the m2-N isomer only a
minor stabilisation of �1.7 kcal mol�1 was obtained. The sta-
bilization energy obtained in the COSMO calculation is
roughly proportional to the size of the molecular dipole
moment. According to the population analysis, the thiocya-
nate in the m2-S isomer has a significantly larger charge sep-
aration than for the two other isomers explaining the large
solvent stabilization energy for the m2-S isomer.


This makes the [(H3PAu)2SCN]+ cation the most stable
isomer, followed by the [(H3PAu)SCN(AuPH3)]+ cation
which is 1.2 kcal mol�1 higher in energy and then followed
by the [(H3PAu)2NCS]+ cation, which lies 8.4 kcal mol�1


above the [(H3PAu)2SCN]+ cation. These isomerisation en-
ergies were obtained at the MP2/RDZ level including the
dielectric continuum corrections.


Conclusion


The isomeric mononuclear gold(i) thiocyanate model com-
pounds, (H3P)AuSCN and (H3P)AuNCS, were found to rep-
resent minima on the potential energy surface. The molecu-
lar structure of the S-bonded compound calculated at the
MP2/RDZ level agrees well with the X-ray structures of
(Me3P)AuSCN and {(o-tol)3P}AuSCN. Substitution of H3P
by Me3P had no significant influence on the structure, vibra-
tional frequencies, and the relative energies of the two com-
plexes, that is, the isomerisation energy. The calculations
yielded an unambiguous assignment of the C–N stretching
vibrations observed in the IR spectrum. The IR peaks ob-
served at 2113 and 2075 cm�1 correspond to nexptl


CN ({Me3-
P}AuSCN) and nexptl


CN ({Me3P}AuNCS), respectively. Even
though gold is a thiophilic metal suggesting a significantly
lower energy for the S-bonded ({H3P}AuSCN) isomer than
for the N-bonded one ({H3P}AuNCS), the MP2/RDZ calcu-
lations including a solvent energy shift of 1.6 kcal mol�1 indi-
cated that the S-bonded isomer lies only 2.0 kcal mol�1


below (H3P)AuNCS. An experimental isomerisation energy
of 4.0 kcal mol�1 can be deduced from the ratio between the
intensities of the nexptl


CN ({Me3P}AuSCN) and nexptl
CN ({Me3-


P}AuNCS) scaled by the calculated ratio of the absorption
coefficients of the two IR peaks; both computationally and
experimentally the S-bonded isomer is found to lie only a
few kcal mol�1 below the N-bonded isomer.


The three dinuclear gold(i) thiocyanate complexes
[(H3PAu)2SCN]+ , [(H3PAu)2NCS]+ and [(H3PAu)SCN-
(AuPH3)]+ considered were all found to represent distinct
minima on the potential energy surface. The two geminally
substituted S-bonded (m2-S) or N-bonded (m2-N) complexes
form Au–Au contacts of approximately 3.21 and 3.41 �, as-


Figure 5. Comparison of the experimental IR spectra of Me3PAuSCN
(c) and [(Me3PAu)2SCN]+[SbF6]


� (c) measured in KBr.
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sociated with an intramolecular aurophilic stabilisation ener-
gies of about 4 and 1 kcal mol�1, respectively. The aurophilic
interaction energies obtained fit well in the area defined for
such interactions given in Figure 10 of ref. [12]. The doubly
substituted S- and N-bonded complex (m1-S–m1-N) is not sta-
bilised by any aurophilic interaction.


The C–N stretching vibrations of the dinuclear complexes
were calculated with high accuracy and the corresponding
vibration modes observed in the IR could be unambiguously
assigned. The C–N stretching mode (nexptl


CN ([(H3PAu)2SCN]+)
of the m2-S complex appears at 2121 cm�1 and the C–N
stretching frequency of the m1-S–m1-N complex (nexptl


CN


[(H3PAu)SCN(AuPH3)]+) is 2161 cm�1 compared with the
corresponding calculated values of 2124 and 2175 cm�1, re-
spectively. So far, no evidence for the m2-N complex has
been found in measured IR spectra. According to the pres-
ent calculations, the peak of the C–N stretching mode for
the m2-N complex should show up at about 1950 cm�1. The
MP2/RDZ calculations including dielectrical continuum ef-
fects of CH2Cl2 suggest that the [(H3PAu)2SCN]+ isomer lies
energetically lowest, followed by [(H3PAu)SCN(AuPH3)]+


and [(H3PAu)2NCS]+ which are 1.2 and 8.4 kcal mol�1 higher
in energy, respectively. This stability order is also supported
by a comparison of calculated and measured IR intensities.
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Syntheses, Structures, Photoluminescence and Theoretical Studies of
Xanthone in Crystalline Resorcinarene-Based Inclusion Complexes


Shao-Liang Zheng* and Philip Coppens*[a]


Introduction


Unlike in solutions or rigid glasses, which traditionally have
been used for dilution of photoactive species, three-dimen-
sional periodicity is preserved in multicomponent supra-
molecular solids. Supramolecular host matrixes provide a
well-defined environment in which the encapsulated lumi-
nescent guest molecules may occur in different states of ag-
gregation and orientation relative to their environment, of-
fering the opportunity to study the structure dependence of
photophysical properties.


When supramolecular host–guest inclusion complexes are
formed in aqueous solutions an enhancement of the lumi-
nescence is often observed.[1] This is partly a result of the
elimination of quenching of molecular triplet states by dis-
solved O2 molecules, but is also attributed to the change
from the polar environment of aqueous solution to the
apolar walls of the cavity, as for instance in cyclodextrin in-
clusion complexes. The first reported example concerns the


tenfold increase in fluorescence yield of 1-aninilino-8-naph-
thalene sulfonate upon inclusion in b- or g-cyclodextrin.[2]


While there are many other examples of luminescence en-
hancement, with variation of the solvent both an increase
and a decrease of the fluorescence intensity of pyrene[3] and
xanthone[4] on complexation with a-, b-, and g-cyclodextrin
has been reported. A difficulty in the interpretation of such
studies is that the geometry of complexation is not known.
There is in fact evidence that an equilibrated array of dis-
crete conformations rather than a single conformation exists
in solution.[5] In supramolecular solids on the other hand,
the geometry can be determined and collision-induced
quenching is eliminated.


Solid-state spectroscopic[6–8] and time-resolved diffraction
results[9] show that the excited-state geometry and lifetime
are affected by the constraining environment of multicom-
ponent supramolecular solids. Luminescence quenching
occurs in the solid state through nonradiative energy or
electron transfer between the excited entity and its environ-
ment. Control of luminescence quenching and the corre-
sponding enhancement of the light-emission has technologi-
cal applications in the design of light-emitting diodes,[7,8] and
is required for time-resolved diffraction studies of transient
species in supramolecular environments.[10] However, few
systematic investigations on the relation between structure
and properties have been carried out as extensive structural
information is only now becoming available[11] and computa-
tional techniques have only recently allowed reliable calcu-
lations of larger molecules.


Abstract: Two new crystalline resorcin-
arene-based xanthone inclusion com-
plexes, CECR·xanthone·MeOH (1),
and HECR·2 xanthone·6 MeOH (2)
(CECR =C-ethylcalix[4]resorcinarene,
HECR =hexaethylresorcin[6]arene)
have been prepared to study the rela-
tion between photophysical properties
and solid-state structure. Compared
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order of magnitude larger in 2, in
which xanthone occurs as a dimer, than


in 1, in which it occurs as a monomer.
The electronic transitions involved in
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Aromatic ketones, such as benzil,[12–14] benzophenone,[15, 16]


and xanthone,[17,18] are of particular interest owing to their
roles in photophysics and photochemistry. They have excited
triplet states with lifetimes that can be as high as millisec-
onds at low temperature in the solid state,[12,15] and are
highly reactive. However, in a series of supramolecular
solids based on resorcinarene and bipyridyl-type linker mol-
ecules, the intense phosphorescence of the aromatic ketones
was found to be completely[13,16] or very strongly[14]


quenched, even at low temperature.
As part of our investigations of emission quenching in


supramolecular environments we have synthesized two re-
sorcinarene-based inclusion complexes in which no mole-
cules other than the guest and the resorcinarene are present,
thus simplifying the analysis. We here describe the syntheses,
structures, and photophysical properties of CECR·xanth-
one·MeOH (1), and HECR·2xanthone·6MeOH (2) (CECR=


C-ethylcalix[4]resorcinarene, HECR =hexaethylresor-
cin[6]arene, Scheme 1). The xanthone molecule occurs as
monomer in 1 and as a dimer in 2, resulting in significant
variation of the spectral properties. The experimental work
is complemented by calculations based on time-dependent
density functional theory (TDDFT).


Results and Discussion


Syntheses : CECR·xanthone·MeOH (1), and HECR·2 xan-
thone·6 MeOH (2) were prepared by hydrothermal synthe-
sis, previously used successfully to prepare novel resorcinar-
ene-based supramolecular frameworks incorporating aro-
matic ketones.[13,14, 16] We did not succeed in preparing a
CMCR·xanthone (CMCR=C-methylcalix[4]resorcinarene)
phase, even though the composition of the corresponding re-
action mixture was varied in a series of experiments. To
allow comparison of the spectroscopic properties, the crys-
tals of neat xanthone,[19] CECR, and HECR[20] were grown
from open solutions, characterized by X-ray crystallography,
and examined spectroscopically.


Crystal structures : The CECR molecules in 1 adopt the
bowl-shaped (r-cis-cis-cis) conformation with four intramo-
lecular hydrogen bonds along the upper rim (O···O=


2.682(2)–2.732(2) �, Table S1 in the Supporting Informa-
tion). Adjacent CECRs are connected by intermolecular hy-
drogen bonds (O···O= 2.688(2)–3.294(2) �) to form layers
parallel to the (100) plane with the deep bowl-shaped cavi-
ties, in which the CECRs are oriented in an up-and-down
fashion (Figures 1 and S1 in the Supporting Information).
Adjacent hydrogen-bonded layers are juxtaposed along the
a axis such as to leave a void of 5.90 � when the van der
Waals radii of the atoms are taken into account (often refer-
red to as the “effective separation”). The bowl-shaped cavi-
ties occupy 32.9 % of the crystal volume.[21] A fully ordered
xanthone molecule is entrapped within each such cavity. No
strong intermolecular interactions occur between xanthone
and the host framework. One methanol molecule is included
at the top of each cavity and is hydrogen-bonded to the hy-
droxyl oxygen atom (O�H···O =2.678(2) �) of an adjacent
CECR.


As in HECR·12 DMSO, the HECR molecules in 2 adopt
the r-trans-cis-trans-cis-trans conformation.[22] Adjacent
HECR units are connected by intermolecular hydrogen
bonds (O···O=2.6925(9)–2.9011(9) �), resulting in a one-di-
mensional wavy hydrogen-bonded chain parallel to the b
axis (Figures 2 and S2 in the Supporting Information). These
hydrogen-bonded chains are juxtaposed along the a axis
with a 3.01 � effective separation and along the b axis with
a 4.91 � effective separation. Channels along the c axis ac-
count for 39.6 % of the crystal volume. In each unit cell, two
xanthone molecules are embedded in each channel as
dimers, formed by p–p interactions between two aromatic
rings with an interplanar distance of 3.41 �. Six methanol
molecules are clathrated in each channel to fill the gap left
by the xanthone and are hydrogen-bonded to the hydroxyl
oxygen atoms (O�H···O=2.609(1)–2.969(1) �) of the host
network.


The most significant distinction between the two phases is
that xanthone occurs as a monomer in 1, whereas it is a
dimer in 2. The molecular dilution of xanthone is pro-
nounced. Its concentration is 1.642 and 1.752 mol L�1 for 1
and 2, respectively, compared with 7.106 mol L�1 in neat


Scheme 1. The structures of xanthone (top), CECR (middle) and HECR
(bottom).
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xanthone crystals (Table 1).[19] Our calculations indicate that
the xanthone dimer in the geometry found in crystals of 2 is
less stable by 6.26 kcal mol�1 than two isolated monomers


with the same geometry. On optimization, the interplanar
distance increased by about 0.3 � and a large lateral shift of
about one ring occurred (Figure S3 in the Supporting Infor-
mation), suggesting that such a dimer will not be found in
solution. Nevertheless, it can be stabilized in the supra-
molecular environment as is evident from the crystal struc-
ture of 2.


Whereas spectroscopic observations on solutions and
computational results have been used extensively to obtain
insight into the nature of excimers,[23–25] their dilute occur-
rence in supramolecular crystals opens the possibility of
solid state studies of excimers, with spectroscopic and re-
cently developed time-resolved diffraction methods.[26] The
existence of a discrete monomer in 1 and discrete dimer of
xanthone in 2 provide an opportunity to analyze the de-
pendence of spectroscopic properties on molecular packing.


Spectroscopic properties


Absorption spectra : Similar to neat xanthone, the longest
wavelength absorption bands of crystalline samples of both
1 and 2 occur at 335 nm (Figure 3). The longest wavelength
absorption maxima in the UV-visible spectra may corre-
spond to S0–Sn transitions with n>1, as the S0–S1 transition
may have a low oscillator strength.[23,27] Our TDDFT calcu-
lations (Table 2), indeed indicate that the lowest energy ab-
sorption maximum of 1 should be attributed to the S0–S2


transition (calcd wavelength 310.9 nm, oscillator strength
0.061), while the lowest energy absorption maxima of the
dimer in 2 is assigned to the S0–S5 transition (calcd wave-
length 310.5 nm, oscillator strength 0.094), as the transitions


Figure 1. Three-dimensional supramolecular architecture of 1, containing
monomer xanthone viewed along the b axis (top), and viewed along the
c axis (bottom). The methanol molecules are omitted for clarity.


Figure 2. Three-dimensional supramolecular architecture of 2, containing
dimer xanthone viewed along the c axis (top), viewed along the a axis
(middle), and side view (bottom left) and top view (bottom right) of the
dimeric xanthone molecules connected by p–p interactions. The metha-
nol molecules are omitted for clarity.


Table 1. Comparison of cavity size, concentration, and luminescence
properties of xanthone in neat crystals and host–guest compounds.


Volume per
xanthone[a] [�3]


Concentration
[mol L�1, 90 K]


lem


[nm, 17 K]
Lifetime
[ms, 17 K]


neat xanthone 233.67 7.106 480 887
monomer in 1 281.25 1.642 420 0.22
dimer in 2 268.15 1.752 460 5.56


[a] Solvent molecules excluded in calculation of volume.
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involving lower excited states have much lower oscillator
strengths. The excited-state–ground-state (ES–GS) separa-
tions from the TDDFT calculations agree with the observed
positions of the absorption bands.


Emission spectra : While the absorption spectra may vary
little with degree of aggregation, as evident by comparison
of the UV spectra of 1 and 2, the emission spectra can be
very sensitive.[28,29] Although the crystals of neat xanthone,
which contain one-dimensional stacks with p–p interactions
(Figure S4 in the Supporting Information),[19] emit at ap-
proximately 480 nm upon 366 nm excitation at 17 K, the lu-
minescence maximum of monomer xanthone in 1 is found at
about 420 nm, while the emission maximum of dimer xan-
thone in 2 occurs at 460 nm (Figure 4). This result is in
agreement with the red-shifts commonly found in lumines-
cence spectra of the excimer in solution,[23–25] and supported
by our calculation of the energy-level spacings.


The emission spectrum of xanthone in hexane has been
found to be strongly temperature dependent.[17] Only at very
low temperature, below about 10 K, does emission from the
T1(p,p*) triplet state, which is close in energy to T2(n,p*),
become important. Based on TDDFT energy-level and mo-
lecular-orbital analyses, we similarly assign the triplet states
of the monomer in 1 and the dimer in 2 to be of p,p* nature
for the T1 state and of n,p* nature for the T2 state, as shown
in Figure 5, the T1–T2 spacing being only 0.033 and 0.017 eV,
respectively. Taking into account the temperature at which
the current experiments were conducted (17 K) and the re-
ported nonplanarity of the T1(p,p*) state, which would be
restrained in the crystal matrix, the luminescence in the
supramolecular crystals is assigned to the T2(n,p*) state.


Phosphorescence lifetimes : A major factor affecting solid-
state photophysical behavior is energy transfer to the molec-
ular environment, which shortens emission lifetimes or leads
to full quenching of the emission through nonradiative
decay of the excited species. Two mechanisms for energy
transfer are distinguished.[30] The first, the Fçrster mecha-
nism,[28, 31] plays a major role in energy transfer in proteins
and in solutions,[32] and is Coulombic in origin. It is the dom-
inant factor in deactivation of excited singlet states at long
distances (10 to 150 �), and manifests itself in fluorescence
quenching. For deactivation of triplet states Coulombic in-
teractions that require triplet–triplet energy transitions (i.e. ,
3D* + 1A!1D + 3A*) on donor (D) and acceptor (A) are


forbidden, and thus do not play
a role. While short-range
(<10 �) energy transfer is usu-
ally attributed to a Dexter ex-
change mechanism,[33] signifi-
cant orbital-overlap-dependent
exchange can also be mediated
through charge-transfer (CT)
configurations.[32, 34] The ex-
change and CT couplings are
short range as they depend on


Figure 3. Solid-state UV-visible reflectance spectra of 1 (top), 2 (middle),
and neat xanthone (bottom).


Table 2. Calculated excited state energy separations and oscillator strengths of various linker molecules.


Energy Monomer in 1 Dimer in 2 CECR HECR
separation E [eV�1] (f) E [eV�1] (f) E [eV�1] (f) E [eV�1] (f)


S0–T1 3.148 (0.000) 2.887 (0.000) 3.532 (0.000 3.575 (0.000)
S0–S1 3.710 (0.000) 3.622 (0.000) 4.083 (0.000) 4.262 (0.000)
S0–S2 3.988 (0.061) 3.623 (0.000) 4.254 (0.040) 4.270 (0.035)
S0–S3 4.730 (0.054) 3.900 (0.000) 4.297 (0.037) 4.397 (0.000)
S0–S4 5.059 (0.021) 3.948 (0.002) 4.429 (0.002) 4.399 (0.030)
S0–S5 5.249 (0.308) 3.993 (0.094) 4.620 (0.002) 4.582 (0.001)
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overlap of donor and acceptor orbitals (in the supramolec-
ular case the orbitals of the host molecules lining the guest
cavity with the orbitals of the guest itself). Both the long-
and short-range energy transfer depend on the energy-level
spacings of the donor, which is deactivated, and the acceptor
(Scheme 2).[23, 30,32,35] The increased density of solids relative
to solutions and the existence of well-defined host–guest ge-
ometries and interactions enhances the importance of the
short-range mechanisms of luminescence quenching.


In a series of supramolecular solids based on resorcinar-
ene and bipyridyl-type linker molecules, the intense phos-
phorescence of aromatic ketones was found to be complete-
ly[13,16] or very strongly quenched,[14] even at low tempera-
ture. Although we measured the lifetime of the neat xan-
thone crystal at 17 K as 887 ms, for 1 and 2 the corresponding
numbers at the same temperature are only 0.22 and 5.56 ms,
respectively, indicating that significant quenching occurs.


A necessary condition for energy transfer is matching of
the spacings of the donor and acceptor energy levels affect-
ed by the transfer. While the absorption bands of powdered
CECR or HECR crystals occur in the 210–400 nm region
(Figure S4 in the Supporting Information), xanthone in its
neat crystals emits at approximately 480 nm (Figure 4), sug-
gesting that no significant overlap between the emission


spectrum of guest and the absorption spectrum of host
framework exists. However, the room temperature emission
spectrum of xanthone dissolved in hexane is blue-shifted to
approximately 400 nm (Figure 4). In addition, the longest
wavelength absorption maxima in the UV spectra of CECR,
and HECR correspond to S0–Sn transitions with n>1,
(Table 3) and are thus not characteristic for energy levels
that can be involved in the short-range interactions. The
TDDFT calculations on the isolated molecules indicate that
the S0–S1 and S0–T1 separations of CECR or HECR are only
slightly larger than those of the xanthone guest. When we
take into account that the interactions in the solid state,
such as hydrogen-bonding and p–p stacking, can further de-
crease the ES–GS separations of the host below the calcu-
lated values,[29] the energy gap of the host framework is
likely to be similar to that of the xanthone guest, thus allow-
ing significant energy transfer and corresponding quenching
of the luminescence. As described above, for the dimer
structure 2 the emission is significantly red-shifted and in
agreement with calculated ES–GS separations. The observed
reduction of luminescence quenching in 2 relative to 1 may
thus be attributed to the reduced ES(triplet)–GS(singlet)
energy gap of the xanthone donor, which becomes smaller
than the corresponding gap of the host acceptor molecules.


Figure 4. The emission spectra of xanthone in solid state at 17 K (top left), in hexane solution at room temperature (bottom left), in 1 (top right) and in
2 (bottom right) at 17 K.
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In a parallel study we have observed a similar increase in lu-
minescence lifetime and an increased red-shift of the emis-
sion in a supramolecular solid containing a pyrene exci-
mer.[36] On the other hand for excimers in solution, a de-
crease in the quantum yield of the luminescence is generally
observed, resulting from an enhancement of self-quenching


or concentration quenching when the concentration of a fluo-
rescent species increases.[23] However, for excimers in the
solid state, the lower ES–GS separation can suppress the
competing energy transfer by increasing the difference in
energy-level spacings between the guest and the host frame-
work.


Concluding Remarks


Only few investigations of the electronic transitions involved
in the photoluminescence and emission quenching in crystal-
line supramolecular systems have been carried out.[14] We
find the intense phosphorescence of xanthone to be signifi-
cantly quenched in the supramolecular solids examined, and
the emission properies to be a function of the aggregation of
the guest molecules. Examination of experimental host-ab-
sorption and guest-emission spectra and the TDDFT energy
levels provides a basis for interpretation of the experimental
results. The observed quenching contrasts with DCA·benzil
(DCA=deoxycholic acid), in which the energy-level separa-
tion of the DCA host is significantly larger than that of the
benzil guest molecules, and the phosphorescence lifetime of
benzil at 17 K exceeds that of benzil in its neat crystal.[37]


Our results also confirm the crucial role of the energy-
level separations in the energy transfer process. Energy-
level separations can not be readily obtained from the ab-
sorption spectra, as the longest wavelength band observed
often does not correspond to the S0–S1 transition, which may
have low oscillator strength. With careful consideration of
the factors involved, luminescent supramolecular systems
can be designed by means of rational synthetic strategies.


Figure 5. The contour plots of the relevant molecular orbitals of the
monomer in 1 (top) and the dimer in 2 (bottom) in the T1(p,p*) and T2-
(n,p*) triplet state based on TDDFT energy level and molecular orbitals
analyses. Isosurface drawn at 0.05 au.


Scheme 2. Schematic of guest–host energy transfer mechanisms in crystal-
line supramolecular inclusion complexes. Straight arrows: radiative pro-
cesses. Wavy arrows: nonradiative processes.


Table 3. Crystal data and structure refinement of 1 and 2.


1 2


formula C50H52O11 C86H100O22


Mr 828.92 1485.66
crystal system orthorhombic triclinic
space group Pbcn (No. 60) P1̄ (No. 2)
a [�] 30.0636(14) 10.7903(5)
b [�] 13.8059(7) 14.1835(7)
c [�] 19.4867(9) 14.2469(7)
a [8] 90 117.322(1)
b [8] 90 90.147(1)
g [8] 90 100.502(1)
V [�3] 8088.1(7) 1895.4(2)
Z 8 1
m (MoKa) [mm�1] 0.095 0.093
reflns collected 118 671 32294
independent reflns 9773 10483
Rint 0.0601 0.0208
data/parameters 9773/550 10483/688
goodness-of-fit on F2 1.055 1.044
R1 [I>2s(I)] 0.0616 0.0378
wR2 (all data) 0.1853 0.1119
D1max/D1min [e ��3] 0.634/�0.576 0.505/�0.246
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Experimental Section


Synthesis of CECR·xanthone·MeOH (1): CECR (0.05 mmol, 30.0 mg),
xanthone (0.05 mmol, 9.8 mg), and methanol:benzene (1:1, 4 mL) were
sealed in a 6 mL Pyrex glass tube. The tube was allowed to stay at 120 8C
for 30 h, followed by cooling to room temperature over 3 days. Yellow
needle-shaped crystals appeared during the cooling period.


Synthesis of HECR·2 xanthone·6MeOH (2): HECR (0.05 mmol,
45.0 mg), xanthone (0.10 mmol, 19.6 mg), and methanol:benzene (1:1,
4 mL) were sealed in a 6 mL Pyrex glass tube. The tube was allowed to
stay at 120 8C for 30 h, followed by cooling to room temperature over
3 days. Yellow needle-shaped crystals appeared during the cooling
period.


X-ray crystallography : Diffraction intensities for 1 and 2 were collected
at 90 K on a Bruker Smart 1000 CCD area-detector diffractometer
(MoKa, l =0.71073 �). The data were integrated, scaled, sorted, and aver-
aged using the SMART software package.[38] The structures were solved
with direct methods and refined with full-matrix least-squares methods
by using the SHELXTL program package.[39] Anisotropic thermal param-
eters were applied to all non-hydrogen atoms. Hydrogen atoms were gen-
erated at idealized positions. Crystal data as well as details of data collec-
tion and refinement for the complexes are summarized in Table 3, while
hydrogen bond parameters are listed in Table S1 in the Supporting Infor-
mation. Drawings were produced with Weblab Viewer Pro. 4.0.[40]


CCDC-266789 and CCDC-266790 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Center via http://
www.ccdc.cam.ac.uk/data_request/cif.


Theoretical calculations : The binding energies of the dimer xanthone in 2
were performed at the BLYP level with a TZP basis set, by employing
the ADF 2004 suite of programs.[41]


TDDFT calculations were performed at the B3 LYP level with a 6–31G**
basis set, by employing the Gaussian03 suite of programs.[42] Starting with
the X-ray geometries, the structures were optimized by energy minimiza-
tion. The contour plots of molecular orbitals were described with the
Molden 3.9 graphic program.[43]


UV-visible reflectance and photoluminescence spectroscopy : UV-visible
absorption experiments were performed on a Perkin–Elmer Lambda 35
UV-visible spectrometer equipped with an integrating sphere for diffuse
reflectance spectroscopy. The spectra were collected in the 210–800 nm
range at room temperature. Powdered crystals homogeneously diluted
with a nonabsorbing matrix (MgO) and gently tapped into a sample
holder were used as samples.


Photoluminescence measurements were carried out on a home-assembled
emission detection system. Samples (several small single crystals) were
mounted on a copper pin attached to a DISPLEX cryorefrigerator. A
metallic vacuum chamber with quartz windows is attached to the cryo-
stat, the chamber was evacuated to approximately 10�7 bar with a turbo-
molecular pump, which allows cooling down to about 17 K. The crystals
were irradiated with 366 nm light from a pulsed N2-dye laser. The emit-
ted light was collected by an Oriel 77348 PMT device, positioned at 908
to the incident laser beam, and processed by a LeCroy Digital Oscillo-
scope with 1–4 GHz sampling rate.
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Control of Helix Sense by Composition of Chiral–Achiral Copolymers of N-
Propargylbenzamides


Junichi Tabei,[a] Masashi Shiotsuki,[a] Takahiro Sato,[b] Fumio Sanda,*[a] and
Toshio Masuda*[a]


Introduction


The exclusively one-handed screw sense of biomacromole-
cules such as proteins and DNA strongly influences their
biological activities.[1] The study of helical polymers is im-
portant for an understanding of the self-organization of bio-
macromolecules such as a-helices of polypeptides and
double helices of nucleic acids, and also for production of
highly advanced materials with biomimetic functions. Syn-
thetic optically active polymers have received much atten-
tion[2] because their chiralities originating from their helical
conformations can be applied to functional materials exhib-
iting molecular recognition ability[3] and catalytic activity for
asymmetric synthesis.[4]


Green et al. have confirmed that a small proportion of
chiral isocyanate determines the helical sense of the copoly-
mers of chiral and achiral isocyanates (the “sergeants and
soldiers rule“).[5,6] Some polysilylenes[7] and polyacetylenes
also obey this rule,[8] where optical activities show positive
nonlinear relationships with the copolymer composition.


However, there are some random copolymers that change
their helical sense according to the chiral monomer content
(the soldiers may not obey their sergeants); A and B are ex-
amples.[9] The common characteristic of these copolymers is
the location of chiral centers on the pendant groups: that is,


Abstract: N-Propargylbenzamides 1–7
were polymerized with (nbd)Rh+[h6-
C6H5B


�(C6H5)3] to afford polymers
with moderate molecular weights
(Mn = 26 000–51 000) in good yields.
The 1H NMR spectra demonstrated
that the polymers have fairly stereore-
gular structures (81–88 % cis). The op-
tically active polymers, poly(1) and
poly(2), were proven by their intense
CD signals and large optical rotations
to adopt a stable helical conformation
with an excess of one-handed screw


sense when heated in CHCl3 or tolu-
ene. The sign of Cotton effect could be
controlled by varying the content in
the copolymers of either chiral bulky 1
and achiral nonbulky 3, or chiral non-
bulky 2 and achiral bulky 7. The small-
er the pendant group in the copolymer-
ization of achiral monomers with 1, the


more easily did the preferential helical
sense change with the copolymer com-
position. However, the copolymers of
chiral nonbulky 2 and achiral nonbulky
3 did not change the helical sense, irre-
spective of the composition. The free
energy differences between the plus
and minus helical states, as well as the
excess free energy of the helix reversal,
of those chiral–achiral random copoly-
mers were estimated by applying a
modified Ising model.
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a benzene ring is sandwiched between the main chain and
an asymmetric carbon atom.


We have previously reported that N-propargylamides
polymerize in the presence of an Rh catalyst to afford poly-
mers with a cis stereostructure that adopt a helical confor-
mation stabilized by intramolecular hydrogen bonds be-
tween the amide groups in the side chains.[10] The helicity of
poly(N-propargylamide)s is an equilibrium conformation.
The secondary structure changes reversibly upon addition of
methanol, or with a rising temperature. In the present study,
we report the copolymerization of chiral and achiral N-
propargylbenzamides 1–7 that have chiral centers distant
from the acetylene moiety (Scheme 1), and demonstrate
that poly(1-co-3) and poly(2-co-7) show composition-driven
helical sense inversion.


Experimental Section


Materials : Solvents were distilled by the usual methods before use. Prop-
argylamine (Aldrich), isophthaloyl dichloride (Wako), pyridine (Wako),
ethanol (Wako), n-propanol (Wako), n-butanol (Wako), cyclohexanol
(Wako), 2-adamantanol (Wako), (S)-(�)-2-hexanol (Wako), (1S)-(�)-bor-
neol (Aldrich), and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpho-
linium chloride (Tokuyama) were used without further purification.
(nbd)Rh+[h6-C6H5B


�(C6H5)3] was prepared as reported previously.[11]


Measurements : Melting points (m.p.) were measured with a Yanaco
micro-melting point apparatus. Elemental analyses were conducted at the
Kyoto University Elemental Analysis Center. NMR (1H: 400 MHz, 13C:
100 MHz) spectra were recorded on a JEOL EX-400 spectrometer. IR
spectra were obtained with a Shimadzu FTIR-8100 spectrophotometer.
Number-average molecular weights (Mn) and molecular weight distribu-
tions (Mw/Mn) of polymers were estimated by GPC (Shodex KF-850 L
columns: elution with CHCl3, calibration with polystyrene). CD spectra
were recorded on a JASCO J-820 spectropolarimeter.


Monomer synthesis : Synthesis of 1 is described as a typical procedure. A
mixture of (1S)-(�)-borneol (7.60 g, 49.3 mmol) and pyridine (8.70 mL,
98.7 mmol) was added slowly to a THF solution (150 mL) of phthaloyl
chloride (10.0 g, 49.3 mmol) at 0 8C. After the reaction mixture had been
refluxed for 6 h, water (20 mL) was added, and the resulting mixture was
further refluxed for 6 h, washed with aqueous HCl (2 m) and then water,
and concentrated to give (1S)-(�)-(2-bornyloxycarbonyl)benzoic acid in
68% yield. 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride[12] (4.60 mL, 33.8 mmol) was added to a THF solution (100 mL)


of the resulting (1S)-(�)-(2-bornyloxycarbonyl)benzoic acid (7.97 g,
33.8 mmol) and propargylamine (3.41 mL, 33.8 mmol) at room tempera-
ture. The resulting solution was stirred at room temperature for 24 h.
After the white precipitate had been filtered off, the filtrate was concen-
trated. Ethyl acetate (ca. 100 mL) was added to the residue, and the so-
lution was washed with aqueous HCl (2 m)and saturated aqueous
NaHCO3, dried over MgSO4, and concentrated. Monomer 1 was isolated
(1.62 g, 5.92 mmol, 12 %) by flash column chromatography on silica gel
(hexane/ethyl acetate, 4:1 v/v). Monomers 2–7 were prepared in a similar
way.


Monomer 1: m.p. 45–46 8C; [a]D = ++33.28 (c = 0.522 g dL� in CHCl3);
IR (KBr): ñ = 3310 (=C�H), 2959 (C�H), 2124 (C=C), 1713 (C=O),
1651 (C=O), 1540 (dN�H) cm�1; 1H NMR (CDCl3): d = 0.88–2.19 (m,
15H), 2.29 (d, 1H, J = 2.44 Hz), 2.46 (m, 1H), 4.28 (d, 2H, J =


2.44 Hz), 5.13 (m, 1H), 6.78 (s, 1H), 7.53 (t, 1H, J = 7.20 Hz), 8.04 (d,
1H, J = 7.20 Hz), 8.18 (d, 1 H, J = 7.20 Hz), 8.43 ppm (s, 1H); 13C NMR
(CDCl3): d = 13.65, 18.92, 19.73, 27.41 28.08, 29.91, 36.83, 44.92, 47.94,
49.13, 72.07, 76.68, 79.18, 127.64, 128.84, 131.25, 131.57, 132.53, 133.98,


165.97, 166.11 ppm; elemental analysis
calcd (%) for C21H25NO3: C 74.31, H
7.42, N 4.13; found: C 74.10, H 7.40, N
4.08.


Monomer 2 : viscous oil; [a]D =


+ 18.28 (c = 0.113 gdL�1 in CHCl3);
IR (KBr): ñ = 3294 (=C�H), 2935
(C�H), 2126 (C=C), 1723 (C=O), 1655
(C=O), 1542 (dN�H) cm�1; 1H NMR
(CDCl3): d = 0.85 (t, 3H, J =


6.80 Hz), 1.28 (m, 6H), 1.60 (m, 2H),
2.24 (d, 1H, J = 2.44 Hz), 4.23 (d,
2H, J = 2.44 Hz), 5.12 (m, 1 H), 6.83
(s, 1H), 7.46 (t, 1H, J = 7.20 Hz), 8.00
(d, 1 H, J = 7.20 Hz), 8.11 (d, 1H, J =


7.20 Hz), 8.39 ppm (s, 1H); 13C NMR
(CDCl3): d = 13.94, 19.99, 22.46,
27.53, 29.78, 35.62, 71.84, 72.32, 79.26,
127.70, 128.66, 131.17, 131.52, 132.50,
133.91, 165.31, 166.19 ppm; elemental
analysis calcd (%) for C17H21NO3: C
71.06, H 7.37, N 4.87; found: C 71.22,
H 7.40, N 4.84.


Monomer 3 : m.p. 77–78 8C; IR
(KBr):ñ = 3279 (=C�H), 2988 (C�H), 2125 (C=C), 1721 (C=O), 1642
(C=O), 1541 (dN�H) cm�1; 1H NMR (CDCl3): d = 1.41 (t, 3 H, J =


6.80 Hz), 2.30 (d, 1H, J = 2.44 Hz), 4.27 (d, 2H, J = 2.44 Hz), 4.39 (q,
2H, J = 6.80 Hz), 6.49 (s, 1 H), 7.53 (t, 1H, J = 7.20 Hz), 8.03 (d, 1H, J
= 7.20 Hz), 8.17 (d, 1 H, J = 7.20 Hz), 8.39 ppm (s, 1H); 13C NMR
(CDCl3): d = 14.34, 29.91, 61.44, 72.09, 76.68, 79.19, 127.55, 128.87,
130.81, 131.73, 132.65, 133.93, 165.71, 166.04 ppm; elemental analysis
calcd (%) for C13H13NO3: C 67.52, H 5.67, N 6.06l; found: C 66.48, H
5.76, N 6.36.


Monomer 4 : m.p. 48–49 8C; IR (KBr): ñ = 3325 (=C�H), 2941 (C�H),
2122 (C=C), 1719 (C=O), 1651 (C=O), 1546 (dN�H) cm�1; 1H NMR
(CDCl3): d = 0.99 (t, 3H, J = 7.20 Hz), 1.76 (m, 2H), 2.26 (d, 1 H, J =


2.44 Hz), 4.24 (m, 4H), 6.72 (s, 1H), 7.48 (t, 1H, J = 7.20 Hz), 8.01 (d,
1H, J = 7.20 Hz), 8.13 (d, 1 H, J = 7.20 Hz), 8.38 ppm (s, 1H); 13C NMR
(CDCl3): d = 10.45, 22.02, 29.82, 66.94, 71.92, 79.24, 127.65, 128.77,
130.77, 131.69, 132.53, 133.96, 165.77, 166.12 ppm; elemental analysis
calcd (%) for C14H15NO3: C 68.56, H 6.16, N 5.71; found: C 68.36, H
6.16, N 5.64.


Monomer 5 : m.p. 66–67 8C; IR (KBr): ñ = 3282 (=C�H), 2963 (C�H),
2121 (C=C), 1711 (C=O), 1645 (C=O), 1537 (dN�H) cm�1; 1H NMR
(CDCl3): d = 0.98 (t, 3H, J = 6.80 Hz), 1.08–1.89 (m, 4H), 2.31 (d, 1H,
J = 2.44 Hz), 4.27 (d, 2 H, J = 2.44 Hz), 4.35 (t, 2H, J = 6.32 Hz), 6.43
(s, 1H), 7.26 (t, 1H, J = 7.20 Hz), 8.03 (d, 1 H, J = 7.20 Hz), 8.17 (d,
1H, J = 7.20 Hz), 8.39 ppm (s, 1H); 13C NMR (CDCl3): d = 13.76,
19.24, 29.88, 30.71, 65.31, 72.05, 79.19, 127.59, 128.85, 130.86, 131.69,


Scheme 1. Rhodium-catalyzed copolymerization of chiral and achiral N-propargylbenzamides 1–7.
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132.60, 133.96, 165.78, 166.06 ppm; elemental analysis calcd (%) for
C15H17NO3: C 69.48, H 6.61, N 5.40; found: C 69.29, H 6.52, N 5.40.


Monomer 6 : m.p. 81–82 8C; IR (KBr): ñ = 3297 (=C�H), 2967 (C�H),
2127 (C=C), 1720 (C=O), 1639 (C=O), 1535 (dN�H) cm�1; 1H NMR
(CDCl3): d = 1.21–2.15 (m, 10H), 2.29 (d, 1H, J = 2.44 Hz), 4.27 (d,
2H, J = 2.44 Hz), 5.03 (m, 1H), 6.69 (s, 1H), 7.52 (t, 1 H, J = 7.20 Hz),
8.03 (d, 1 H, J = 7.20 Hz), 8.17 (d, 1H, J = 7.20 Hz), 8.41 ppm (s, 1 H);
13C NMR (CDCl3): d = 23.71, 25.35, 29.83, 31.59, 71.93, 73.74, 79.24,
127.63, 128.72, 131.29, 131.53, 132.57, 133.89, 165.09, 166.17 ppm; elemen-
tal analysis calcd (%) for C17H19NO3: C 71.56, H 6.71, N 4.91; found: C
71.38, H 6.67, N 4.94.


Monomer 7: m.p. 125–126 8C; IR (KBr): ñ = 3236 (=C�H), 2949 (C�H),
2123 (C=C), 1709 (C=O), 1643 (C=O), 1551 (dN�H) cm�1; 1H NMR
(CDCl3): d = 1.62–2.13 (m, 14H), 2.30 (d, 1H, J = 2.44 Hz), 4.28 (d,
2H, J = 2.44 Hz), 5.19 (s, 1 H), 6.62 (s, 1 H), 7.27 (t, 1H, J = 7.20 Hz),
8.03 (d, 1 H, J = 7.20 Hz), 8.21 (d, 1H, J = 7.20 Hz), 8.44 ppm (s, 1 H);
13C NMR (CDCl3): d = 26.94, 27.21, 29.86, 31.96, 31.99, 36.29, 37.29,
71.98, 76.67, 79.22, 127.70, 128.78, 131.47, 131.49, 132.54, 133.97, 164.96,
166.15 ppm; elemental analysis calcd (%) for C21H23NO3: C 74.75, H
6.88, N 4.15; found: C 74.66, H 6.90, N 3.95.


Polymerization procedures : A CHCl3 solution of the monomers
([M]total = 2 m) was added to a CHCl3 solution of (nbd)Rh+[h6-C6H5B


�-
(C6H5)3] ([monomer]/[cat] = 100:1) under dry nitrogen. The solution was
kept at 30 8C for 24 h, then poured into a large volume of methanol to
precipitate polymers. The resulting polymers were filtered from the su-
pernatant and dried under reduced pressure.


Poly(1): IR (KBr): ñ = 3319 (N�H), 2955 (C�H), 1721 (C=O), 1642 (C=


O), 1541 (dN�H) cm�1; 1H NMR (CDCl3): d = 0.78–0.99 (CH2CH3), 0.99–
1.18 (CHCH3), 1.18–1.51 (CH2CH3), 1.51–1.80 (CH2CH3), 2.08–2.37
(CHCH3), 3.61–4.50 (CH=CCH2), 5.92–6.38 (NH), 7.98–8.45 ppm (CH=


C).


Poly(2): IR (KBr): ñ = 3319 (N�H), 2932 (C�H), 1723 (C=O), 1646 (C=


O), 1546 (dN�H) cm�1; 1H NMR (CDCl3): d = 0.78–0.99 (CH-
(CH2CH2)2CH2), 0.99–1.18 (CHCH3), 1.18–1.51 (CH2CH3), 1.51–1.80
(CH2CH3), 2.08–2.37 (CHCH3), 3.61–4.50 (CH=CCH2), 5.92–6.38 (NH),
7.98–8.45 ppm (CH=C).


Poly(3): IR (KBr): ñ = 3325 (N�H), 2980 (C�H), 1721 (C=O), 1655 (C=


O), 1542 (dN�H) cm�1; 1H NMR (CDCl3): d = 0.98–1.41 (CH2CH3), 3.82–
4.94 (CH2CH3, CH=CCH2), 5.92–6.48 (C=CH), 7.19–8.72 (Ar�H), 8.72–
9.40 ppm (NH).


Poly(4): IR (KBr): ñ = 3325 (N�H), 2968 (C�H), 1728 (C=O), 1651 (C=


O), 1542 (dN�H) cm�1; 1H NMR (CDCl3): d = 0.61–1.10 (CH2CH3), 1.32–
1.94 (CH2CH3), 3.58–5.14 (CH2CH2CH3, CH=CCH2), 5.82–6.63 (C=CH),
7.19–8.79 (Ar�H), 8.79–9.45 ppm (NH).


Poly(5): IR (KBr): ñ = 3325 (N�H), 2949 0(C�H), 1728 (C=O), 1651
(C=O), 1542 (dN�H) cm�1; 1H NMR (CDCl3): d = 0.66–1.08 (CH2CH3),
1.08–144 (CH2CH3), 1.44–1.79 (CH2CH2CH3), 3.42–5.12 (OCH2CH2,
CH=CCH2), 5.92–6.63 (C=CH), 7.19–8.79 (Ar�H), 8.79–9.44 ppm (NH).


Poly(6): IR (KBr): ñ = 3325 (N�H), 2937 (C�H), 1723 (C=O), 1654 (C=


O) cm�1, 1540 (dN�H) cm�1; 1H NMR (CDCl3): d = 0.52–2.16 (CH-
(CH2CH2)2CH2), 3.48–5.10 (OCHCH2, CH=CCH2), 5.61–6.72 (C=CH),
7.17–8.78 (Ar�H), 8.78–9.50 ppm (NH).


Poly(7): IR (KBr): ñ = 33 343 (N�H), 2907 (C�H), 1723 (C=O), 1654
(C=O), 1540 (dN�H) cm�1; 1H NMR (CDCl3): d = 0.97–2.18 (CH(CH)2-
(CH2)4(CH)2CH2), 3.45–5.32 (OCH, CH=CCH2), 5.96–6.65 (C=CH),
7.17–8.84 (Ar�H), 8.84–9.46 ppm (NH).


Results and Discussion


Polymer synthesis : Polymerization of monosubstituted ace-
tylenes, including N-propargylamides, with Rh catalysts
gives polymers with high stereoregularity (cis).[10, 13] Thus,
polymerization of 1–7 was conducted with (nbd)Rh+[h6-
C6H5B


�(C6H5)3] in CHCl3 (Table 1). Polymers with moder-


ate molecular weights (Mn = 26 000–51 000) were obtained
in good yields. The 1H NMR spectra of the resulting poly-
mers, poly(1)–poly(7), showed the olefinic proton in the
main chain around d = 6 ppm. By comparison of the inte-
grated intensity of the olefinic and other protons, the esti-
mated cis structure content of these polymers was 81–88 %.


Secondary conformation of homopolymers : We have previ-
ously demonstrated that the electronic absorption of the
main chain chromophore of poly(N-propargylamide)s de-
pends strongly on the secondary structure.[10b] When the
polymers exist in a helical structure, an absorption peak cen-
tered at approximately 390 nm is observed. In contrast, ran-
domly coiled poly(N-propargylamide)s exhibit an absorption
maximum (lmax) at 320 nm. To examine the secondary struc-
ture, the UV/Vis spectra of poly(1)–poly(7) were measured
in CHCl3 and in toluene: they all showed UV/Vis absorption
around 380 nm (Figure 1). Thus, it can be concluded that
poly(1)–poly(7) have helical conformations in these solvents.
We next examined the stability of the helical conformations
of poly(1) and poly(2). They both displayed an intense
Cotton effect in CHCl3 and in toluene. When the measuring
temperature was raised from 0 to 55 8C, the intensity of the
Cotton effects of poly(1) and poly(2) decreased only slightly
(Figure 2). The helical structures of poly(1) and poly(2) are
therefore fairly stable to heating in CHCl3 or toluene, and
these homopolymers do not exhibit temperature-driven
helix inversion.


Control of helical sense by copolymer composition : In gen-
eral, helical chiral–achiral random copolymers take the
same helical sense as the homopolymers of the chiral mono-
mers, and the Cotton effect of the copolymers is larger than
that predicted from the composition of the chiral monomer
unit. This chiral amplification behavior is called the “ser-
geants and soldiers rule“ as described in the Introduc-
tion.[6–8] However, it is reported that the preferential helical
sense of polysilylenesA and polyisocyanates B, which have
asymmetric centers apart from their main chain, is changed
by varying the composition.[9] There are two factors that de-
termine the helical senses of most chiral–achiral copolymers.
One is the direct interaction between the main chain and
the chiral centers of the pendant groups; for example, alkyl


Table 1. Polymerization of 1–7.[a]


Monomer yield[b][%] Mn
[c] Mw/Mn


[c] Cis[d] [%]


1 76 51000 2.05 81
2 91 26000 1.92 85
3 50 28000 2.90 83
4 73 31000 1.76 88
5 86 27000 2.25 87
6 62 45000 2.10 88
7 43 26000 3.45 86


[a] Polymerized with (nbd)Rh+[h6-C6H5B
�(C6H5)3] in CHCl3 at 30 8C for


24 h. [M]0 = 1.0 m and [Rh+] = 10 mm. [b] Methanol-insoluble part.
[c] Estimated by GPC (CHCl3, polystyrene standards). [d] Determined
by 1H NMR spectroscopy.
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groups attached to the chiral centers of a polyisocyanate
side chain may interact chirally with the main chain carbon-
yl groups.[9d] The other is the interaction or packing of the
neighboring side chains. The helical senses of the polysily-
lenes A and polyisocyanates B, whose asymmetric centers
are apart from their main chains, depend only on the inter-
action between neighboring pendant groups. If the interac-
tions of chiral–chiral units and of chiral–achiral units stabi-
lize the opposite helical state, the preferred polymer helical
sense may change with the chiral monomer content.


In the present study, we synthesized copolymers of chiral
and achiral N-propargylbenzamides 1–7, whose chiral cen-
ters are known from those previous reports to be apart from
the main chain. First, chiral bulky monomer 1 was copoly-
merized with achiral monomers 3–6. Copolymers with mod-
erate molecular weights were obtained, and the copolymer
compositions were practically identical to the feed ratios.[14]


As the CD and UV/Vis spectra of poly(1-co-3)s with various
compositions (Figure 3) all showed the absorption of the
main chain at 380 nm, we conclude that poly(1-co-3)s form
helices regardless of the copolymer composition. Interesting-
ly, there was clear variation with the copolymer composition
in the CD spectra. Poly(1-co-3)s containing 48 % or more of
chiral monomer unit 1 (1/3 = 88:12, 73:27, and 48:52) dis-
played negative Cottons effect just like poly(1), and their
magnitudes decreased with decreasing composition of 1.
However, poly(1-co-3)s containing 38 % or less of unit 1
(1/3 = 38:62 and 15:85) displayed positive Cotton effects.
These results indicate that the helical sense of poly(1-co-3)


Figure 1. UV/Vis spectra of a) poly(1) and poly(2), measured in CHCl3


and in toluene, and b) poly(3)–poly(7), measured in CHCl3 at 20 8C (c =


0.074–0.19 mm).


Figure 2. Variable-temperature CD spectra of poly(1), measured in a)
CHCl3 and b) toluene; and of poly(2), measured in c) CHCl3 and d) tolu-
ene (c = 0.084–0.19 mm).


Figure 3. CD and UV/Vis spectra of poly(1-co-3), measured in CHCl3 at
20 8C (c = 0.11–0.15 mm).
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has been reversed by the copolymer compositions. Similar
tendencies were observed in poly(1-co-4) and poly(1-co-5)
(Figure 4a, b) but the tendency became ambiguous as the
bulkiness of the achiral monomer unit increased (Figure 5a).
When achiral monomer 6 was used for the copolymerization
with 1, the helical sense was not altered by changing the
composition (Figure 4c). The small chiral nonbulky mono-
mer 2 was then copolymerized with achiral nonbulky 3, and
with achiral bulky 7. Copolymers with moderate molecular
weights were obtained, and the copolymer compositions
were identical with the feed ratios. All the poly(2-co-3)s
showed positive Cotton effects and a nonlinear relationship
between the molar ellipticities at 380 nm and chiral contents
(Figure 4d and Figure 5b). Poly(2-co-7) copolymers with
51 % or more of chiral monomer units (2/7 = 88:12, 71:29,
and 51:49) displayed positive Cotton effects, while those
with 33 % or less of chiral units (2/7 = 33:67 and 15:85) dis-


played negative Cotton effects. When a helical polymer car-
rying chiral side chains takes right- and left-handed screw
senses, the two conformations are diastereomers. This
should be why poly(2-co-3) and poly(2-co-7) showed a hyp-
sochromic shift of the CD and absorption bands with in-
creasing concentrations of the achiral comonomer. Chiral–
achiral copolymers of N-propargylalkylamides whose chiral
centers are close to the main chain show Cotton effects of
the same sign as the chiral homopolymer, even if the chiral
and achiral monomers are quite different in size from each
other.[15] From these data, we conclude that, in order to con-
trol of variability of the screw sense of chiral–achiral
poly(N-propargylamide)s, the chiral centers should be locat-
ed apart from the main chain, and furthermore the chiral
and achiral monomers should differ in bulkiness; that is, the
monomer pairs should be either a bulky chiral plus a non-
bulky achiral monomer or a nonbulky chiral plus a bulky


achiral monomer.


Analysis of experimental data
by means of statistical mechani-
cal theory : In the case of
chiral–achiral copolymers obey-
ing the “sergeants and soldiers”
principle, the optical activities
of the copolymers change nonli-
nearly but monotonically with
the composition, which can be
explained quantitatively in
terms of a random field Ising
model.[16] However, when co-
polymers change their helical
sense according to the chiral
monomer content, such behav-
ior cannot be explained by the
conventional Ising model. Re-
cently, Sato and co-workers
have modified the Ising model
by considering the chiral dis-
crimination to be dependent on
the pair type of interacting
pendant groups.[9d] There are
three different types of pairs
along the copolymer chain, the
chiral–chiral (CC), chiral–achi-
ral (CA), and achiral–achiral
(AA) pairs, and the CC and
CA pairs can contribute to the
chiral discrimination in differ-
ent manners.


The chiral discrimination in
our copolymer model can be
characterized in terms of two
free energy differences per
monomer unit between the
right-handed (P) and left-
handed (M) helical states:


Figure 4. CD spectra of poly(1-co-4), poly(1-co-5), poly(1-co-6), poly(2-co-3), and poly(2-co-7) (a)–e), respec-
tively), measured in CHCl3 at 20 8C (c = 0.072–0.14 mm).
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2DGh,CC for the CC pair and 2DGh,CA for the CA pair. (The
conventional Ising model contains only one chiral-discrimi-
nation free energy difference.) In addition, the difficulty of
helix reversal for a copolymer chain is taken into account by
the excess free energy DGr of the helix reversal (per mono-
mer unit). The fraction fP of monomer units taking the P
state, or the enantiomeric excess 2fp�1 for the modified
Ising model, has been calculated as follows.[16b–d] By comput-
er generation of a large number of sequences of chiral–achi-
ral random copolymers with a given degree of polymeri-
zation N and mole fraction x of the chiral unit, we have cal-
culated fP for each sequence by the matrix method and aver-
aged it over all the sequences generated.


To convert from the theoretical value of 2fp�1 into the el-
lipticity [q], we need the maximum ellipticity [q]P for the
intact P helix. [q] for poly(1) is almost saturated, but that of
poly(2) seems to increase gradually with decreasing temper-
ature (Figure 2). It has been reported that some helical poly-
mers undergo inversion of helical sense upon a change in
temperature.[17] Temperature dependencies of [q] for homo-
polymers of N-propargylbenzamides bearing similar chiral
groups are also reported in reference [17g]. A saturated [q]
similar to that of poly(1) has been observed[17g] for poly(5)
with a similar chiral group. Thus we chose a [q]P value of 3 �
104 deg cm2 dmol�1 for poly(1). On the other hand, absolute
values of [q] for poly(4) and poly(6) in reference [18g],
which have similar chiral groups to poly(2) in this study,


seem to reach as high as 5.6 �104 deg cm2 dmol�1 at low tem-
peratures, so that we took this value for [q]P for poly(2).


We have calculated 2fp�1 and then [q] choosing different
values of DGh,CC, DGh,CA, and DGr. Figure 6 shows favorably
fitting results for the copolymers shown in Figure 5; the free


energy parameters used are listed in Table 2. The value of
DGr (15.5 kJ mol�1) for all copolymers is close to those used
in the CD analysis for chiral–achiral random copolymers of
phenylacetylene derivatives with the same theory.[18] Fur-
thermore, the same value of DGr also explains consistently
the thermo-driven inversion of the helical sense of poly(N-
propargylbenzamide)s in reference [17g], Therefore, the
DGr value may be an intrinsic property of the polyacetylene


Figure 5. Molar ellipticities at 380 nm, measured in CHCl3 at 20 8C,
versus chiral content of a) poly(1-co-3), poly(1-co-4), and poly(1-co-5);
and b) poly(2-co-3) and poly(2-co-7).


Figure 6. Chiral contents versus [q]380 of a) poly(1-co-3) and b) poly(2-co-
7), measured in CHCl3 at 20 8C. &: observed data; solid curves: theoreti-
cal values calculated with the parameters from Table 2.


Table 2. Free energy parameters of the copolymers.


Copolymer Mw
[a] N[b] DGh,CC


[c] DGh,CA
[c] DGr


[c]


Poly(1-co-3) 81 000–122000 385 �18.8 �9.7 15500
Poly(1-co-4) 47 000–144000 320 �18.8 �7.3 15500
Poly(1-co-5) 93 000–110000 380 �18.8 �2.4 15500
Poly(2-co-3) 16 000–51 000 140 16.7 �9.7 15500
Poly(2-co-7) 24 000–50 000 160 16.7 �4.9 15500


[a] Estimated by GPC (CHCl3, polystyrene standards). [b] Averaged
(true) degree of polymerization estimated from Mw (in the second
column) and the relationship between molecular weights determined by
GPC and light scattering for a poly(N-propargylamide) (ref. [11d]). [c] In
units of J mol�1.
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backbone. This value is close to or slightly larger than DGr


for polyisocyanates and poly(dialkylsilylene)s.[9d, 19]


In general, DGh,CC and DGh,CA depend on how far the
chiral center is removed from the main chain. For the pres-
ent copolymers, the chiral center is so distant from the poly-
acetylene backbone that the DGh,CC and DGh,CA values in
Table 2 are considerably smaller than those for chiral–achi-
ral random copolymers investigated so far.[9d,18] Strong CD
induced by such small values of DGh,CC and DGh,CA demon-
strates the sensitivity of the polyacetylene backbone to
chiral perturbation.


The sign of DGh,CA is the opposite of that of DGh,CC for all
copolymers except poly(2-co-3). The opposite sign indicates
that the helical sense induced by the CA interaction is the
opposite of that induced by the CC interaction, and thus
that the helical sense can be controlled by copolymerization,
which tunes the populations of CC and CA interactions.


When chiral–achiral copolymers of N-propargylalkyla-
mides have a chiral center near the amide group, it may be
expected that interactions between the asymmetric carbon
atoms and amide groups in the nearest-neighbor side chain
strongly affect the determination of the preferential helical
sense. Because the absolute configuration of chiral centers
does not change with the copolymer compositions, the inter-
action of the chiral centers with the amide groups in the
nearest-neighbor chiral and achiral side chains should
induce the same helical sense, and prevent composition-
driven inversion of the helical sense.[15] On the other hand,
because the asymmetric centers of poly(1-co-3), poly(1-co-
4), poly(1-co-5), and poly(2-co-7) are apart from their main
chains, it is possible that each chiral center interacts with
various portions of neighboring side chains, including the
chiral portion if the neighboring side chain is chiral. In such
a case, the chiral interactions of the CC and CA side-chain
pairs may not necessarily induce the same helical sense.


As shown in Table 2, dissimilarity in the bulkiness of
chiral and achiral units seems to be an important factor in
the causes of the opposite signs of DGh,CC and DGh,CA for N-
propargylbenzamide copolymers. For copolymers of the
bulky chiral unit 1, the absolute value of DGh,CA decreases
with the increasing bulkiness of the achiral unit. This may
be due to the screening of the chiral interaction by the achi-
ral interaction between the CA pairs, which becomes stron-
ger with increasing bulkiness of the achiral unit. We have no
clear interpretation for the opposite signs of DGh,CA for
poly(2-co-3) and poly(2-co-7). Values of DGh,CC and DGh,CA


are usually so small (see Table 2) that it is difficult to predict
the signs from the chemical structures of the chiral and achi-
ral units by using force-field calculations. For polysilylene
derivatives such as A, the difference in bulkiness of the
chiral and achiral units is not a necessary condition for the
helical-sense inversion driven by copolymer composition.[9d]


Conclusion


N-Propargylbenzamides 1–7 were polymerized with an Rh
catalyst to afford stereoregular cis polymers with moderate
molecular weights in good yields. The optically active poly-
mers poly(1) and poly(2) were proven to take a helical
structure with an excess of one-handed screw sense, which
was stable to heating in CHCl3 or toluene. External stimuli
did not drive helical inversion in these homopolymers.
Meanwhile, it was confirmed that the helical sense of the co-
polymers changed with changing copolymer composition
when the sizes of the chiral and achiral monomer units were
quite different from each other, as for poly(1-co-3) and
poly(2-co-7). The free energy differences between the P and
M helical states, as well as the excess free energy DGr of
helix reversal, for several copolymers of the chiral unit 1 or
2 were estimated by applying the modified Ising model.
While the value of DGr is almost the same in all polyacety-
lene derivatives, the signs of DGh,CC and DGh,CA seem to
depend on the bulkiness of the chiral and achiral units.
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The Structure of Acrolein in a Liquid Crystal Phase


Giorgio Celebre,[a] Maria Concistr�,[a] Giuseppina De Luca,[a] Marcello Longeri,*[a]


Giuseppe Pileio,[a] and James William Emsley[b]


Introduction


The structure of acrolein has been studied experimentally
by microwave spectroscopy[1] and theoretically by molecular
orbital calculations up to the MP2 level.[2] These give the
structure of an isolated molecule and are in good agreement
with regard to both bond lengths and angles; additionally it
was determined that the molecule exists in predominantly a
planar, trans form, but with a second minimum energy struc-
ture, the planar cis, as shown in Figure 1.


There have also been studies of the relative amounts of
the cis and trans conformers present in solutions of acrolein
in various solvents. Thus, the UV absorption spectrum of
acrolein dissolved in water[3] and in ethanol[4] shows bands
which were attributed to the trans conformer, with no evi-
dence of bands from the cis form. On the contrary, UV spec-
troscopic studies on a vapour phase sample[5] revealed ab-
sorption bands which were attributed to a certain amount of
cis structure, along with the expected signals of trans-acrole-


in. A study of ultrasonic relaxation of acrolein in the pure
liquid phase[6] concluded that the cis form is present, and is
8.6 kJ mol�1 higher in energy than trans, which corresponds
to 3.1 % at 300 K. The barrier to interconversion of the two
conformers was found to be 29.4 kJ mol�1.


We address here the question as to whether acrolein has
the same structure and conformer distribution in a liquid
phase as in the vapour phase. To solve this we have record-
ed and analysed the proton NMR spectrum for acrolein dis-
solved in a liquid crystal solvent. The spectra can be ana-
lysed to produce partially averaged dipolar couplings Dij-
(obs) [see Eq. (1)], which are related to Dij(equil), the cou-
pling for the molecule in a fixed equilibrium structure and
Dij(vib), a correction for small-amplitude vibrational
motion:


Abstract: The 1H NMR spectrum of a
sample of acrolein dissolved in the
nematic liquid crystal phase I52 has
been analysed to yield 18 dipolar cou-
plings between all the magnetic nuclei
in the molecule; moreover, the 13C and
13C{1H} NMR spectra of a sample of
acrolein in CDCl3 were recorded and
analysed to determine the indirect Jij


couplings. The data were used to
obtain the relative positions of the


carbon and hydrogen atoms, assuming
that these are independent of the con-
formations generated by rotation
around the C�C bond through an
angle f, and to obtain a probability dis-
tribution P(f). It has been found that
in the liquid phase, the distribution is a


maximum at the trans form whereas
the abundance of the cis form is signifi-
cantly smaller compared with that
found by microwave spectroscopy or
high level quantum mechanical calcula-
tions. Such calculations produced also a
suitable force field needed to develop
suitable strategies for vibrational cor-
rection procedure in the case of flexi-
ble molecules.
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Figure 1. Structures of the trans and cis forms of acrolein with reference
abc axes.
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DijðobsÞ ¼ DijðequilÞ þ DijðvibÞ ð1Þ


The value of Dij(equil) is related to orientational order pa-
rameters Sab, which are defined with respect to abc axes
fixed in the molecule, and geometrical parameters rij and
qija, which are angles between rij and a axis:


DijðequilÞ ¼ �ðKij=r 3
ijÞ½Saað3cos2qija�1Þ


þ ðSbb�SccÞðcos2qijb�cos2qijcÞ þ 4Sabcosqijacosqijb


þ 4Saccosqijacosqijc þ 4Sbccosqijbcosqijc�
ð2Þ


and Equation (3):


Kij ¼
m0�hgigj


16p2
ð3Þ


where m0 is the magnetic constant, and gi and gj are magne-
togyric ratios.


This method to determine the structure of a molecule has
now a 40-year history,[7] but its application still has problems,
which are well illustrated by the example of acrolein. The
first problem is that the couplings between the four protons
in acrolein yield six dipolar couplings; this is not sufficient
to obtain the three unknown, non-zero order parameters
and the six relative proton coordinates necessary if acrolein
were to exist in a single, rigid conformation. Thus, Courtieu
et al. ,[8] who obtained and analysed the proton spectrum of
acrolein dissolved in a nematic liquid crystal solvent, had to
assume that the proton geometry is that determined by mi-
crowave spectroscopy, and that the orientational order is in-
dependent of the conformation adopted by the molecule.


Another approach is to dissolve the molecule in a liquid
crystal solvent in which the solute is very weakly ordered
and to record only the couplings between isotopically dilute
nuclei, such as 13C, and directly bonded protons. This is a
powerful method for macromolecules since there are many
such couplings within large molecules, but there are only
four for acrolein, and again this is insufficient to provide
any structural information. The answer for small molecules
is to obtain both H–H and all C–H dipolar couplings. For
acrolein this produces 12 more values of Dij for a total of 18
couplings and thus makes it possible to investigate both the
structure and the conformational distribution. But, including
13C–1H couplings into the analysis introduces a further com-
plication in that these couplings can be strongly affected by
vibrational averaging. It is possible to calculate the effect of
vibrational averaging Dij(vib) in Equation (1), if both the vi-
brational frequencies and Cartesian coordinate displace-
ments have been obtained from an analysis of a vibrational
spectrum. There have been several studies of the vibrational
spectrum of acrolein, and various force fields have been de-
rived, but there are no published Cartesian displacements.


An alternative is to calculate the required Cartesian dis-
placements by molecular orbital or density functional meth-
ods. This purely theoretical method of obtaining values of
Dij(vib) has been compared with that using experimental vi-


brational frequencies and Cartesian displacements in order
to obtain values of Dij(equil) for benzene dissolved in a
liquid crystal solvent.[9] This found that the Hartree–Fock
method MP2/6-31G*, and the density functional approach
B3 LYP both produce good approximations to Dij(vib) for
benzene; the former method will be used here for acrolein
in both trans and cis forms.


The internal rotation about the C2�C3 bond produces
one more complication for acrolein. Can the molecule be
approximated as existing in a two-site equilibrium, as depict-
ed in Figure 1? This would lead to an averaging of the dipo-
lar couplings according to:


Dij ¼ PtransDijðtransÞ þ ð1�PtransÞDijðcisÞ ð4Þ


where Dij(cis) and Dij(trans) are given by Equation (2) but
with order parameters Sab(cis) and Sab(trans) in each case.
Alternatively, and more realistically, there may be a continu-
ous distribution of structures with values of f, the angle of
rotation about the C2�C3 bond, in the range 0 to 1808, in
which case the averaging is given by Equation (5):


Dij ¼
Z


PLCð�ÞDijð�Þd� ð5Þ


Dij(f) is again obtained from Equation (1), but with the
order parameters Sab(f) which vary continuously with the
bond rotation angle. In both the discrete [Eq. (4)] and con-
tinuous [Eq. (5)] cases the question of how to allow for
small-amplitude vibrational motion in the presence of a
bond rotation must also be considered.


By using a liquid crystal solvent to investigate the struc-
ture of a dissolved solute does raise the question of whether
the structure and conformational distribution are affected
by the nature of the solvent. There is evidence for structural
deformations due to solvent effects,[10] and in the case of
acrolein the magnitude of these effects will be assessed by
comparison with the structures determined by microwave
spectroscopy and molecular orbital calculations.


The conformer distribution, but not the structure, can also
be obtained in principle from the magnitude of scalar spin–
spin coupling constants Jij, and again, as reported here, this
method is enhanced by measuring both the HH and the CH
couplings.


Experimental Section


A small amount of acrolein (purchased from Sigma-Aldrich) was distilled
and then dissolved (10 % by weight) into the nematic liquid crystal sol-
vent I52 (purchased from Merck, Darmstadt), see Figure 2.


Figure 2. Structure of the nematic liquid crystal solvent I52.
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The anisotropic spectrum was recorded on a Bruker AC300 spectrometer
at a field strength of 7.04 T. The free induction decay (FID) was stored in
64k of computer memory with a sweep width of 12500 Hz for an Hz/
point of 0.19 Hz and a total of 4000 scans in order to obtain such a good
S/N ratio to recognize all but the smallest satellites lines. The proton
spectrum obtained after Fourier transformation is shown in Figure 3.


The spectrum depends on chemical shifts, dipolar and scalar couplings Jij,
and the latter were obtained by analysing the 1H, 13C and selectively
proton decoupled 13C{1H} spectra of a sample dissolved in CDCl3. It
proved difficult to assign some of the lines in these spectra, thus prevent-
ing the determination of the magnitude and signs of some of the cou-
plings. This is a general problem when analysing 13C satellite spectra, and
for acrolein it was solved by first calculating the magnitudes and signs of
all the couplings for the trans form. This was achieved by using the rou-
tine in the computer package Gaussian03,[11] with wavefunctions obtained
by the B3LYP/6-31G* method. Note that the signs of the couplings are
the most important information obtained by the calculations, and with
these were it was possible to assign all the lines in the spectrum. This en-
abled all the lines in the spectrum to be correctly assigned. The spectra
were analysed to give the correct magnitudes and signs of all the scalar
couplings, as shown in Table 1. In the case of acrolein the calculated mag-
nitudes of the values of Jij are in good agreement with those obtained by
analysis of the spectrum, thus validating this combination of theory and
experiment, but it remains to be demonstrated that this will be the case
for other molecules. These values of the Jij were kept fixed in the analysis
of the spectrum in the liquid crystal solvent, which was achieved using
the program ARCANA.[12] In Table 1 the experimental spectral parame-
ters are also reported. For the more abundant isotopomers all the calcu-
lated lines (25) were assigned; the assigned to calculated line ratio for
the satellite spectra was: 50/80 for C1, 48/80 for C2 and 31/80 for C3.


Results and Discussion


Assuming only the trans conformer is present, and neglect-
ing vibrational corrections : We have first interpreted the
measured dipolar couplings by assuming that the molecule
exists only as the trans form, and that vibrational effects can
be neglected. There are 18 independent, experimental
values of Dij, and these were fitted to calculated values by
varying the order parameters Saa, Sbb�Scc and Sab and the a
and b coordinates of nuclei 3–7, but keeping r12 fixed at
1.340 �, the value found by microwave spectroscopy.[1] The
least squares error, R, is defined as


R ¼


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN


1
ðDDijÞ2


N


vuuut ð6Þ


with


DDij ¼ DijðequilÞ þ DijðvibÞ � DijðobsÞ ð7Þ


Dij(vib) is set to zero for the present calculations; the value
of R was found to be 1.8 Hz. This might be considered an
acceptable total error, but there are large values of DDij on
some of the couplings, and the values obtained for the bond
lengths and angles are significantly different from those ob-
tained by the microwave investigation, as shown in Table 2.
Clearly, this “geometry filter” and the large values of some
DDij reveal that the model of assuming only a trans structure
and neglecting vibrational corrections is wrong.


Figure 3. 300 MHz 1H NMR spectrum of acrolein in the nematic I52 at 300 K.


Table 1. Values of the dipolar couplings Dij, chemical shifts ni and scalar
couplings Jij in Hz.[a]


i,j Jij(G03)/Hz Jij(exptl)/Hz Dij(exptl)/Hz


4,5 0.6 0.7�0.2 115.8�0.5
4,6 14.8 17.4�0.1 �20.3�0.4
4,7 0.1 0.1�0.1 �1418.4�0.1
5,6 9.3 10.0�0.2 �986.8�0.1
5,7 �0.7 �0.1�0.1 �239.0�0.3
6,7 5.8 8.0�0.2 87.1�0.3
R/Hz – 0.13 0.21
1,4 149.2 156.7�0.2 892.8�0.2
1,5 154.8 162.8�0.2 �2189.4�0.1
1,6 1.3 0.0�0.2 �131.9�0.2
1,7 1.7 0.9�0.2 �170.0�0.1
R/Hz – 0.26 0.40
2,4 �2.6 �3.3�0.1 �124.7�0.5
2,5 �0.1 �0.6�0.1 �503.4�0.3
2,6 154.4 163.1�0.1 863.3�0.2
2,7 27.2 26.4�0.1 �2.5�0.4
R/Hz – 0.05 0.91
3,4 9.8 10.1�0.1 �233.6�0.5
3,5 14.6 16.0�0.1 �108.0�0.9
3,6 2.5 2.1�0.1 �9.0�0.8
3,7 159.9 173.4�0.1 739.1�0.5
R/Hz – 0.08 0.99
ni/Hz
n1–n3 124.9
n2–n3 19.0
n4–n3 �1047.3


[a] Values obtained from the analyses of the 300 MHz 1H and 13C proton
satellite spectra of acrolein dissolved in I52, and 1H, 13C and selectively
13C{1H}-decoupled spectra in CDCl3 at 300 K. Jij calculated by Gaussi-
an03 (G03) for trans-acrolein are also reported (see text for details).


Chem. Eur. J. 2005, 11, 3599 – 3608 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3601


FULL PAPERAcrolein



www.chemeurj.org





Assuming that only the trans conformer is present, but in-
cluding vibrational corrections : Both harmonic and anhar-
monic terms can contribute to Dij(vib), but only the former
larger term will be considered for acrolein. The magnitude
of Dij(vib) is therefore given by[13] Equation (8):


DijðvibÞ ¼ �Kij


X
ab


SabF h
ab,ij ð8Þ


with Equation (9):


F h
ab,ij ¼ ½C ij


ab � 5
X


g


cos qgðCij
ag cosqb þ Cij


bg cosqaÞ


þ 5
2


cosqa cosqb


X
gd


Cij
gdð7 cosqg cosqd � dgdÞ� � r�5


ij


ð9Þ


and


Cij
ab ¼


X3N


v ¼ 1


ðu ðvÞia � u ðvÞja Þðu
ðvÞ
ib � u ðvÞjb Þ


A
wv


coth
�


Bwv


T


�
ð10Þ


A ¼ h
8p2c


ð11Þ


B ¼ c h
2kB


ð12Þ


The calculations of Dij(vib) requires u ðvÞia , the Cartesian dis-
placements of the ith nucleus in the vth normal mode and
wv the vibrational frequencies. The vibrational frequencies
of acrolein (in the more stable trans form) have been ob-
tained,[14,15] but not the values for the u ðvÞia . We have therefore
calculated values of wv and u ðvÞia by the molecular orbital
method MP2/6-31G* as implemented in the Gaussian98W
computer program.[16] The calculated and observed vibra-
tional frequencies are compared in Table 3. The agreement


is sufficiently close to estimate that the values of Dij(vib)
calculated with the theoretical values of u ðvÞia will be no more
than about 10 % in error. This is acceptable when Dij(vib)/
Dij(obs) is 10 % which is the case for most of the couplings
in acrolein. Note, however, that the calculations of Dij(vib)
can be susceptible to a larger error when Dij(obs) is small.
The molecular orbital calculation fully optimized the geome-
try of the trans form, which is compared with that obtained
from the microwave study in Table 3. The bond lengths and
angles are in good agreement even though the calculation


Table 2. Geometry derived from the dipolar couplings, and DDij = Dij-
(equil)�Dij(obs) under the assumption that only the trans conformer is
present and without vibrational corrections. The microwave geometry of
the trans form is reported for comparison.


Parameters NMR (trans) Microwave (trans)


r1,2/� 1.340[a] 1.340�0.004
r1,4/� 1.09�0.02 1.080�0.003
r1,5/� 1.10�0.02 1.090�0.004
r2,3/� 1.43�0.03 1.468�0.004
r2,6/� 1.09�0.02 1.084�0.005
r3,7/� 1.15�0.03 1.113�0.006
a3,2,1/8 120.5�1.0 120.4�0.5
a4,1,2/8 120.8�0.8 119.7�0.3
a5,1,2/8 121.1�0.9 122.9�0.5
a6,2,1/8 122.4�0.6 122.4�0.4
a7,3,2/8 116.9�1.0 114.7�0.5
R/Hz 1.8 –
i,j DDij/Hz
1,4 0.0
1,5 �0.1
1,6 0.7
1,7 �0.7
2,4 �1.2
2,5 �0.6
2,6 0.1
2,7 0.4
3,4 2.5
3,5 �3.7
3,6 �1.4
3,7 0.4
4,5 0.0
4,6 �2.0
4,7 �0.6
5,6 0.5
5,7 5.1
6,7 �1.4


[a] Kept fixed in the optimization process.


Table 3. Comparison between the geometries obtained from a calculation
using the MP2 method with a 6-31G* basis set, with full geometry opti-
misation on the trans form, and that for the same conformer derived
from rotational spectroscopy.[1] The calculated and experimental vibra-
tional frequencies are also shown.


Parameters MP2/6-31 G* (trans) Microwave (trans)


r1,2/� 1.342 1.340�0.004
r1,4/� 1.087 1.080�0.003
r1,5/� 1.084 1.090�0.004
r2,3/� 1.473 1.468�0.004
r2,6/� 1.087 1.084�0.005
r3,7/� 1.111 1.113�0.006
a3,2,1/8 120.6 120.4�0.5
a4,1,2/8 121.0 119.7�0.3
a5,1,2/8 122.2 122.9�0.5
a6,2,1/8 122.4 122.4�0.4
a7,3,2/8 115.1 114.7�0.5


Vibrational frequencies/cm�1


nk Exptl (trans) MP2/6-31 G* (trans)
1 157.0 165.0
2 327.0 299.9
3 564.0 565.4
4 593.0 689.2
5 912.0 967.8
6 959.0 980.5
7 980.0 1023.7
8 993.0 1033.9
9 1158.0 1092.4
10 1275.0 1340.0
11 1360.0 1461.5
12 1420.0 1476.0
13 1625.0 1700.4
14 1724.0 1767.5
15 2800.0 3011.2
16 3000.0 3220.5
17 3000.0 3240.8
18 3103.0 3322.5
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refers to the equilibrium structure, whilst microwave gives
the “least squares” structure which is uncorrected for vibra-
tional motion. Blom et al.[1] argue that this structure should
be close to the equilibrium structure.


The calculation of Dij(vib) for pure trans-acrolein pro-
ceeded by using the calculated values of u ðvÞia , but with the
observed values of the frequencies. For benzene, it was
found that using calculated rather than observed frequencies
has only a small effect on calculated values of Dij(vib) (~
1 % at the B3 LYP level of approximation) and so using
either observed or calculated frequencies is probably not im-
portant. The results are shown in Table 4. Now the R error
is lower than when vibrational corrections were neglected,
and the individual residuals are reduced, as shown in
Table 4, but there are still unacceptably large values of DDij


for some couplings, and there are significant differences be-
tween the geometry obtained and that derived by micro-
wave spectroscopy.


Including the rotation about the C2�C3 bond : Can the
structures derived by NMR and microwave spectroscopy be
brought into closer agreement by allowing for oscillations or
rotation about the C2�C3 bond? The NMR spectrum,


unlike the microwave spectrum, does not reveal the pres-
ence directly of the cis conformer, but large amplitude
motion about this bond may significantly affect the values of
the partially averaged dipolar couplings. To investigate this
possibility we have explored two models. The first assumes
that there is an equilibrium between two discrete conform-
ers, and the second allows for a continuous distribution of
conformers. In both cases it is essential to allow, in some
way, for vibrational averaging.


In all cases it is assumed that the bond lengths and angles
in the two forms are identical. This is reasonable in view of
the changes found by microwave spectroscopy of <1 %, and
that only a small amount (~4 %) of the cis isomer was de-
tected in the vapour phase. It is, however, worth noting that
the effect in the equilibrium of 4 % of the cis isomer does
not mean that the dipolar couplings will be affected by this
amount since the couplings in each conformation are
weighted by different conformationally dependent order pa-
rameters.


The fragment (see below) yields 12 values of Dij, and is
characterised by eight relative nuclear coordinates. The rela-
tionship between those requires values of three local order


matrix elements, that is S ene
aa , S ene


bb –S ene
cc and S ene


ab , see in Equa-
tion (2). The vibrational corrections Dij(vib), were calculated
by using the geometry and displacement coordinates calcu-
lated by the MP2/6-31G* method, and the experimental vi-
brational frequencies, as discussed above, for the trans form.


Minimising R for the couplings in the ene rigid fragment
by varying the order parameters and nuclear coordinates,
keeping r12 fixed at 1.34 � produced the data in Table 5,
which also compares the values with the least-squares values
of the microwave spectrum. Note the large values of D36-
(vib)/D36(equil) and D46(vib)/D46(equil), both of which are
�15 %. This is because the bond order parameters S bond


36 and
Sbond


46 are small [see Eq. (13)]:


S bond
ij ¼ �DijðequilÞð16p3r 3


ij=m0gigjhÞ ð13Þ


This means that the bond directions r36 and r46 are on aver-
age close to 54.78 with respect to the liquid crystal phase di-
rector; at this value the changes in Dij(equil) with respect to
angular displacements away from the equilibrium geometry
are at a maximum. The value obtained for the bond length
r23 of 1.505�0.008 � is significantly longer than the value of
1.468�0.004 � determined from the rotational spectrum.
Fixing r23 = 1.468 � as well as r12 =1.340 � in the calcula-


Table 4. Geometries, Dij(vib) and DDij =Dij(equil)+Dij(vib)�Dij(obs)
obtained from the dipolar couplings with vibrational corrections, and as-
suming only the trans conformer is populated. The geometry of the trans
form obtained from rotational spectroscopy is reported for comparison.


Parameters NMR (trans) Microwave (trans)


r1,2/� 1.340[a] 1.340�0.004
r1,4/� 1.08�0.01 1.080�0.003
r1,5/� 1.07�0.02 1.090�0.004
r2,3/� 1.47�0.03 1.468�0.004
r2,6/� 1.08�0.02 1.084�0.005
r3,7/� 1.12�0.02 1.113�0.006
a3,2,1/8 120.2�0.8 120.4�0.5
a4,1,2/8 120.5�0.6 119.7�0.3
a5,1,2/8 121.4�0.7 122.9�0.5
a6,2,1/8 122.6�0.5 122.4�0.4
a7,3,2/8 115.2�0.8 114.7�0.5
R/Hz 1.4 –
i,j Dij(vib)/Hz DDij/Hz
1,4 �64.6 0.0
1,5 224.9 0.0
1,6 6.4 0.8
1,7 4.1 0.2
2,4 8.7 1.1
2,5 24.0 �0.1
2,6 �42.5 �0.3
2,7 2.4 3.6
3,4 3.4 0.2
3,5 1.8 �1.9
3,6 1.9 �2.9
3,7 �19.3 0.3
4,5 �3.1 �0.4
4,6 3.6 �0.9
4,7 38.1 0.3
5,6 26.3 �0.4
5,7 5.3 0.5
6,7 0.2 2.1


[a] Kept fixed in the optimization process.
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tions leads to a significantly worse agreement, as shown by a
value of R=1.1, and large individual errors such as DD34 =


�1.1, DD35 =�3.3 and DD36 =�1.5. It would seem, there-
fore, that r23 is indeed determined to be longer in the liquid
crystal phase than for an isolated molecule. However, the
difference found may simply reflect the systematic errors in
the NMR, microwave spectroscopy and molecular orbital
methods.


The geometry obtained for the ene fragment was kept
fixed in all subsequent calculations which take into account
the averaging of the dipolar couplings by bond rotation. The
geometry of the C2-C3-H7-O8 fragment was also assumed
to be independent of the bond rotational angle.


Equilibrium between trans and cis conformers : The variable
parameters in this model are the six weighted order parame-
ters:


PtransS
trans
aa


PtransðS trans
bb �S trans


cc Þ


PtransS
trans
ab


ð1�PtransÞS cis
aa


ð1�PtransÞðS cis
bb�Scis


cc Þ


ð1�PtransÞScis
ab


and the two coordinates which locate H7, and which we
take to be r37 and q732. These are varied to bring the calculat-
ed values of Dij(equil) into agreement with the 18 values of
Dij(obs)�Dij(vib), by using the vibrational frequencies re-
ported for the trans form for both conformers, but with Car-
tesian displacements u ðvÞia , calculated for each conformer sep-
arately by the MP2/6-31G* method. Note that the observed
vibrational frequencies for the cis form are close to those
for the trans.[15] The results are given in Table 6, and it is


seen that the fit between observed and calculated couplings
has improved considerably over the agreement achieved
when a single, trans isomer was considered (Table 4): the in-
dividual values of DDij are all acceptably small, except for
DD36 =�1.5, and the value of R has decreased from 1.4 (see
Table 4) to 0.46 Hz. The large value of DD36/D36(equil) =


16.7 % probably reflects the imprecision in calculating D36-
(vib) because in this case the bond order parameter S bond


36 , is
small. The improved agreement between observed and cal-
culated dipolar couplings could suggest that some of the cis
form is present in acrolein dissolved in the liquid crystal sol-
vent.


Unfortunately, the products of Ptrans and the order param-
eters cannot be separated, except by assuming values either
for Ptrans, or for at least one of the order parameters. The mi-


Table 5. Geometries obtained from the dipolar couplings between nuclei
only in the ene fragment, including vibrational corrections (NMR ene).
The geometry obtained from rotational spectroscopy of the trans form is
reported for comparison.


Parameters NMR ene Microwave (trans)


r1,2/� 1.340[a] 1.340�0.004
r1,4/� 1.090 1.080�0.003
r1,5/� 1.086 1.090�0.004
r2,6/� 1.094 1.084�0.005
a4,1,2/8 120.5 119.7�0.3
a5,1,2/8 122.0 122.0�0.5
a6,2,1/8 122.5�0.2 122.4�0.4
R/Hz �0.0[b] –
r2,3/� 1.505�0.008 1.468�0.004
a3,2,1/8 120.3�0.000 120.4�0.5
R/Hz 0.55 –
i,j Dij(equil)/Hz Dij(vib)/Hz DDij/Hz
1,4 955.9 �63.1 0.0
1,5 �2409.7 220.4 0.1
1,6 �138.2 6.4 0.0
2,4 �133.4 8.7 0.0
2,5 �526.9 23.5 0.0
2,6 905.0 �41.7 0.0
3,4 �238.1 3.3 �1.2
3,5 �109.7 1.7 0.0
3,6 �12.3 1.8 �1.5
4,5 118.9 �2.5 0.0
4,6 �23.7 3.5 0.0
5,6 �1012.5 25.7 0.1


[a] Kept fixed in the optimization process. [b] Number of unknowns =


number of equations.


Table 6. Geometry, order parameters and DDij = Dij(equil)+Dij-
(vib)�Dij(obs) obtained from dipolar couplings, with vibrational correc-
tions, and assuming an equilibrium between trans and cis conformers
(NMR trans/cis). The geometry of the ene fragment is fixed at that in
Table 5. The Microwave geometry of the trans form is reported for com-
parison.


Parameters NMR (trans/cis) Microwave (trans)


r3,7/� 1.114�0.001 1.113�0.006
a7,3,2/8 114.6�0.1 114.7�0.5
PtransS


trans
aa 0.131�0.001 –


Ptrans(S trans
bb �S trans


cc ) 0.116�0.003 –
PtransS


trans
ab 0.079�0.001 –


(1�Ptrans)S cis
aa 0.001�0.001 –


(1�Ptrans)(S cis
bb�S cis


cc ) �0.002�0.003 –
(1�Ptrans)S cis


ab 0.001�0.001 –
R/Hz 0.46 –
i,j DDij/Hz
1,4 �0.1
1,5 0.2
1,6 0.1
1,7 �0.1
2,4 0.0
2,5 �0.1
2,6 0.2
2,7 0.1
3,4 �1.2
3,5 0.0
3,6 �1.5
3,7 0.0
4,5 0.0
4,6 0.1
4,7 0.0
5,6 0.0
5,7 0.0
6,7 0.0
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crowave study gave the value of Ptrans of 0.96, and by using
this gives the order parameters shown in Table 7, and the
values of S trans


zz , S trans
xx �S trans


yy and S cis
zz , S cis


xx�S cis
yy where xyz are


principal axes for the order tensors (and are at different ori-
entations to abc for each conformer); their orientation with
respect to the xyz axes for the trans isomer is shown in
Figure 4.


Note that the small values of Pcis = (1�Ptrans) leads to im-
precise values for the magnitudes of the elements of the
order matrix Scis, but their ratios are more reliably obtained.


The order parameters for the two conformers are well
within their limits of 1 to �1=2, but can they be considered
reasonable?


To answer this question we have predicted values for
these order parameters by the method proposed by Cele-
bre.[17] In his model, the solute is described as a box of
length L, width W and breadth B. These dimensions are cal-
culated by taking into account molecular geometries and
atomic van der Waals radii. The solute is immersed in a “vir-
tual” nematic solvent consisting of long, axially symmetric
particles. L, W and B are along the S principal axes z, x and
y. The solute box interacts directly with the nearest neigh-
bour solvent molecules (six D¥h symmetry prolate particles
placed at the sites of a simple cubic lattice) and, through
them, with the director of the medium (the introduction of
the concept of this “virtual” director of the mesophase
allows to bypass the explicit consideration of the solvent–
solvent molecular interactions of the infinite solvent mole-
cules forming the bulk of the solvent). Following these
guidelines, the solute–solvent interaction potential U can be
written as:


U ¼ � e


6


X6


i¼ 1


LiP2ðk̂i � ûiÞP2ðûi � n̂Þ ð14Þ


where the positive parameter e is an energy per unit length,
giving the strength of the interaction; Li is the length of the
face of the parallelepiped along the i direction; k̂i, ûi and n̂
are unit vectors defining the directions of the ith frame axis,
the ith nearest neighbour itself and the director in the solute
reference frame, respectively; P2 is the second Legendre
polynomial.


The parameter e=3.16kT/� was set to produce the best
agreement with the magnitudes of the principal order pa-
rameters of trans acrolein for the RIS calculations (see
Table 8 where also the “simulated” order tensors are given).
The agreement between simulated and RIS values of all
three order parameters is excellent for the trans form, but
the simulation produces values for the cis conformation
which are very different from those derived using the RIS
model, and this suggests that the RIS approach fails in pre-
dicting a realistic set of order parameters for the cis form of
acrolein.


A continuous distribution of conformers : To refine the
result obtained so far we now consider a model in which
acrolein exists over a range of the bond rotation angle, f.
The averaged couplings are now calculated from Equa-
tion (5). For this it is necessary to assume a model for the
dependence on f of the order parameters Sab(f). This is
done by first defining a mean potential ULC(b,g,f), which
acrolein experiences in the liquid crystal phase, and to ex-
press this as


ULCðb,g,�Þ ¼ Uextðb,g,�Þ þ U isoð�Þ ð15Þ


where ULC(b,g,f) is purely anisotropic, and vanishes in the
isotropic phase, whilst Uiso(f) contributes in both anisotropic
and liquid crystal phases; b and g are the polar angles that
the liquid crystal director makes in molecule-fixed axes. The
anisotropic potential for a uniaxial phase, as used in these
experiments, can be expanded as the infinite series


Uextðb,g,�Þ ¼ �
X
L,m


ð�1ÞmeL,mð�ÞCL,�mðb,gÞ ð16Þ


where the CL,m(b,g) are modified spherical harmonics. It is
clearly necessary to truncate the infinite series, and when
the potential is used to calculate second-rank properties it is


Table 7. Order parameters obtained by dividing weighted order parame-
ters of Table 6 by the values Ptrans =0.96 or Pcis = (1�Ptrans) determined
by microwave technique.


S trans
aa 0.137


S trans
bb �S trans


cc 0.121
S trans


ab 0.083
S cis


aa 0.025
S cis


bb�S cis
cc �0.050


S cis
ab 0.025


Figure 4. Orientation of abc and xyz axes for the trans isomer. The y and
c axes are parallel and a=24.28.


Table 8. Principal order parameters of acrolein obtained from NMR data
(RIS and AP methods) and simulated by the Celebre model.[17]


NMR-RIS[a] NMR-AP[b] Simulated[c]


S trans
xx �0.044 �0.043 �0.023


S trans
yy �0.129 �0.127 �0.127


S trans
zz 0.173 0.170 0.150


S cis
xx �0.024 0.017 0.014


S cis
yy 0.002 �0.121 �0.120


S cis
zz 0.022 0.104 0.106


[a] Taken from Table 7 but transformed to the principal axes. [b] k= 3=2 is
used. [c] e =3.16 kT/� is used; the box dimensions used are L=6.70 �;
W =5.63 � and B=3.40 � (see text for details).
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a good approximation to include only the rank L= 2 terms.
Note that this approximation improves as the orientational
order of the molecules decreases, primarily because of the
orthogonality of the CL,m(b,g).


Uextðb,g,�Þ ¼ �e2,0ð�ÞC2,0ðbÞ�2 Ree2,2ð�ÞC2,2ðb,gÞ ð17Þ


It is necessary to model the dependence on f of the interac-
tion coefficients e2,m(f), and we have done this by adopting
the Additive Potential method which expresses these coeffi-
cients as[18,19] Equation (18)


e2,mð�Þ ¼
X


j


X
p


e
2,p
ðjÞD 2


p,mðWjÞ ð18Þ


where the e2,p(j) are conformationally independent interac-
tion parameters for rigid fragments in the molecule, and
D 2


p,m(Wj) is the second-rank Wigner function which describes
the orientation of fragment j in a molecular frame of refer-
ence. For acrolein the fragment interaction coefficients used
are given in Equation (19):


eC¼C
2,0 ¼ keC¼O


2,0


eC�C
2,0 ð19Þ


eC�H
2,0 equal for all C�H bonds


Note that choosing eC¼C
2,0 = keC¼O


2,0 , where k is a constant,
rather than two separate values is dictated by the geometry
of the dominant trans form in which these bond directions
are almost exactly parallel, which means that the contribu-
tions of eC¼C


2,0 and eC¼O
2,0 to the total interaction tensor cannot


be separated. This is not true for the cis form, and so calcu-
lations were done with a range of values of k to ascertain
the sensitivity of the results to this parameter.


Averaging over the full range 0 to 1808 : Since dipolar cou-
plings are a continuous function of f, in principle the con-
tinuous dependence on f of vibrational wavefunctions
should be known. Since for acrolein, at the best of our
knowledge, such dependence has not be studied, in the pres-
ent work we have used the approximation of calculating the
force fields, Ftrans and Fcis just for the trans and cis forms,
which are both positions of minimum energy. The values of
Cij


ab for 0� f�908 were derived from the calculated Ftrans,
and for 91� f�180 8 a similar procedure was used by with
Fcis replacing Ftrans. In both cases the experimental fre-
quencies of the trans form are used instead of the calculated
one. No significant difference is observed by using for the
cis form its own set of experimental vibrational frequen-
cies.[15]


When averaging over small-amplitude vibrations and
bond rotational motion it is essential not to include vibra-
tional modes which correspond to torsional oscillations
about the bond direction in the calculation of Dij(vib). Thus,
for acrolein the vibrational mode with frequency 157.0 cm�1


was omitted when calculating Dij(vib) for couplings to H7,
but included for the other couplings.


The variation of the energy of the isolated acrolein mole-
cule with the bond rotation angle was calculated by the
MP2/6-31G* method at 108 intervals with full geometry op-
timisation at each step, and the results are shown in
Figure 5. The theoretical curve was fitted by a Fourier
series, see Equation (20):


Vð�Þ ¼ V1cos� þ V2cos2� þ V3cos3� þ V4cos4� ð20Þ


with the coefficients given in Table 9, column A.


This function was equated to Uiso(f) in Equation (15) and
the calculated dipolar couplings were fitted to those ob-
served by varying the three interaction coefficients given in
Equation (19). A value of k= 3=2 was used, which, as we shall
see, is a reasonable value. The values of r37 and q237 were
also varied, and the results are shown in Table 9, column A.
The agreement between observed and calculated couplings
is poor, with an unacceptable R value of 11.5 Hz. The calcu-
lation was repeated but varying also V1 and V2, and now the
value of R has decreased to 0.84 Hz, with values of the indi-
vidual residuals, DDij, shown in Table 9, column B.


The new function V(f) is compared with that calculated
for the isolated molecule in Figure 5, which shows that the
NMR data predict a smaller amount of conformations in the
range 90 to 1808 (�0.5 %) than does the MP2 calculation
(8–10 %) and the microwave data (�4 %).


Fitting calculated to observed dipolar couplings by vary-
ing Fourier coefficients has the general problem that chang-
ing these coefficients affects the whole bond rotation poten-
tial and not just the relative amounts of the two conformers.
A simpler approach has been developed recently[20] which
overcomes this disadvantage of the Fourier method, and


Figure 5. Potential function V(f) calculated at the MP2/6-31G* level (*)
and derived by fitting the dipolar couplings by the AP method, by using
k= 3=2, and adjusting the coefficients in a Fourier expansion (!).
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which expresses the probability Piso(f), as a sum of Gaussian
functions. For the case of acrolein the Gaussian functions
are centred at f equal to 0 and 1808, with widths at half
maximum height of ht and hc, see Equation (21):


Pisoð�Þ ¼
1


ð2Qcth
2
t pÞ1=2


exp½� �2


2h 2
t


�


þ e�A


ð2Qcth
2
c pÞ1=2


exp½� ð��180oÞ2


2h 2
c


�
ð21Þ


With Equation (22)


Qct ¼ ð1þe�2AÞ ð22Þ


Piso(f) is not in general equal to PLC(f), but for low ordered
solutes as is the case for acrolein in I52, the two functions
are practically identical. Fitting the dipolar couplings calcu-
lated with this probability function by varying A, eC¼C


2,0 =


keC¼O
2,0 , eC�C


2,0 , eC�H
2,0 , r37 and q237 and independent values of ht


and hc does not produce a stable solution because the latter


two variables are strongly correlated. This correlation was
removed by making ht = hc.


Calculations done with values of k < 3 produce R values
of < 0.9 Hz, and all predict Pcis < 0.007. These calculations
give always the same Strans (Table 8) since, as mentioned
above, it depends on the total interaction tensor given by
the sum eC¼C


2,0 + eC¼O
2,0 = (1 + k)eC¼O


2,0 ; on the contrary, on
changing k the calculations give a different order matrix Scis,
as shown in Figure 6 where the order parameters values cal-
culated at different k are compared with the values simulat-


ed by the model of Celebre[17] discussed above. The box di-
mensions used are L=6.70 �; W=5.63 � and B=3.40 �:
there is excellent agreement between observed and calculat-
ed order matrices for k= 3=2 as reported in Table 8, and
there is also good agreement between the NMR, microwave,
and MP2 derived values for the C�H bond length, r37, and
the CCH bond angle q237. These calculations suggest that
acrolein in this liquid crystal solvent is almost entirely in the
trans form with a Gaussian distribution of P(f) with a width
at half height of 12.5�0.88 (Table 9, column C).


A estimate of the conformer distribution from scalar cou-
plings : A calculation of 2JHH and 3JHH coupling constants for
single cis- and trans-conformations of acrolein has been car-
ried out by the CS-INDO method.[21] It is claimed that this
method, which allows for electron correlation, gives accurate
values for the H–H couplings, and it is used here to give an
estimate of the relative weights of the cis and trans confor-
mations of acrolein dissolved in CDCl3. So, in the hypothesis
of a two-site equilibrium of the molecule, the theoretical
values reported in Table 10, Jij(trans) and Jij(cis) have been
used, according to the Equation (23):


Jij ¼ Ptrans JijðtransÞ þ ð1�PtransÞ JijðcisÞ ð23Þ


Table 9. Geometries, e values, Fourier coefficients, probability parame-
ters of Equation (21), and DDij =Dij(equil)+Dij(vib)�Dij(obs) obtained
using: i) the potential from MP2/6-31G* fitted as a Fourier series
(column A); ii) a potential where V1 and V2 were optimized with respect
to MP2/6-31G* potential (column B); iii) the probability function of
Equation (21) (column C). In all cases vibrational corrections are includ-
ed and the ene-fragment geometry was kept fixed at that in Table 5.


Parameters A B C


r3,7/� 1.057�0.011 1.121�0.003 1.122�0.004
a7,3,2/8 112.6�0.5 114.5�0.2 114.5�0.2


e
ðC¼CÞ


2,0 = (3=2)·e
ðC¼OÞ


2,0 /kJ mol�1 0.453�0.006 0.430�0.002 0.430�0.002


e
ðC�CÞ


2,0 /kJ mol�1 0.551�0.004 0.554�0.001 0.554�0.001


e
ðC�HÞ


2,0 /kJ mol�1 0.053�0.004 0.076�0.002 0.076�0.002
V1/kJ mol�1 1.93�0.08[a] 5.5�0.4 –
V2/kJ mol�1 15.17�0.08[a] 15.7�1.7 –
V3/kJ mol�1 1.27�0.08[a] 1.27�0.08[a] –
V4/kJ mol�1 �1.77�0.08[a] �1.77�0.08[a] –
A – – 5.1�0.3
ht = hc/8 – – 12.5�0.8
R/Hz 11.50 0.84 0.85
i,j DDij/Hz DDij/Hz DDij/Hz
1,4 4.6 �0.1 �0.1
1,5 5.1 0.0 0.0
1,6 0.4 0.0 0.0
1,7 �8.0 0.8 0.8
2,4 0.4 0.0 0.0
2,5 �0.1 0.0 0.0
2,6 3.6 �0.1 �0.1
2,7 �11.9 2.6 2.7
3,4 �1.1 �1.2 �1.2
3,5 0.1 0.0 0.0
3,6 �0.5 �1.5 �1.5
3,7 �2.1 0.2 0.2
4,5 6.9 �0.2 0.0
4,6 �0.5 0.0 0.0
4,7 0.0 0.0 0.0
5,6 0.2 0.1 0.1
5,7 �10.7 �0.7 �0.7
6,7 �44.1 �0.9 �0.9


[a] Kept fixed in the optimization process.


Figure 6. Differences between simulated and AP-calculated Scis order pa-
rameters for different k values: *: 3=2, &: 1, ~: 2=3, !: 1=3.
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to obtain a value of Ptrans =0.95 optimising the whole agree-
ment (R= 0.35) with experimental values. It is difficult to es-
timate an error on this value of Ptrans but it indicates that the
conformational distribution of acrolein in solution is not
strongly influenced by changing from a relatively complex
molecule such as I52 to the simpler CDCl3.


Conclusion


The present NMR data for acrolein dissolved in I52 indicate
that there is a small, <1 %, of the cis conformer present at
equilibrium at 300 K. This is significantly smaller than the
amount of cis present in the vapour phase at 295 K, which
could be a real effect of the solvent on the equilibrium, but
may also reflect, in part, the systematic errors introduced by
the approximations necessarily introduced when calculating
values of Dij(equil). The geometry of acrolein derived from
the dipolar couplings is essentially that of the trans form,
and is in good, but not perfect agreement with that derived
by the microwave study. The differences probably reflect the
neglect of vibrational averaging of the microwave data,
hence producing a “least squares” and not an equilibrium
geometry, together with systematic errors in the method for
treating the NMR data. There could certainly be a real sol-
vent effect on the geometry, which in the case of a liquid
crystal phase could be correlated with the orientational
order.
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Table 10. Observed and theoretically predicted scalar couplings 2JHH and 3JHH for acrolein dissolved in CDCl3.


Scalar couplings/Hz Evaluated
Calculated[21] from


cis-acrolein trans-acrolein Experiment Eq. (23),
with Ptrans =0.95


2J4,5/Hz 0.91 0.93 0.7�0.2 0.9
3J4,6/Hz 17.92 18.01 17.4�0.1 18.0
3J5,6/Hz 11.34 9.66 10.0�0.2 9.7
3J6,7/Hz 1.57 8.24 8.0�0.2 7.9
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Molecular Conformation and Packing of Peptide b Hairpins in the
Solid State: Structures of Two Synthetic Octapeptides Containing
1-Aminocycloalkane-1-Carboxylic Acid Residues
at the i+2 Position of the b Turn


Veldore Vidya Harini,[a] Subrayashastry Aravinda,[a] Rajkishor Rai,[b]


Narayanaswamy Shamala,*[a] and Padmanabhan Balaram*[b]


Introduction


b Hairpins are one of the smallest units of autonomously
folded polypeptide structures.[1] The hairpin formation is dic-
tated by the propensity of dipeptide segments to form tight
turns of appropriate stereochemistry. Analysis of protein


structures reveals a preponderance of type I’ and II’ b turns
in hairpin segments.[2] This observation has provided the
basis for the de novo design of synthetic b hairpins, by in-
serting central dipeptide segments with a high probability of
formation of type I’ and II’ b turns. Both d-Pro-Gly[3] and
Asn-Gly[4] segments have been extensively investigated in
designed synthetic peptides, successfully permitting the con-
struction of well-defined hairpin structures. d-Pro-Gly seg-
ments have proved to be more effective in stabilizing b-hair-
pin conformations in synthetic peptides, than Asn-Gly se-
quences.[5] Aib-d-Ala segments which form a type I’ b-turn
conformation also promote hairpin formation, as deter-
mined in the crystal structures of a synthetic octapeptide
Boc-Leu-Phe-Val-Aib-d-Ala-Leu-Phe-Val-OMe.[6] The avail-
ability of well-defined peptide b-hairpins has facilitated at-
tempts to understand the packing of b-sheet peptides in the


Abstract: Peptide b-hairpin formation
is facilitated by centrally positioned d-
Pro-Xxx segments. The synthetic pepti-
des Boc-Leu-Phe-Val-d-Pro-Ac6c-Leu-
Phe-Val-OMe (1) and Boc-Leu-Phe-
Val-d-Pro-Ac8c-Leu-Phe-Val-OMe (2)
were synthesized in order to explore
the role of bulky 1-aminocycloalkane-
1-carboxylic acid residues (Acnc, where
n is the number of carbon atoms in the
ring), at the i+2 position of the nucle-
ating b turn in peptide b hairpins. Pep-
tides 1 and 2 crystallize in the mono-
clinic space group P21 with two mole-
cules in the asymmetric unit. The crys-
tal structures of 1 and 2 provide confor-
mational parameters for four peptide
hairpin molecules. In all cases, the cen-
tral segments adopts a type II’ b-turn


conformation, and three of the four
possible cross-strand hydrogen bonds
are observed. Fraying of the hairpins at
the termini is accompanied by the ob-
servation of NH···p interaction be-
tween the Leu(1)NH group and Phe(7)
aromatic group. Cross strand stabilizing
interactions between the facing resi-
dues Phe(2) and Phe(7) are suggested
by the observed orientation of aromat-
ic rings. Anomalous far-UV CD spectra
observed in solution suggest that close
proximity of the Phe rings is main-
tained even in isolated molecules. In


both peptides 1 and 2, the asymmetric
unit consists of approximately orthogo-
nal hairpins, precluding the formation
of a planar b-sheet arrangement in the
solid state. Solvent molecules, one di-
oxane and one water in 1, three water
molecules in 2, mediate peptide associ-
ation. A comparison of molecular con-
formation and packing motifs in availa-
ble b-hairpin structures permits delin-
eation of common features. The crystal
structures of b-hairpin peptides provide
a means of visualizing different modes
of b-sheet packing, which may be rele-
vant in developing models for aggre-
gates of polypeptides implicated in dis-
ease situations.


Keywords: aggregation · conforma-
tion analysis · peptides · X-ray
diffraction
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solid state, providing some insights into their modes of ag-
gregation. These studies are particularly important in view
of intense current interest in delineating the nature of aggre-
gates formed in amyloid fibrils, which are predominately
composed of peptide chains in extended conformations.[7]


We have undertaken a systematic program to examine the
effect of residues at the turn and strand positions of b hair-
pins on the local conformation of peptides, the mode of ag-
gregation in the solid state and the existence of the cross
strand interactions in hairpins.[6,8, 9] The limited tendency of
b-hairpin peptides to yield single crystals has restricted the
rate of accumulation of structural information. We describe
in this report the crystal structures of the crystalline octa-
peptide hairpins Boc-Leu-Phe-Val-d-Pro-Ac6c-Leu-Phe-Val-
OMe (1) and Boc-Leu-Phe-Val-d-Pro-Ac8c-Leu-Phe-Val-
OMe (2), in which the residue at i+2 position of the b turn
is a bulky 1-aminocycloalkane-1-carboxylic acid (Acnc,
where n is the number of carbon atom in the ring) con-
strained to adopt backbone conformational angles in the aR


or aL region of conformational space. Acnc residues are
cyclic analogues of the well-studied conformationally con-
strained residue Aib.[10] A notable feature of the central b-
turn in hairpin structures in peptides and proteins is the hy-
dration/solvation of the central peptide unit, which lies in an
orientation approximately perpendicular to the plane of the
b sheet.[11] The incorporation of a bulky hydrophobic residue
at the i+2 position of the b turn was intended to probe the
effects of side chains on this solvation process. The crystal
structures of the two designed b hairpins revealed an unex-
pected orthogonal arrangement of adjacent peptide mole-
cules in the solid state, a feature thus far been observed
only in the crystal structure of
the peptide Boc-Leu-Phe-Val-
d-Pro-Ala-Leu-Phe-Val-OMe.[9]


The analysis of the crystal
structures of ten b-hairpin pep-
tides determined so far,[3b, 6,9, 12]


permits a classification of the
major packing modes observed
thus far.


Results


Molecular conformation and
hydrogen bonds : Both peptides
1 and 2 crystallized in the mon-
oclinic space group P21 with
two molecules in the asymmet-
ric unit. Figures 1 and 2 illus-
trate the molecular conforma-
tion observed in crystals for
peptides 1 and 2. Crystal and
diffraction data and refinement
details are summarized in
Table 1. The backbone and side
chain torsion angles for the two


peptides are summarized in Table 2, while the intra- and in-
termolecular hydrogen bond parameters are listed in
Table 3. All four independent peptide hairpins are stabilized
by three intramolecular hydrogen bonds (Val(3) NH···OC
Leu(6), Leu(6) NH···OC Val(3), Val(8) NH···OC Leu(1)).
The fourth intramolecular hydrogen bond which may be an-
ticipated in an ideal b hairpin, Leu(1) NH···OC Val(8) is not
observed, because of the conformational distortions at the
termini of the two antiparallel strands. In all four molecules
the central d-Pro-Ac6c/Ac8c turn adopts a type II’ b-turn
conformation. Residues 1 to 3 adopt f,y values characteris-
tic of an extended b-sheet conformation. In all four mole-
cules, the f value at residues 6,7 is ��808, a deviation of
nearly 408 from the values ideally expected in b sheets. The
conformational deviations are more significant at Val(8). In
peptide 1, two solvent molecules water(O1w) and dioxane
interact with the peptide. While O1w bridges adjacent hair-
pins, the oxygen atom of dioxane hydrogen bonds to the
Ac6c NH of the central peptide unit of the b turn. The asym-
metric unit in crystals of peptide 2 contains three independ-
ent water molecules. O1w and O3w link adjacent molecules
via the strand segment, while O2w forms a hydrogen bond
to Ac8c NH. Figure 3 shows the edge on view of the four in-
dependent b-hairpin molecules observed in the structure of
peptides 1 and 2, which illustrates the disposition of the side
chains with respect to the hairpin plane.


Conformation of cycloalkane rings : The cyclohexane ring in
both the molecules 1 A and 1 B adopts almost ideal chair
conformations, with the amino group occupying an axial ori-
entation.[10b] The cyclooctane rings in both molecules 2 A


Figure 1. Molecular conformation of Boc-Leu-Phe-Val-d-Pro-Ac6c-Leu-Phe-Val-OMe (1) in the solid state.
Hydrogen bonds are shown as dotted lines.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3609 – 36203610



www.chemeurj.org





and 2 B adopt a boat-chair con-
formation,[13] with the amino
group occupying a quasi-axial
orientation. The observed geo-
metries closely resemble those
established in model Ac6c and
Ac8c peptides, from previous
crystallographic studies.[10a,b,l]


Side chain interactions : Pepti-
des 1 and 2 contain aromatic
residues at residues 2 and 7,
which occupy facing, non-hy-
drogen bonded positions in the
antiparallel b-hairpin. Figure 4
illustrates the observed orienta-
tions and distance between the
aromatic pair in each of the
four crystallographically ob-
served molecules. In all four ex-
amples, the distance between
the centroids of the aromatic
rings lie between 4.98 and
5.41 �, and the interplanar
angle lies between 20 and 608.
In the case of 1 A, 2 A and 2 B
relatively small interplanar
angles (208 to 458) are ob-
served. These parameters fall
well within the limits consid-
ered as diagnostic for favorable
aromatic–aromatic interac-
tions.[14] Recent experimental
and theoretical studies suggest
that the interaction potential
between a pair of phenyl rings
has a relatively broad minimum
and stringent orientation de-
pendences are not suggested.[15]


In both crystals, there are no
potential intermolecular aro-
matic contacts.


A notable feature of all four
hairpin molecules is the ab-
sence of the N1···O8 hydrogen
bond (Leu(1) NH···OC Val(8)).
Interestingly, in all the cases the
aromatic ring of Phe(7) folds
back over the body of the hair-
pin; this suggests a potential
NH···p interactions. The range
of observed NH··· Phe (cent-
roid) distances (4.924–5.332 �)
and angle subtended by the NH
bond and the perpendicular to
the aromatic plane (112.8–
160.58) lie within the ranges


Figure 2. Molecular conformation of Boc-Leu-Phe-Val-d-Pro-Ac8c-Leu-Phe-Val-OMe (2) in the solid state.
Hydrogen bonds are shown as dotted lines.


Table 1. Crystal and diffraction parameter for peptides 1 and 2.


Peptide 1 Peptide 2


empirical formula C58H88N8O11+0.5H2O+0.5 C4H8O2 C60H92N8O11+1.5H2O
crystal habit clear clear
crystal size [mm] 0.4 � 0.1� 0.04 0.37 � 0.11 � 0.05
recryst. solvent methanol/isopropanol/1,4-dioxane methanol/water
space group P21 P21


cell parameters
a [�] 18.143(12) 15.039(3)
b [�] 24.858(16) 25.900(5)
c [�] 18.449(12) 19.083(4)
a [8] 90 90
b [8] 117.02(13) 108.498(3)
g [8] 90 90
V [�3] 7412(8) 7049(3)
Z 4 4
molecules/asym. unit 2 2
cocrystallized 1� H2O 3� H2O
solvent +1,4-dioxane
Mw 1072+9+44=1125 1100+27 =1127
1calcd [gcm�3] 1.008 1.060
F(000) 2436 2444
radiation MoKa MoKa


l [�] 0.71073 0.71073
T [8C] 21 21
2qmax [8] 50.0 46.5
scan type w w


measured reflns 70 405 44 024
independent reflns 25 632 17 837
unique reflns 13 277 10 387
obsd reflns [ jF j>4s(F)] 8697 8345
final R [%] 10.57 9.67
final wR2 [%] 24.80 18.61
GoF (S) 1.166 1.009
D1max [e��3] 0.46 0.52
D1min [e��3] �0.39 �0.20
no. restraints/parameters 4/1450 14/1402
data-to-parameter ratio 6:1 5.9:1
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suggested for such interactions from analysis of protein crys-
tal structures.[16]


Circular dichroism analysis : The observation of close inter-
strand aromatic contacts between residues Phe(2) and
Phe(7) in peptides 1 and 2 in the solid state prompted us to
examine the CD spectra of both peptides. A feature of aro-
matic interactions is the possibility of observing exciton ef-
fects leading to anomalous near UV spectrum. In peptides
lacking aromatic residues the CD bands in the region 190 to
240 nm can be assigned unambiguously to the backbone
amide chromophore permitting delineation of secondary
structural features from observed band positions. The pres-
ence of interacting aromatic groups can however result in
anomalous spectral features as illustrated in Figure 5, for
peptides 1 and 2. In both cases, negative bands centred at
230 and 210 nm are observed. The long wavelength 230 nm
band presumably arises from an exciton interaction,[6] and
may be the long wavelength component of an exciton split
doublet, in which the short wavelength component is
masked by overlap with backbone amide CD bands. In the
cases of hairpins with proximal aromatic groups conforma-
tional assignments in solution by CD may be fraught with
uncertainty. In such cases NMR and the use of vibrational
CD may be more reliable.[17]


Crystal packing : Figures 6 and 7 illustrate the interactions
between the two independent molecules in the asymmetric
unit of peptides 1 and 2. Adjacent b hairpins are arranged in
an approximately orthogonal fashion (the angle between the
mean plane of the b hairpins is 60.98 in peptide 1 and 67.08
in peptide 2). A consequence of this twisted arrangement is
the limited hydrogen bond interaction between the adjacent
molecules, which form the crystallographic asymmetric unit,


with only the N2···O2 hydrogen bond being observed. In the
absence of extensive intermolecular hydrogen bonding, crys-
tal packing is facilitated by solvent bridges.


Figure 8 shows the molecular packing of peptide 1 in crys-
tals. The asymmetric units are linked along the 101 direction
(inclined to the crystallographic c axis) by a direct inter-pep-
tide hydrogen bond (N7B···O7A) and a water bridge
(N7A···O1w···O5B). The dioxane molecule bridges N5A and
N5B of two different dimeric asymmetric unit which are
translationally related 100 direction.


Figure 9 illustrates two views of the molecular packing in
crystals of peptide 2. The orthogonal arrangement of two in-
dependent hairpins in the asymmetric unit necessitates the
representation along two orthogonal directions in order to
visualize role of bridging solvent molecules. Along the b
axis the A molecules are linked by the N5···O8 hydrogen
bond, which is formed between the Ac8c NH and Val(8) CO
groups linking the central peptide unit of one molecule with
the C terminus of the symmetry related molecule. The cen-
tral peptide NH (Ac8c NH) of molecule B hydrogen bonds
to water molecule O2w, which in turn interacts with O3w,
which is anchored by two hydrogen bonds to O7 and O8 of
a translated unit. The dimeric asymmetric units are arranged
along 001 direction by a direct N7B···O7A hydrogen bond
and a water mediated N7A···O1w···O5B interaction.


Discussion


Crystal structures of peptide 1 and 2 suggest that in de-
signed hairpins, position i+2 of the b turn readily accommo-
dates sterically bulky side chains. Crystallization of the octa-
peptide hairpin with Ac6c and Ac8c at position 5 establish
that packing into crystalline arrays is feasible for a range of


Table 2. Torsion angles [8] for peptides 1 and 2.[a]


Residue Peptide 1 (Xxx=Ac6c) Peptide 2 (Xxx= Ac8c)
Molecule A Molecule B Molecule A Molecule B


f y w f y w f y w f y w


Leu(1) �123.7[b] 138.3 �175.1 �126.0[e] 129.6 �172.8 �116.2[b] 129.9 �179.0 �103.5[e] 138.5 178.1
Phe(2) �132.1 144.4 168.3 �132.7 144.7 165.3 �124.4 149.6 162.8 �122.6 143.0 165.5
Val(3) �113.5 96.0 �164.8 �111.6 99.5 �165.3 �117.4 91.0 �167.4 �110.8 88.3 �166.3
d-Pro(4) 55.0 �138.2 178.7 53.8 �134.1 �179.9 55.0 �130.1 �174.9 52.1 �133.0 �176.2
Xxx(5) �71.7 �9.1 �175.7 �74.2 �12.5 �174.9 �67.1 �21.2 �171.2 �56.8 �29.8 �171.4
Leu(6) �82.4 122.3 179.4 �81.8 118.5 175.8 �86.2 122.6 176.7 �77.6 121.4 170.2
Phe(7) �88.3 119.0 �174.9 �83.5 130.1 �178.8 �90.8 117.1 �177.2 �84.4 117.2 �172.6
Val(8) �124.5 6.3[c] 179.6[d] �111.9 �64.9[f] �179.0[g] �114.5 0.0[c] �179.5[d] �76.2 150.1[f] 174.1[g]


Side chain c1 c2 c1 c2 c1 c2 c1 c2


Leu(1) �72.4 �74.6, 177.2 �97.1 �45.6, �163.4 �79.4 �62.7, 169.9 �64.1 �73.0, 166.8
Phe(2) �72.5 �96.7, 80.8 �75.4 �93.5, 86.2 �74.8 �94.9, 86.7 �70.8 78.2, �103.1
Val(3) �61.6, 176.1 �60.4, 175.9 �58.6, �178.9 �57.8, 179.3
Leu(6) �173.7 70.6, �163.4 �179.1 65.3, �170.2 -174.7 67.9, �173.9 176.5 64.0, �173.4
Phe(7) �174.0 33.3, �150.0 180 76.4, �99.4 �175.1 53.5, �126.6 �177.8 44.9, �140.4
Val(8) �61.5, 63.1 �56.8, 178.3 63.7, �62.3 �63.7, 173.0


[a] The torsion angles for rotation about bonds of the peptide backbone (f, y and w) and about bonds of the amino acid side chains (c1,c2) as suggested
by the IUPAC-IUB Commission on Biochemical Nomenclature.[22] [b] C’(0)-N1-Ca1-C’(1). [c] N8-Ca8-C’8-O1(OMe). [d] Ca8-C’8-O1(OMe)-C1(OMe).
[e] C’(10)-N11-Ca11-C’11. [f] N18-Ca(18)-C’(18)-O2(OMe). [g] Ca(18)-C’(18)-O2(OMe)-C2(OMe).
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amino acid residues in both the strand and turn positions. b-
hairpin packing in crystals has often featured molecular as-
sociation by two dimensional sheet formation, both parallel
and antiparallel, in which strand segments of the adjacent
molecules are properly registered. Non-polar interactions
and solvent bridges involving the central peptide unit of the
b turn have provided stabilization along the third dimension.
Thus far the crystal structures of nine b-hairpin peptides (in-
cluding 1 and 2) containing only a-amino acid residues have
been determined. These provide a view of 17 crystallograph-
ic independent b-hairpin molecules. The turn segment in
eight peptide sequences of the type d-Pro-Xxx, while in one
case Aib-d-Ala segment is employed. In eight out of nine
hairpins molecules the central b-turn adopts the type II’ b-
turn conformation. The sole exception is the Aib-d-Ala seg-
ment, which adopts a type I’ b-turn conformation. It should


be noted that entries 10–12 in Table 4, are b-hairpin pepti-
des, which contain both a- and b-amino acids in the strands.
In these the introduction of an additional backbone atom re-
sults in the creation of polar strands, with different modes of
association.[12b–d] In these hybrid peptides, type I’ turns have
been observed for the d-Pro-Gly segments.[12b,d] The main
difference between hairpin nucleating type I’ and type II’ b-
turns is that in the former the antiparallel strands are appre-
ciably twisted while the type II’ turn promotes the formation
of a flatter hairpin.[6]


A notable feature of the octapeptide hairpin structures is
the fraying of the hydrogen bond involving N and C-termi-
nal residues, (N1···O8). Of the examples reported so far,
summarized in Table 4, there is only one molecule in which
this cross strand hydrogen bond is observed in crystals.[3b] In
the remaining cases, the backbone torsion angles of residues


Table 3. Hydrogen bonds in peptides 1 and 2.


Donor Acceptor N···O H···O C =O···H C=O···N O···H-N
[�]) [�] [8] [8] [8]


peptide 1 (Xxx=Ac6c)
intermolecular
N2A O2B 2.893 2.127 143.4 151.2 148.2
N5A O1S 3.049 2.229 159.3
N7A O1w 2.947 2.088 176.9
N2B O2A 2.946 2.198 142.3 150.4 145.3
N5B O4S[a] 2.930 2.114 158.3
N7B O7A[b] 2.939 2.090 168.0 166.5 169.2
O1w O5B[c] 2.686
intramolecular
molecule A
N3 O6 2.875 2.031 152.1 153.8 167.5
N6 O3 2.958 2.158 134.5 132.5 154.6
N8 O1 2.918 2.064 155.0 155.8 172.1
molecule B
N3 O6 2.893 2.059 152.1 153.2 163.3
N6 O3 2.987 2.193 135.5 133.0 153.4
N8 O1 2.895 2.038 160.4 158.8 174.5


peptide 2 (Xxx=Ac8c)
intermolecular
N2A O2B 2.893 2.061 151.6 156.3 162.7
N5A O8A[d] 2.985 2.135 165.4 162.4 169.4
N7A O1w 2.942 2.089 171.8
N2B O2A 2.879 2.068 152.1 157.2 156.8
N5B O2w 3.043 2.241 155.2
N7B O7A[e] 2.986 2.135 163.5 164.4 170.4
O1w O5B[f] 2.779
O2w O3w[a] 2.766
O3w O8A[e] 2.932
O3w O7B 2.663
intramolecular
molecule A
N3 O6 2.851 2.004 154.6 156.4 167.8
N6 O3 3.028 2.219 133.7 130.7 156.5
N8 O1 2.955 2.131 153.6 158.0 160.4
molecule B
N3 O6 2.854 2.026 150.5 151.7 161.2
N6 O3 3.028 2.256 136.9 130.5 149.3
N8 O1 2.895 2.043 159.4 160.5 171.2


[a] Symmetry related by x+1, y, z ; [b] symmetry related by x+ 1, y, z+1; [c] symmetry related by x�1, y, z�1; O1S and O4S are oxygen atom of 1,4-di-
oxane; [d] symmetry related by �x+1, y�1=2, �z ; [e] symmetry related by x, y, z+1; [f] symmetry related by x, y, z�1.
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1 and 8 deviate sufficiently from b-sheet values permitting
the Leu(1) NH and Val(8) CO groups to participate in inter-
molecular interaction. The structures of peptides 1 and 2
reveal that in all four molecules Leu(1) NH and the Phe(7)
aromatic ring are oriented in a manner indicative of a stabi-
lizing NH···p interaction. The survey of crystal structures
listed in Table 4 reveals that in four cases where residue 7 is
an aliphatic amino acid, NH(1) is involved in an intermolec-
ular hydrogen bond with a neighboring molecule, while in
one case the intramolecular NH(1)···OC(8) interaction is ob-
served. In seven cases, when an appropriately positioned
Phe residue is available, the NH(1)···p interaction is ob-


served. The sole exception is the structure of Boc-Leu-Val-
Val-d-Pro-Gly-Leu-Phe-Val-OMe,[9] where NH(1) partici-
pates in an intermolecular interaction and no NH···p contact
is observed.


The packing arrangements determined in the peptide hair-
pins 1 and 2 reveal an orthogonal arrangement, which is rel-
atively rare as a packing motif in this class of peptides. Pep-
tides 1, 2 and Boc-Leu-Phe-Val-d-Pro-Ala-Leu-Phe-Val-
OMe,[9] determined earlier are the only three examples in
which this twisted arrangement is observed. Normally pep-
tide hairpins pack into a two dimensional sheets in which
adjacent hairpins in a row are arranged in either parallel or


Figure 3. Edge on view of the independent molecules observed in peptides a) 1 and b) 2. Schematic ribbon representation is also shown.
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antiparallel fashion. The packing of b-sheets in crystals is of
special interest in view of the importance of the association


of b-sheet polypeptide structures in forming insoluble pre-
cipitates, most notably in the case of amyloid deposits asso-
ciating with pathology of neurodegenerative diseases.[7a,b,f]


Conclusion


The determination of the crystal structures of peptide hair-
pins 1 and 2 establish that the d-Pro-Xxx unit is a robust b-
hairpin nucleating segment capable of accommodating a
range of residues at the i+2 position of the b turn. In 1 and
2 bulky 1-aminocycloalkane-1-carboxylic acid residues, Ac6c
and Ac8c, occupy the i+ 2 position of the type II’ b turn.
The packing of hairpins 1 and 2 in crystals reveals a rare, or-
thogonal packing arrangement in which the angle between
mean plane of the two hairpin in the asymmetric unit is be-
tween 60–708. The structures of 1 and 2 add to a limited
number of available b-hairpin structures in crystals, which
provide views of the packing of b-sheets that may be useful
in understanding the structures of aggregates formed in pro-
tein folding diseases, where extended polypeptide strands
self associate into fibrillar structures.


Experimental Section


Peptide synthesis : Peptides 1 and 2 were synthesized by conventional so-
lution phase methods by using a fragment condensation strategy. The


Figure 4. Aromatic–aromatic interaction between the Phe residues observed in peptides 1 (top) and 2 (bottom). The distance between centroid of aro-
matic rings and the interplanar angles are indicated.


Figure 5. Electronic CD spectra of peptides 1 (c) and 2 (d) metha-
nol.
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tert-butyloxycarbonyl (Boc) group was used to protect the N terminus;
the C terminus was protected as a methyl ester. Deprotections were per-
formed by using 98% formic acid and saponification for the N- and C-
terminal protection groups, respectively. Couplings were mediated by di-
cyclohexylcarbodiimide/1-hydroxybenzotriazole (DCC/HOBT). All the
intermediates were characterized by 1H NMR (80 MHz) and TLC (silica
gel, chloroform/methanol 9:1), and were used without further purifica-
tion. The final peptides were purified by medium pressure liquid chroma-
tography (MPLC) on a C18 column (40–60 m) followed by HPLC (C18, 5–
10 m), employing methanol-water gradients. The homogeneity of the puri-
fied peptides was ascertained by analytical HPLC. The purified peptides
were characterized by electrospray and MALDI mass spectrometry, and
by complete assignment of the 500 MHz NMR spectra. (Mcalcd 1072; Mobs


1095.7 [M+Na+] for peptide 1, Mcalcd 1100; Mobs 1123.5 [M+Na+] for
peptide 2).


Circular dichroism : CD spectra were recorded on a JASCO J-715 spec-
tropolarimeter. The instrument was calibrated with d-10 camphorsulfonic
acid. The path length used was 1 mm. The data were acquired in the
wavelength scan mode, using a 1 nm bandwidth, with a step size of
0.5 nm. Typically, four scans were acquired from 260 to 200 nm by using
a scan speed of 20 nm min�1. The resulting data were baseline corrected
and smoothened. Peptide concentrations of 0.1 mg mL�1 were used.


X-ray diffraction : Single crystals of peptides 1, and 2 were grown from
methanol/isopropanol/1,4-dioxane and methanol/water solutions, respec-
tively. The crystallographic data and other details for the compounds 1


Figure 6. a) Asymmetric unit of peptide 1. All the intra- and intermolecular hydrogen bonds in the asymmetric unit are shown as dotted lines. b) Relative
orientation of the two molecules in the asymmetric unit, viewed as in a). c) Viewed after a 908 rotation.
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and 2 are summarized in Table 1, X-ray diffraction data were collected
on a Bruker AXS SMART APEX CCD diffractometer by using MoKa ra-
diation (l=0.71073 �). For peptide 1, the data collection covered a
hemisphere of reciprocal space, by a combination of four sets with differ-
ent f angles (0, 60, 120 and 1808), with detector kept at 2q = �238. Each
set consists of 606 frames and exposure time for each frame was 30 s for
0.38 w scan. For peptide 2 the data collection covered a hemisphere of re-
ciprocal space, by a combination of three sets with different f angles (0,
90 and 1808), with detector kept at 2q = �238. Each set consists of 606
frames and exposure time for each frame was 25 s for 0.38 w scan. There
is a higher redundancy in the data set for peptide 1. The structures were
solved by direct methods by using SHELXD[18] for peptide 1 and Shake-
and-Bake method (SnB)[19] for peptide 2. For peptide 1 two fragments
were obtained containing 68 and 62 atoms. For peptide 2, two fragments
containing 60 and 45 atoms were obtained. The data upto 0.9 � were
used for structure solution and refinement for peptide 2. The remaining


atoms and solvent molecules were located from difference Fourier-maps.
Full matrix least squares refinement was carried out by using SHELXL-
97.[20] The hydrogen atoms were fixed geometrically in the idealized posi-
tions and refined in the final cycle of refinement as riding over the atoms
to which they are bonded. In the refinement restraints were applied on
bond length in the cyclooctane rings in peptide 2. The final R factor was
10.57 % for peptide 1 and 9.67 % for peptide 2. The standard deviations
in bond lengths, bond angles and dihedral angles are approximately
0.01 �, 1.0 and 1.58, respectively for peptides 1 and 2.


CCDC-252 393 (1), -252 394 (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


Figure 1 to 4 and 6 to 9 were generated by using the program
MOLMOL.[21]


Figure 7. a) Asymmetric unit of peptide 2. All intra- and intermolecular hydrogen bonds in the asymmetric unit are shown as dotted lines. b) Relative
orientation of the two molecules in the asymmetric unit, viewed as in a). c) Viewed after a 908 rotation.
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Figure 8. Schematic representation of molecular packing of peptide 1 in crystals.


Figure 9. Schematic representation of molecular packing of peptide 2 in the solid state (left) along b axis (right) along axis.
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Rhodium-Catalyzed Nondecarbonylative Addition Reaction of
ClCOCOOC2H5 to Alkynes


Ruimao Hua,[a] Shun-ya Onozawa,[b] and Masato Tanaka*[c]


Introduction


Addition of inter-heteroatom s bonds to unsaturated com-
pounds[1] furnishes useful products that have two hetero-
atom–carbon bonds, which can be transformed independently
in syntheses. In most synthetic applications, however, the
heteroatoms introduced to the unsaturated compounds are
eventually replaced by organic entities. Accordingly, hetero-
atom–carbon bond addition reactions are more advanta-
geous and desirable if they are selective. In view of the syn-
thetic versatility of carbonyl functionalities, addition reac-
tions of E�COX bonds (E = heteroatom; COX = ester or
amide functionality) are particularly useful. Such reactions
that have been made possible[2] include rhodium- or nickel-
catalyzed stannylamidation (R3Sn�CONR2), rhodium-cata-
lyzed chloroesterification (Cl�COOR), and palladium-cata-


lyzed thioesterification (RS�COOR). While studying the
chloroesterification, we were surprised to find that Rh�
COCOOR species were quite stable against decarbonyla-
tion. During previous mechanistic studies of the palladium-
catalyzed double carbonylation of aromatic halides affording
a-oxo acid derivatives, we and others learned that M�
COCOAr species are extremely unstable in respect of decar-
bonylation even at low temperatures, and concluded that
these species are not involved in the double carbonylation
catalysis.[3] Pd�COCOOMe species are also known to under-
go decarbonylation readily at room temperature.[4] We were
therefore encouraged by the unique and unexpected stabili-
ty of Rh�COCOOR species to explore catalytic addition re-
actions of Cl�COCOOR with unsaturated organic com-
pounds. We now report the efficient CO-retentive addition
of Cl�COCOOEt 2 to alkynes 1 affording g-chloro-a-oxo-
b,g-unsaturated esters,[5] catalyzed by rhodium complexes
[Eq. (1)]. The products are expected to allow a wide range
of synthetic elaborations, in view of the high reactivities of
g-chloro, a-oxo, and b,g-alkene linkages. For instance, g-
organo-a-oxo-b,g-unsaturated esters, which have proven to


Abstract: Addition of ethoxalyl chlo-
ride (ClCOCOOEt) to terminal al-
kynes at 60 8C in the presence of a rho-
dium(i)–phosphine complex catalyst
chosen from a wide range affords 4-
chloro-2-oxo-3-alkenoates regio- and
stereoselectively. Functional groups
such as chloro, cyano, alkoxy, siloxy,
and hydroxy are tolerated. The oxida-
tive addition of ethoxalyl chloride to
[RhCl(CO)(PR3)2] proceeds readily at
60 8C or room temperature and gives


[RhCl2(COCOOEt)(CO)(PR3)2] (PR3


= PPh2Me, PPhMe2, PMe3) complexes
in high yields. The structure of [RhCl2-
(COCOOEt)(CO)(PPh2Me)2] was con-
firmed by X-ray crystallography. Ther-
molysis of these ethoxalyl complexes
has revealed that those ligated by more


electron-donating phosphines are fairly
stable against decarbonylation and re-
ductive elimination. [RhCl2-
(COCOOEt)(CO)(PPh2Me)2] reacts
with 1-octyne at 60 8C to form ethyl 4-
chloro-2-oxo-3-decenoate. The catalysis
is therefore proposed to proceed by ox-
idative addition of ethoxalyl chloride,
insertion of an alkyne into the Cl�Rh
bond of the resulting intermediate, and
reductive elimination of alkenyl-CO-
COOEt.
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alkynes · homogeneous catalysis ·
rhodium
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be useful intermediates in organic synthesis,[6] can be readily
synthesized by metal-catalyzed substitution of the g-chloro
group, while their synthesis by conventional methods re-
quires multistep processes.[7]


Results and Discussion


The reaction of 1-octyne to optimize the conditions : In a
representative experiment, a solution of [Rh(acac)(CO)-
(PPh3)] (0.025 mmol), ethoxalyl chloride 2 (0.5 mmol) and
1-octyne 1 a (1.0 mmol) in benzene (0.5 mL) was heated at
60 8C for 20 h. The addition reaction proceeded highly
stereo- and regioselectively to give ethyl (Z)-4-chloro-2-oxo-
3-decenoate 3 a and its regioisomer 3’a in 91 % total yield
with 97 % regioselectivity for 3 a [Eq. (2)] (Table 1, entry 1).


Besides 3 a and 3’a, ethyl (Z)-3-chloro-2-nonenoate 4 a
(2 %) and ethyl 2-oxo-3-decynoate 5 a (<1 %) were also de-
tected. The reaction could take place almost as well, even
under air; 3 a was obtained in 83 % yield with a similar re-
gioselectivity, but no addition reaction was observed in the
absence of the rhodium catalyst.


The structure of 3 a was determined on the basis of its
spectroscopic data, which included 13C NMR signals assigna-
ble to COCOOC2H5 (d = 180.2 ppm) and COCOOC2H5 (d


= 162.0 ppm), its intense IR absorption bands at 1734 and


1705 cm�1, its MS, and its elemental analysis. An NOE ex-
periment, which displayed a 9 % enhancement of the olefin-
ic proton signal at d = 6.95 ppm upon irradiation of the al-
lylic protons, confirmed the Z stereochemistry (cis addition).
The structure of 3 was further confirmed unequivocally by
X-ray crystallography in the case of 3 u (vide infra). MS
analysis of by-product 3’a displayed its molecular ion, but
no further characterization could be made because it was
formed in low yield. However, the structures of 3’e, 3’h, and
3’ s were confirmed not only by MS but also by 1H and
13C NMR spectroscopy. The structure of by-products 4 a and
5 a was characterized by comparing their MS and NMR
spectroscopic data with those of separately prepared authen-
tic samples.[8]


We normally used a twofold excess of the alkyne, as for
the reaction of Table 1, entry 1. Although oligomerization
can occur as a side reaction, the necessity for an excess of
1 a in entry 1 was not associated with the possible oligomeri-
zation. In practice, approximately 0.5 mmol of 1 a remained
unchanged after the reaction of entry 1, suggesting that oli-
gomerization of the alkyne was not extensive. However, the
presence of excess alkyne appeared to be beneficial to pro-
mote the desired reaction and to suppress the formation of
4 a ; for instance, when the quantity of 1-octyne was reduced
to 0.75 mmol (Table 1, entry 2) and further to 0.5 mmol
(Table 1, entry 3), the total yield of 3 a and 3’a decreased to
81 and 57 % respectively, whereas that of 4 a increased
slightly to 5 and 8 %. When 2 was used in an excess of 1 a,
formation of 4 a was more extensive. The formation of 4 a
indicates that a slight decarbonylation also occurs under
these conditions. We presume that if the insertion of 1a does
not proceed as soon as oxidative addition of ClCOCOOEt
has taken place, the intermediate undergoes slight decarbon-
ylation, and that the presence of an excess of 1 a minimizes
the decarbonylation. It appears reasonable that an elevated
reaction temperature would enhance the decarbonylation.
Indeed, from reaction at 80 8C for 10 h (under otherwise the
same conditions as in entry 1), a more significant amount of
4 a was formed (9 %) at the expense of the yield of 3 a
(85 %). However, no substantial change was observed in the
yield of 5 a when the reaction temperature was raised.


Any effect of the solvent on the reactivity was only mar-
ginal; the yield of 3 a decreased in the order toluene
(88 %)>1,2-dichloroethane (80 %)>dibutyl ether (73 %).


In the previously reported chloroesterification of alkynes
catalyzed by a rhodium complex, the nature of the phos-
phine ligand and the ligand/Rh ratio affected the yield and
regioselectivity significantly,[2r] and the chloroesterification
reaction required heating at 110 8C to proceed smoothly.
However, various rhodium–phosphine complexes ligated by
one or two phosphines performed rather similarly in the re-
action of 1 a with 2 ; the yield ranged from 74 to 92 %
(Table 2, entries 1–12). Even the use of [RhCl(cod)(PMe3)],
which had a very low activity in the chloroesterification (at
110 8C), resulted in a respectable yield of 74 % (at 60 8C). In
all these reactions the regioselectivity was consistently
higher than 80 %. The modest sensitivity of the reaction per-


Table 1. Addition to 1-octyne (1a) of ethoxalyl chloride (2) in the pres-
ence of [Rh(acac)(CO)(PPh3)].[a]


Entry 1 a [mmol] 2 [mmol] Yield[b] [%]
3 a + 3’a[c] 4a


1 1.0 0.5 91 (97) 2
2 0.75 0.5 81 (97) 5
3 0.5 0.5 57 (97) 8
4 0.5 0.75 71 (97) 12


[a] The reactions were carried out at 60 8C for 20 h in 0.5 mL of benzene
using 5 mol % catalyst. [b] Yields, relative to the quantity of the limiting
starting material (0.5 mmol of 1 a or 2), were determined by GC. [c] Total
yield of 3a and 3’a. Values in parentheses are the regioselectivities of 3 a
[100 � 3 a/(3a + 3’a)].
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formance to the nature of the phosphine ligand and the high
reactivity of ethoxalyl chloride as compared with chlorofor-
mate are presumably associated with the ease of oxidative
addition of the Cl�COCOOEt bond, which is envisaged to
be the initiation step in the catalytic cycle (vide infra).


In contrast to the mono- and bisphosphine–rhodium com-
plexes, the Wilkinson catalyst, which has three phosphine
groups, displayed much lower activity and selectivity
(Table 2, entry 12). The catalyst comprising rhodium and
chelating bis[(4S)-4-phenyl-2-oxozolin-2-yl]methane per-
formed slightly less satisfactorily than the dppf complex
(Table 2, entries 13 and 11). Phosphine-free rhodium com-
plexes also promote the reaction with high regioselectivity
(Table 2, entries 14–17), but the activity was lower than that
of the complexes with only one phosphine ligand. MS analy-
sis revealed that two isomeric octyne trimers were formed in
entries 14, 15, and 17.[9] Other complexes such as [Pd-
(PPh3)4], [Pt(PPh3)4], [RhH2(CO)(PPh3)3] and [Co(CO)3-
PiBu3]2 did not show any catalytic activity under similar con-
ditions.


Scope and limitations of the catalytic reactions : The addi-
tion reaction can be applied to a variety of alkynes
(Table 3). Most aliphatic alkynes, including 3,3-dimethyl-1-
butyne, having a sterically demanding substituent react read-
ily to afford the respective adducts in high yields with high
regioselectivities (Table 3, entries 1–4). The reaction of pro-
pyne (at atmospheric pressure in a balloon) is rather excep-
tional in that it is low-yielding and less regioselective, af-
fording a 56:44 isomeric ratio in 45 % total yield (Table 3,


entry 5). The low yield is associated with extensive oligome-
rization.[10]


The tolerance of the addition reaction to a wide variety of
functional groups is seen clearly in entries 6–13. Thus,
chlorinated alkynes having chlorine bonded to a carbon
remote from the alkyne linkage react normally in high
yields with nearly 100 % regioselectivities without interfer-
ence by the chlorine (Table 3, entries 6, 7). As expected,
however, the propargyl chloride reaction gave a complicated
mixture, in which two regioisomeric adducts 3 h and 3’h
were formed in only 38 % total yield (3 h/3’h = 66:34;
Table 3, entry 8) together with other unidentified by-prod-
ucts. Alkynes substituted by cyano, ester, and ether groups
also reacted normally (Table 3, entries 9–11), although the
product obtained from the reaction of methyl propargyl
ether appeared to decompose even at room temperature, re-
sulting in a low yield (Table 3, entry 12). Most notable was
the reaction of 3-methyl-1-butyn-3-ol; ester formation be-
tween the hydroxy group and ethoxalyl chloride was negligi-
ble and the desired adduct could be obtained selectively in a
high yield (Table 3, entry 13).


The alkene linkage is totally inert under these conditions.
Accordingly the enyne starting materials, such as ethynyl-
cyclohexene and 2-methylbut-1-en-3-yne, undergo the addi-
tion exclusively at the triple bond (Table 3, entries 14, 15).


Aromatic and heteroaromatic alkynes also display high
reactivity although the regioselectivity is rather low com-
pared with the aliphatic ones (Table 3, entries 16–20). The
electronic effect of the substituent on the aromatic ring is
not very significant, but electron-releasing p substituents
appear to enhance the reactivity and slightly decrease the
regioselectivity (Table 3, entries 17–20). The reaction of p-
fluorophenylacetylene afforded 3 u as crystals of good quali-
ty, which allowed us to confirm the Z configuration unequiv-
ocally by X-ray crystallography (Figure 1).


Attempted reactions of internal alkynes such as 4-octyne
and dimethyl acetylenedicarboxylate failed, and these al-
kynes were mostly recovered, suggesting their inertness in
the chosen conditions.


Mechanism of the addition reaction : The present catalysis is
most likely to proceed through three fundamental processes:
oxidative addition of the Cl�C bond of 2 to RhI; insertion
of an alkyne molecule into the resulting Rh�Cl bond; and
subsequent C�C reductive elimination. Our mechanistic
proposal (Scheme 1) is substantiated by the observations de-
scribed below.


First, ethoxalyl chloride reacts readily with RhI; the reac-
tivity of this oxidative addition is higher than with chlorofor-
mates. Initial attempts to confirm this oxidative addition
were made using [Rh(acac)(CO)(PPh3)] with 2 at room tem-
perature. For instance, when a suspension of [Rh-
(acac)(CO)(PPh3)] in [D6]benzene was treated with two
equivalents of 2, the reaction mixture became a homogene-
ous yellow solution immediately. 1H and 31P NMR spectro-
scopy suggested that a complex mixture of transient species
was generated within 10 min. After this initial 10 min


Table 2. Catalytic activity of rhodium complexes in the addition reaction
of 1 a to 2.[a]


Entry Catalyst Yield of 3 a +


3’a[b] [%]
Recovery of
1 a [mmol]


1 [Rh(acac)(CO)(PPh3)] 91 (97) 0.52
2 [Rh(acac)(CO)(PPh2Me)] 92 (92) 0.42
3 [Cp*Rh(CO)(PPh3)] 85 (>99) n.d.[c]


4 [RhCl(cod)(PPh3)] 85 (95) 0.51
5 [RhCl(cod)(PPh2Me)] 90 (93) 0.40
6 [RhCl(cod)(PPhMe2)] 86 (92) 0.47
7 [RhCl(cod)(PMe3)] 74 (85) 0.35
8 [RhCl(CO)(PPh3)2] (6d) 82 (81) ~0.50
9 [RhCl(CO)(PPh2Me)2] (6 a) 85 (83) ~0.50
10 [RhCl(CO)(PPhMe2)2] (6b) 81 (92) ~0.50
11[d] [RhCl(CO)(dppf)] 83 (>99) n.d.[c]


12 [RhCl(PPh3)3] 27 (20) 0.65
13[d] [[RhCl(CO)2]2] + bisoxaz[e] 66 (99) n.d.[c]


14 [Rh2Cl2(CO)4] 48 (96) 0.4[f]


15 [Rh2(acac)2(CO)4] 50 (92) 0.4[f]


16 [Cp*Rh(CO)2] 31 (100) n.d.[c]


17 [Rh2Cl2(cod)2] 36 (89) 0.4[f]


[a] Unless otherwise noted, the reactions were carried out at 60 8C for
20 h, using 1.0 mmol of 1a , 0.5 mmol of 2, and 0.025 mmol (in respect of
Rh) of catalyst in 0.5 mL benzene. [b] Total GC yield of 3a + 3’a based
on the amount of 2 used. Values in parentheses are regioselectivities
[100 � 3 a/(3a + 3’a)]. [c] Not determined. [d] Run in toluene. [e] bisoxaz
= bis[(4S)-4-phenyl-2-oxazolin-2-yl]methane; Rh/bisoxaz = 1:1.
[f] Trimers also were formed.
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period, precipitation of a yellow powder, which was sparing-
ly soluble in CDCl3 and could not be characterized, started.


The reaction of [RhCl(CO)(PR3)2] (6 ; PR3 = PPh2Me
(6 a), PPhMe2 (6 b), PMe3 (6 c)) with 2 [Eq. (3)] appeared to
be much cleaner. Thus, 6 a reacts readily with 1.5 equivalents
of ethoxalyl chloride in toluene at 60 8C to afford
[RhCl2(CO)(PPh2Me)2(COCOOC2H5)] 7 a (88%, pale
yellow powder) in 15 min. The P�Me moiety in 7 a displayed
a single doublet (JP,Rh = 86.5 Hz) in 31P NMR spectroscopy


and a virtual triplet in 1H NMR spectroscopy, both suggest-
ing that the two phosphine ligands are in mutually trans po-
sitions. IR (1725, 1697 cm�1) and 13C NMR (d = 213.0 and


Table 3. Rhodium-catalyzed addition reactions of ethoxalyl chloride to alkynes.[a]


Entry Alkyne Adduct Yield of 3 + 3’[b] [%] Entry Alkyne Adduct Yield of 3 + 3’[b] [%]


1[c] 3a : 91 (97) [86] 11[e,f] 3k : 87 (96) [80]


2[c] 3b : 90 (96) [81] 12 3 l : 34 (100) [24]


3[c] 3c : 93 (99) [86] 13 3m : 80 (100) [61]


4 3d : 87 (92) [73] 14 3n : 89 (90) [84]


5 3e : 45 (57) [32][d] 15 3p : 49 (82) [41]


6[c] 3 f : 87 (100) [76] 16 3q : 94 (85) [85]


7[c] 3g : 90 (100) [80] 17[g] 3r : 85 (87) [81]


8 3h : 38 (66) [18][d] 18 3s : 93 (88) [87][d]


9 3 i : 81 (100) [76] 19 3t : 97 (83) [93]


10 3j : 78 (90) [62] 20 3u : 83 (95) [79]


[a] Unless otherwise noted, the reactions were carried out with alkyne (4.0 mmol), ethoxalyl chloride (2.0 mmol), and catalyst [Rh(acac)(CO)(PPh3)]
(0.1 mmol) in toluene (2.0 mL) at 60 8C for 20 h. [b] Total yield of 3 and 3’ by GC analysis based on the amount of ethoxalyl chloride used. The regiose-
lectivities for 3 [100 � [3]/(3 + 3’)] are in parentheses and isolated yields are in brackets. [c] Benzene was used as solvent. [d] Obtained as a mixture of re-
gioisomers. [e] Si = tert-butyldimethylsilyl. [f] [RhCl(cod)(PPh3)] was used as catalyst. [g] [RhCl(CO)(PPh2Me)2] (6a) was used as catalyst.


Figure 1. Molecular structure of ethyl (Z)-4-chloro-4-(p-fluorophenyl)-2-
oxo-3-butenoate.


Scheme 1. A plausible mechanism for the catalytic nondecarbonylative
addition.
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160.7 ppm) spectra both suggest the existence of an ethoxal-
yl group. These and previous observations with related rho-
dium complexes such as [RhCl2(CO)(PPh2Me)2-
(COOC2H5)][2r] led us to presume that 7 a adopts the config-
uration shown in Scheme 1. Careful recrystallization of 7 a
from CH2Cl2�CH3CN furnished pale yellow crystals, allow-
ing unequivocal confirmation of the structure by X-ray crys-
tallography (Figure 2 and Table 4).


As expected from the NMR data, the coordination geom-
etry at the rhodium center is octahedral with diphenylme-


thylphosphine ligands in trans positions. The other trans
ligand pairs in the coordination sphere are a chlorine and
ethoxalyl, and the other chlorine and carbonyl. The Rh�Cl2
bond is much longer than the Rh�Cl1 one, suggesting that
the ethoxalyl ligand exerts a stronger trans influence than
that of the terminal CO; this agrees with the general trans
influence trend of acyl>CO.[11]


The complexes [RhCl(CO)(PPhMe2)2] (6 b) and
[RhCl(CO)(PMe3)2] (6 c) are even more reactive in the oxi-
dative addition, presumably because of the higher electron-
donating abilities of PPhMe2 and PMe3. Complex 6 b reacts
with two equivalents of ethoxalyl chloride in dichlorome-
thane at room temperature for 60 min leading to isolation of
[RhCl2(CO)(PPhMe2)2(COCOOC2H5)] 7 b as pale yellow
needles in 81 % yield, while 6 c, upon treatment with
1.5 equivalents of ethoxalyl chloride in toluene (room tem-
perature, 60 min), also afforded 93 % yield of [RhCl2(CO)-
(PMe3)2(COCOOC2H5)] 7 c as pale yellow crystals. These
complexes also displayed NMR spectroscopic features simi-
lar to those of 7 a.


The C�Cl bond in ethoxalyl chlorides is known to react at
or below room temperature with palladium(0) and plati-
num(0) complexes to yield ethoxalyl complexes trans-
[MCl(COCOOC2H5)L2] (M = Pd, Pt; L = PPh3, PPh2Me,
PEt3).[4] The resulting complexes, particularly palladium
ones, readily undergo decarbonylation resulting in the corre-
sponding alkoxycarbonyl complexes. For instance, decarbon-
ylation of trans-[PdCl(COCOOMe)(PPh3)2] dissolved in
CHCl3 at room temperature is approximately half complete
in 10 min and nearly complete in 20 min. However, as the
high-yield synthesis of 7 a at 60 8C has already suggested, the
rhodium complex is much more stable than the palladium
complexes although slight decarbonylation can occur, as evi-
denced by the formation of minor by-product 4 in the cata-
lytic reaction. Also, the rhodium ethoxalyl complexes are
thermally more stable to reductive elimination than the cor-
responding alkoxycarbonyl complexes, which can be gener-
ated in solution upon treatment of Vaska-type rhodium
complexes with ClCOOR at 80 8C. However, handling of
the complex products in solution must be carried out in the
presence of free chloroformates; otherwise, they undergo
Cl�C reductive elimination even at room temperature to re-
generate ClCOOR and the initial RhI complex. The thermal
stabilities of the ethoxalyl complexes, to both decarbonyla-
tion and reductive elimination, are the key features that
make the present catalysis successful.


As mentioned earlier, ethoxalyl chloride is more reactive
in the oxidative addition chemistry than chloroformate. The
latter required heating at 80 8C, while the former can react
even at room temperature, depending on the structure of
the phosphine ligand. The thermal stability of the ethoxalyl
complexes at higher temperatures was examined by observ-
ing thermolysis of the adducts 7 at 60 8C in [D6]benzene in
an NMR tube (Table 5). In general, the major products are
three rhodium complexes and diethyl oxalate [Eq. (4)].


In the thermolysis of 7 c ligated by PMe3, most of the
complex (94 %) remained, even after heating for 30 h, but it


Figure 2. Molecular structure of [RhCl2(CO)(PPh2Me)2(COCOOC2H5)]
(7a) drawn at the 50% probability level. Hydrogen atoms and solvated
0.5CH2Cl2 are omitted for clarity.


Table 4. Selected structural parameters for 7 a.


bond lengths [�]
Rh�P1 2.377(1) Rh�P2 2.394(1)
Rh�Cl1 2.386(1) Rh�Cl2 2.504(1)
Rh�C1 2.029(4) Rh�C5 1.881(4)
C1�O1 1.198(4) C5�O4 1.135(4)
C1�C2 1.544(5) C2�O2 1.188(5)


bond angles [8]
P1-Rh-P2 173.62(3) Cl1-Rh-C5 173.5(1)
Cl2-Rh-C1 177.1(1) P1-Rh-C5 90.0(1)
P2-Rh-C5 93.4(1) Cl1-Rh-Cl2 91.58(4)
C5-Rh-Cl2 82.1(1) C5-Rh-C1 95.0(2)
Cl1-Rh-C1 91.3(1) Rh-C1-O1 124.5(3)
Rh-C5-O4 171.2(3) C1-C2-O3 109.9(3)
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eventually disappeared after 28 days, affording rhodium spe-
cies 6 c, 9 c, and 10 c (>80 % in total), diethyl oxalate
(64 %), and other unidentified C2H5O-containing species.
Complex 7 b behaved in much the same way in the thermol-
ysis as 7 c but appeared slightly less stable. However, 7 a
with PPh2Me was much less stable; the complex had already
decomposed completely after 16 h to afford [RhCl3(CO)-
(PPh2Me)2] (10 a) (48%) and [RhCl(CO)(PPh2Me3)2] (6 a)
(42 %) and diethyl oxalate (65 %) in large quantities. Decar-
bonylation product 9 a was also found as a minor transient
species (5–10% over 2–30 h). Furthermore, it was not possi-
ble to generate [RhCl2(CO)(PPh3)2(COCOOC2H5)] (7 d)
cleanly or isolate it, due to its instability. To gain qualitative
information about its thermal decomposition for comparison
with the other complexes, 7 a–7 c and 7 e–7 u, however, we
examined the time course of the reaction of [RhCl(CO)-
(PPh3)2] (6 d) with 2 (2 equiv) at room temperature. As ex-
pected, even in the very early stage of the reaction, we were
unable to detect 7 d formed in the mixture. by 1H NMR
spectroscopy However, after 24 h diethyl oxalate was al-
ready formed in 22 % NMR yield, and after 96 h
[RhCl3(CO)(PPh3)2] and diethyl oxalate were obtained in
89 % (isolated) and 77 % (NMR) yields, respectively. A fair
comparison of the thermolysis of 7 d with those of 7 a–c
cannot be made, however, because the procedure was differ-
ent and because two equivalents of 2 was used. Neverthe-
less, we can safely conclude that the stability of 7 depends


significantly on the electronic nature of the phosphine
ligand; more electron-donating ones stabilize the ethoxalyl
complex, and in the case of PPh3 the corresponding complex
appears to decompose rapidly at higher temperatures as
soon as it is generated, unless insertion of an alkyne mole-
cule follows.


The second fundamental process involved is the insertion
of the alkyne linkage. We presume, as in the chloroesterifi-


cation of alkynes, that insertion
into the Cl�Rh bond takes
place, forming an intermediate
such as 8, which eventually un-
dergoes C�C reductive elimina-
tion. To confirm this route, we
carried out the reaction of 7 a
with 2.5 equiv of 1 a in [D6]ben-
zene. At room temperature 7 a
did not dissolve completely.
The mixture was still a suspen-
sion even after 18 h and by 1H
and 31P NMR spectroscopic in-
spection we observed that noth-
ing new appeared to have been
generated. When heated at
60 8C, however, the mixture de-
veloped a homogeneous yellow
solution, in which, after 2.5 h,
adduct 3 a was formed in 44 %
yield along with the RhI com-
plex [RhCl(CO)(PPh2Me)2]


(6 a, 62 %), [RhCl3(CO)(PPh2Me)2](10 a, 13 %), and 7 a re-
covered in 24 % yield (determined by 1H and 31P NMR spec-
troscopy in [D6]benzene) [Eq. (5)]. A similar reaction of 7 b
with 1-hexyne (5 equiv) did not proceed even at 60 8C (4 h)
and the majority of the initial rhodium complex remained
unreacted. However, heating at 80 8C (4 h) afforded approxi-
mately 20 % of the corresponding adduct (3, R = n-C4H8)
together with [RhCl(CO)(PPhMe2)2] (6 b). Heating contin-
ued at 80 8C for an additional 36 h afforded the adduct and
6 b, both in 50 % yield. Complex 7 b remained partially in
the mixture (35 %). These reactivities of 7 a and 7 b with al-
kynes are consistent with the mechanism depicted in
Scheme 1, although the experiments neither suggest the in-
volvement of intermediate species such as 8 nor provide
other details of the insertion process.


An alternative possibility for the formation of 3 is C�Cl
reductive elimination from a chloro(b-ethoxalylalkenyl)rho-
dium species, which arises if an alkyne molecule is inserted


Table 5. Thermolysis of [RhCl2(CO)(PR3)2(COCOOC2H5)] 7.


Starting complex Temp [8C] Duration [h] Quantity in the mixture [%][a]


7 9 10 6 (COOC2H5)2


7a (R = PPh2Me) 60 2 66 5 13 16 –
8 13 10 39 38 –


12 4 8 45 41 –
16 0 7 48 42 65[b]


30 0 7 48 42 –
7b (R = PPhMe2) 60 30 88 2 6 4 –


672 0 16 48 41 50[c]


7c (R = PMe3) 60 30 94 0 3 3 –
672[d] 0 28 >32[e] 20 64[f]


7d (R = PPh3)
[g] 25 24 – – – – 22


96 0 0 >89[h] 0 77


[a] Estimated by 1H NMR spectroscopy. [b] Three more OC2H5-containing organic species were found in an
approximately 1:1:1 ratio (total ~20 %). None of these was diethyl carbonate. [c] One more OC2H5-containing
organic species (16 %) was found. [d] Besides 6, 7, 9, and 10, another rhodium species of unknown structure
was also detected (~6%). [e] Partially insoluble. [f] Two more OC2H5-containing species were found in an ap-
proximately 1:1 ratio (approximately 12% in total). [g] Since 7 d was extremely thermally unstable, the experi-
ment was carried out starting with a mixture of [RhCl(CO)(PPh3)2] and two equivalents of ClCOCOOC2H5


without isolation of 7 d. [h] Yield of isolated product.
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into the rhodium–carbon bond of 7 (ethoxalylrhodation).
However, this possibility can be ruled out in view of the fol-
lowing relevant observations, reported previously. First, the
C�Cl reductive elimination from chloro(organo)rhodium
complexes normally requires very high temperatures. For
example, [RhCl(CO)(PPh3)2]-catalyzed decarbonylation of
aromatic acid chlorides and desulfonylation of aromatic sul-
fonyl chlorides, both of which proceed by C�Cl reductive
elimination to form aromatic chlorides, take place only at
temperatures of approximately 170 8C or higher.[12] Second,
the reaction of cinnamoyl chloride with [RhCl(PPh3)3] at
85 8C, which proceeds through [RhCl2(b-styryl)(CO)-
(PPh3)2], has been reported to form b-styryltriphenylphos-
phonium chloride, but not b-chlorostyrene, an expected
product of olefinic C�Cl reductive elimination.[13] Attempt-
ed decarbonylation of cinnamoyl chloride using [{RhCl-
(cod)}2] with PPh3 (Rh/PPh3 = 2:1) at 140 8C did not give b-
chlorostyrene either.[2q] Thus, in our catalytic reactions at
60 8C the insertion is envisaged to proceed through chloro-
rhodation. The ethoxalylrhodation pathway, which must ex-
perience the difficulty of C�Cl reductive elimination in the
final stage of the catalytic cycle, is highly unlikely. More de-
tailed mechanistic aspects, such as the possible necessity of
ligand dissociation before alkyne insertion, remain to be fur-
ther clarified.


Conclusion


We have described a novel rhodium-catalyzed addition reac-
tion of ethoxalyl chloride with terminal alkynes which, in
most cases, proceeds regio- and stereoselectively under rela-
tively mild conditions. A wide range of functional groups
are tolerated, and g-chloro-a-oxo-b,g-unsaturated esters ob-
tained are expected to serve as versatile intermediates in or-
ganic synthesis. The catalysis is initiated by facile oxidative
addition of ethoxalyl chloride forming [RhCl2(CO)-
(PR3)2(COCOOC2H5)], which undergoes alkyne insertion
into its Rh�Cl bond. Application of the products to develop
new synthetic methodologies will be reported soon.


Experimental Section


General : All manipulations of air-sensitive materials were carried out
under a nitrogen atmosphere using standard Schlenk tube techniques.
Benzene and toluene were refluxed over sodium wire under nitrogen and
distilled before use. 1H, 13C, and 31P NMR spectra were recorded on a
Bruker ARX-300 spectrometer (1H, 300 MHz; 13C, 75 MHz; 31P,
121.5 MHz) in CDCl3 or [D6]benzene solution and referenced to SiMe4


(1H), appropriate solvent resonances (13C), and 85 % H3PO4 (31P). Infra-
red spectra were measured on a JASCO FT/IR-5000 spectrometer. MS
was run on a Shimadzu GC-17 A/QP-5000 mass spectrometer, using the
EI technique (70 eV). High-resolution mass spectra were obtained with a
JEOL JMS-BU20 mass spectrometer at an ionization potential of 70 eV.
Melting points were measured on a Yanagimoto Micro Melting Point ap-
paratus and were uncorrected. Elemental analysis was performed at the
Analytical Center of the National Institute of Materials and Chemical
Research (Japan).


[Rh2(cod)2Cl2],[14] [RhCl(cod)(PR3)][15] (PR3 = PPh3, PPh2Me, PPhMe2,
PMe3), [RhCl(CO)(PR3)2]


[16] (PR3 = PPh3, PPh2Me, PPhMe2, PMe3),
[Rh(acac)(CO)(PR3)][17] (PR3 = PPh3, PPh2Me), and [Cp*Rh(CO)-
(PPh3)][18] were prepared according to the literature. [RhCl(CO)(dppe)],
[RhCl(CO)(dppp)], [RhCl(CO)(dppb)], and [RhCl(CO)(dppf)] were
prepared from [Rh2Cl2(CO)4] and chelating phosphine ligand (Rh/P =


1:2) in toluene, similarly to the preparation of [RhCl(CO)(PR3)2]. The
other metal complexes were commercial products and used as received.
Ethoxalyl chloride was a commercial product and was used after distilla-
tion. Most of the alkynes were obtained from commercial sources, dried
over 4 � molecular sieves and degassed before use. Ethyl 4-pentynoate
was obtained by esterification of 4-pentynoic acid.[19]


General procedure for the catalytic addition of ethoxalyl chloride to
alkynes : The following procedure for 1-octyne is representative. Into a
flask (20 mL) equipped with a three-way stopcock and a magnetic stirring
bar were placed [Rh(acac)(CO)(PPh3)] (49.2 mg, 0.1 mmol), ethoxalyl
chloride (224 mL, 2.0 mmol), 1-octyne (587 mL, 4.0 mmol), and benzene
(2.0 mL) under nitrogen. The mixture was stirred at 60 8C for 20 h and
docosane (C22H46, 252 mg) was added as a GC internal standard. After
GC analysis of 3a, 4a, and 5a present in the reaction mixture, volatiles
were removed under reduced pressure (ca. 100 Torr). The residue was
subjected to silica gel column chromatography. Elution with hexane, fol-
lowed by a diethyl ether–hexane mixture (3–5:100) afforded 3 a as a
yellow oil in 86 % yield.


Ethyl (Z)-4-chloro-2-oxo-3-decenoate (3 a): 1H NMR (CDCl3): d = 6.95
(s, 1H), 4.31 (q, J = 7.1 Hz, 2H), 2.51 (t, J = 7.4 Hz, 2 H), 1.64 (m, 2H),
1.37–1.28 (m, 9H), 0.87 ppm (t, J = 7.1 Hz, 3H); 13C NMR (CDCl3): d =


180.2, 162.0, 156.2, 118.6, 62.6, 42.0, 31.4, 28.2, 27.3, 22.4, 14.0, 13.9 ppm;
IR (neat): ñ = 1734, 1705 cm�1 (C=O); MS: m/z (%): 246 (0.1) [M]+ ,
211 (1), 173 (100), 109 (16), 95 (11), 81 (18), 67 (53), 55 (46); elemental
analysis calcd (%) for C12H19ClO3: C 58.42, H 7.71; found: C 58.21, H
7.72.


Ethyl (Z)-3-chloro-2-nonenoate (4 a): 1H NMR ([D6]benzene): d = 5.85
(s, 1H), 4.00 (q, J = 7.1 Hz, 2H), 2.02 (t, J = 7.4 Hz, 2 H), 1.31 (m, 2H),
1.21–0.96 (m, 9 H), 0.81 ppm (t, J = 7.1 Hz, 3 H); 13C NMR ([D6]ben-
zene): d = 163.3, 150.0, 116.8, 60.0, 41.1, 31.6, 28.3, 27.2, 22.7, 14.2,
14.1 ppm; IR (neat): ñ = 1734 cm�1 (C=O); elemental analysis calcd (%)
for C11H19ClO2: C 60.43, H 8.70; found: C 60.82, H 8.87.


Ethyl 2-oxo-3-decynoate (5 a): 1H NMR (CDCl3): d = 4.34 (q, J =


7.1 Hz, 2H), 2.46 (t, J = 7.0 Hz, 2H), 1.66–1.27 (m, 11 H), 0.88 ppm (t, J
= 6.8 Hz, 3 H); 13C NMR (CDCl3): d = 169.7, 159.3, 102.6, 79.7, 63.1,
31.1, 28.4, 27.3, 22.4, 19.4, 14.0, 13.9 ppm; IR (neat): ñ = 2211, 1741,
1681 cm�1; elemental analysis calcd (%) for C12H18O3: C 68.57, H 8.57;
found: C 68.35, H 8.81.


Ethyl (Z)-4-chloro-2-oxo-3-dodecenoate (3 b): Isolated yield: 81%,
yellow oil. 1H NMR (CDCl3): d = 6.95 (s, 1 H), 4.30 (q, J = 7.1 Hz, 2H),
2.50 (t, J = 7.4 Hz, 2H), 1.62 (m, 2H), 1.35 (t, J = 7.1 Hz, 3 H), 1.26 (m,
10H), 0.83 ppm (t, J = 7.0 Hz, 3H); 13C NMR (CDCl3): d = 180.2,
162.0, 156.2, 118.6, 62.2, 42.0, 31.7, 29.2, 29.0, 28.5, 27.3, 22.6, 14.0,
13.9 ppm; IR (neat): ñ = 1735, 1708 cm�1 (C=O); MS: m/z (%): 239 (1)
[M�Cl]+ , 201 (100), 165 (2), 147 (2), 115 (7), 95 (34), 81 (57), 67 (36), 55
(65); elemental analysis calcd (%) for C14H23ClO3: C 61.20, H 8.38;
found: C 61.42, H 8.36.


Ethyl (Z)-4-chloro-5,5-dimethyl-2-oxo-3-hexenoate (3 c): Isolated yield:
86%, yellow oil. 1H NMR (CDCl3): d = 6.95 (s, 1H), 4.31 (q, J =


7.1 Hz, 2H), 1.35 (t, J = 7.1 Hz, 3 H), 1.26 ppm (s, 9 H); 13C NMR
(CDCl3): d = 181.5, 164.5, 162.3, 116.3, 62.5, 41.1, 28.6, 13.9 ppm; IR
(neat): ñ = 1729, 1704 cm�1 (C=O); MS: m/z (%): 218 (0.1) [M]+ , 183
(1), 145 (81), 109 (81), 81 (100), 67 (20), 53 (18); elemental analysis calcd
(%) for C10H15ClO3: C 54.92, H 6.87; found: C 54.96, H 6.93.


Ethyl (Z)-4-chloro-5-phenyl-2-oxo-3-pentenoate (3 d): Isolated yield:
73%, yellow oil. 1H NMR (CDCl3): d = 7.38–7.22 (m, 5H), 6.95 (s, 1H),
4.31 (q, J = 7.1 Hz, 2 H), 3.82 (s, 2 H), 1.35 ppm (t, J = 7.1 Hz, 3H);
13C NMR (CDCl3): d = 180.4, 161.8, 153.8, 134.9, 129.3, 128.9, 127.7,
119.8, 62.7, 47.9, 13.9 ppm; IR (neat): ñ = 1733, 1698 cm�1 (C=O); MS:
m/z (%): 252 (0.4) [M]+ , 217 (6), 179 (87), 144 (66), 115 (100), 90 (12),
65 (12), 57 (13); elemental analysis calcd (%) for C13H13ClO3: C 61.78, H
5.15; found: C 61.94, H 5.15.
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Ethyl (Z)-4-chloro-2-oxo-3-pentenoate (3 e) and ethyl (Z)-4-chloro-3-
methyl-2-oxo-3-butenoate (3’e): The addition reaction of propyne
(1 atm) with ethoxalyl chloride gave two adducts in a ratio of 57:43,
which were isolated as a mixture in 32% yield. Elemental analysis calcd
(%) for C7H9ClO3 (mixture of adducts): C 47.59, H 5.10; found: C 47.49,
H 5.16. A careful separation by preparative TLC (silica gel, eluted with
hexane/diethyl ether (9:1)) gave pure isomers. 3 e (major isomer:
0.34 mmol, 17 %): 1H NMR (CDCl3): d = 7.00 (q, J = 1.0 Hz, 1 H), 4.33
(q, J = 7.1 Hz, 2H), 2.36 (d, J = 1.0 Hz, 3 H), 1.36 ppm (t, J = 7.1 Hz,
3H); 13C NMR (CDCl3): d = 180.0, 161.8, 151.5, 119.3, 62.6, 29.1,
13.9 ppm; IR (neat): ñ = 1731, 1702 cm�1 (C=O); MS: m/z (%): 176
(0.1) [M]+ , 141 (7), 103 (100), 75 (14), 67 (6). 3’e (minor isomer:
0.22 mmol, 11 %): 1H NMR (CDCl3): d = 7.18 (q, J = 0.8 Hz, 1 H), 4.33
(q, J = 7.1 Hz, 2H), 2.65 (d, J = 0.8 Hz, 3H), 1.37 (t, J = 7.1 Hz, 3H);
13C NMR (CDCl3): d = 180.0, 161.2, 159.4, 121.2, 62.8, 25.0, 14.0 ppm;
IR (neat): ñ = 1731, 1702 cm�1 (C=O); MS: m/z (%): 176 (0.3) [M]+ ,
141 (9), 103 (100), 75 (14), 67 (7).


Ethyl (Z)-4,8-dichloro-2-oxo-3-octenoate (3 f): Isolated yield: 76 %,
yellow oil. 1H NMR (CDCl3): d = 6.99 (s, 1 H), 4.32 (q, J = 7.1 Hz, 2H),
3.54 (t, J = 5.8 Hz, 2 H), 2.56 (t, J = 6.7 Hz, 2 H), 1.86–1.80 (m, 4 H),
1.36 ppm (t, J = 7.1 Hz, 3 H); 13C NMR (CDCl3): d = 180.0, 161.8,
154.8, 119.0, 62.7, 44.2, 41.1, 31.2, 24.6, 13.9 ppm; IR (neat): ñ = 1733,
1707 cm�1 (C=O); MS: m/z (%): 217 (2) [M�Cl]+ , 179 (100), 143 (4),
115 (13), 89 (18), 79 (42), 67 (14), 53 (19); elemental analysis calcd (%)
for C10H14Cl2O3: C 47.43, H 5.53; found: C 47.23, H 5.57.


Ethyl (Z)-4,7-dichloro-2-oxo-3-heptenoate (3 g): Isolated yield: 80 %,
yellow oil. 1H NMR (CDCl3): d = 7.06 (s, 1 H), 4.33 (q, J = 7.1 Hz, 2H),
3.56 (t, J = 6.2 Hz, 2 H), 2.73 (t, J = 7.2 Hz, 2H), 2.14 (m, 2H),
1.37 ppm (t, J = 7.1 Hz, 3 H); 13C NMR (CDCl3): d = 179.9, 161.6,
153.4, 119.6, 62.6, 43.2, 28.8, 29.8, 13.9 ppm; IR (neat): ñ = 1734,
1705 cm�1 (C=O); MS: m/z (%): 203 (2) [M�Cl]+ , 165 (100), 129 (8),
101 (20), 75 (16), 65 (71); elemental analysis calcd (%) for C9H12Cl2O3: C
45.19, H 5.04; found: C 45.23, H 5.11.


Ethyl (Z)-4,5-dichloro-2-oxo-3-pentenoate (3 h) and ethyl (Z)-4-chloro-3-
chloromethyl-2-oxo-3-butenoate (3’h): The addition reaction of propargyl
chloride to ethoxalyl chloride gave two adducts in a ratio of 66:34. A
mixture of the two adducts (72:28) was isolated in 18% yield as a yellow
oil after silica-gel column chromatography (eluent: hexane and then
hexane containing 3–5 % diethyl ether) followed by preparative TLC
(twice, silica gel, eluted with hexane/diethyl ether (5:1)). 3 h (major prod-
uct): 1H NMR (CDCl3): d = 7.40 (t, J = 0.7 Hz, 1H), 4.35 (q, J =


7.1 Hz, 2 H), 4.28 (d, J = 0.7 Hz, 2H), 1.37 ppm (t, J = 7.1 Hz, 3 H);
13C NMR (CDCl3): d = 179.8, 161.0, 147.2, 120.1, 63.0, 47.5, 13.9 ppm;
MS: m/z (%): 175 (11) [M�Cl]+ , 137 (100), 109 (21), 102 (9), 83 (7), 73
(7), 67 (16). 3’h (minor product): 1H NMR (CDCl3): d = 6.80 (t, J =


0.7 Hz, 1 H), 4.34 (q, J = 7.1 Hz, 2 H), 4.24 (d, J = 0.7 Hz, 2H),
1.36 ppm (t, J = 7.1 Hz, 3 H); 13C NMR (CDCl3): d = 185.4, 157.9,
141.2, 126.0, 63.1, 47.4, 13.9 ppm; MS: m/z (%): 175 (35) [M�Cl]+ , 137
(100), 109 (69), 101 (13), 83 (19), 73 (42), 67 (28); IR of the 72:28 mixture
of the two products (neat): ñ = 1731, 1708 cm�1 (C=O); elemental analy-
sis: calcd (%) for C7H8Cl2O3 (a mixture of 3h and 3’h in a 2:1 ratio): C
39.81, H 3.79; found: C 40.36, H 3.95.


Ethyl (Z)-4-chloro-7-cyano-2-oxo-3-heptenoate (3 i): Isolated yield: 76 %,
yellow oil. 1H NMR (CDCl3): d = 7.06 (s, 1 H), 4.31 (q, J = 7.1 Hz, 2H),
2.69 (t, J = 7.3 Hz, 2 H), 2.41 (t, J = 7.0 Hz, 2H), 2.04 (m, 2H),
1.35 ppm (t, J = 7.1 Hz, 3 H); 13C NMR (CDCl3): d = 179.8, 161.4,
152.1, 120.0, 118.5, 62.8, 40.1, 23.0, 16.1, 13.9 ppm; IR (neat): ñ = 1729,
1702 cm�1 (C=O); MS: m/z (%): 194 (1) [M�Cl]+ , 156 (100), 128 (13),
115 (39), 101 (13), 87 (14), 65 (20), 54 (35); elemental analysis calcd (%)
for C10H12ClNO3: C 52.29, H 5.23, N 6.10; found: C 52.21, H 5.23, N 6.01.


Ethyl (Z)-4-chloro-6-ethoxycarbonyl-2-oxo-3-hexenoate (3 j): Isolated
yield: 62%, yellow oil. 1H NMR (CDCl3): d = 7.05 (s, 1H), 4.31 (q, J =


7.1 Hz, 2 H), 4.12 (q, J = 7.1 Hz, 2 H), 2.84 (t, J = 7.3 Hz, 2H), 2.65 (t, J
= 7.3 Hz, 2H), 1.35 (t, J = 7.1 Hz, 3H), 1.24 ppm (t, J = 7.1 Hz, 3H);
13C NMR (CDCl3): d = 179.9, 171.3, 161.6, 153.1, 119.4, 62.7, 60.9, 36.9,
31.7, 14.1, 13.9 ppm; IR (neat): ñ = 1731, 1702 cm�1 (C=O); MS: m/z
(%): 227 (2) [M�Cl]+ , 189 (99), 161 (83), 143 (46), 133 (39), 116 (49), 97


(47), 81 (21), 67 (18), 53 (100); elemental analysis calcd (%) for
C11H15ClO5: C 50.29, H 5.71; found: C 50.29, H 5.76.


Ethyl (Z)-8-tert-butyldimethylsiloxy-4-chloro-2-oxo-3-octenoate (3 k):
Isolated yield: 80%, yellow oil. 1H NMR (CDCl3): d = 6.97 (s, 1H), 4.31
(q, J = 7.1 Hz, 2H), 3.62 (t, J = 6.1 Hz, 2H), 2.56 (t, J = 7.3 Hz, 2H),
1.73–1.51 (m, 4H), 1.36 (t, J = 7.1 Hz, 3 H), 0.88 (s, 9 H), 0.04 ppm (s,
6H); 13C NMR (CDCl3): d = 180.2, 161.9, 155.9, 118.7, 62.6, 62.4, 41.7,
31.5, 25.9, 23.9, 18.3, 13.9, �5.34 ppm; IR (neat): ñ = 1735, 1714 cm�1


(C=O); MS: m/z (%): 348 (2) [M]+ , 255 (44), 227 (14), 211 (100), 151
(25), 75 (68), 59 (18); elemental analysis calcd (%) for C16H29ClO4Si: C
55.09, H 8.32; found: C 55.15, H 8.51.


Ethyl (Z)-4-chloro-5-methoxy-2-oxo-3-pentenoate (3 l): Isolated yield:
24%, pale yellow oil. 1H NMR (CDCl3): d = 7.30 (t, J = 1.5 Hz, 1H),
4.33 (q, J = 7.1 Hz, 2H), 4.12 (d, J = 1.5 Hz, 2H), 3.44 (s, 3H),
1.37 ppm (t, J = 7.1 Hz, 3 H); 13C NMR (CDCl3): d = 180.2, 161.5,
150.1, 117.2, 75.5, 62.7, 59.0, 13.9 ppm; IR (neat): ñ = 1731, 1704 cm�1


(C=O); MS: m/z (%): 171 (7) [M+�Cl], 133 (100), 105 (98), 67 (15), 55
(29); elemental analysis calcd (%) for C8H11ClO4: C 46.49, H 5.33;
found: C 46.30, H 5.30.


Ethyl (Z)-4-chloro-5-hydroxy-5-methyl-2-oxo-3-hexenoate (3 m): Isolated
yield: 61%, pale yellow powder after being washed with hexane, m.p.
44–45 8C. 1H NMR (CDCl3): d = 7.45 (s, 1H), 4.33 (q, J = 7.1 Hz, 2H),
2.50 (s, 1H), 1.53 (s, 6 H), 1.36 ppm (t, J = 7.1 Hz, 3 H); 13C NMR
(CDCl3): d = 181.1, 161.8, 160.2, 116.0, 75.3, 62.7, 28.4, 13.9 ppm; IR
(KBr): ñ = 1733, 1700 cm�1 (C=O); MS: m/z (%): 147 (92)
[M�COOC2H5]


+ , 131 (11), 111 (100), 91 (4), 89 (10), 83 (16), 69 (12), 59
(20); elemental analysis calcd (%) for C9H13ClO4: C 48.98, H 5.90;
found: C 49.42, H 5.88.


Ethyl (Z)-4-chloro-4-(1-cyclohexenyl)-2-oxo-3-butenoate (3 n): Isolated
yield: 84%, yellow oil. 1H NMR (CDCl3): d = 7.02 (s, 1 H), 6.95 (s, 1 H),
4.32 (q, J = 7.1 Hz, 2 H), 2.31–2.29 (m, 4 H), 1.74–1.59 (m, 4 H), 1.37 ppm
(t, J = 7.1 Hz, 3H); 13C NMR (CDCl3): d = 181.3, 162.4, 150.8, 139.8,
134.0, 114.7, 62.5, 26.7, 26.2, 22.3, 21.3, 13.9 ppm; IR (neat): ñ = 1731,
1718 cm�1 (C=O); MS: m/z (%): 242 (6) [M]+ , 213 (4), 207 (8), 169
(100), 151 (10), 141 (14), 105 (60), 91 (26), 77 (45), 51 (23); elemental
analysis calcd (%) for C12H15ClO3: C 59.38, H 6.18; found: C 59.12, H
6.28.


Ethyl (Z)-4-chloro-5-methyl-2-oxo-3-hexadienoate (3 p): Isolated yield:
41%, yellow oil. 1H NMR (CDCl3): d = 7.13 (s, 1H), 6.05 (s, 1H), 5.56
(s, 1 H), 4.34 (q, J = 7.1 Hz, 2H), 2.08 (s, 3 H), 1.37 ppm (t, J = 7.1 Hz,
3H); 13C NMR (CDCl3): d = 181.2, 162.0, 149.5, 139.9, 125.2, 117.6, 62.7,
20.3, 13.9 ppm; IR (neat): ñ = 1731, 1689 cm�1 (C=O); MS: m/z (%):
202 (2) [M]+ , 187 (2), 174 (3), 129 (84), 101 (54), 65 (100); elemental
analysis calcd (%) for C9H11ClO3: C 53.33, H 5.43; found: C 53.31, H
5.43.


Ethyl (Z)-4-chloro-2-oxo-4-(2-thienyl)-3-butenoate (3 q): Isolated yield:
85%, yellow oil. 1H NMR (CDCl3): d = 7.69 (d, J = 3.7 Hz, 1 H), 7.53
(m, 2H), 7.10 (m, 1H), 4.35 (q, J = 7.1 Hz, 2 H), 1.38 ppm (t, J =


7.1 Hz, 3 H); 13C NMR (CDCl3): d = 179.5, 161.9, 143.0, 141.1, 131.5,
131.4, 128.7, 114.1, 62.7, 14.0 ppm; IR (neat): ñ = 1729, 1687 cm�1 (C=


O); MS: m/z (%): 244 (5) [M]+ , 209 (1), 171 (100), 143 (16), 108 (41), 69
(6), 58 (5); elemental analysis calcd (%) for C10H9ClO3S: C 49.08, H
3.68; found: C 49.64, H 3.63.


Ethyl (Z)-4-chloro-2-oxo-4-phenyl-3-butenoate (3 r): Isolated yield: 81 %,
yellow oil. 1H NMR (CDCl3): d = 7.79–7.76 (m, 2 H), 7.56 (s, 1 H), 7.51–
7.41 (m, 3H), 4.47 (q, J = 7.1 Hz, 2 H), 1.39 ppm (t, J = 7.1 Hz, 3H);
13C NMR (CDCl3): d = 180.2, 162.0, 150.6, 136.7, 131.7, 128.8, 127.6,
117.7, 62.8, 14.0 ppm; IR (neat): ñ = 1729, 1697 cm�1 (C=O); MS: m/z
(%): 238 (0.2) [M]+ , 203 (0.5), 165 (100), 137 (16), 102 (71), 71 (17), 63
(10); elemental analysis calcd (%) for C12H11ClO3: C 60.38, H 4.61;
found: C 60.57, H 4.67.


Ethyl (Z)-4-chloro-2-oxo-4-p-tolyl-3-butenoate (3 s) and ethyl (Z)-4-
chloro-2-oxo-3-p-tolyl-3-butenoate (3’ s): Isolated yield: 87%, yellow oil.
Elemental analysis calcd (%) for C13H13ClO3 (mixture of adducts): C
61.78, H 5.15; found: C 62.20, H 5.25. A pure sample of the major adduct
3s was obtained by preparative TLC (silica gel, eluted with hexane/dieth-
yl ether (9:1)). 3s : 1H NMR (CDCl3): d = 7.68 (d, J = 8.2 Hz, 2H), 7.53
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(s, 1 H), 7.23 (d, J = 8.2 Hz, 2H), 4.35 (q, J = 7.1 Hz, 2H), 2.39 (s, 3 H),
1.38 ppm (t, J = 7.1 Hz, 3 H); 13C NMR (CDCl3): d = 180.2, 162.1,
150.8, 142.6, 133.9, 129.5, 127.6, 116.6, 62.7, 21.4, 14.0 ppm; IR (neat):
ñ = 1725, 1695 cm�1 (C=O); MS: m/z (%): 252 (2) [M]+ , 217 (0.5), 179
(100), 151 (6), 143 (3), 115 (67), 89 (10), 63 (6). Minor adduct 3’ s (72 %
purity in a mixture with 3 s) was also obtained from the preparative TLC.
3’ s : 1H NMR (CDCl3): d = 7.37 (d, J = 8.2 Hz, 2H), 7.20 (d, J =


8.2 Hz, 2 H), 7.01 (s, 1H), 4.03 (q, J = 7.1 Hz, 2 H), 2.38 (s, 3H),
1.21 ppm (t, J = 7.1 Hz, 3 H); 13C NMR (CDCl3): d = 181.3, 161.7,
155.7, 141.9, 133.2, 129.1, 128.9, 122.4, 62.5, 21.5, 13.7 ppm; MS: m/z (%):
252 (1) [M]+ , 179 (39), 151 (2), 143 (100), 115 (37), 89 (13), 63 (12).


Ethyl (Z)-4-chloro-4-(4-methoxyphenyl)-2-oxo-3-butenoate (3 t): Isolated
yield: 93 %, yellow crystals (recrystallized from hexane at �10 8C), m.p.
42–43 8C. 1H NMR (CDCl3): d = 7.76 (d, J = 8.8 Hz, 2 H), 7.49 (s, 1H),
6.92 (d, J = 8.2 Hz, 2H), 4.35 (q, J = 7.1 Hz, 2H), 3.84 (s, 3H),
1.38 ppm (t, J = 7.1 Hz, 3 H); 13C NMR (CDCl3): d = 180.1, 162.7,
162.3, 150.6, 129.5, 128.8, 115.4, 114.2, 62.6, 55.5, 14.0 ppm; IR (KBr):
ñ = 1720, 1685 cm�1 (C=O); MS: m/z (%): 195 (100) [M�COOC2H5]


+ ,
167 (20), 132 (24), 117 (13), 89 (18), 63 (11); elemental analysis calcd
(%) for C13H13ClO4: C 58.10, H 4.84; found: C 58.10, H 4.81.


Ethyl (Z)-4-chloro-4-(p-fluorophenyl)-2-oxo-3-butenoate (3 u): Isolated
yield: 79 %, yellow crystals (recrystallized from hexane at �10 8C), m.p.
39–40 8C. 1H NMR (CDCl3): d = 7.81–7.76 (m, 2H), 7.52 (s, 1H), 7.15–
7.10 (m, 2H), 4.36 (q, J = 7.1 Hz, 2 H), 1.38 ppm (t, J = 7.1 Hz, 3H);
13C NMR (CDCl3): d = 180.0, 164.8 (d, 1JC,F = 254.2 Hz), 161.9, 149.3,
132.9 (d, 4JC,F = 3.3 Hz), 129.9 (d, 3JC,F = 9.0 Hz), 117.4, 116.0 (d, 2JC,F =


22.1 Hz), 62.8, 14.0 ppm; IR (KBr): ñ = 1729, 1695 cm�1 (C=O); MS:
m/z (%): 256 (1) [M]+ , 221 (1), 183 (100), 155 (18), 120 (59), 99 (8), 74
(9), 50 (7); elemental analysis calcd (%) for C12H10FClO3: C 56.14,
H 3.90; found: C 56.14, H 3.73.


Oxidative addition of ethoxalyl chloride to [RhCl(CO)(PR3)2]


[RhCl2(CO)(PPh2Me)2(COCOOC2H5)] (7 a): A mixture of [RhCl(CO)-
(PPh2Me)2] (85.1 mg, 0.15 mmol) and ClCOCOOC2H5 (26 mL,
0.23 mmol) in toluene (2.0 mL) was heated at 60 8C for 15 min under ni-
trogen. After removal of volatiles, the residue was washed with hexane
and dried in vacuo. Complex 7a was obtained in 88 % yield (93.2 mg,
0.132 mmol) as a pale yellow solid. 1H NMR (CDCl3): d = 7.86–7.15 (m,
20H, 4C6H5), 3.78 (q, J = 7.1 Hz, 2H, CH2), 2.43 (virtual t, JP�H =


4.2 Hz, 6H, 2 PCH3), 0.94 ppm (t, J = 7.1 Hz, 3 H, CH2CH3); 13C NMR
(CDCl3): d = 213.0 (d t, J = 30.1 Hz, J = 5.5 Hz, COCOOC2H5), 182.1
(d t, J = 67.2 Hz, J = 9.9 Hz, CO), 160.7 (apparent q, J = 3.6 Hz, CO-
COOC2H5), 133.1–132.7 (m, PPh), 131.0 (s, PPh), 130.9 (s, PPh), 128.5–
128.4 (m, PPh), 62.6 (s, CH2), 13.6 (s, CH3CH2), 13.4 ppm (virtual t, J =


18.7 Hz, PCH3); 31P NMR (CDCl3): d = 8.0 ppm (d, JP,Rh = 86.5 Hz); IR
(KBr): ñ = 2090, 1725, 1697 cm�1 (C=O); elemental analysis calcd (%)
for C31H31Cl2O4P2Rh: C 52.92, H 4.41; found: C 53.30, H 4.43.


[RhCl2(CO)(PPhMe2)2(COCOOC2H5)] (7 b): Prepared similarly to 7a by
treating [RhCl(CO)(PPhMe2)2] in CH2Cl2 with ClCOCOOC2H5 (2 equiv)
at room temperature for 60 min. Isolated in 81% yield; pale yellow nee-
dles. 1H NMR (CDCl3): d = 7.72–7.65 (m, 4 H, aromatic), 7.41–7.39 (m,
6H aromatic), 3.92 (q, J = 7.1 Hz, 2H, CH2), 2.15 (virtual t, JP�H =


4.2 Hz, 6H, 2 PCH3), 1.98 (virtual t, JP�H = 4.2 Hz, 6H, 2PCH3),
1.08 ppm (t, 3H, J = 7.1 Hz, CH2CH3); 13C NMR (CDCl3): d = 213.4
(d t, J = 30.0 Hz, J = 6.2 Hz, COCOOC2H5), 181.1 (d t, J = 67.8 Hz,
J = 9.8 Hz, C=O), 161.3 (apparent q, J = 3.5 Hz, COCOOC2H5), 133.8
(virtual t, J = 24.8 Hz, PPh), 130.8 (s, PPh), 130.1 (virtual t, J = 5.0 Hz,
PPh), 128.7 (virtual t, J = 4.8 Hz, PPh), 62.4 (CH2), 13.8 (CH3CH2), 12.9
(virtual t, J = 18.7 Hz, PCH3), 11.7 ppm (virtual t, J = 17.6 Hz, PCH3);
31P NMR (CDCl3): d = 0.43 ppm (d, JP,Rh = 84.0 Hz); IR (KBr): ñ =


2082, 1731, 1694 cm�1 (C=O); elemental analysis calcd (%) for
C21H27Cl2O4P2Rh: C 43.54, H 4.67; found: C 43.58, H 4.68.


[RhCl2(CO)(PMe3)2(COCOOC2H5)] (7 c): Prepared similarly to 7a by
treating [RhCl(CO)(PMe3)2] in toluene with ClCOCOOC2H5 (1.5 equiv)
at room temperature for 60 min. Isolated in 93 % yield; nearly colorless–
pale yellow crystals. 1H NMR (CDCl3): d = 4.22 (q, J = 7.1 Hz, 2H,
CH2), 1.75 (virtual t, JP�H = 4.0 Hz, 18H, 2PMe3), 1.30 (t, J = 7.1 Hz,
3H, CH2CH3); 13C NMR (CDCl3): d = 217.1 (d t, JRh,C = 28.9 Hz, JP,C =


6.3 Hz, COCOOC2H5), 180.9 (d t, JRh,C = 73.2 Hz, JP,C = 10.7 Hz, C=O),


162.3 (apparent q, J = 3.2 Hz, COCOOC2H5), 61.9 (CH2), 14.5 (virtual t,
JP�C = 17.8 Hz), 14.2 ppm (CH3CH2); 31P NMR (CDCl3): d = �4.62
(JP,Rh = 83.4 Hz); IR (KBr): ñ = 2080, 1735, 1714 cm�1 (C=O); elemen-
tal analysis: calcd (%) for C11H23Cl2O4P2Rh: C 29.01, H 5.05; found: C
29.44, H 5.11.


X-ray crystallography : Single crystals of 3 u were obtained by recrystalli-
zation from hexane and crystals of 7 a were obtained by recrystallization
from CH2Cl2–CH3CN. Single crystals were mounted on glass fibers. All
the measurements were made on a Rigaku AFC7R diffractometer with
graphite-monochromated MoKa radiation (l = 0.71069 �) and a rotating
anode generator. The unit cells were determined and refined by a least-
squares method using the setting angles of 25 carefully centered reflec-
tions in the range 29.88<2q<30.008. The data were collected at about
�70 8C using the w–2q scan technique to a maximum 2q value of 55.08.
The structures were solved by direct methods and expanded Fourier tech-
niques (DIRDIF94). The non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were included but not refined. Crystal structure
analysis of 3 u : C12H10ClFO3, Mr = 256.66, yellow, needles, 0.20 � 0.20 �
0.60 mm3. Triclinic crystal system, space group P1̄ (no. 2). Cell parame-
ters: a = 11.892(2) �, b = 15.515(2) �, c = 7.0181(6) �, a =


94.193(10)8, b = 106.935(8)8, g = 68.755(9)8, V = 1153.7(2) �3; Z = 4,
1calcd = 1.478 gcm�3, R = 0.093, Rw = 0.119, R1 = 0.036. Crystal struc-
ture analysis of 7 a : C31H31Cl2O4P2Rh·0.5 CH2Cl2, Mr = 745.81, yellow,
needles, 0.15 � 0.05 � 0.50 mm3. Triclinic crystal system, space group P1̄
(no. 2). Cell parameters: a = 10.119(5), b = 17.134(2), c = 9.962(2) �,
a = 97.84(1), b = 108.87(2), g = 79.70(2)8, V = 1602.3(9) �3; Z = 2,
1calcd = 1.546 gcm�3, R = 0.069, Rw = 0. 108, R1 = 0.039. CCDC-
254019 (3 u) and CCDC-254020 (7 a) 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.
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Strained, Stable 2-Aza-1-Phosphabicyclo[n.1.0]alkane and -alkene Fe(CO)4
Complexes with Dynamic Phosphinidene Behavior


Mark L. G. Borst,[a] Niels van der Riet,[a] Renske H. Lemmens,[a]


Franciscus J. J. de Kanter,[a] Marius Schakel,[a] Andreas W. Ehlers,[a] Allison M. Mills,[b]


Martin Lutz,[b] Anthony L. Spek,[b] and Koop Lammertsma*[a]


Phosphinidenes (R�P), the phosphorus analogues of car-
benes,[1] are elusive species,[2] yet when coordinated to a
transition metal group, [R�P=MLn], they are remarkably
versatile with a significant synthetic scope.[3] There are two
types, transient electrophilic or Fischer-type terminal phos-
phinidene complexes and those that are much more stable
and nucleophilic or Schrock-type.[4] The electrophilic ones,
particularly [R�P=W(CO)5] (1), give access to many differ-
ent heterocycles through addition to unsaturated bonds.[3]


Cheletropic elimination from complexed 7-phosphanorbor-


nadienes (2) is the most popular route to 1,[5] but retroaddi-
tion from phosphiranes[6] or azaphosphirenes[7] (3) is also
used occasionally (Scheme 1). Both routes are hampered by
the tedious synthesis of the precursors. A much more con-
venient ionic path was recently reported by us for transient
[iPr2N�P=Fe(CO)4] (4) that simply involves reacting Coll-
man�s reagent (5) with a dichlorophosphane (Scheme 1).[8] It
was shown that this reagent is electrophilic as it adds to ole-
fins and alkynes, but also that it appears less reactive than 1,
because the phosphiranes formed are thermally labile and
easily give retroaddition.[9]


Abstract: The synthesis of highly
strained bicyclic phosphirane and phos-
phirene iron–tetracarbonyl complexes,
that is, complexes with 2-aza-1-
phosphabicyclo[n.1.0]alkanes and -al-
kenes (n=3–5), is explored by using in-
tramolecular cycloaddition of an in
situ generated electrophilic phosphini-
dene complex, [R(iPr)NP=Fe(CO)4],
to its C=C- and C�C-containing R sub-
stituent. Saturated bicyclic complexes
7 a–c with n=4–2 are remarkably
stable, as illustrated by the X-ray crys-
tal structure for 7 b (n=3), yet all read-


ily undergo retroaddition to react with
phenylacetylene. Shuttling of the phos-
phinidene iron complex between two
equivalent C=C groups is demonstrated
for a 1-butene-substituted 2-aza-1-
phosphabicyclo[3.1.0]hexane by selec-
tive 1H NMR magnetization transfer
from the phosphirane protons to the
olefinic protons. Even the more strain-


ed unsaturated bicycles 17 a,b (n=4,3)
are surprisingly stable as illustrated by
the X-ray crystal structure for 17 a (n=


4), but the smaller phosphabicyclo-
[3.1.0]hex-5-ene (17 c, n=2) dimerizes
to tricyclic 19 with a unique ten-mem-
bered heterocyclic ring; an X-ray crys-
tal structure is reported. Like their
saturated analogues also the bicyclic
phosphirenes readily undergo retroad-
dition as shown by the reaction of their
phosphinidene iron moiety with phe-
nylacetylene.


Keywords: iron · phosphinidenes ·
phosphorus heterocycles · small
ring systems
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In the present paper we expand on this ionic path and
will show that stable bicyclic phosphiranes and phosphirenes
can be formed by intramolecular cycloaddition of [R�P=


Fe(CO)4] to the double- or triple-bond-containing substitu-
ent R, respectively. Despite their stability, these bicyclic
phosphorus heterocycles can undergo retroaddition, which
will be illustrated by an intramolecular transfer of the car-
bene-like phosphinidene group.


Results and Discussion


In the first part the formation and properties are described
of differently sized bicyclic phosphiranes that result from
the reaction of Collman�s reagent with various dichloro ami-
nophosphanes, of which the amino group carries a terminal
olefinic group. As a special component a stable, but dynamic
system will be presented in which the phosphinidene group
transfers intramolecularly between olefinic groups. In the
second part we address the intramolecular phosphinidene
cycloaddition to triple bonds, instead of double bonds, to
form the more strained, unsaturated bicyclic products. The
synthesis of all starting materials is described in the Experi-
mental Section.


Bicyclic phosphiranes : Reaction of Na2Fe(CO)4·1.5 dioxane
(Collman�s reagent) with dichloro(dialkylamino)phosphanes
in diethyl ether or tetrahydrofuran at �30 8C results in the
formation of various types of Fe/P clusters depending on the
alkyl substituent and the reaction conditions.[10] Intermediate
transient phosphinidene complex [iPr2N�P=Fe(CO)4] (4)
can be isolated, both as a phosphirane[8a] and a phosphir-
ene,[8b] showing that its affinity for terminal olefins and al-
kynes exceeds that for the self-
condensation process. To exam-
ine the scope of this process we
introduced additional ring
strain by reacting the transient
phosphinidene–iron complex in-
tramolecularly with an olefinic
group present in the amino sub-
stituent. We considered four
cases in which the length n of
the alkyl chain (CH2)n that sep-
arates the olefin group from the
amino nitrogen varies from 1 to
4. We started with the longest
chain (n=4), as it presumably
exerts the least strain on cycli-
zation (Scheme 2).


After flash chromatography
(�15 8C), reaction of 6 a with
Collman�s reagent in diethyl
ether at �30 8C resulted in an
orange oil (53 %) that consisted
mainly (95 %) of the desired 2-
aza-1-phosphabicyclo[5.1.0]oc-


tane 7 a accompanied by P,P-coupling products. The bicyclic
structure is supported by a 31P NMR resonance at d=


�41.3 ppm that is typical for a Fe(CO)4-complexed phos-
phirane,[8a] and by the different 1H NMR resonances for the
geminal methylene hydrogens of the three- and seven-mem-
bered rings. The conformational flexibility of 7 a, which is
likely to occur through inversion at the nitrogen center, is il-
lustrated by the splitting of its 31P NMR resonance at d=


�41.3 ppm into two signals of nearly equal intensity at d=


�34.5 and �47.8 ppm at �78 8C. B3 LYP/6–311+ G(d,p) cal-
culations[11] on model structures (labeled with capital letters,
without Fe(CO)4 and having a Me instead of an iPr substitu-
ent) support the existence of different diastereomers. A dif-
ference of 15.5 ppm in 31P NMR chemical shifts is calculated
for the lowest two energy structures of 7 A (Figure 1) that
have a chair-and-boat conformation with the amino substitu-
ent in either an equatorial or axial position.


The balance between 7 a and the P,P-coupling products il-
lustrates a marginal preference for cycloaddition of the tran-
sient phosphinidene–iron complex to the olefinic group over
its self-condensation. The limited stability of 7 a hampered
further purification and suggests that strain in the bicyclic
structure may indeed be a limiting factor.


Reaction of Collman�s reagent with 6 b, which has a short-
er alkyl chain (n=3) for the olefinic substituent, surprisingly
gives the tighter 2-aza-1-phosphabicyclo[4.1.0]heptane 7 b in
a remarkably good isolated yield (63 %), as a stable yellow
solid (m.p. 60–62 8C). X-ray single-crystal structure determi-
nation[12] confirmed the bicyclic structure of 7 b (Figure 2)
and showed it to be in an axial position to the Fe complex,
as expected for a weak p-acceptor ligand.[13] We are aware
of only one other related crystal structure, namely that
of the monocyclic 2,3,3-tri(trimethylsilyl)phosphirane–


Scheme 2. Synthesis and reactivity of bicyclic phosphiranes 7.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3631 – 36423632



www.chemeurj.org





Fe(CO)2Cp complex.[14] The structural data of the C2P ring
of 7 b compare well with those of W(CO)5-complexed phos-
phiranes.[15] For example, the P�C bond lengths of
1.8053(18) and 1.8115(19) � are in the normal range (1.78–
1.89 �) as is the 50.52(9)8 CPC angle (47.4–51.18). Also the
six-membered heterocyclic ring with its half-chair conforma-
tion appears to have normal P�N, C�N, and C�C bonds.
Both the iPr substituent and the metal fragment are orient-
ed in the equatorial position. In solution, the observed


31P NMR chemical shift at d=�45.2 ppm is very similar to
that found for 7 a, but the more condensed structure of 7 b is
evident from its more shielded 13C NMR chemical shifts
with differences of 6 and 8 ppm for those of the phosphirane
ring. Also the 1H NMR chemical shifts of particularly the
endo and exo methylene hydrogen atoms of this ring are
more shielded (d=0.87 and 1.47 ppm) with a larger differ-
ence between them (7 b DdH =0.61, 7 a DdH =0.39). The
nearly exclusive formation of 7 b might suggest that the bicy-
clic structure is less strained than that of 7 a, and may be
due to the preference of the phosphorus atom for smaller
bond angles.


The even more condensed bicyclic structure, 2-aza-1-
phosphabicyclo[3.1.0]hexane 7 c, was obtained as a yellow
liquid in 64 % isolated yield from reaction of Collman�s re-
agent with 6 c, in which the double bond is separated from
the nitrogen by a C2H4 unit. Its 31P NMR chemical shift at
�19 ppm is deshielded by more than 20 ppm from those of
the larger bicyclic structures (7 a,b) and reported iron-com-
plexed aminophosphiranes.[8a, 9] The 13C NMR chemical shifts
of the carbon atoms of the phosphirane ring are shielded
with respect to those of 7 b (DdC =7.7 and 2.8 ppm), as are
its geminal methylene hydrogen atoms (DdH =0.33 and
~0.7 ppm) with an even larger difference between them (7 c
DdH~0.96, 7 b DdH =0.61 ppm). The DdH =0.96 ppm for the
(exo-endo) methylene hydrogen atoms of the three-mem-
bered ring is also large relative to that of the structurally re-
lated 3,4-methano-2-pyrrolidine (DdH = 0.41 ppm).[16]


B3 LYP/6–311+ G(d,p) calculations[11] on model structure
7 C (without Fe(CO)4) revealed two minima with the iPr
group in either the equatorial (I) or axial (II) position
(DEax–eq =2.0 kcal mol�1) with calculated 1H NMR chemical
shifts that are similar to those observed (see Figure 3).
Given the bulkiness of the Fe(CO)4 group it is difficult to
judge whether the equitorial or axial form of 7 c is pre-
ferred.


Attempts to synthesize 2-aza-1-phosphabicyclo[2.1.0]-
pentane 7 d by intramolecular phosphinidene addition to the
allylic group of 6 d failed. This bicyclic structure, containing


Figure 1. B3 LYP/6–311+G(d,p) diastereomers and energies (in kcal
mol�1) of 7 A with equatorial (I) and axial (II) N-Me groups.


Figure 2. Displacement ellipsoid plot (50 % probability level) of 7b. Hy-
drogen atoms are omitted for clarity. Selected bond lengths (�), angles
(deg) and torsion angles (deg): P1�Fe1 2.2222(5), P1�N1 1.6554(15), P1�
C4 1.8053(18), P1�C5 1.8115(19), C4�C5 1.543(3), Fe1�C9 1.801(2), P1-
C4-C5 64.95(10), P1-C5-C4 64.53(10), P1-Fe1-C9 88.15(6), Fe1-P1-N1
120.24(5), N1-P1-C4 106.06(8), N1-P1-C5 111.64(9), C4-P1-C5 50.52(9),
C9-Fe1-P1-C5 �170.61(10), Fe1-P1-N1-C6 57.77(14), N1-P1-C4-C3
�6.26(18).


Figure 3. B3 LYP/6–311+G(d,p) conformers of 7 c with calculated and ob-
served 1H NMR chemical shifts for the endo and exo phosphirane pro-
tons.
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both four- and three-membered rings is apparently too
strained to compete against the self condensation, as reac-
tion of 6 d with Collman�s reagent resulted only in a mixture
of products that we assume to consist of Fe/P clusters as in-
dicated by the 31P NMR resonances (d= 167, �147 (J(P,P)=


275 Hz); d=145, �137 (J(P,P)=179 Hz)). Evidence for the
intermediacy of a phosphinidene–iron complex was obtained
by executing the reaction in the presence of one equivalent
of phenylacetylene as trapping reagent. As expected, cyclo-
adduct phosphirene 8 d was obtained in 56 % isolated yield.


If bicyclic 7 d cannot be isolated, while the transient phos-
phinidene complex is trappable, and as the larger structure
7 a is of limited stability due to retroaddition and self-con-
densation to give Fe/P clusters, the question arises as to
whether the remarkably stable bicyclic products 7 b and 7 c
are also amenable to retroaddition. The fact that both these
products undergo slow decomposition in solution would sug-
gest such behavior. To clarify this we used phenylacetylene
both as solvent and as a trap-
ping reagent for the retroad-
duct (the phosphinidene–iron
complex). Indeed, 7 b and 7 c
are both converted in high (iso-
lated) yield at room tempera-
ture to the corresponding phos-
phirenes 8 b (57 %) and 8 c
(76 %). As determined by
31P NMR spectroscopy, the re-
action of 7 b with a kobs of 3 �
10�4 s�1 is about 30 times faster than that of 7 c. This obser-
vation suggests that 2-aza-1-phosphabicyclo[3.1.0]hexane 7 c
is the most stable bicyclic compound of the series.


Dynamic behaviour : In solution the bicyclic compounds un-
dergo apparently rapid additionQretroaddition of [RiPr-
NPFe(CO)4] to and from the double bond, a phenomenon
so far only found for the reversible extrusion (>50 8C) of
free silylenes from bicyclic silacyclopropanes 9
(Scheme 3).[17] In contrast, W(CO)5-complexed phosphorus
compounds are stable like 10, which is also formed intramo-
lecularly,[18] and 11, which is formed photochemically from
its phosphanorbornadiene precursor (Scheme 3).[19] Only at
elevated temperatures (>50 8C) and in the presence of al-
kynes do the W(CO)5-complexed amino-substituted phos-
phiranes convert into phosphirenes (for example, 12,
Scheme 3), although slow isomeric scrambling was observed
for separate isomers of one such complex at room tempera-
ture.[6a]


The dynamic additionQretroaddition behavior of com-
pounds 7 a–c would become even more evident if equivalent
double bonds were to compete intramolecularly for the tran-
sient iron phosphinidene. To verify this we reacted symmet-
rically substituted 13 with Collman�s reagent to synthesize
14 (71%) as a stable yellow liquid (Scheme 4). Not only are
its 1H, 13C, and 31P NMR characteristics for the bicyclic 2-
aza-1-phosphabicyclo[3.1.0]hexane similar to those of 7 c, in
phenylacetylene the d=�19 ppm 31P NMR signal converts


into one at d=�37 ppm, which is assigned to phosphirene
15, thereby confirming the ability of 14 to undergo retroad-
dition.


The dynamic behavior of 14 with the phosphinidene–iron
group exchanging between the double bonds can be shown
spectroscopically. Of the various groups in the 1H NMR
spectrum (Figure 4a), the endo CHN (d=2.91 ppm) and the
endo CHP (d=1.23 ppm) protons are readily identified by
their NOE effect (Scheme 5, left-hand side). 1H NMR NOE
spectra at 74 8C in C6D6 reveal magnetization transfer be-
tween the two methylene hydrogen atoms of the phosphir-
ane ring and the geminal hydrogen atoms of the olefinic
group. Specifically, the endo CHP hydrogen atom (d=


1.23 ppm) shows magnetization transfer with the olefinic hy-
drogen atom labeled Hc (d=4.98 ppm) (Figure 4b) and the
exo CHP hydrogen atom (d=0.24 ppm) with olefinic hydro-
gen atom Ht (d=4.96 ppm) (Figure 4c). These effects are
best explained by shuttling of the transient phosphinidene
complex between the two double bonds as illustrated in
Scheme 5. Unfortunately, the exchange rate at 74 8C is too
slow on the NMR timescale to acquire reliable kinetic data.


Bicyclic phosphirenes : The observed behavior of bicyclic
phosphiranes 7 a–d results clearly from a balance between
the energy gained by phosphinidene addition offset by the
accompanying increase in strain. Phosphirenes have larger
strain energies than phosphiranes, but phosphinidenes have
a higher affinity for a triple bond than for a double bond, as


Scheme 3.


Scheme 4.
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has been illustrated by their ex-
change. Hence, addition of
[R2NPFe(CO)4] to an internal
triple bond may be expected to
give similar dynamic phosphini-
dene behavior as discussed in
the first section. Again, four
cases are considered in which
the length of alkyl chain
(-(CH2)n-) between the nitrogen
and the triple bond varies with
n= 1–4 (Scheme 6).


Starting with the longest
chain (n=4), reaction of 16 a
with Collman�s reagent gave in
a remarkably good yield (60 %)
the first bicyclic phosphirene, 2-
aza-1-phosphabicyclo-[5.1.0]oct-
7-ene 17 a, as a yellow solid
(m.p. 71–72 8C). Its structure
was confirmed with an X-ray
single-crystal structure determi-
nation (Figure 5).[12] The geo-


metrical features are as expected[8b] for a phosphirene with a
CPC angle of 44.39(8)8, normal P�C bonds lengths
(1.7522(18), 1.7810(17) �), and a C=C bond (1.335(2) �)
conjugated with a phenyl ring (torsion angle �0.4(3)8). Also
the 31P NMR chemical shift in solution at d=�42.3 ppm is
as expected, but the slightly shielded 13C NMR resonances
of the phosphirene carbons (d~7 ppm) suggest some in-
creased strain, as does the large 1J(C,P) coupling constant
for the phenyl-substituted carbon atom (37 Hz), being
almost twice that found for other 2-phenylphosphirenes.[8b]


In the crystal, the seven-membered ring adopts a twist-chair
conformation[20] with the nitrogen atom deviating slightly
from planarity (� angles 354.38).


The ease of formation of 17 a is quite surprising. Presum-
ing inherent ring strain to affect the stability of the phos-
phirene ring, we set out to examine whether 17 a was ame-
nable to retroaddition, a process that has been observed for
other 1-aminophosphirenes only above T=130 8C,[6a] by at-
tempting to trap the regenerated phosphinidene–iron com-
plex intermolecularly with phenylacetylene that was also
used as solvent. Gratifyingly, slow transfer was observed
from 17 a (dP =�42 ppm) to 18 a (dP =�37 ppm) with an ob-


served rate constant (kobs) of 5 �
10�7 s�1 at room temperature.


Next we attempted the syn-
thesis, under dilute conditions,
of the still more strained
bicyclic structure 2-aza-1-
phosphabicyclo[4.1.0]hept-6-ene
17 b with an alkyl chain of n=


3. Monitoring the reaction of
Collman�s reagent with 16 b by
31P NMR spectroscopy showed


Figure 4. Proton spectra of a solution of 14 in C6D6 at 74 8C. a) the stan-
dard spectrum; b) and c) NOE spectra recorded after selective inversion
of the signals at d=1.23 ppm and d=0.24 ppm, respectively, and a
mixing time of 1.5 s. Negative signals around 5 ppm are due to chemical
exchange. Positive signals are due to NOE.


Scheme 5. Intramolecular phosphinidene exchange in 14.


Scheme 6. Synthesis and reactivity of bicyclic phosphiranes 17.
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its quantitative formation (dP =�41 ppm), but isolation as a
pure substance proved to be tedious (28%, red-brown oil)
due to slow decomposition and the formation of Fe/P clus-
ters, indicating its limited stability. All NMR data support
the assignment of structure 17 b, which has characteristic
resonances for the phosphirene ring, but enhanced strain
with respect to 17 a may be inferred from the larger 1J(C,P)
coupling constant (45 Hz) for the phenyl-substituted carbon
atom. The much higher instability of this novel, highly
strained bicyclic structure is further evident from its instan-
taneous reaction with phenylacetylene to give 2-phenylphos-
phirene 18 c (dP =�37 ppm, 12 % isolated yield) as well as
Fe/P clusters.


It would appear that 17 b is the most strained bicyclic
phosphirene feasible. Still, we pursued the viability of the
even more strained 17 c by reacting Collman�s reagent with
phosphane 16 c, in which a C2H4 unit separates the nitrogen
atom and the methyl-substituted acetylene. 31P NMR spec-
troscopy showed the formation of related products (four res-
onances at d=�33 to �34.3 ppm), of which the major one
(d=�34.3 ppm) could be isolated as a yellow solid (m.p.
124 8C) albeit in low yield (8%). An X-ray crystal structure
determination[12] revealed this product (19) to be the unex-
pected dimer of bicyclic phosphirene 17 c (Figure 6). The tri-
cyclic molecule is located on an inversion center in the crys-
tal with a double-chair conformation for the unique ten-
membered heterocyclic ring with the two trans-Fe(CO)4


groups in axial positions. In the crystal, the phosphirene
rings have typical bond lengths and angles and, in solution,
normal 13C chemical shifts for their carbon atoms (d= 150
and 153 ppm) and a coupling constant (1J(C,P)=19.4 Hz)
for the methyl-substituted carbon atom comparable to other
unsymmetrical 2-substituted phosphirenes (18–22 Hz).[8b]


Surprising is the triplet for the methylene carbon atom (C2/
C2i), which apparently couples with both phosphorus atoms
to the same extent (2J(C,P)= 3J(C,P)= 3.7 Hz).


The manner in which 19 is formed may be explained spec-
ulatively as follows. From 16 c an incipient phosphinidene–
iron complex is generated, which may or may not be in
equilibrium with 17 c by cycloaddition, and which than adds
intermolecularly to the triple bond of another molecule of
16 c. Subsequent conversion of the PCl2 group to a phosphi-
nidene complex would then give 19 on ring-closure. This
route would also explain the likely formation of byproducts
other than the P/C-clusters, such as the cis isomer, and
higher condensation products (trimers, etc.) in more concen-
trated solutions.


It is then not surprising that reaction of propargylic-sub-
stituted phosphane 16 d with Collman�s reagent (5) did not
result in a bicyclic product (17 d) nor its dimer even in P/Fe
clusters. However, because a phosphinidene iron complex is
indeed generated in situ, as demonstrated by the formation
2-phenylphosphirene 18 d (26 % yield) by performing the re-


Figure 5. Displacement ellipsoid plot (50 % probability level) of 17 a. Hy-
drogen atoms are omitted for clarity. Selected bond lengths (�), angles
(deg) and torsion angles (deg): P1�Fe1 2.2244(5), P1�N1 1.6755(15), P1�
C5 1.7522(18), P1�C6 1.7810(17), C5�C6 1.335(2), Fe1�C19 1.794(2), P1-
C5-C6 68.95(11), P1-C6-C5 66.66(10), P1-Fe1-C18 90.26(6), Fe1-P1-N1
116.10(5), N1-P1-C5 107.09(8), C5-P1-C6 44.39(8), P1-C6-C7-C8 13.4(4),
C5-C6-C7-C12 �0.4(3), Fe1-P1-N1-C1 �162.72(11), Fe1-P1-N1-C13
44.61(14).


Figure 6. Displacement ellipsoid plot (50 % probability level) of 19. Hy-
drogen atoms are omitted for clarity. Symmetry operation i: 1�x, 1�y,
1�z. Selected bond lengths (�), angles (deg) and torsion angles (deg):
P1�Fe1 2.2421(5), P1�N1 1.6841(14), P1�C3i 1.7685(16), P1�C4i


1.7591(16), C3�C4 1.325(2), Fe1�C12 1.7866(18), P1i-C3-C4 67.55(10),
P1i-C4-C3 68.31(10), P1-Fe1-C11 85.98(5), Fe1-P1-N1 118.90(5), N1-P1-
C3i 114.82(7), C4i-P1-C3i 44.14(8), Fe1-P1-N1-C1 26.31(13), Fe1-P1-N1-
C6 �124.80(10), C2-C3-C4-C5 4.8(4).
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action in the presence of phenylacetylene, we presume that
polymerization takes place in the absence of a trapping re-
agent.


Conclusion


We have shown that, depending on the ring-size of the re-
sulting bicyclic heterocycle, electrophilic phosphinidene
[RiPrNP=Fe(CO)4] can be trapped intramolecularly with
double and triple bonds. The novel bicyclic 2-aza-1-
phosphabicyclo[n.1.0]alkanes and -alkenes (n=3–5) show
varying degrees of stability, and several could be isolated in
a pure form. Remarkably, in all cases phosphinidene addi-
tion is reversible at room temperature, and in phenylacety-
lene phosphinidene exchange with solvent molecules was
shown to take place. Generation of a bisbutenylaminophos-
phinidene–iron complex led to an olefinic-substituted phos-
phirane in which the phosphinidene exchange between the
two double bonds was detected by means of dynamic NMR
experiments at higher temperatures.


Experimental Section


All experiments were performed under an atmosphere of dry nitrogen.
Isopropylamine and triethylamine were distilled and stored over KOH.
PCl3 was distilled prior to use. Solvents were distilled from LiAlH4 (pen-
tane, diethyl ether) or sodium benzophenone (THF). 1-Phenyl-6-bromo-
1-hexyne,[21] 1-phenyl-5-bromo-1-pentyne,[22] 5-bromo-2-pentyne[23] and
isopropyl-prop-2-enylamine[24] (20 d) were synthesized according to litera-
ture methods. The secondary amines were synthesized according to the
procedure of Surzur et al.[24] Na2Fe(CO)4·1.5 dioxane (Collman�s reagent)
was purchased from Fluka or synthesized according to literature proce-
dures.[25] All other compounds were used as purchased.


NMR spectra were recorded at 25 8C (unless otherwise indicated) on
Bruker AC 200 (1H, 13C), Bruker Avance 250 (1H, 13C, 31P), and Bruker
Avance 400 MHz (1H, 13C) spectrometers, IR spectra on a Mattson-6030
Galaxy FT-IR spectrophotometer, and high-resolution mass spectra
(HRMS) on a Finnigan MAT 900 spectrometer. NMR chemical shifts are
internally referenced to the solvent for 1H (CDCl3: d=7.25 ppm, C6D6:
d=7.15 ppm) and 13C (CDCl3: d=77.0 ppm, C6D6: d =128 ppm) and ex-
ternally for 31P to 85% H3PO4.


NOE spectra (Figure 4) were recorded with a double-pulsed field gradi-
ent spin-echo sequence (DPFGSE).[26]


General synthesis of the amines 20 and 21 (Scheme 7): The unsaturated
group was introduced by alkylating isopropylamine (tenfold excess) with
the appropriate unsaturated bromide at 50 8C in the dark. After removal
of isopropylamine by distillation, the organic phase was treated with
Et2O and water, dried over Na2SO4, and concentrated. The crude product


(20, 21) was used without further purification or distilled, depending on
the purity.


Isopropylhex-5-enylamine (20 a): Reaction time: 44.5 h; pale yellow
liquid (91 % yield); b.p. 170 8C/760 mm Hg; 13C NMR (CDCl3): d=138.80
(s, =CH), 114.42 (s,=CH2), 48.70 (s, CHN), 47.46 (s, CH2N), 33.67 (s, =


CHCH2), 29.97 (s, CH2CH2N), 26.76 (s, CH2CH2CH2N), 23.03 ppm (s,
CH3); 1H NMR (CDCl3,): d =5.76 (ddt, 3J(H,H)(trans) =17.0 Hz,
3J(H,H)(cis) =10.2 Hz, 3J(H,H) =6.8 Hz, 1 H; =CH), 4.97 (m, 2H; =CH2),
2.71 (septet, 3J(H,H) =6.3 Hz, 1H; CHN), 2.52 (t, 3J(H,H) =6.8 Hz, 2 H;
CH2N), 2.00 (dt, 3J(H,H) =6.8 Hz, 3J(H,H) = 7.1 Hz, 2 H; CH2�CH=),
1.39 (m, 4H; �CH2CH2CH2N), 0.98 (d, 3J(H,H) =6.3 Hz, 6 H;
(CH3)2CH), 0.8–0.9 ppm (br, NH); IR (KBr): ñ =3442.6 (br), 2962.9 (m),
2928.1 (m), 1261.5 (s), 1099.5 (s), 1022.3 (s), 802.4 cm�1 (s); HRMS: m/z
calcd for C9H19N: 141.15175; found: 141.15283; MS: m/z (%): 141 (6)
[M+], 140 (2) [M+�H], 72 (100) [CH2=N(H)iPr+].


Isopropylpent-4-enylamine (20 b): Reaction time: 44 h; colorless liquid
(96 % yield); b.p. 70 8C/45 mm Hg; 13C NMR (CDCl3): d =138.51 (s, =


CH), 114.54 (s, =CH2), 48.67 (s, CHN), 47.00 (s, CH2N), 31.66 (s,
CH2CH=), 29.61 (s, CH2CH2N), 23.03 ppm (s, (CH3)2CH); 1H NMR
(CDCl3): d =5.81 (ddt, 3J(H,H)(trans)= 17.0 Hz, 3J(H,H)(cis)=10.3 Hz,
3J(H,H) =6.6 Hz, 1H; =CH), 4.91–5.05 (m, 2 H; =CH2), 2.77 (septet,
3J(H,H) =6.2 Hz, 1H; CHN), 2.59 (t, 3J(H,H) =7.3 Hz, 2 H; CH2N), 2.04–
2.13 (m, 2 H; CH2CH=), 1.51–1.63 (m, 2H; CH2CH2N), 1.03 (d,
3J(H,H) =6.2 Hz, 6 H; (CH3)2CH), 0.8–1.0 ppm (br, NH); IR (KBr): ñ=


3437.4 (w, br), 2962.9 (m), 2924.3 (m), 2852.9 (w), 1261.5 (s), 1099.5 (s),
1022.3 (s), 802.4 cm�1 (s); HRMS: m/z calcd for C8H17N: 127.13610;
found: 127.13616; MS: m/z (%): 127 (1) [M+], 126 (15) [M+�H], 72
(100) [CH2=N(H)iPr+].


Isopropylbut-3-enylamine (20 c): Reaction time: 90 h; colorless liquid
(72 % yield); b.p. 131 8C (35 8C/42 mm Hg); 13C NMR (CDCl3): d =136.59
(s, =CH), 116.26 (s, =CH2), 48.55 (s, CHN), 46.44 (s, CH2N), 34.51 (s, =


CHCH2), 22.96 ppm (s, (CH3)2CH); 1H NMR (CDCl3): d=5.77 (ddt,
3J(H,H)(trans)=17.2 Hz, 3J(H,H)(cis) =10.1 Hz, 3J(H,H) =6.9 Hz, 1H; =


CH), 5.00–5.11 (m, 2H; =CH2), 2.77 (septet, 3J(H,H) =6.2 Hz, 1H;
NCH), 2.65 (t, 3J(H,H) = 6.9 Hz, 2 H; NCH2), 2.23 (dt, 3J(H,H) =
3J(H,H) =6.9 Hz, 2H; CH2CH=), 1.04 (d, 3J(H,H) =6.2 Hz, 6 H; CH3),
0.8–1.0 ppm (br, 1H; NH); IR (KBr): ñ= 3447.0 (s, br), 2959.0 (m),
2924.3 (s), 2852.9 (m), 1261.5 (m), 1101.4 (m), 1022.3 (m), 802.4 cm�1


(m); HRMS: m/z calcd for C7H15N: 113.12045; found: 113.11983; MS: m/
z (%): 113 (1) [M+], 112 (7) [M+�H], 98 (8) [M+�CH3], 72 (100)
[CH2=N(H)iPr+].


Isopropyl(6-phenylhex-5-ynyl)amine (21 a): Reaction time: 93 h; colorless
liquid (64 %); b.p. 55–60 8C/4 � 10�2 mm Hg; 13C NMR (CDCl3): d=


131.53 (s, o-ArC), 128.15 (s, m-ArC), 127.49 (s, p-ArC), 123.99 (s, ipso-
ArC), 90.02 (s, CH2C�), 80.80 (s, �CPh), 48.72 (s, CHN), 47.13 (s,
CH2N), 29.80 (s, CH2CH2N), 26.71 (s, CH2CH2C�), 23.06 (s, CH3),
19.38 ppm (s, CH2C�); 1H NMR (CDCl3): d=7.34–7.40 (m, 2 H; o-ArH),
7.23–7.28 (m, 3 H; m,p-ArH), 2.79 (septet, 3J(H,H) =6.2 Hz, 1H; NCH),
2.63 (t, 3J(H,H) =6.2 Hz, 2H; CH2N), 2.42 (t, 3J(H,H) =6.6 Hz, 2 H;
CH2C�), 1.60–1.68 (m, 4H; CH2CH2), 1.04 (d, 3J(H,H) = 6.2 Hz, 6 H;
CH3), 0.8–0.9 ppm (br, 1 H; NH); IR (KBr): ñ =3441.2 (br), 2962.9 (s),
2933.9 (s), 2862.5 (m), 2231.8 (w), 1599.1 (w), 1491.1 (m), 1379.2 (m),
1331.8 (w), 1172.8 (m), 756.1 (s), 692.2 (s), 526.6 cm�1 (w); HRMS: m/z
calcd for C15H21N: 215.16739; found: 215.16883; MS: m/z (%): 215 (<1)
[M+], 72 (76) [CH2=N(H)iPr+], 43 (100) [C3H7


+].


Isopropyl(5-phenylpent-4-ynyl)amine (21 b): Reaction time: 90 h; color-
less liquid (79 % yield); b.p. 70–80 8C/1–2 mm Hg; 13C NMR (CDCl3): d=


131.52 (s, o-ArC), 128.18 (s, m-ArC), 127.54 (s, p-ArC), 123.95 (s, ipso-
ArC), 89.72 (s, CH2C�), 80.92 (s, �CPh), 48.63 (s, CHN), 46.51 (s,
CH2N), 29.32 (s, CH2CH2N), 23.07 (s, CH3), 17.45 ppm (s, CH2C�C);
1H NMR (CDCl3): d=7.36–7.40 (m, 2H; o-ArH), 7.23–7.28 (m, 3H; m,p-
ArH), 2.73–2.87 (m, 3H; CHNCH2), 2.47 (t, 3J(H,H) =7.0 Hz, 2H;
CH2C�), 1.77 (quintet, 3J(H,H) =7.0 Hz, 2H; CH2CH2N), 1.06 (d,
3J(H,H) =6.2 Hz, 6H; CH3), 0.8–0.9 ppm (br, 1H; NH); IR (KBr): ñ=


3435.4 (br), 2962.9 (m), 2361.0 (s), 2343.7 (s), 1489.1 (m), 756.1 (s),
692.5 cm�1 (s); HRMS: m/z calcd for C14H19N: 201.15175; found:
201.15254; MS: m/z (%): 201 (1) [M+], 158 (100) [M+�C3H7], 72 (76)
[CH2=N(H)iPr+].Scheme 7.
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Isopropylpent-3-ynylamine (21 c): Reaction time: 90 h; colorless liquid
(61 % yield); b.p. 40–42 8C/42 mm Hg; 13C NMR (CDCl3): d=77.11
(�CCH2), 76.74 (Me�C�), 48.13 (CHN), 46.10 (CH2N), 22.97 (CH-
(CH3)2), 20.05 ppm (CH2C�), 3.48 (CH3C�); 1H NMR (CDCl3): d=2.81
(septet, 3J(H,H) =6.2 Hz, 1H; CHN), 2.70 (t, 3J(H,H) = 6.8 Hz, 2 H;
CH2N), 2.27–2.35 (m, 2 H; CH2C�), 1.77 (t, 5J(H,H) =2.5 Hz, 3 H;
CH3C�), 1.05 ppm (d, 3J(H,H) =6.2 Hz, 6H; (CH3)2CH); IR (KBr): ñ=


3427.7 (br), 2966.7 (s), 2920.4 (m), 2843.3 (w), 1176.7 (w), 1086.0 (w),
1030.1 (w), 742.6 (br), 667.4 cm�1 (w); HRMS: m/z calcd for C8H15N:
125.12045; found: 125.12096; MS: m/z (%): 125 (2) [M+], 110 (96) [M+


�CH3], 72 (100) [CH2=N(H)iPr+].


Isopropylbut-2-ynylamine (21 d): A slightly different approach was used.
At 0 8C, 1-bromo-2-butyne (1.46 g, 11 mmol) was added dropwise with
stirring to isopropylamine (8.0 mL, 110 mmol). A salt was formed after
1 min. Stirring was continued for 0.5 h at 0 8C, after which, the mixture
was warmed to room temperature and worked up as usual, resulting in a
colorless liquid (1.10 g, 9.9 mmol, 90 % yield). B.p. 30–35 8C/50 mm Hg;
13C NMR (CDCl3): d =78.55 (s, �CCH2), 77.43 (s, Me�C�), 47.06 (s,
CHN), 36.11 (s, CH2), 22.56 ppm (s, (CH3)2CH), 3.47 (CH3C�); 1H NMR
(CDCl3): d=3.35 (q, 5J(H,H) =2.4 Hz, 2H; CH2), 2.96 (septet, 3J(H,H) =


6.2 Hz, 1H; NCH), 1.79 (t, 5J(H,H) =2.4 Hz, 3H; CH3C�), 1.23 (br s, 1H;
NH), 1.03 ppm (d, 3J(H,H) =6.2 Hz, 6 H; (CH3)2CH); IR (KBr): ñ=


3414.2 (br), 2966.7 (m), 2924.3 (m), 2856.8 (w), 1261.5 (m), 1101.42 (m),
1028.1 (m), 802.4 (m), 669.3 cm�1 (w); HRMS: m/z calcd for C7H13N:
111.10480; found: 111.10433; MS: m/z (%): 111 (<1) [M+], 110 (5)
[M+�2H], 72 (100) [CH2=N(H)iPr+].


General synthesis of the dichloroaminophosphanes 6, 13, and 16


Route A : nBuLi (1.6 m, hexane, 1 equiv) was added to a cold (�78 8C) so-
lution of the amine (20, 21) in Et2O (15 mL mmol�1). The reaction mix-
ture was warmed to room temperature, and then it was added slowly to a
cold (�78 8C) solution of PCl3 (2 equiv) in Et2O (15 mL mmol�1). Warm-
ing of the reaction mixture to room temperature, filtration, solvent evap-
oration, and distillation gave the desired product (6, 16) as an air- and
light-sensitive liquid.


Route B : Et3N (1 equiv) was added to a cold (�78 8C) solution of PCl3


(1.3 equiv) in Et2O (5 mL mmol�1) after which the secondary amine
(1 equiv) was added dropwise, resulting in the immediate formation of a
white precipitate. The reaction mixture was stirred for an additional
30 min at �78 8C and for 3 h at room temperature and worked up to give
the product (6, 13, 16) as air- and light-sensitive liquids.


Dichloro[isopropyl(hex-5-enyl)amino]phosphane (6 a): Route B, 64 %
yield; b.p. 55–60 8C/1–2 mm Hg; 31P NMR (C6D6): d=166.96 ppm;
13C NMR (C6D6): d=138.44 (s,=CH), 114.97 (s, CH2=), 51.54 (d,
2J(C,P)=22.9 Hz, CHN), 45.36 (d, 2J(C,P)=14.2 Hz, CH2N), 33.52 (s,
CH2CH=), 30.62 (d, 3J(C,P)=5.6 Hz, CH2CH2N), 26.42 (s, CH2CH2C=),
22.32 ppm (d, 3J(C,P)=8.8 Hz, CH3); 1H NMR (C6D6): d =5.67 (ddt,
3J(H,H)(trans)=16.9 Hz, 3J(H,H)(cis)=10.3 Hz, 3J(H,H) =6.6 Hz, 1 H;
CH=), 4.93–5.01 (m, 2H; CH2=), 3.49–3.57 (m, 1 H; NCH), 2.82–2.93 (m,
2H; CH2N), 1.81–1.89 (m, 2 H; CH2CH=), 1.30–1.40 (m, 2 H; CH2CH2N),
1.06–1.18 (m, 2 H; CH2CH2CH=), 0.88 ppm (d, 3J(H,H) =6.8 Hz, 6H;
CH3); HRMS: m/z calcd for C9H18NPCl2: 241.05539; found: 241.05435;
MS: m/z (%): 241 (1) [M+], 226 (12) [M+�CH3], 206 (26) [M+�Cl], 172
(52) [H2C=N(iPr)NPCl2


+].


Dichloro[isopropyl(pent-4-enyl)amino]phosphane (6 b): Route A: 85%
yield; b.p. 54 8C/1 mm Hg; 31P NMR (C6D6): d =167.05 ppm; 13C NMR
(C6D6): d= 137.85 (s,=CH), 115.56 (s, CH2=), 51.79 (d, 2J(C,P)=23.1 Hz,
NCH), 44.99 (d, 2J(C,P) =14.3 Hz, CH2N), 31.30 (s, CH2CH=), 30.34 (d,
3J(C,P)=5.6 Hz, CH2CH2N), 22.24 ppm (d, 3J(C,P) =8.7 Hz, (CH3)2CH);
1H NMR (C6D6): d =5.61 (ddt, 3J(H,H)(trans)=16.9 Hz, 3J(H,H)(cis)=


10.4 Hz, 3J(H,H) =6.6 Hz, 1H;=CH), 4.91–4.99 (m, 2H; CH2=), 3.52 (dsp,
3J(H,P) =6.7 Hz, 3J(H,H) =6.8 Hz, 1H; NCH), 2.84–2.95 (m, 2H; CH2N),
1.74–1.83 (m, 2H; CH2CH=), 1.38–1.51 (m, 2 H; CH2CH2N), 0.86 ppm (d,
3J(H,H) =6.8 Hz, 6 H; (CH3)2CH); HRMS: m/z calcd for C8H16NPCl2:
227.03973; found: 227.04086; MS: m/z (%): 228 (3) [M++H], 212 (12)
[M+�CH3], 192 (100) [M+�Cl], 172 (28) [H2C=N(iPr)NPCl2


+].


Dichloro[isopropyl(but-3-enyl)amino]phosphane (6 c): Route A: 87%
yield; b.p. 50 8C/1 mm Hg; 31P NMR (C6D6): d =166.70 ppm; 13C NMR
(C6D6): d= 134.99 (s,=CH), 117.17 (s, CH2=), 51.65 (d, 2J(C,P)=22.2 Hz,


NCH), 44.90 (d, 2J(C,P)=13.9 Hz, CH2N), 35.69 (d, 3J(C,P) =5.4 Hz,
CH2CH2N), 22.21 ppm (d, 3J(C,P)= 8.6 Hz, CH3); 1H NMR (C6D6): d=


5.66 (ddt, 3J(H,H)(trans)=17.1 Hz, 3J(H,H)(cis)= 10.3 Hz, 3J(H,H) =


6.7 Hz, 1H;=CH), 4.89–4.97 (m, 2 H; CH2=), 3.45–3.61 (m, 1 H; NCH),
2.90–3.01 (m, 2 H; CH2N), 2.05–2.14 (m, 2H; CH2CH2N), 0.86 ppm (d,
3J(H,H) =6.8 Hz, 6H; CH3); HRMS: m/z calcd for C7H14NPCl2:
213.02408; found: 213.02487; m/z (%): 213 (2) [M+], 178 (17) [M+�Cl],
172 (100) [H2C=N(iPr)PCl2


+].


Dichloro[isopropyl(prop-2-enyl)amino]phosphane (6 d): Route B: 56%
yield; b.p. 30 8C/1 mm Hg; 31P NMR (C6D6): d =167.29 ppm; 13C NMR
(C6D6): d=136.30 (d, 3J(C,P)= 3.7 Hz, CH=), 117.22 (s,=CH2), 51.88 (d,
2J(C,P)=25.5 Hz, CHN), 47.92 (d, 2J(C,P)= 11.5 Hz, CH2N), 22.25 ppm
(d, 3J(C,P) =9.6 Hz, CH3); 1H NMR (C6D6): d=5.61 (ddt, 3J(H,H)-
(trans) =17.0 Hz, 3J(H,H)(cis) =10.2 Hz, 3J(H,H) = 5.9 Hz, 1H; CH=),
4.87–4.97 (m, 2 H; =CH2), 3.46–3.58 (m, 3 H; CH2NCH), 0.89 ppm (d,
3J(H,H) =6.8 Hz, 6H; CH3); HRMS: m/z calcd for C6H12NPCl2:
199.00845; found: 199.00513; MS: m/z (%): 199 (4) [M+], 184 (100) [M+


�CH3], 108 (92) [C3H6PCl+].


Dichloro[bis(but-3-enyl)amino]phosphane (13)


But-3-enylamine : AlCl3 (8.00 g, 60 mmol) was added to a cooled (0 8C)
suspension of LiAlH4 (2.28 g, 60 mmol) in Et2O (100 mL) and stirred at
0 8C for 10 min, after which a solution of allylcyanide (4.8 mL, 58 mmol)
in Et2O (60 mL) was added dropwise, followed by 1.5 h of stirring at 0 8C.
The faint green mixture was made basic with 10% NaOH solution fol-
lowed by continuous extraction of the water layer for four days. Drying
and solvent evaporation gave a colorless liquid (2.65 g, 37.4 mmol, 64 %
yield). 1H NMR (CDCl3): d= 5.76 (ddt, 3J(H,H)(trans) =17.1 Hz,
3J(H,H)(cis) =10.2 Hz, 3J(H,H) =6.9 Hz, 1 H; CH=), 5.02–5.11 (m, 2H;
CH2=), 2.74 (t, 3J(H,H) =6.6 Hz, 2H; CH2N), 2.18 (m, 2H; =CHCH2),
1.1–1.2 ppm (br, 2 H; NH2).


Bis(but-3-enyl)amine : But-3-enylamine (2.28 g, 32 mmol), triethylamine
(1.12 mL, 8 mmol), and 4-bromo-1-butene (0.80 mL, 8 mmol) were dis-
solved in Et2O (6.5 mL) and refluxed for 3 h. At room temperature, HCl
(15 mL, 4 n) was added and the water layer was extracted with diethyl
ether (3 � 10 mL), neutralized, extracted again with diethyl ether, made
basic (pH>9), and once again extracted. The combined organic fractions
were dried and evaporated. The crude product contained the desired
product and some triethylamine. Since Et3N was utilized as base in the
subsequent reaction no further purification was attempted. Colorless
liquid: 0.87 g (7.0 mmol, 88 %); 13C NMR (CDCl3): d =136.51 (s, CH=),
116.24 (s, CH2=), 48.77 (s, CH2N), 34.33 ppm (s, CH2CH=); 1H NMR
(CDCl3):[27] d=5.75 (ddt, 3J(H,H)(trans)=17.1 Hz, 3J(H,H)(cis)=


10.2 Hz, 3J(H,H) =6.8 Hz, 2H; CH=), 4.96–5.11 (m, 4H; CH2=), 2.67 (t,
3J(H,H) =6.9 Hz, 4H; CH2N), 2.18–2.28 (m, 4 H; =CHCH2), 0.8–1.1 ppm
(br, 1H; NH).


Dichloro[bis(but-3-enyl)amino]phosphane (13): Route B, 67 % yield; b.p.
34–35 8C, 1–2 mm Hg; 31P NMR (C6D6): d=163.31 ppm; 13C NMR
(C6D6): d=134.75 (s, CH=), 117.33 (s, CH2=), 47.17 (d, 2J(C,P)=20.9 Hz,
CH2N), 32.71 ppm (d, 3J(C,P) =4.0 Hz, CH2CH2N); 1H NMR (C6D6): d=


5.47 (ddt, 3J(H,H)(trans)=17.0 Hz, 3J(H,H)(cis)= 10.3 Hz, 3J(H,H) =


6.8 Hz, 2H; CH=), 4.85–4.95 (m, 4H; CH2=), 2.94 (dt, 3J(H,P) =13.0 Hz,
3J(H,H) =7.2 Hz, 4 H; CH2N), 1.90–1.98 ppm (m, 4 H; CH2CH2N);
HRMS: m/z calcd C8H14NPCl2: 225.0241; found: 225.0237; MS: m/z (%):
225 (5) [M+], 172 (100) [H2C=N(iPr)PCl2


+], 130 (40) [CH2NPCl2
+].


Dichloro[isopropyl(6-phenylhex-5-ynyl)amino]phosphane (16 a): Route
B, 87%; b.p. 97–105 8C/5 � 10�3 mm Hg; 31P NMR (C6D6): d=167.13 ppm
(d, 3J(P,H)=10.1 Hz); 13C NMR (C6D6): d=131.83 (s, o-ArC), 128.55 (s,
m-ArC), 127.84 (s, p-ArC), 124.58 (s, ipso-ArC), 89.84 (s, CH2C�), 81.84
(s, �CPh), 51.62 (d, 2J(C,P)=23.6 Hz, CHN), 45.02 (d, 2J(C,P) =13.5 Hz,
CH2N), 30.24 (d, 3J(C,P)=5.4 Hz, CH2CH2N), 26.22 (s, CH2CH2C�),
22.27 (d, 3J(C,P)=9.0 Hz, CH3), 19.24 ppm (s, CH2C�); 1H NMR (C6D6):
d=7.45 (m, 2 H; o-ArH), 6.99–7.04 (m, 3H; m,p-ArH), 3.52 (d septet,
3J(H,H) = 3J(H,P) =6.8 Hz, 1 H; NCH), 2.89 (dt, 3J(H,P) =11.3 Hz,
3J(H,H) =7.6 Hz, 2H; NCH2), 2.13 (t, 3J(H,H) =6.9 Hz, 2 H; CH2C�),
1.46–1.58 (m, 2H; �CH2CH2N), 1.20–1.33 (m, 2H; CH2CH2C�),
0.88 ppm (d, 3J(H,H) =6.8 Hz, 6 H; CH3); HRMS: m/z calcd for
C15H20NPCl2: 315.07104; found: 315.07000; MS: m/z (%): 315 (6) [M+],
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280 (28) [M+�Cl], 214 (32, [M+�PCl2], 198 (78) [PhC4H4
+], 156 (100)


[M+�iPrN(H)PCl2].


Dichloro[isopropyl(5-phenylpent-4-ynyl)amino]phosphane (16 b): Route
B, 79%; b.p. 72–75 8C/10�2 mm Hg; 31P NMR (CDCl3,): d= 167.52 ppm
(d, 3J(P,H)=10.1 Hz); 13C NMR (CDCl3): d =131.43 (s, o-ArC), 128.17 (s,
m-ArC), 127.65 (s, p-ArC), 123.59 (s, ipso-ArC), 88.57 (s, CH2C�), 81.52
(s, �CPh), 51.77 (d, 2J(C,P)=24.9 Hz, CHN), 44.32 (d, 2J(C,P) =13.1 Hz,
CH2N), 29.81 (d, 3J(C,P)=5.3 Hz, CH2CH2N), 22.45 (d, 3J(C,P)=8.8 Hz,
CH3), 17.01 ppm (s, CH2C�); 1H NMR (C6D6): d=7.46 (d, 3J(H,H) =


7.2 Hz, 2H; o-ArH), 6.94–7.04 (m, 3 H; m,p-ArH), 3.43–3.59 (m, 1 H;
CHN), 3.06 (dt, 3J(H,P) =11.1 Hz, 3J(H,H) =7.8 Hz, 2 H; NCH2), 2.08 (t,
3J(H,H) =6.9 Hz, 2 H; CH2C�), 1.53–1.65 (m, 2H; CH2CH2N), 0.86 ppm
(d, 3J(H,H) =6.7 Hz, 6H; CH3); HRMS: m/z calcd for C14H18NPCl2:
301.05539; found: 301.05652; MS: m/z (%): 301 (<0.5) [M+], 199 (84)
[M+�PhCCH], 127 (64) [M+�C4H11NPCl2], 114 (100) [PhCCH+].


Dichloro[isopropyl(pent-3-ynyl)amino]phosphane (16 c): Route A, 82%;
b.p. 72 8C/4 mm Hg; 31P NMR (C6D6): d=164.97 ppm; 13C NMR (C6D6):
d=78.85 (d, 4J(C,P)=2.5 Hz, =CCH2), 76.23 (s, MeC=), 51.51 (d,
2J(C,P)=18.2 Hz, CHN), 44.83 (d, 2J(C,P) =17.7 Hz, CH2N), 21.12 (d,
3J(C,P)=7.3 Hz, (CH3)2CH), 22.02 (d, 3J(C,P)= 4.8 Hz, =CCH2),
3.34 ppm (s, CH3C=); 1H NMR (C6D6): d=3.56–3.71 (m, 1 H; NCH),
3.01–3.12 (m, 2H; CH2N), 2.11–2.20 (m, 2H; =CCH2), 1.55 (t, 5J(H,H) =


2.5 Hz, 3 H; =CCH3), 0.83 ppm (d, 3J(H,H) =6.8 Hz, 6H; CH3); HRMS:
m/z calcd for C8H14NPCl2: 225.0241; found: 225.02371; MS: m/z (%): 225
(6) [M+], 190 (14) [M+�Cl], 172 (100) [H2C=N(iPr)PCl2


+].


Dichloro[isopropyl(but-2-ynyl)amino]phosphane (16 d): Route B, 53 %;
b.p. 50 8C/5 mm Hg; 31P NMR (C6D6): d=165.67 ppm; 13C NMR (C6D6):
d=80.67 (d, 3J(C,P)=1.1 Hz, �CCH2), 75.87 (d, 4J(C,P)=4.8 Hz, MeC�),
52.03 (d, 2J(C,P)=24.6 Hz, CHN), 34.30 (d, 2J(C,P) =14.9 Hz, CH2N),
21.92 (d, 3J(C,P) =9.3 Hz, (CH3)2CH), 3.19 ppm (s, CH3C�); 1H NMR
(C6D6): d =3.68–3.78 (m, 3H; CH2NCH), 1.40 (t, 5J(H,H) =2.3 Hz, 3 H;
CH3C�), 0.97 ppm (d, 3J(H,H) = 6.7 Hz, 6 H; CH(CH3)2); HRMS: m/z
calcd for C7H12NPCl2: 211.00845; found: 211.01042; MS: m/z (%): 211
(6) [M+], 196 (100) [M+�CH3], 176 (56) [M+�Cl].


General synthesis of bicyclic phosphiranes 7a–c and 14 and phosphirene
17a : A solution of the appropriate dichloroaminophosphane (1 mmol) in
Et2O (5 mL) was added to a cooled (�78 8C) suspension of Collman�s re-
agent (0.35 g, 1 mmol, Na2Fe(CO)4·1.5 dioxane) in Et2O (10 mL). The re-
sulting mixture was warmed to �30 8C at which temperature reaction oc-
curred, as indicated by the change in color to red, and stirred overnight.
After filtration and solvent evaporation to dryness the oily residue was
purified as indicated.


2-Isopropyl-2-aza-1-phosphabicyclo[5.1.0]octanetetracarbonyliron(0)
(7 a): Purification by flash chromatography (SiO2, Et2O/pentane=3:100)
at �15 8C gave an orange oil. Yield: 53% (95 % pure); 31P NMR (CDCl3,
298 K): d =�41.34 ppm; 31P NMR (CDCl3, 220 K): d=�34.5, �47.8 ppm;
13C NMR (C6D6): d= 214.03 (d, 2J(C,P)=23.9 Hz, CO), 53.42 (d,
2J(C,P)=3.3 Hz, CH(CH3)2), 46.91 (d, 2J(C,P)=3.4 Hz, CH2N), 31.34 (d,
3J(C,P)=4.8 Hz, CH2CH2N), 28.89 (s, CH2CH2CH2N), 27.06 (d, 1J(C,P)=


8.2 Hz, PCH), 26.79 (d, 2J(C,P)=3.1 Hz, CH2CHP), 25.12 (d, 1J(C,P)=


13.4 Hz, PCH2), 21.64 (d, 3J(C,P)=5.2 Hz, CH3), 20.61 ppm (d, 3J(C,P)=


2.1 Hz, CH3); 1H NMR (CDCl3): d= 3.13–3.32 (m, 1H; CH(CH3)2), 3.05–
3.14 (m, 1H; HCHN), 2.71–2.81 (m, 1 H; HCHN), 2.48–2.61 (m, 1H;
HCHCH2N), 2.07–2.16 (m, 1 H; HCH�(CH2)2N), 1.70–1.77 (m, 2 H;
HCHCH(P), CH(P)), 1.34–1.64 (m, 4 H; HCH-CH2N, HCH-(CH2)2N,
HCHCH(P), endo-PCH2), 1.23 (d, 3J(H,H) =6.7 Hz, 3H; CH3), 1.12 (d,
3J(H,H) =6.5 Hz, 3 H; CH3), 1.19 ppm (br m, 1H; exo-PCH2); IR (KBr):
ñ= 2048.5 (s), 1967.5 (sh), 1930.9 cm�1 (s) (C=O); HRMS: m/z calcd for
C13H18FeNPO4: 339.03223; found: 339.02988; EI-MS m/z (%): 339 (8)
[M+], 227 (42) [M+�4CO], 124 (28) [C8H12N


+], 70 (100) [C4H8N
+].


2-Isopropyl-2-aza-1-phosphabicyclo[4.1.0]heptanetetracarbonyliron(0)
(7 b): Crystallization (Et2O, �80 8C) gave yellow platelike crystals. Yield:
63%; m.p. 60–62 8C (decomp); 31P NMR (C6D6): d =�45.17 ppm;
13C NMR (C6D6): d= 213.89 (d, 2J(C,P)=24.3 Hz, CO), 49.69 (d,
2J(C,P)=8.3 Hz, CHN), 40.29 (d, 2J(C,P)=4.6 Hz, CH2N), 24.50 (d,
3J(C,P)=10.0 Hz, CH2CH2N), 23.55 (d, 2J(C,P)= 4.3 Hz, CH2CHP), 20.48
(d, 3J(C,P) =7.8 Hz, CH3), 19.58 (s, CH3), 18.99 (d, 1J(C,P) =22.9 Hz,
PCH2), 18.67 ppm (d, 1J(C,P)=1.6 Hz, PCH); 1H NMR (CDCl3): d=


3.63–3.78 (m, 1 H; CHN), 2.68–2.83 (m, 1H; HCHN), 2.51–2.64 (m, 1 H;
HCHN), 2.02–2.31 (m, 2H; CH2CHP), 1.87–1.99 (m, 1H; CHP), 1.55–
1.67 (m, 1H; HCH-CH2N), 1.43–1.52 (m, 1 H; endo-PCH2), 1.12–1.39 (m,
1H; HCH-CH2N), 1.09 (d, 3J(H,H) =6.6 Hz, 6 H; (CH3)2CH), 0.82–
0.91 ppm (m, 1 H; exo-PCH2); IR (KBr): ñ =2050 (m), 1969 (sh),
1937 cm�1 (s) (C=O); HRMS: m/z calcd for C12H16O4NPFe: 325.01657;
found: 325.01796; m/z (%): 325 (9) [M+], 213 (100) [M+�4 CO], 211
(20) [M+�4CO�2H].


2-Isopropyl-2-aza-1-phosphabicyclo[3.1.0]hexanetetracarbonyliron(0)
(7 c): Distillation gave a yellow liquid. Yield: 64 %; b.p. 33 8C/5 �
10�3 mm Hg; 31P NMR (C6D6): d=�20.05 ppm; 13C NMR (C6D6): d=


213.06 (d, 2J(C,P)=24.4 Hz, CO), 45.34 (d, 2J(C,P)=6.2 Hz, CHN), 39.27
(s, CH2N), 26.07 (s, CH2CH2N), 21.35 (d, 3J(C,P) =12.2 Hz, CH3), 17.92
(s, CH3), 15.85 (d, 1J(C,P) =8.0 Hz, PCH), 11.25 ppm (d, 1J(C,P)=


26.6 Hz, PCH2); 1H NMR (C6D6): d=3.50–3.70 (m, 1H; CHN), 2.28–2.46
(m, 1H; HCHN), 1.71–1.83 (m, 1H; HCHN), 1.42–1.62 (m, 3H;
CH2CHP), 1.11–1.19 (m, 1 H; endo-PCH2), 0.85 (d, 3J(H,H) =6.7 Hz, 3H;
CH3), 0.77 (d, 3J(H,H) =6.6 Hz, 3H; CH3), 0.18 ppm (ddd, 2J(H,H) =
3J(H,H) =9.8 Hz, 2J(H,P) = 2.7 Hz, 1H; exo-PCH2); IR (KBr): ñ =2056
(s), 1981 (sh), 1942 cm�1 (s) (C=O); HRMS: m/z calcd for
C11H14FeNO4P: 311.00157; found: 311.00092; MS: m/z (%): 311 (8)
[M+], 199 (100) [M+�4 CO], 157 (46) [M+�4 CO�C3H6], 128 (40)
[M+�4CO�C4H9N]; elemental analysis calcd (%) for C11H14FeNO4P: C
42.47, H 4.54; found: C 42.50, H 4.65.


2-(But-3-enyl)-2-aza-1-phosphabicyclo[3.1.0]hexane tetracarbonyliron(0)
(14): Distillation gave a yellow liquid. Yield: 71 %; b.p. 30–33 8C/5 �
10�3 mm Hg; 31P NMR (CDCl3): d=�19.18 ppm; 13C NMR (CDCl3): d=


212.63 (d, 2J(C,P) =23.9 Hz, CO), 135.40 (s, CH=), 116.74 (s, CH2=),
47.38 (s, CH2N(ring)), 46.37 (d, 2J(C,P)=5.2 Hz, CH2N), 32.87 (d,
3J(C,P)=7.6 Hz, CH2C=) 26.76 (d, 2J(C,P)=3.0 Hz, CH2CH2N(ring)),
17.10 (d, 1J(C,P)=6.9 Hz, PCH), 11.47 ppm (d, 1J(C,P) =26.0 Hz, PCH2);
1H NMR (CDCl3): d= 5.79 (ddt, 3J(H,H)(trans)=17.1 Hz, 3J(H,H)(cis)=


10.2 Hz, 3J(H,H) =6.9 Hz, CH = ), 5.09 (dd, 2J(H,H) =1.4 Hz, 3J(H,H) =


17.1 Hz,=CHtrans), 5.04 (m,=CHcis), 3.06–3.22 (m, 2 H; CHNCH), 2.81–
2.89 (m, 1H; �CHN), 2.50–2.57 (m, 1H; ring-CHN-endo), 2.81–2.43 (m,
4H; CH2CH2N), 2.11 (m, 1 H; CHP), 1.75 (m, 1 H; PCH2-endo),
0.61 ppm (ddd, 3J(H,H) =9.8 Hz, 2J(H,P) =9.8 Hz, 2J(H,H) =2.7 Hz,
PCH2-exo); IR (KBr): ñ= 2056.25 (s), 1952.08 cm�1 (s) (C=O); HRMS:
m/z calcd C11H14FeNO3P: 295.0061; found: 295.0071 [M+�CO]; MS: m/z
(%): 295 (19) [M+�CO], 211 (100) [M+�4CO].


8-Phenyl-2-isopropyl-2-aza-1-phosphabicyclo[5.1.0]oct-7-ene tetracarbo-
nyliron(0) (17 a): Purification by flash column chromatography at �15 8C
(SiO2, 6.7 % Et2O in pentane, Rf =0.46). Yellow oil (60 % yield); crystalli-
zation (Et2O, �80 8C): bright yellow plate-like crystals; m.p. 70–71 8C
(decomp); 31P NMR (C6D6): d=�42.56 ppm; 13C NMR (C6D6): d=


214.27 (d, 2J(C,P) =24.6 Hz, CO), 147.84 (d, 1J(C,P)=37.0 Hz, =CPh),
143.32 (d, 1J(C,P)=5.5 Hz, CH2C=), 130.19 (s, p-ArC), 129.85 (d,
2J(C,P)=2.4 Hz, ipso-ArC), 129.51 (d, 3J(C,P)=3.9 Hz, o-ArC), 129.37 (s,
m-ArC), 47.13 (d, 2J(C,P)= 10.2 Hz, CHN), 43.54 (d, 2J(C,P) =5.1 Hz,
CH2N), 31.87 (CH2CH2N), 27.46 (d, 2J(C,P) =2.6 Hz, CH2C=), 26.57 (s,
CH2CH2C=), 21.02 (d, 3J(C,P)= 9.9 Hz, CH3), 20.48 ppm (s, CH3);
1H NMR (C6D6): d=7.48 (d, 3J(H,H) =7.1 Hz, 2 H; o-ArH), 7.09 (m, 2 H;
m-ArH), 7.01 (m, 1 H; p-ArH), 4.14–4.24 (m, 1H; NCH), 2.90 (dddd,
3J(H,P) =29.1 Hz, 2J(H,H) = 13.0 Hz, 3J(H,H) =5.4 Hz, 3J(H,H) =2.0 Hz,
1H; HCC=), 2.40–2.54 (m, 2 H; H(CH)N, HCC=), 1.46–1.62 (m, 3H;
H(CH)N, H(CH)CH2N, H(CH)CH2CH2N), 0.75–1.03 (m, 2 H;
H(CH)CH2N, H(CH)CH2CH2N), 0.93 (d, 3J(H,H) = 6.6 Hz, 3 H; CH3),
0.80 ppm (d, 3J(H,H) =6.7 Hz, CH3); IR (KBr): ñ =2048.5 (s), 1967.5
(sh), 1940.5 cm�1 (s) (C=O); HRMS: calcd for C19H20FeNPO4: 413.04791;
found: 413.04596; MS: m/z (%): 413 (<1) [M+], 301 (20) [M+�4CO],
105 (65) [C4H10NP+], 72 (69) [C4H10N


+], 55 (66) [C3H5N
+], 41 (100)


[C3H5
+].


7-Phenyl-2-isopropyl-2-aza-1-phosphabicyclo[4.1.0]hept-6-enetetracarbo-
nyliron(0) (17 b): A cooled (�10 8C) solution of 16b (0.61 g, 2.0 mmol) in
Et2O (65 mL) was added dropwise over 2.5 h to a cooled (�10 8C) sus-
pension of Collman�s reagent (0.78 g, 2.3 mmol) in Et2O (20 mL). The so-
lution was warmed to 0 8C, stirred for 45 min and then concentrated, fil-
tered, and evaporated to dryness at 0 8C. Purification was performed by
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column chromatography at �15 8C (SiO2, 6 % Et2O in pentane, Rf =0.30).
Unstable red-brown oil, (0.22 g, 0.56 mmol, 28%, 95 % pure); 31P NMR
(C6D6): d=�41.15 ppm; 13C NMR (C6D6): d=214.13 (d, 2J(C,P)=


24.5 Hz, CO), 154.64 (d, 1J(C,P)=48.6 Hz, =CPh), 146.62 (d, 1J(C,P)=


6.0 Hz, CH2C=), 130.20 (s, p-ArC), 129.37 (s, m-ArC), 129.15 (d,
3J(C,P)=3.1 Hz, o-ArC), 46.32 (d, 2J(C,P)=5.5 Hz, CHN), 40.21 (d,
2J(C,P)=5.1 Hz, CH2N), 31.72 (d, 2J(C,P)=8.6 Hz, CH2C=), 28.00 (s,
CH2CH2N), 20.22 (d, 3J(C,P)= 10.3 Hz, CH3), 20.04 ppm (s, CH3);
1H NMR (C6D6), not all assignments could be made due to instability of
the product: d= 7.47 (d, 3J(H,H) =7.1 Hz, 2H; o-ArH), 7.01–7.15 (m,
3H; m+p-ArH), 3.77–3.87 (m, 1H; CHN), 2.75–2.83 (m, 1 H), 2.3–2.7
(m, 1 H), 1.98–2.07 (m, 1H), 1.77–1.83 (m, 2H), 1.21–1.29 (m, 1 H), 0.81
(d, 3J(H,H) =6.5 Hz, 3H; CH3), 0.71 ppm (d, 3J(H,H) = 6.6 Hz, 3 H;
CH3).


Phosphinidene exchange reactions in phenylacetylene


1-[Isopropyl(pent-4-enyl)amino]-2-phenylphosphirenetetracarbonylir-
on(0) (8 b): The reaction of 8b (0.23 g, 0.70 mmol) with phenylacetylene
(1.9 mL, 17 mmol) at room temperature in the dark, monitored by
31P NMR spectroscopy, and after removal of the solvent in vacuo, gave
the crude product (0.37 g) after 4 h. Chromatography (SiO2, 3% Et2O in
pentane) at �15 8C gave 8 b as an orange oil (0.17 g, 0.40 mmol, 57 %
yield). 31P NMR (C6D6): d =�36.34 ppm; 13C NMR (C6D6): d= 214.05 (d,
2J(C,P)=24.2 Hz, CO), 159.03 (d, 1J(C,P)=19.3 Hz, PhC=), 139.85 (s,
CH2=CH), 135.08 (d, 1J(C,P)=2.0 Hz, =C(P)H), 131.31 (s, p-ArC),
129.36 (s, m-ArC), 129.31 (d, 3J(C,P) =3.8 Hz, o-ArC), 127.92 (s, ipso-
ArC), 115.15 (s, CH2=), 48.20 (d, 2J(C,P)=10.5 Hz, CHN), 40.82 (d,
2J(C,P)=1.4 Hz, CH2N), 32.30 (d, 3J(C,P) =1.4 Hz, CH2CH2N), 31.34 (s,
CH2C=), 21.67 (d, 3J(C,P) =6.6 Hz, CH3), 21.28 ppm (d, 3J(C,P) =3.8 Hz,
CH3); 1H NMR (C6D6): d =8.05 (d, 2J(H,P) =16.0 Hz, 1 H; =C(P)H),
7.54–7.49 (m, 2 H; o-ArH), 6.99–7.05 (m, 3 H; m+p-ArH), 5.45–5.61 (m,
1H; CH2=CH), 4.82–4.91 (m, 2 H; CH2=), 4.11 (d septet, 2J(H,P) =
3J(H,H) =6.7 Hz, 1 H; CHN), 2.34 (m, 2H; CH2N), 1.64–1.74 (m, 2H;
CH2CH=), 1.26–1.35 (m, CH2CH2N), 0.89 (d, 3J(H,H) =6.7 Hz, CH3),
0.88 ppm (d, 3J(H,H) =6.7 Hz, CH3); IR (KBr): ñ =2050.5 (s), 1973.3
(sh), 1940.5 cm�1 (s) (C=O); HRMS: m/z calcd for C18H22FeNO2P:
371.0737; found: 371.07066 [M+�2CO]; MS: m/z (%): 371 (4) [M+


�2CO], 315 (100) [M+�4CO], 102 (45) [PhCCH+].


1-[Isopropyl(but-3-enyl)amino]-2-phenylphosphirenetetracarbonyliron(0)
(8 c): A similar procedure was followed as described for 8 b. The reaction
was completed after 6 days to give 8 c as an orange oil (76 %). 31P NMR
(C6D6): d =�36.51 ppm; 13C NMR (CDCl3): d=213.51 (d, 2J(C,P)=


24.2 Hz, CO), 159.00 (d, 1J(C,P) =20.7 Hz, PhC=), 135.01 (s, CH2=CH),
134.31 (s, =C(P)H), 131.29 (s, p-ArC), 129.24 (d, 3J(C,P)=4.3 Hz, o-
ArC), 129.23 (s, m-ArC), 127.66 (s, ipso-ArC), 116.59 (s, CH2=), 47.98 (d,
2J(C,P)=10.5 Hz, CHN), 40.65 (s, CH2N), 37.39 (s, =CCH2), 21.82 (d,
3J(C,P)=6.7 Hz, CH3), 21.38 ppm (d, 3J(C,P)=3.1 Hz, CH3); 1H NMR
(C6D6): d=8.04 (d, 2J(H,P) = 16.1 Hz, 1 H; =C(P)H), 7.44–7.49 (m, 2H;
o-ArH), 6.99–7.08 (m, 3H; m+p-ArH), 5.47 (ddt, 3J(H,H)(trans)=


17.0 Hz, 3J(H,H)(cis)=10.3 Hz, 3J(H,H) =6.8 Hz, 1H; CH2=CH), 4.80–
4.91 (m, 2H; CH2=), 4.05–4.15 (m, 1H; CHN), 2.34–2.47 (m, 2 H; CH2N),
1.89–1.98 (m, 2 H; CH2CH=), 0.87 (d, 3J(H,H) =6.7 Hz, 3H; CH3),
0.86 ppm (d, 3J(H,H) =6.7 Hz, 3H; CH3); IR (KBr): ñ =2052.4 (s), 2015.7
(sh), 1965.6 (sh), 1944.4 cm�1 (s) (C=O); HRMS: m/z calcd for
C18H20FeNO3P: 385.0530; found: 385.05109 [M+�CO]; MS: m/z (%):
385 (5) [M+�CO], 301 (64) [M+�4CO], 199 (100) [M+�4CO�
PhCCH], 102 (73) [PhCCH+].


1-[Isopropyl(prop-2-enyl)amino]-2-phenylphosphirenetetracarbonylir-
on(0) (8 d): A solution of dichloroaminophosphane 6d (1 mmol) and phe-
nylacetylene (0.95 mmol) in Et2O (2.5 mL) was added to a cooled
(�78 8C) suspension of Collman�s reagent (0.33 g, 0.95 mmol) in Et2O
(20 mL). The resulting mixture was warmed to �30 8C at which tempera-
ture reaction occurred, as indicated by the color change to red. Filtration
at 0 8C, concentration to 1 mL, and flash chromatography over silica (3 %
Et2O in pentane) at �5 8C gave 8d as a red oil (213 mg, 0.53 mmol,
56%). 31P NMR (CDCl3): d=�34.74 ppm; 13C NMR (CDCl3): d=213.44
(d, 2J(C,P) =24.2 Hz, CO), 158.68 (d, 1J(C,P) =19.7 Hz, PhC=), 137.87 (s,
CH2=CH), 134.91 (s, PhC=CH), 131.21 (s, p-ArC), 129.24 (d, 3J(C,P)=


4.6 Hz, o-ArC), 129.18 (s, m-ArC), 127.87 (s, ipso-ArC), 115.57 (s, CH2=),


48.10 (d, 2J(C,P)=10.4 Hz, CHN), 43.37 (s, CH2N), 21.65 (d, 3J(C,P)=


6.7 Hz, CH3), 21.30 ppm (d, 3J(C,P) =2.7 Hz, CH3); 1H NMR (CDCl3):
d=8.66 (d, 2J(H,P) =15.5 Hz, 1 H; =C(P)H), 7.47–7.65 (m, 5H; ArH),
5.59–5.74 (m, 1H; CH2=CH), 5.03–5.17 (m, 2 H; CH2=), 4.09–4.26 (m,
1H; CHN), 3.18–3.43 (m, 2H; CH2N), 1.10 ppm (d, 3J(H,H) =6.0 Hz,
6H; CH3); IR (KBr): ñ=2050.5 (s), 1971.4 (sh), 1942.4 cm�1 (s) (C=O);
HRMS: m/z calcd for C17H18FeNO3P: 371.0374; found: 371.03446
[M+�CO]; MS: m/z (%): 371 (15) [M+�CO], 287 (70) [M+�4 CO], 183
(100) [M+�4CO�C8H8], 102 (50) [PhCCH+].


1-[Isopropyl(5’-phenylpent-4’-ynyl)amino]-2-phenylphosphirenetetracar-
bonyliron(0) (18 b): A cooled (�10 8C) solution of 16 b (0.30 g, 1.0 mmol)
in Et2O (35 mL) was added dropwise over 2.5 h to a cooled (�10 8C) sus-
pension of Collman�s reagent (0.31 g, 1.0 mmol) in Et2O (35 mL). The so-
lution was warmed to 0 8C, stirred for 45 min and then concentrated, fil-
tered, and evaporated to a minimal volume at 0 8C. Phenylacetylene
(4 mL) was added and, after 10 min stirring at room-temperature, was re-
moved under high vacuum at 35 8C. Purification by flash column chroma-
tography (SiO2, 5 % Et2O in pentane) yielded 18b as a red-brown oil
(53 mg, 0.11 mmol, 12%). 31P NMR (CDCl3): d=�36.28 ppm; 13C NMR
(CDCl3): d=213.44 (d, 2J(C,P)=24.1 Hz, CO), 159.08 (d, 1J(C,P)=


23.2 Hz, =C-Ph), 133.82 (s, HC=), 131.44 (s, o-Ar-C�), 131.22 (s, p-Ar-C=),
129.19 (d, 3J(C,P) =4.6 Hz, o-Ar-C=), 129.16 (s, m-Ar-C=), 128.23 (s,
m-Ar-C�), 127.68 (s, p-Ar-C�), 127.60 (d, 2J(C,P) =2.9 Hz, ipso-Ar-C= ),
123.65 (s, ipso-Ar-C�), 89.02 (s, CH2C�), 81.29 (s, �CPh), 47.94 (d,
2J(C,P)=10.7 Hz, CHN), 40.09 (s, CH2N), 31.54 (s, CH2CH2N), 21.83 (d,
3J(C,P)=7.7 Hz, CH3), 21.17 (d, 3J(C,P) =2.6 Hz, CH3), 16.76 ppm (s,
CH2C�); 1H NMR (CDCl3): d= 8.78 (d, 2J(H,P) =16.3 Hz, 1 H; =C(P)H),
7.61–7.65 (m, 2 H; =C-(o-ArH)), 7.46–7.48 (m, 3 H; =C-(m,p-ArH)),
7.35–7.38 (m, 2 H; �C-(o-ArH)), 7.28–7.31 (m, 3 H; �C-(m,p-ArH)),
4.15–4.26 (m, 1H; CHN), 2.73–2.86 (m, 1 H; 2H; CH2N), 2.24–2.42 (m,
2H; CH2C�), 1.61–1.73 (m, 2 H; CH2CH2N), 1.18 (d, 3J(H,H) =6.8 Hz,
3H; CH3), 1.14 ppm (d, 3J(H,H) =6.9 Hz, 3 H; CH3); IR (KBr): ñ=


2050.5 (s), 1973.3 (sh), 1930.9 cm�1 (s) (C=O); HRMS: m/z calcd for
C23H24FeNPO: 417.0945; found: 417.0907 [M+�3 CO]; MS: m/z (%): 417
(12) [M+�3 CO], 387 (20) [M+�4CO], 159 (42) [M+�4 CO�C18H12],
102 (100) [PhCCH+].


1-[Isopropyl(but-2-ynyl)amino]-2-phenylphosphirenetetracarbonyliron(0)
(18 d): A solution of 16 d (0.41 g, 1.2 mmol) was added to a cooled
(�78 8C) suspension of Collman�s reagent (0.41 g, 1.2 mmol) and phenyl-
acetylene (0.13 mL, 1.2 mmol) in Et2O (25 mL). The reaction mixture
was warmed to �30 8C and then warmed to room temperature overnight.
Filtration, solvent evaporation, and flash column chromatography at 5 8C
(SiO2, 5 % Et2O in pentane) yielded 18d as a red-brown oil (110 mg,
0.27 mmol, 23%). 31P NMR (CDCl3): d=�34.48 ppm; 13C NMR
(CDCl3,): d=213.34 (d, 2J(C,P) =24.1 Hz, CO), 161.11 (d, 1J(C,P)=


18.3 Hz, =CPh), 134.24 (s, =CH), 131.08 (s, p-Ar), 129.35 (d, 3J(C,P)=


4.8 Hz, o-Ar), 129.00 (s, m-Ar), 128.14 (s, ipso-Ar), 79.37 (s, �CCH2),
78.18 (s, 4J(C,P)=2.3 Hz, MeC�), 48.51 (d, 2J(C,P)=8.1 Hz, CHN), 31.53
(s, CH2N), 21.42 (d, 3J(C,P)=3.5 Hz, CH3), 21.32 (s, CH3), 3.15 ppm (s,
CH3C�); 1H NMR (CDCl3): d= 8.75 (d, 2J(H,P) =15.7 Hz, 1 H; =C(P)H),
7.48–7.72 (m, 5H; ArH), 4.02 (m, 1 H; CHN), 3.52 (m, 2H; CH2N), 1.52
(s, 3H; �CCH3), 1.17 (d, 3J(H,H) =6.6 Hz, 3 H; CH3), 1.11 ppm (d,
3J(H,H) =6.6 Hz, 3H; CH3); IR (KBr): ñ=2052.4 (s), 1979.1 (s),
1930.9 cm�1 (s) (C=O); HRMS: m/z calcd for C18H18FeNO3P: 383.03737;
found: 383.03945 [M+�CO]; MS: m/z (%): 383 (3) [M+�CO], 299 (100)
[M+�4CO], 197 (52) [M+�4CO�PhC=CH].


2,8-Diisopropyl-6,12-dimethyl-2,8-aza-1,7-diphosphatricyclo[9.1.0.05,7]-
dodeca-5,11-dienebis[tetracarbonyliron(0)] (19): A cooled (�30 8C) so-
lution of 16 c (0.45 g, 2.0 mmol) in Et2O (50 mL) was added dropwise
over 35 min to a cooled (�20 8C) suspension of Collman�s reagent
(0.70 g, 2.0 mmol) in Et2O (25 mL). Filtration, solvent evaporation, and
column chromatography (SiO2, Et2O/pentane=3:100) yielded a yellow
solid (8 %). Crystallization (Et2O, �78 8C) gave small, plate-like yellow
crystals. M.p. 124 8C (decomp); 31P NMR (C6D6): d =�35.30 ppm;
13C NMR (C6D6): d =214.09 (d, 2J(C,P)=24.0 Hz, CO), 153.34 (d,
1J(C,P)=19.4 Hz, =CMe), 150.44 (s, C=CMe), 48.95 (d, 2J(C,P) =9.4 Hz,
CHN), 39.42 (s, CH2N), 28.68 (t, 2J(C,P) = 3J(C,P)=3.7 Hz, CH2C=),
22.28 (d, 3J(C,P)=9.0 Hz, CH3CH), 20.28 (d, 3J(C,P)=1.8 Hz, CH3CH),
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11.39 ppm (d, 2J(C,P) =2.8 Hz, =CCH3); 1H NMR (C6D6): d=3.86–4.02
(m, 2 H; CHN), 2.45–2.72 (m, 4 H; CH2N), 2.23–2.41 (m, 4H; CH2C=),
1.87 (d, 3J(H,P) =10.5 Hz, 6H; =CCH3), 0.96 (d, 3J(H,H) =6.8 Hz, 6 H;
CH3), 0.94 ppm (d, 3J(H,H) =6.6 Hz, 6H; CH3); IR (KBr): ñ =2045 (s),
1954 (s), 1929 cm�1 (s) (C=O); HRMS: m/z calcd for C22H28Fe2N2O6P2:
590.0121; found 590.0096 [M+�2CO]; m/z (%): 590 (4) [M+�2CO], 506
(46) [M+�5CO], 478 (10) [M+�6CO], 422 (100) [M+�8CO].
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Synthesis, Spectroscopic and Nonlinear Optical Properties of Multiple
[60]Fullerene–Oligo(p-phenylene ethynylene) Hybrids


Yuming Zhao,[a] Yasuhiro Shirai,[b] Aaron D. Slepkov,[c] Long Cheng,[b]


Lawrence B. Alemany,[b] Takashi Sasaki,[b] Frank A. Hegmann,*[c] and James M. Tour*[b]


Introduction


There is an active search for novel conjugated organic mate-
rials capable of functioning as key components in a wide
range of electronic and photonic devices.[1–3] Toward this
end, a myriad of p-conjugated systems have been synthe-
sized and investigated in the past two decades. Extensive re-
search attention has been focused on p-conjugated oligom-
er/polymer systems such as oligo(enyne)s,[4,5] polyynes,[6] oli-
go(arylene ethynylene)s,[7] oligo(arylene vinylene)s,[8,9] and
oligo(thiophene)s,[10–12] owing to their diverse and tunable
electronic and photonic properties, as well as the flexibility
and ease with which these organic materials are handled.
Such research has considerably widened the applicability of
organic-based materials with respect to the fields of molecu-
lar electronics,[13,14] opto-electronics,[15,16] and organic nonlin-
ear optics,[17–19] to name but a few. The derivatization of con-
jugated oligomers with various electro- and photo-active
functional groups has emerged as an important approach to
the design and discovery of useful materials for molecular
electronic and photonic devices. In particular, molecules
with highly delocalized and polarizable p-electron density


Abstract: A series of multiple
[60]fullerene terminated oligo(p-phen-
ylene ethynylene) (OPE) hybrid com-
pounds has been synthesized through a
newly developed in situ ethynylation
method. Structural and magnetic
shielding properties of the highly unsa-
turated carbon-rich C60 and OPE scaf-
folds were characterized by 1D and 2D
NMR spectroscopic analyses. Electron-
ic interactions between the [60]full-
erenes and the OPE backbones were
investigated by UV/Vis spectroscopic
and cyclic voltammetry (CV) experi-
ments. Our studies clearly show that al-
though the multiple [60]fullerene


groups are connected via p-conjugated
OPE frameworks, they present diminu-
tive electronic interactions in the
ground state, and the electronic behav-
ior of the [60]fullerene cages are only
affected by the OPE backbones
through modest inductive effects. Inter-
estingly, sizable third-order nonlinear
optical (NLO) responses (g) and en-
hanced two-photon absorption (TPA)
cross-sections (s(2)) were determined


for the multifullerene–OPE hybrid 31
relative to its OPE precursor from dif-
ferential optical Kerr effect (DOKE)
experiments. Such enhanced NLO per-
formance is presumably due to the oc-
currence of periconjugation and/or
charge transfer effects in the excited
state. In addition, comparatively strong
excited-state absorption was observed
and characterized for OPE pentamer
12. Thus, the use of such fullerene-de-
rivatized conjugated oligomers aids the
quest for molecules with large third-
order NLO and TPA properties.
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are among the most intensively studied species for such pur-
poses.


Of great interest is the Buckminster [60]fullerene—an ap-
pealing carbon allotrope with an aesthetic football-shaped
molecular structure, unique three-dimensional p-electron
delocalization pattern, and small dimensions (ca. 0.7 nm in
diameter).[20,21] Since its discovery in the late 1980s,
[60]fullerene (henceforth denoted fullerene) and its deriva-
tives have been found to exhibit many extraordinary elec-
tronic and photonic properties, such as the unique electro-
chemical and optical absorption features in the excited
state.[22, 23] Accordingly, fullerenes provide a useful platform
for the design of new materials in the fields of artificial pho-
tosynthetic mimics,[24] long-range intramolecular energy/
charge transfer,[25, 26] efficient photon-energy conversion,[27–29]


photoinduced long-lived charge-separation species,[30] optical
devices based on second- and third-order nonlinear optical
(NLO) behavior, multiple photon absorption processes,[31–33]


and optical limiters.[34] However, the direct application of
pristine fullerene in device fabrication has been limited by
its poor solubility in most solvents, and in particular polar-
organic solvents. Different approaches have been explored
to overcome this obstacle, and much effort has been invest-
ed in blending fullerenes into various solid matrices of poly-
mers and inorganic composites,[35, 36] as well as non-covalent-
ly encapsulating fullerene molecules into soluble host mole-
cules such as [n]calixarenes[37, 38] and cyclodextrins.[39] Cova-
lent functionalization of fullerene,[40,41] on the other hand, is
attracting wide interest as it can greatly alter the physical
and chemical properties of fullerene to readily achieve de-
sired processabilities and performance. Clearly, new synthet-
ic methodologies for fullerene derivatization are continuous-
ly important for synthetic organic chemists.


Our group is interested in integrating multiple fullerenes
in various p-conjugated oligomers[29] so as to develop new
electronic and photonic properties. In principle, such hybri-
dized fullerene–oligomer compounds would feature not only
the intrinsic properties of individual fullerenes and conjugat-
ed oligomers, but in some circumstances new behavior and
functions arising from the mutual interactions between full-
erenes and oligomers.[42] The synthesis of rigid conjugated
oligomeric structures containing more than one fullerene
moiety is a challenging task. Synthetically, the low solubility
together with the moderate-to-low yields of multiple fuller-
ene derivatives makes it extremely difficult to develop suita-
ble reaction protocols. In addition, the isolation of products
using conventional chromatographic means tends to be
problematic for the same reasons. Currently there is a lack
of reliable and facile synthetic methodologies for making
the multiple-fullerene–oligomer compounds. Reported full-
erene derivatization methods, including 1,3-dipolar and [4+


2]-cycloaddition reactions, yield the fullerene derivatives pri-
marily in the forms of fullerenepyrollidines,[43–48] methano-
fullerenes,[49–55] and fullerene-acenes.[56,57] Through these re-
actions, fullerenes and organic substituents are usually
bonded to give irregular and distorted molecular shapes,
with more than one sp3 carbon between the fullerenes and


conjugated oligomers.[58–65] As such, the molecules would
likely show through-space rather than through-bond interac-
tions between each electronically active unit. Although ex-
tensively used, these methods show limitations in terms of
strengthening fullerene-oligomer interactions and forming
regularly patterned molecular assemblies. Multiple-fullerene
containing molecules synthesized by the ethynylation reac-
tion,[66–68] however, are rare and are far from being thor-
oughly addressed in the literature. Unlike other types of
fullerene derivatives, the organic substituents are closely
linked to the fullerene cages via an acetylenic bond in a
nearly linear geometry, with only one sp3 carbon bridging
the conjugated path on the fullerene and its pendant groups.
In this case, the fullerene p-electrons may possibly commu-
nicate with the alkynyl p-electrons in a through-space p-or-
bital overlapping mechanism, namely “periconjuga-
tion.”[42,69–71] It is likely that such structural features would
give rise to enhanced electronic interactions between fuller-
enes and conjugated functionalities, thereby providing a uni-
formly shaped molecular building block (tecton) for the con-
struction of various molecular machinery and nano-architec-
tures, as well as supramolecular assemblies.


In our previous work,[72] we have described an efficient
and facile synthesis of a series of multiple-fullerene termi-
nated conjugated oligo(p-phenylene ethynylene)s (OPEs)
via a novel in situ ethynylation methodology. Herein, along
with complete synthetic details, we primarily highlight the
electronic and optical characterization of these materials.
First, we describe the synthesis of p-conjugated OPE mole-
cules and their fullerene derivatives. Next, the structural and
magnetic shielding properties of the multifullerene–OPE hy-
brids are elucidated with 1D and 2D NMR spectroscopic
analyses. Then, the electronic absorption behavior and elec-
trochemical redox properties characterized by UV/Vis spec-
troscopy and cyclic voltammetry (CV) are presented. Final-
ly, we report on the molecular third-order hyperpolarizabili-
ties (g), two-photon absorption (TPA) cross section (s(2)),
and excited-state absorption of selected OPE molecules 12,
14 and fullerene–OPE hybrid 31 as studied with the differ-
ential optical Kerr effect (DOKE) technique.[73]


Results and Discussion


Synthesis of OPE precursors : The synthesis of a series of
linearly conjugated phenylene acetylene oligomers is out-
lined in Schemes 1 and 2. The essential building block 3 for
the elongation of OPE chains was prepared via alkylation
and iodination of 1,4-dihydroquinone (1). The incorporation
of the decyloxy group is necessary to gain sufficient solubili-
ty for both the long-chain OPEs and their fullerene deriva-
tives. In addition, the polar nature of the alkyloxy groups
turns out to be very beneficial to subsequent column chro-
matographic separations. Next, monoiodide 4 was obtained
from cross coupling 0.7 equiv of trimethysilylacetylene
(TMSA) with 3 under Sonogashira conditions. Compound 4
was then cross-coupled with triisopropylacetylene (TIPSA)
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under palladium catalysis to yield unsymmetrically protected
phenyl acetylene monomer 5. Selective desilylation of the
TMS group in the presence of K2CO3 gave 6, which was
converted to dimeric phenyl acetylenes 7 and 8 after anoth-
er iteration of cross-coupling/desilylation.


Monomeric phenyl acetylenes 9 and 10 were readily syn-
thesized by cross-coupling and K2CO3 desilylation reactions
(Scheme 2). For the synthesis of longer OPEs, trimer 11 and
pentamer 12, our preliminary efforts using a divergent elon-
gation route were not satisfactory. A significant amount of
oxidative homocoupling byproducts persistently formed
even with vigorous exclusion of oxygen from the reaction
mixture. These by-products had similar Rf values on silica
gel column chromatography as the products, and as a result
of this, it was extremely difficult to obtain spectroscopically


pure products 11 and 12 through this approach. Alternative-
ly, a convergent route (as laid out in Scheme 2) was carried
out, and, indeed, it gave satisfactory yields for trimer 11 and
pentamer 12 pure enough for NMR spectroscopic character-
ization.


In a similar manner, a series
of centrosymmetric octupolar-
shaped OPE molecules 14–16
was prepared as shown in
Scheme 3. 1,3,5-Triiodobenzene
(13) was used as the central
core to couple with dimer 8, af-
fording trigonal-shaped hepta-
meric phenylene acetylene 14.
Removal of the TIPS groups
using tetrabutylammonium
fluoride (TBAF) followed by
silica column separation gave
terminal alkyne 15. For a con-
cise synthesis, compound 14
was desilyated and then cou-
pled with compound 4 to afford
decameric phenylene acetylene
16. Interestingly, in this reac-
tion, oxidative homocoupling
was not as significant as those
that occurred in the divergent


synthesis of linearly shaped OPEs (see Scheme 2). This is
probably due to the increased steric hindrance in the rigid,
two-dimensional OPE structure.


In addition to the aforementioned OPEs, we have synthe-
sized another series of OPE molecules in which the terminal
ethynylene groups are oriented at the ortho-position relative
to the central phenylene ethynylene backbones. Schemes 4
and 5 outline the synthetic details of the ortho-ethynyl ter-
minated OPEs. In Scheme 4, the building blocks 22 and 23
were readily prepared from 1,2-dihydroquinone (17) via a


Scheme 1. Synthesis of building blocks for long-chain OPEs.


Scheme 2. Iterative synthesis of OPEs via palladium-catalyzed coupling reactions.
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synthetic approach similar to that for the previous OPE
molecules (see Scheme 1).


With these building blocks, we further extended the OPEs
to pentamer 25 and trigonal-shaped heptamer 27, in a con-
vergent way, by coupling dimer 23 with 1,4-diiodobenzene
(24) and 1,3,5-tribromobenzene (26) respectively. Again,
since the complex molecular structures appear to increase
the steric hindrance, the formation of oxidative homocou-
pling byproducts was diminished dramatically in these cross
coupling reactions.


Synthesis of multi-[60]fullerene–OPE hybrids : With the
OPE precursors in hand, we then made efforts to bond full-
erene cages at the termini of each OPE framework. Initially,
we followed the ethynylation procedure as described in the
literature,[38,74–77] in which lithium acetylides were first gener-
ated by nBuLi or tBuLi and then transferred into a slurry of
fullerene in THF under an inert atmosphere. However, this
method was found to work only for the ethynylation of


mono-terminal alkynes with
fullerene, whereas the fullerene
addition to multiple terminal
alkyne species failed to yield
the desired multiple fullerene-
alkyne adducts. To solve this
problem, we have devised an
alternative in situ ethynylation
methodology.[72] The essence of
the new ethynylation method is
to add the base, lithium hexam-
ethyldisilazide (LHMDS),
slowly into a well-sonicated
mixture of fullerene and termi-
nal alkynes in THF. In this way,
LHMDS can generate the lithi-
um acetylide species in situ,
which then quickly undergoes
the fullerene addition reaction
to form the desired ethynylated
fullerene compounds. The reac-


tion proceeds smoothly at ambient temperature under an
inert gas environment, and completes within 1 h in general.
Careful removal of oxygen and moisture is essential to a
successful reaction. After adding LHMDS, the mixture of
fullerides develops a deep green color that is an indication
that the reaction has occurred. Quenching the reaction with
excess trifluoroacetic acid (TFA) then gives the desired
ethynylated fullerene product. So far, in our hands, only
LHMDS leads to satisfactory results, whereas many other
bases such as tBuOK, nBuLi, tBuLi, LDA, and LTMP have
not produced any positive results.


To shed more light on the reaction mechanistically, a
blank test was carried out in which LHMDS was added into
a slurry of fullerene in THF (for experimental details see
the Supporting Information). The reaction slowly turned
green, similar to that observed in fullerene–ethynylation re-
actions. In the meantime, the solubility of the fullerene
slurry appeared to somewhat improve. After quenching with
TFA, the reaction mixture was separated into two fractions


Scheme 3. Synthesis of trigonal shaped OPE oligomers.


Scheme 4. Synthesis of building blocks for ortho-ethynylated OPEs.
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by passing it through a short silica plug. Pristine fullerene
was recovered in greater than 90 % yield as the first frac-
tion, while, in the second fraction, a trace amount of a
brownish solid was obtained and characterized by 1H NMR
and MALDI-TOF mass spectrometry. In the 1H NMR spec-
trum, resonance peaks at 6.96 ppm were observed, which
suggests the presence of protons directly attached to fuller-
ene cages. However, the resonance pattern shows that it is a
mixture of several compounds rather than one pure product.
Therefore, it is difficult to deduce further structural informa-
tion from the 1H NMR spectrum. The MALDI-TOF mass
spectrum clearly shows several ion peaks at m/z 738, 760,
782, and 1001, which are probably from the fullerene ad-
ducts formed in the blank test reaction. Possibly, the peaks
at m/z 738 and 782 are due to the adduct ions of
[C60+NH4]


+ and [C60+Si2H6]
+ , whereas the other two are


unidentifiable. According to these data, it is reasoned that
the base LHMDS might interact with fullerene to solvate
and stabilize the reaction intermediates, which in turn facili-
tates the fullerene addition reaction.


Through this in situ ethynylation approach, we were able
to synthesize the multiple-fullerene terminated OPEs direct-
ly from respective OPE precursors. Although it is advanta-
geous to use purified terminal alkynyl OPE precursors to
produce higher yields and easier purification, we have found
that in some cases the silyl-deprotected OPEs could be di-
rectly used in the fullerene ethynylation, after a brief aque-
ous workup, without significantly lowering the yields. How-
ever, it is worth pointing out that if the amount of impurities
in the deprotection reaction is high, the mixture should be
purified before carrying it forward. Otherwise, the subse-


quent column purification of fullerene products would be
problematic. The synthetic details and yields for the fuller-
ene–OPE hybrids 28–35 are listed in Scheme 6.


Spectrometric and NMR spectroscopic characterization : Af-
firmative evidence on the formation of high molecular
weight OPEs and their multiple fullerene adducts was ob-
tained from MALDI-TOF mass spectrometric analysis. The
molecular ion peaks for alkyloxylated OPE precursors can
be readily observed with dithranol as the matrix and the in-
strument operating in the linear mode. For the fullerene–
OPE hybrids, in some cases, using the dithranol matrix re-
sulted in poor molecular ion signals. Alternatively, by using
sulfur as the matrix improved the spectrum quality. Molecu-
lar ion peaks, together with signals due to fragmentation,
were clearly observed in all of the mass spectra of new com-
pounds. As an example, the molecular ion peak of com-
pound 33 is observed at m/z 6021, which represents the
highest molecular weight of multi-fullerene species we have
made to date.


1D and 2D NMR spectroscopic analyses provide detailed
and crucial information establishing the molecular structures
of the OPE precursors and their fullerene derivatives. Fortu-
nately, the fullerene derivatives 28–35 are sufficiently solu-
ble for NMR analysis; the solubilizing alkyloxy chains signif-
icantly interrupt the intermolecular aggregation between
fullerenes. However, the signal overlap in the aromatic and
alkyl regions somewhat limits spectral assignments. 1H and
13C NMR data for the 2,5-dialkyloxy-p-phenylene ethyny-
lene moiety have been reported for numerous small com-
pounds and polymers,[78a–m] but detailed assignments for sim-


Scheme 5. Synthesis of ortho-ethynylated OPE oligmers.
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Scheme 6. Synthesis of multi-[60]fullerene-OPE hybrids by an in situ ethynylation method.
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ilar but symmetrically inequivalent sites in such oligomers
apparently have not been reported. Of particular relevance
are the NMR data reported for trimers similar to 11 and 30
and pentamers similar to 12 and 31 but differing in the
length of the alkyloxy side chains and the nature of the end
groups.[78e, i]


To better understand the magnetic shielding properties of
the OPE precursors and fullerene derivatives, a thorough
NMR study was conducted on these compounds. A
500 MHz spectrometer can easily resolve the proton and
carbon resonances from the OPE backbone of compounds
as complex as 11, where, for example, three aromatic proton
signals, nine aromatic carbon signals, four alkynyl carbon
signals, and three -OCH2- carbon signals are clearly ob-
served. In the corresponding fullerene derivative 30, two of
the aromatic C-H carbon signals overlap, but remarkably, all
30 fullerene sp2 signals are resolved. The 1H and 13C signal
assignments for 30 are shown in Figure 1 and listed in
Table 1. The aromatic carbons bonded to Hb and Hd give


overlapping signals at d 117.10, while the aryloxy carbon sig-
nals at d 153.38 and 153.39 cannot be assigned to specific
sites. In addition, a 1H-coupled 13C spectrum of 30 displays


all 13 long-range couplings up to five bonds from the fuller-
ene proton to the fullerene sp2 carbons. In comparison, no
more than five such couplings have previously been report-
ed in other Cs symmetry C60HR species bearing one proton
and one adjacent functional group.[78n, o]


In the 13C NMR spectra of some of the longer OPE com-
pounds, aromatic C-H or C-O signals sometimes overlap,
but the alkynyl carbon signals remain resolved. Compound
34 is remarkable in that six different signals are observed
for the fullerene proton and five types of aromatic protons,
and all of the OPE backbone carbon signals are resolved.
Detailed chemical shift assignments for 30, 34, and other
compounds could be made through a combination of 1D
(1H, 13C with and without 1H decoupling, and DEPT-135
13C) and 2D (1H,1H COSY, 1H,13C HSQC, and 1H,13C
HMBC) NMR experiments, as described in detail in the
Supporting Information.


Electronic absorption properties : The electronic absorption
characteristics of OPE oligomers and their fullerene deriva-
tives were studied by UV/Vis spectroscopy in o-dichloroben-
zene solutions. In the normalized UV/Vis spectra of linear
fullerene–OPEs 28–31 (Figure 2a), a bathochromic shift of
absorption maxima, lmax, is observed. A similar shift is seen
in the UV/Vis spectra of their OPE precursors 7, 9, 11, and
12 (Figure 2b), which suggests that the bathochromic shift in
the fullerene–OPEs is mainly due to the increasing p conju-
gation path in the OPE backbones. By extrapolation, these
shifts are predicted to reach saturation by the heptamer or
octamer stage, which is in agreement with previous studies
of OPEs.[78p] There is a significant increase in the absorption
intensity in the high-energy absorption region (ca. 315 nm)
for fullerene compounds 28–31 in comparison with their
counterpart OPEs� spectra and that of pristine C60. It is rea-
sonable to believe that this enhancement is due to the con-
tribution from fullerene groups; most likely due to an elec-
tronic transition from the orbitals of OPE to those of the
fullerene cages. Although electrochemistry results suggest
that inductive effects might be present in these fullerene de-
rivatives (see below), such effects cannot be clearly con-
firmed by the low-energy absorption band in the UV/Vis
spectrum since the characteristic hump of the fullerene cage
(ca. 432 nm), along with its tail, hinders confirmative analy-
sis.[77] Nevertheless, in the region above 450 nm of the spec-
trum, distinctively enhanced absorption tails are observed in
a consistent pattern for fullerene–OPE hybrids 28–31. These
absorption bands differ from the UV/Vis patterns obtained
by simply summing the UV/Vis curves of pristine fullerene
and respective OPE oligomers (see Supporting Informa-
tion). Likely, these absorptions are due to the relatively
weak electronic interactions between fullerene cages and
OPE backbones. Despite being connected by a conjugated
OPE bridge, an absorption band from intramolecular elec-
tronic interaction between the fullerene groups is not detect-
ed.


The UV/Vis spectra of the octupolar fullerene-derivatives
32 and 33 are shown in Figure 3a. There is a substantial red-


Figure 1. Assignments (Table 1) of 1H and 13C NMR resonances for com-
pound 30 based on long-range proton-carbon couplings, 2D NMR experi-
ments, and calculated 13C shifts for C60H(C�CH).[77] The assignments for
C5, C6, and C7 are tentative.


Table 1. 13C and 1H NMR Assignments.


Assignment Resonance (ppm)


C1 55.43
C2 61.93
C3 151.46
C4 151.34
C5 136.07
C6 135.08
C7 142.09
C8 97.47
C9 80.56
C10 115.17
C11 154.33
C12 116.71
C13 112.78
C14 91.66
C15 92.18
C16 114.31
Ha 7.14
Hb 7.21
Hc 7.05
Hd 6.98
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shift of the lmax value by about 10 nm from compounds 32
to 33, which is comparable to the shift observed in the spec-
tra of their OPE precursors 14 and 16. This comparison sug-
gests that the red-shift is primarily due to the extension of
the p delocalization path in the OPE moieties. Again, the
long tails from 450 to 600 nm that are characteristic absorp-
tions of fullerene moieties are seen in the UV curves of 32
and 33. The ortho-terminal-alkynylated fullerene–OPE spe-
cies 34 and 35 show similar UV/Vis profiles (Figure 3a) with
respect to their precursors 25 and 27 (Figure 3b). A slight
shoulder at 430 nm in the UV profile of 35 is consistent with
the functionalized fullerene absorption peaks observed in
the spectra of 28 and 29.


Cyclic voltammetry studies of [60]fullerene–OPE hybrids :
The electrochemical behavior of multiple fullerene–OPE hy-
brids 28–33, and 35, in solutions of o-dichlorobenzene at
room temperature with Bu4NBF4 as the electrolyte, were
characterized by cyclic voltammetry (CV). The most pro-
nounced feature of the CV profiles for the para-oriented
fullerene–OPEs 28–33 is the close resemblance to that of
pristine fullerene. Figure 4 shows the selected cyclic voltam-
mograms in comparison with pristine fullerene. Although
there are possible electronic interactions between the fuller-
ene moieties, only three couples of reversible redox waves
are observed in the accessible potential window of the sol-
vent under the present conditions for compounds 28–33 and
35. These results indicate that there is no electronic interaction


between fullerene moieties on the CV time scale—a conclu-
sion that is consistent with the earlier report on acetylene-
connected dumbbell-type fullerenes.[66–68] Detailed redox po-
tential data of 28–33 and 35 are summarized in Table 2. No
well-defined reversible redox waves were observed in the
positive potential region (selected CV spectra in Supporting
Information). The three well-defined redox waves (I, II, and
III in Figure 4) observed for all listed compounds shift
toward more negative potentials relative to pristine fuller-
ene. This is because of the predominantly inductive elec-
tronic interactions from the electron-rich OPE moiety and/
or the decrease of p delocalization on the fullerene cage
due to the introduction of two sp3 carbon atoms. For the
linear multi-fullerene–OPEs 28–31, the formal potentials of
the first redox wave I shift cathodically with the increasing
chain length of the OPE. This observation strongly suggests
the existence of electronic interplays between fullerenes and
OPE moieties, and is further consistent with the UV/Vis re-
sults. The cyclic voltammogram of ortho-alkynylated com-
pound 35 shows features similar to the other fullerene deriv-
atives, except that the second and third formal potentials of
35 are the least negative among them (Table 2). Likely, this
is due to the enhanced inductive effects since the fullerenes
and OPEs are oriented closer to each other in 35.


Third-order optical nonlinearities and two-photon absorp-
tion properties : Third-order nonlinear optical (NLO) prop-
erties of organic systems are at the forefront of photonics


Figure 2. UV/Vis spectra of a) linear bis(fullerenyl)-OPEs 28–31 in com-
parison with b) OPE precursors 7, 9, 11, and 12.


Figure 3. UV/Vis spectra of a) multi-[60]fullerene-OPEs 32–35 in compar-
ison with b) OPE precursors 14, 16, 25, and 27.
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research for technological applications. Finding high-trans-
parency materials with appropriately large ultrafast hyper-
polarizabilites, g, is desired for all-optical switching applica-
tions.[79] Moreover, the imaginary component of third-order
susceptibilities determines the molecular two-photon ab-
sorption (TPA) cross-section, s(2) an optical property poten-
tially useful for optical power limiting,[80,81] upconverted
lasing,[82] two-photon fluorescence spectroscopy,[83] three-di-
mensional optical memory and microfabrication,[84–88] as well
as photodynamic therapy.[89] In general, TPA refers to a mo-
lecular process in which the simultaneous absorption of two
photons promotes an electron to an energy level at the pho-
tons sum-energy.[90] The efficiency of this process is charac-
terized by the TPA cross section s(2)(w), which is related to
Im(g) by Equation (1):[91]


sð2Þ ¼ ðð8p2 hw2Þ=ðn 2c 2ÞÞL 4Imgð�w,w,w,�wÞ ð1Þ


where h is Planck constant, n is the refractive index, c is the
speed of light, w is the frequency of the light, and L is the
local field factor.


Possessing a dense network of delocalized p electrons, as
well as high-transparency in the near- and mid-infrared, full-


erenes are appealing candidates for NLO applications.[92,93]


NLO research on pristine C60 has proved disappointing, as
unfunctionalized fullerenes display miniscule hyperpolariza-
bilites and poor solubility.[94–96] Functionalized fullerenes,
however, have been shown to yield large g and s(2)


values.[33,97–99] By bonding fullerenes to conjugated oligomers
such as OPEs, the electronic characteristics of both compo-
nents are altered, thus modifying the overall NLO proper-
ties. Therefore, it is of particular interest to shed light on the
fullerene-controlled third-order NLO behavior as well as re-
spective structure–property relationships. From a geometry
standpoint, the OPE symmetries investigated in this work
are also of particular interest for NLO research, with the ef-
fects of both extended conjugation and polar/multipolar
symmetries on the NLO properties of molecular systems
being investigated herein.[100–110] In the OPE-based com-
pounds that we have studied, both quadrupolar (linearly p-
conjugated C60–p-C60) and octupolar (cross-conjugated) sys-
tems with similarly conjugated backbones are investigated.


For third-order NLO measurements, we used a differen-
tial optical Kerr effect (DOKE) detection technique, de-
scribed elsewhere.[73] In brief, DOKE is an ultrafast pump-
probe technique that uses an intense linearly-polarized
(pump) pulse to induce nonlinearities in the sample that are
consequently probed by a weaker, degenerate, circular-po-
larized (probe) pulse. By varying the input polarization of
the pump pulse with respect to the analyzed polarizations of
the probe pulse, we can obtain the time-resolved real (bire-
fringent) and imaginary (nonlinear absorption) components
of the sample�s third-order optical nonlinearities. Our pulses
are generated by an amplified Ti/sapphire laser producing
800 nm, 90 fs pulses at a 1 kHz repetition rate.


Preliminary efforts to investigate short fullerene-OPE
chains 28, 29, and pristine C60 failed due to their low solubil-
ity in organic solvents. The inability to resolve nonlinearities
of dilute C60 solutions is consistent with prior findings that
pristine fullerenes display extremely small nonlinear-
ites.[94–96,111] On the other hand, fullerenes bonded to long-
chain OPEs should be more soluble and were primarily tar-
geted in our study. Compounds 31 and 32 were selected as
potential candidates for NLO investigation, since they rep-
resent not only multiple-fullerene derivatives but also two
different types of molecular dimensionalities, that is, linearly
p-conjugated (quadrupolar) and cross-conjugated (octupo-
lar) structures respectively. To determine the effects of full-
erene terminal groups in governing the third-order NLO
properties, the corresponding OPE compounds 12 and 14
were also investigated. For NLO studies, all samples were
analyzed in CH2Cl2 solutions. Both compounds 31 and 32
are weakly soluble in CH2Cl2. Whereas a dilute solution of
31 (<2 mm)[112] gave detectable signals, 32 was not soluble
enough for accurate measurements, with a saturated solution
(ca. 0.5 m) yielding an unresolvable response. Although CS2


is a better solvent for fullerene compounds, CH2Cl2 displays
both smaller and faster nonlinearites that allow for the ex-
traction of small solute-derived signals with far better reso-
lution.


Figure 4. Cyclic voltammograms of C60, and 28, 32 and 35 in 0.1m


Bu4NBF4/o-dichlorobenzene at a scan rate of 0.01 V s�1 at room tempera-
ture.


Table 2. Results of the cyclic voltammetry measurements.


Formal potential[a] , E1=2
[V]


Compound I II III


C60 �0.832 �1.227 �1.691
28 �0.901 �1.281 �1.813
29 �0.905 �1.288 �1.814
30 �0.906 �1.286 �1.813
31 �0.909 �1.292 �1.814
32 �0.918 �1.304 �1.831
33 �0.906 �1.299 �1.846
35 �0.906 �1.274 �1.807


[a] Formal potentials are calculated as averages of oxidation and reduc-
tion potentials. Potentials are given in Volts (�0.003 V) versus a non-
aqueous reference electrode, Ag/AgNO3. The formal potential of 2 mm


ferrocene in 0.1m Bu4NBF4 and acetonitrile is 70 mV versus this Ag/
AgNO3 reference electrode.
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In Table 3, g and s(2) values for the OPE sample series are
listed. All g values are presented with respect to a reference
value of 5.2 � 10�37 esu for THF.[73] s(2) Values are presented
with respect to a reference (DOKE) value of 380 �
10�50 cm4 s�1 molecule�1 of MPPBT,[113] a diacetylene-based
chromophore used as a reference for all our nonlinear-ab-
sorption scans. Fullerene-terminated sample 31 displays the
largest molecular hyperpolarizability of g = 10 �10�34 esu.
This is a relatively large nonlinearity for a conjugated mole-
cule in solution, investigated nonresonantly by femtosecond
Kerr spectroscopy, and compares well with other ultrafast
third-order NLO studies of fullerene derivatives.[94,98] Of
compounds 12, 14 and 31, compound 31 also has the largest
TPA cross-section, with s(2) =140 � 10�50 cm4 s�1 molecule�1.
This value is large for a non-polymeric compound studied
with femtosecond pulses, and displays a value that compares
well with the only other fullerene-derivative TPA results re-
ported in the literature, studied with nanosecond
pulses.[82,97,103, 114]


Aside from absolute NLO coefficient values (the compar-
ison of which can be misleading[115,116]) we find several inter-
esting trends in our data: Fullerene-terminated OPE 31
shows a g value that is nearly twice that of its OPE precur-
sor 12. Likewise, a two-fold enhancement in s(2) is observed,
when comparing compound 31 with 12. A similar doubling
of the two-photon coefficients of conjugated chromophores
upon attaching a terminal fullerene is reported by Chiang
et al.[97] Considering that pristine fullerenes display negligi-
ble nonlinearities, it is possible that this enhancement of g


and s(2) for 31 compared with 12 is due to periconjugation
effects and/or charge transfer from OPE to fullerene in the
excited state. In previous works, Chiang et al. , as well as
others, attribute the sizable TPA response of functionalized
fullerenes to charge transfer from the conjugated backbone
to the terminal fullerene that acts as an electron accept-
or.[33, 94,97,98, 111,117] This explanation is consistent with our
NLO and UV/Vis results. That same study, however, found
that an octupolar conjugated backbone geometry displays
larger s(2) values than a linear conjugated quadrupolar con-
jugated backbone. In contrast, we find that the quadrupolar
12 displays a larger TPA cross-section than the octupolar 14.
This is, perhaps, not surprising when we consider that al-
though the through-centre arms of these compounds have
the same number of OPE units, in the octupolar geometry,


linear conjugation is interrupted by the meta-linked central
phenyl ring (i.e., cross conjugation), whereas the quadrupo-
lar molecule is fully conjugated along its length.[107] On the
other hand, other groups have synthesized octupolar mole-
cules with an amide core that has been shown to allow some
degree of conjugation through the center.[107,118, 119] More-
over, the superiority of the g values of 12 over 14 further
suggests that the degree of p delocalization plays a more
crucial role than the (multi)polar symmetry in controlling
the NLO behavior of the molecules synthesized here.


In addition to instantaneous two-photon absorption, the
TIPS-terminated OPEs also display excited-state absorption
(ESA).[91,120] The DOKE layout is only sensitive to changes
in the probe beam. TPA is recorded when one photon is ab-
sorbed from each of the pump and probe beams. This can
only occur when the beams are overlapped temporally. For
excited-state absorption, two photons are simultaneously ab-
sorbed from the intense pump beam to a high-lying two-
photon state. After relaxation to a lower-lying excited state,
a photon may be absorbed from the probe beam. This proc-
ess will depend on the relaxation dynamics from the two-
photon and lower excited-state as well as the transition
probability of the excited state from which the subsequent
absorption is to take place.[91,120]


Figure 5 presents the time-resolved nonlinear absorption
responses of 12, 14, 31, and MPPBT. CH2Cl2, lacking TPA
only, displays a very small transient grating signal typical of
coherent coupling (not shown).[121] Whereas OPE com-
pounds 12 and 14 both display a measure of excited-state
absorption, the fullerene-terminated 31 shows only instanta-
neous TPA. When the nonlinear absorption of MPPBT is
shown for comparison, it becomes clear that the excited-
state dynamics of both the quadrupolar OPE 12 and octupo-
lar OPE 14 are quite similar (Figure 5b). This is somewhat
surprising as the electronic levels in these systems are ex-
pected to be closely governed by the transition dipoles and
geometry. For example, the lowest lying energy state in the
centrosymmetric 12 is expected to be two-photon forbidden,
while having a higher-energy state that is one-photon forbid-
den but two-photon allowed. On the other hand, the non-
centrosymmetric 14 is expected to have both a one- and
two-photon allowed first excited state.[105,107] Because the
band-gap wavelength (lmax =415–430 nm) of these samples
is longer than the two-photon wavelength (1=2 llaser =


400 nm), it is possible that the TPA is occurring to a high-
lying excited state. Accordingly, from the UV/Vis spectra
and time-resolved ESA dynamics, it is reasonable to suggest
that it is the OPE chromophore units themselves, rather
than the multipolar geometry, that regulates the excited-
state behavior of samples 12 and 14. The fact that the OPE
precursor 12 displays excited-state absorption while the full-
erene-terminated compound 31 does not, is further consis-
tent with a charge-transfer mechanism, in which relaxations
from the two-photon to the ground state take place without
significant population of the intermediate excited state that
is observed in 12 and 14.[97] However, in the absence of two-
photon induced fluorescence spectroscopy data[90] it is diffi-


Table 3. Molecular third-order hyperpolarizabilities g, TPA cross sections
s(2), and low-energy absorption peak wavelengths for compounds 12, 14,
and 31. (s(2) values are relative to 380 � 10�50 cm4 s�1 molecule�1 of
MPPBT in DMSO).


Compound Concentration lmax g s(2)


[mm] [nm] [10�34 esu] [10�50 cm4 s�1]


12 20 430 5.7�0.4 65�10
14 20 415 4.4�0.2 28�8
31 2 425 10�3 140�40
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cult to conclusively map out the electronic states in these
samples.


Conclusion


We have developed a new in situ alkynylation methodology
that allows fullerene to be functionalized with a variety of
terminal alkynes in satisfactory yields. The protocol is par-
ticularly useful for generating various multi-fullerene con-
taining compounds, and thus widens the synthetic capability
in the design and preparation of new fullerene derivatives.
In this context, we have synthesized a number of multiple-
fullerene OPE hybrid molecules. The high purity of the
products obtained enables the detailed characterization of
the NMR features of the functionalized fullerene cages as
well as the carbon-rich OPE backbones by 1D and 2D
NMR studies. Electronic properties of these new fullerene-
OPE derivatives have been probed by UV/Vis spectroscopic
analysis, which suggests the existence of electronic interac-
tions between the fullerene and OPE components of the
molecule. This is further supported by electrochemical stud-
ies using the CV method. The observation that the formal
potentials of the first redox wave consistently shift toward
the negative direction as the OPE chain length increases is
an important piece of evidence for the interplays between
the fullerenes and OPE moieties. Furthermore, we investi-
gated the third-order NLO and nonlinear-absorption proper-
ties of fullerene derivative 31 and OPE precursors 12 and 14
by using a DOKE detection technique. The measured g and
s(2) values for fullerene derivative 31 are approximately
double those of its OPE precursor 12, whereas pristine C60


nonlinearities are negligible. This provides further evidence
that a synergistic interaction between the conjugated OPE


backbone and terminal fullerenes is taking place. Other
groups have attributed similar findings to the formation of a
charge-transfer species in which excited electrons pass from
the conjugated backbone to the terminal fullerene. This pro-
posed mechanism is further supported by the comparisons
of the excited-state absorption dynamics of compounds 12,
14 and 31. Whereas both of the pure OPE frameworks dis-
play similar excited-state absorption, end-capping with full-
erene (in 31) yields a compound that only displays instanta-
neous two-photon absorption. Finally, the fullerene-termi-
nated OPE 31 displays sizable g- and s(2)-values that are
consistent with other C60 derivatives reported in the litera-
ture. Thus, our findings are potentially instructive to guiding
the molecular design and engineering of organic-based elec-
tronic and nonlinear optical materials.


Experimental Section


General : All reactions were performed under an atmosphere of nitrogen
unless stated otherwise. Precursors 2–15 and multiple [60]fullerene deriv-
atives 28–32 were available from previous studies (see Supporting Infor-
mation).[72] Precursors 18 and 19 were prepared according to literature
procedures.[122] Reagent grade diethyl ether and tetrahydrofuran (THF)
were distilled from sodium/benzophenone. Triethylamine (TEA) was dis-
tilled over CaH2. Fullerene (99.5+ % pure) was purchased from MTR
Ltd. and used as received. LHMDS (1 m solution in THF) and TBAF (1 m


solution in THF) were obtained from Aldrich. Flash column chromatog-
raphy was performed using 230–400 mesh silica gel from EM Science.
Thin layer chromatography was performed using glass plates pre-coated
with silica gel 40 F254 purchased from EM Science. 1H and 13C NMR spec-
tra were recorded on Bruker Avance-400 and 500 spectrometers. 2D-
NMR experiments (1H,1H COSY, 1H,13C HSQC, and 1H,13C HMBC)
were conducted on the Bruker 500 spectrometer. FT-IR spectra were
measured on a Perkin–Elmer 1600 series instrument. Electron impact
mass spectra were recorded on a Finnigan MAT95 mass spectrometer
and MALDI-TOF mass spectrum was performed on a Bruker BiFlex-III
MALDI mass instrument. Melting points were measured on a Mel-Temp
instrument (uncorrected). UV/Vis spectra were recorded on a Shimadzu
UV-3101PC spectrometer. Ultra-sonicated fullerene slurry in THF was
prepared in a general ultrasonic cleaner.


General procedure for the coupling of a terminal alkyne with an aryl
halide using a palladium-catalyzed cross-coupling (Sonogashira) protocol :
The aryl halide, the terminal alkyne, PdCl2(PPh3)2 (ca. 5 mol % per aryl
halide), and CuI (ca. 10 mol % per aryl halide) were added to an oven-
dried round bottom flask equipped with a magnetic stir bar. A solvent
system of TEA and/or THF was added depending on the substrates.
Upon completion of the reaction, it was quenched with a saturated so-
lution of NH4Cl. The organic layer was then diluted with hexanes, diethyl
ether or CH2Cl2, and washed with water or saturated NH4Cl (1 � ). The
combined aqueous layers were extracted with hexanes, diethyl ether or
CH2Cl2 (2 � ). The combined organic layers were dried over MgSO4 and
the solvent was removed in vacuo to afford the crude product, which was
purified by column chromatography (silica gel). Eluents and other slight
modifications are described below for each compound.


General procedure for the addition of C60 to terminal alkynes using
LHMDS : The terminal alkyne and C60 (2 equiv per terminal alkyne H)
was added to an oven-dried round bottom flask equipped with a magnet-
ic stirrer. After adding THF, the flask was sonicated for at least 3 h. To
the greenish-brown suspension formed after sonication was added
LHMDS drop-wise at room temperature. As the reaction progressed, the
mixture turned into a deep greenish-black solution. During the addition
of the LHMDS, small aliquots from the reaction were extracted and
quenched with trifluoroacetic acid (TFA), dried, and re-dissolved in CS2


Figure 5. Time-resolved (molecular) nonlinear absorption response of 31,
12, 14, and MPPBT. The MPPBT response has been scaled down by 50 %
for ease of comparison. a) Two-photon absorption is seen on-peak (t=


0 ps) for all samples, while longer time scales represent excited-state ab-
sorption (ESA). Note that ESA is absent in the fullerene-terminated
OPE 31. b) (Log-linear graph) Excited-state absorption decays, showing
that samples 12 and 14 have strikingly similar relaxation dynamics.
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for TLC analysis (developed in a mixture of CH2Cl2 and hexanes). Com-
pletion of the reaction was confirmed by the disappearance of the start-
ing materials. The reaction was usually complete within 0.5–1.5 h. Upon
completion of the reaction, it was quenched with TFA to give a brownish
slurry. Excess TFA and solvent were then removed in vacuo to afford a
crude product that was purified by flash column chromatography (silica
gel). Eluents and other slight modifications are described below for each
compound.


Compound 16 : TBAF (0.32 mL, 0.32 mmol) was added to a solution of
14 (328 mg, 0.106 mmol) in THF (5 mL). After stirring at RT for 5 min,
the reaction was quenched with H2O and extracted with diethyl ether.
After a brief aqueous workup, the solvents were removed in vacuo. The
resulted desilylated product was coupled with 4 (260 mg, 0.424 mmol)
under catalysis of [PdCl2(PPh3)2] (12 mg, 0.017 mmol) and CuI (6 mg,
0.03 mmol) in Et3N (40 mL) following the general coupling procedure.
After reaction the residue was purified by silica column chromatography
with 50–60 % CH2Cl2 in hexanes to afford 16 (337 mg, 78%) as a yellow
solid. 1H NMR (500 MHz, CDCl3): d=7.64 (s, 3 H), 7.03 (s, 3 H), 7.013 (s,
3H), 7.008 (s, 6H), 6.96 (s, 3H), 6.95 (s, 3 H), 4.03 (m, 24 H), 3.97 (m,
12H), 1.86 (m, 36 H), 1.51 (m, 36H), 1.41–1.16 (m, 216 H), 0.93–0.78 (m,
54H), 0.27 ppm (s, 27H); 13C NMR (125 MHz, CDCl3): d=154.4, 154.0,
153.72, 153.71, 153.68, 153.5, 134.1, 124.4, 117.6, 117.5, 117.4, 117.2, 115.0,
114.8, 114.53, 114.47, 113.9, 113.7, 101.4, 100.3, 93.5, 91.9, 91.8, 91.7, 87.4,
70.0, 69.9, 69.6, 32.13, 32.11, 31.97, 29.92, 29.87, 29.84, 29.80, 29.71, 29.69,
29.67, 29.59, 29.57, 29.52, 20.39, 26.34, 26.29, 26.25, 26.21, 26.18, 23.1,
22.9, 22.7, 14.3, 0.19 ppm; IR (CH2Cl2 cast): ñ = 2924, 2853, 2151, 1578,
1590 cm�1; MALDI-TOF MS (dithranol as the matrix): m/z : calcd for
C273H426O18Si3: 4077; found: 4078 [M]+ .


1,2-Bis(decyloxy)-4-iodo-5-trimethylsilylethynylbenzene (20): See the
general procedure for the Pd/Cu coupling reaction. The materials used
were TMSA (2.20 mL, 15.5 mmol), 19[122] (8.83 g, 13.7 mmol), [PdCl2-
(PPh3)2] (0.25 g, 0.36 mmol), CuI (0.10 g, 0.53 mmol), TEA (20 mL), and
THF (100 mL) at room temperature overnight. The residue was purified
by flash column chromatography with 10 % CH2Cl2 in hexanes to give
product 20 (3.55 g, 42%) as a yellow oil. 1H NMR (400 MHz, CDCl3):
d=7.21 (s, 1H), 6.96 (s, 1 H), 3.95 (m, 4H), 1.80 (m, 4 H), 1.45 (m, 4 H),
1.33 (m, 24 H), 0.89 (t, 3J(H,H) =6.7 Hz, 6H), 0.28 ppm (s, 9 H);
13C NMR (100 MHz, CDCl3): d =150.3, 149.0, 123.0, 121.9, 117.2, 107.2,
96.6, 90.8, 69.54, 69.47, 32.13, 29.81, 29.78, 29.6, 29.3, 29.25, 29.16, 26.13,
22.9, 14.3, 0.14 ppm; FTIR (CH2Cl2 cast): ñ = 2954, 2923, 2855,
2153 cm�1; HRMS (EI): m/z : calcd for C31H53IO2Si: 612.2860; found:
612.2849 [M]+ .


1,2-Bis(decyloxy)-4-triisopropylsilylethynyl-5-trimethylsilylethynylben-
zene (21): See the general procedure for the Pd/Cu coupling reaction.
The materials used were TIPSA (2.00 mL, 8.92 mmol), 20 (3.50 g,
5.71 mmol), [PdCl2(PPh3)2] (0.12 g, 0.17 mmol), CuI (0.054 g, 0.28 mmol),
and TEA (50 mL) at 50 8C overnight. The residue was purified by flash
column chromatography with 10–20 % CH2Cl2 in hexanes to give product
21 (3.77 g, 99%) as a pale yellow oil. 1H NMR (400 MHz, CDCl3): d=


6.91 (s, 1H), 6.88 (s, 1 H), 3.98 (m, 4 H), 1.81 (m, 4 H), 1.46 (m, 4H), 1.31
(m, 24 H), 1.16 (s, 21H), 0.89 (t, 3J(H,H) =6.7 Hz, 6 H), 0.25 ppm (s, 9H);
13C NMR (100 MHz, CDCl3): d=149.5, 149.4, 119.3, 119.0, 117.3, 117.27,
105.9, 104.2, 96.5, 93.1, 69.6 (2 � ), 32.3, 30.0, 29.97, 29.8, 29.76, 29.5,
29.48, 26.3, 23.1, 19.2, 14.5, 11.8, 0.46 ppm; FTIR (CH2Cl2 cast): ñ =


2924, 2923, 2859, 2151 cm�1; HRMS (EI): m/z : calcd for C42H74O2Si2:
666.5227; found: 666.5235 [M]+ .


1,2-Bis(decyloxy)-4-ethynyl-5-triisopropylethynylbenzene (22): Com-
pound 21 (3.77 g, 5.65 mmol), K2CO3 (1.66 g, 12.0 mmol), and THF/
MeOH (1:1, 80 mL) were added to a round bottom flask equipped with a
magnetic stirrer. The reaction mixture was stirred for 3 h at room temper-
ature and then quenched with satd NH4Cl and diluted with hexanes. The
organic layer was washed with water (1 � ), dried over MgSO4, and the
solvent was removed in vacuo. The residue was purified by flash column
chromatography with 10–15 % CH2Cl2 in hexanes to give product 22
(3.19 g, 95%) as a pale yellow oil. 1H NMR (400 MHz, CDCl3): d=6.94
(s, 1H), 6.92 (s, 1H), 3.99 (m, 4 H), 3.17 (s, 1 H), 1.81 (m, 4 H), 1.46 (m,
4H), 1.31 (m, 24H), 1.15 (s, 21 H), 0.89 ppm (t, 3J(H,H) =6.7 Hz, 6 H);
13C NMR (100 MHz, CDCl3): d =149.5, 149.2, 119.8, 118.1, 116.8, 116.6,


105.3, 93.3, 82.8, 79.6, 69.4 (2 � ), 32.1, 29.8, 29.78, 29.6, 29.3, 29.26, 26.2,
26.1, 22.9, 19.0, 14.3, 11.6 ppm; FTIR (CH2Cl2 cast): ñ = 3314, 2931,
2856, 2149, 2108 cm�1; HRMS (EI): m/z : calcd for C39H66O2Si: 594.4832;
found: 594.4833 [M]+ .


Compound 23 : See the general procedure for the Pd/Cu coupling reac-
tion. The materials used were 22 (0.85 g, 1.43 mmol), 4 (0.84 g,
1.37 mmol), [PdCl2(PPh3)2] (0.032 g, 0.046 mmol), CuI (0.013 g,
0.070 mmol), and TEA (17 mL) at 50 8C overnight. The residue was fil-
tered through a plug of silica gel, and subjected to the next reaction with
K2CO3 (0.33 g, 2.39 mmol) and THF/MeOH (1:1, 34 mL). The reaction
mixture was stirred for 3 h at room temperature and then quenched with
satd NH4Cl and diluted with hexanes. The organic layer was washed with
water (1 � ), dried over MgSO4, and the solvent was removed in vacuo.
The residue was purified by flash column chromatography with 20 %
CH2Cl2 in hexanes to give product 23 (1.13 g, 82 %) as an orange waxy
solid. 1H NMR (400 MHz, CDCl3): d =6.98 (s, 1 H), 6.96 (s, 1 H), 6.95 (s,
1H), 6.94 (s, 1H), 4.01–3.96 (m, 8H), 3.34 (s, 1H), 1.84–1.80 (m, 8H),
1.48–1.46 (m, 8H), 1.35–1.24 (m, 48H), 1.12 (s, 21H), 0.91–0.86 ppm (m,
12H); 13C NMR (100 MHz, CDCl3): d=154.3, 153.8, 149.4, 149.3, 119.3,
118.7, 118.0, 117.1, 117.0, 116.7, 115.5, 112.4, 105.9, 94.4, 93.0, 87.9, 82.3,
80.3, 69.9, 69.8, 69.5, 69.4, 32.1, 29.9, 29.84, 29.81, 29.78, 29.64, 29.57,
29.45, 29.37, 29.33, 26.2, 26.1, 22.9, 19.0, 14.3, 11.6 ppm; FTIR (CH2Cl2


cast): ñ = 3313, 2923, 2853, 2147 cm�1; MALDI-TOF MS (dithranol as
the matrix): m/z : calcd for C67H110O4Si: 1007; found: 1007 [M]+ .


Compound 25 : See the general procedure for the Pd/Cu coupling reac-
tion. The materials used were 23 (0.27 g, 0.27 mmol), 1,4-diiodobenzene
(24) (0.040 g, 0.12 mmol), [PdCl2(PPh3)2] (0.01 g, 0.013 mmol), CuI
(0.003 g, 0.016 mmol), and TEA (20 mL) at room temperature overnight.
The residue was purified by flash column chromatography with 25–33 %
CH2Cl2 in hexanes to give product 25 (0.203 g, 81%) as a yellow-green
solid. 1H NMR (400 MHz, CDCl3): d=7.52 (s, 4 H), 7.015 (s, 2H), 7.008
(s, 2 H), 6.998 (s, 2 H), 6.96 (s, 2 H), 4.05–3.99 (m, 16 H), 1.87–1.84 (m,
16H), 1.51–1.26 (m, 112 H), 1.15 (s, 42 H), 0.92–0.87 ppm (m, 24H);
13C NMR (100 MHz, CDCl3): d=153.93, 153.85, 149.4, 149.3, 131.6, 123.5,
119.4, 118.7, 117.1 (2 � ), 117.0, 116.7, 115.1, 113.6, 106.0, 94.7, 94.4, 93.0,
88.3, 88.1, 69.83, 69.79, 69.4, 69.3, 32.1, 29.9, 29.87, 29.84, 29.83, 29.80,
29.79, 29.65, 29.63, 29.57, 29.37, 29.33, 26.29, 26.25, 26.21, 26.20, 22.9,
19.0, 14.3, 11.6 ppm; FTIR (CH2Cl2 cast): n =2923, 2853, 2203, 2145 cm�1;
MALDI-TOF MS (sulphur as the matrix): m/z : calcd for C140H222O8Si2:
2089; found: 2089 [M]+ .


Compound 27: See the general procedure for the Pd/Cu coupling reac-
tion. The materials used were 23 (0.67 g, 0.66 mmol), 1,3,5-tribromoben-
zene (26) (0.022 g, 0.07 mmol), [PdCl2(PPh3)2] (0.006 g, 0.008 mmol), CuI
(0.002 g, 0.009 mmol), and TEA (13 mL) at 75 8C overnight. The residue
was purified by flash column chromatography with 25–35 % CH2Cl2 in
hexanes to give product 27 (0.165 g, 76 %) as a yellow waxy solid.
1H NMR (500 MHz, CDCl3): d=7.65 (s, 3 H), 6.999 (s, 3 H), 6.998 (s,
3H), 6.992 (s, 3H), 6.95 (s, 3 H), 4.04–3.98 (m, 24H), 1.8 (m, 24 H), 1.5(m,
24H), 1.33–1.23 (m, 144 H), 1.14 (s, 63 H), 0.91–0.84 ppm (m, 36H);
13C NMR (125 MHz, CDCl3): d=153.91, 153.90, 149.3, 149.2, 134.1, 124.4,
119.4, 118.7, 117.3, 117.2, 116.9, 116.6, 115.2, 113.4, 105.9, 94.5, 93.3, 93.0,
88.1, 87.4, 69.9 (2 � ), 69.4, 69.3, 32.13, 32.12, 32.11, 29.92, 29.90, 29.88,
29.85, 29.83, 29.81, 29.791, 29.788, 29.67, 29.64, 29.62, 29.58, 29.57, 29.56,
29.36, 29.33, 26.27, 26.25, 26.21, 26.20, 22.91, 22.90, 22.89, 18.98, 14.34,
14.33, 11.6 ppm; FTIR (CH2Cl2 cast): ñ = 2923, 2852, 2207, 2149 cm�1;
MALDI-TOF MS (sulfur as the matrix): m/z : calcd for C207H330O12Si3:
3095; found: 3095 [M]+ .


Compound 33 : TBAF (0.15 mL, 0.15 mmol) was added to a solution of
16 (173 mg, 0.0424 mmol) dissolved in THF (5 mL). The reaction mixture
was stirred for 1 min at room temperature and then quenched with satd
NH4Cl and diluted with diethyl ether. The organic layer was washed with
water (1 � ), dried over MgSO4, the slurry was filtered and the solvent
was removed from the filtrate in vacuo. All organic residues were subject
to the next reaction without further purification (see the general proce-
dure for the addition reaction of C60 using LHMDS). The materials used
were C60 (229 mg, 0.318 mmol), LHMDS (0.64 mL, 0.64 mmol), and THF
(220 mL). The reaction was quenched at 1 h with TFA (0.15 mL,
2.0 mmol). Crude products were dissolved in CS2, mixed with silica gel,
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and loaded onto a column with hexanes/CS2/CH2Cl2 (100:1:1). The
column was eluted with hexanes/CS2/CH2Cl2 (30:70:1) to remove un-
reacted C60, and then with hexanes/CS2/CH2Cl2 (50:1:50) to afford prod-
uct 33 (82 mg, 32 %) as a brown solid. 1H NMR (500 MHz, CDCl3): d=


7.66 (s, 3 H), 7.29 (s, 3H), 7.18 (s, 3H), 7.14 (s, 3H), 7.07 (s, 3 H), 7.06 (s,
3H), 7.05 (s, 3 H), 7.03 (s, 3 H), 4.15 (t, 3J(H,H) = 6.4 Hz, 12H), 4.07 (m,
24H), 1.98–1.83 (m, 36H), 1.70–1.50 (m, 36H), 1.45–1.14 (m, 216 H),
0.91–0.80 ppm (m, 54H); 13C NMR (125 MHz, CDCl3): d =154.6, 153.8,
153.57, 153.56, 153.55, 153.48 (6 signals from the C-O in the aromatic
ring), 151.7, 151.5, 147.7, 147.4, 146.7, 146.47, 146.46, 146.3, 145.9, 145.8,
145.7, 145.52, 145.51, 145.4, 144.8, 144.6, 143.3, 142.7, 142.6, 142.2, 142.11,
142.05, 141.97, 141.74, 141.67, 140.45, 140.37, 136.2, 135.3 (30 signals from
sp2-C in the C60 core), 133.9 (CH on the central ring), 124.2 (substituted
C on the central ring), 117.3, 117.2, 116.9, 115.2, 114.7, 114.4, 114.2, 113.5,
112.9, 97.6, 93.3, 92.0, 91.7, 91.6, 91.5, 87.2, 80.3, 69.9, 69.8, 69.7, 69.6,
69.5, 62.0 (CH in the C60 core), 55.6 (quaternary sp3-C in the C60 core),
32.0, 31.95, 31.943, 31.940, 31.91, 30.0, 29.845, 29.837, 29.78, 29.77, 29.74,
29.72, 29.71, 29.68, 29.66, 29.60, 29.57, 29.53, 29.52, 29.49, 29.48, 29.45,
29.43, 29.41, 29.39, 29.37, 29.35, 26.6, 26.14, 26.09, 26.06, 26.02, 22.74,
22.72, 22.70, 14.18, 14.16, 14.152, 14.146, 14.140 ppm; FTIR (CH2Cl2


cast): ñ=2923, 2852, 1505, 1464 cm�1; MALDI-TOF MS (dithranol as the
matrix): m/z : calcd for C444H402O18: 6021; found: 6021 [M]+ . (Additional
NMR information is in the Supporting Information.)


Compound 34 : Compound 25 (0.16 g, 0.077 mmol), TBAF (0.2 mL,
0.2 mmol), and THF (15 mL) were added to a round bottom flask equip-
ped with a magnetic stirrer. The reaction mixture was stirred for 1 h at
room temperature and then quenched with satd NH4Cl and diluted with
hexanes. The organic layer was washed with water (1 � ), dried over
MgSO4, and the solvent was removed in vacuo. All organic residues were
subject to the next reaction without further purification (see the general
procedure for the addition reaction of C60 by using LHMDS). The mate-
rials used were C60 (0.17 g, 0.23 mmol), LHMDS (0.6 mL, 0.6 mmol), and
THF (100 mL). The reaction was quenched at 2 h with TFA (0.3 mL,
3.9 mmol). Crude products were dissolved in CS2 and directly loaded
onto a column with hexanes/CS2/CH2Cl2 (100:1:1). The column was
eluted with hexanes/CS2/CH2Cl2 (100:1:1) to remove unreacted C60, and
then with hexanes/CS2/CH2Cl2 (55:45:1) for complete removal of trace
C60, and finally with hexanes/CS2/CH2Cl2 (75:1:25 to 40:1:60) to afford
product 34 (0.12 g, 48%) as a brown solid. 1H NMR (500 MHz, CDCl3):
d=7.39 (s, 4 H), 7.27 (s, 2 H), 7.18 (s, 2H), 7.16 (s, 2H), 7.09 (s, 2 H), 6.91
(s, 2 H), 4.13 (t, 3J(H,H) =6.7 Hz, 4H), 4.09 (t, 3J(H,H) =6.5 Hz, 4H),
4.01 (t, 3J(H,H) =6.4 Hz, 4H), 3.88 (t, 3J(H,H) =6.7 Hz, 4H), 1.91–1.87
(m, 12 H), 1.69 (m, 4H), 1.50 (m, 12 H), 1.45–1.15 (m, 100 H), 0.90–
0.83 ppm (m, 24 H); 13C NMR (125 MHz, CDCl3): d=153.84, 153.81,
149.6, 149.3 (4 signals from C-O in the aromatic ring), 151.7, 151.6, 147.7,
147.4, 146.6, 146.41, 146.40, 146.254, 146.245, 145.8, 145.7, 145.6, 145.5,
145.43, 145.37, 144.7, 144.5, 143.2, 142.62, 142.57, 142.09, 142.06, 142.0,
141.9, 141.7, 141.6, 140.3 (2 � ), 136.0, 135.2 (29 resolved signals from sp2-
C in the C60 core), 131.4 (CH on the central ring), 123.2 (substituted C
on the central ring), 120.2, 117.8, 117.2, 117.0, 115.9, 115.7, 114.4, 114.1,
95.2, 94.7, 94.1, 88.8, 88.0, 83.0, 69.9, 69.6, 69.3, 69.2, 62.2 (CH in the C60


core), 55.5 (quaternary sp3-C in the C60 core), 31.95, 31.94, 31.93, 29.74,
29.71, 29.69, 29.67, 29.66, 29.63, 29.62, 29.61, 29.58, 29.53, 29.47, 29.45,
29.43, 29.41, 29.39, 29.38, 29.32, 29.18, 29.16, 26.20, 26.15, 26.07, 26.06,
22.75, 22.74, 22.72, 22.71, 14.22, 14.18, 14.15 ppm; FTIR (CH2Cl2 cast): ñ


= 2920, 2850, 2205 cm�1; MALDI-TOF MS (sulfur as the matrix): m/z :
calcd for C242H182O8: 3218; found: 3217 [M]+ . (Additional NMR informa-
tion is in the Supporting Information.)


Compound 35 : Compound 27 (0.16 g, 0.051 mmol), TBAF (0.2 mL,
0.2 mmol), and THF (17 mL) were added to a round bottom flask equip-
ped with a magnetic stirrer. The reaction mixture was stirred for 1 h at
room temperature and then quenched with satd NH4Cl and diluted with
hexanes. The organic layer was washed with water (1 � ), dried over
MgSO4, and the solvent was removed in vacuo. All organic residues were
subject to the next reaction without further purification (see the general
procedure for the addition reaction of C60 by using LHMDS). The mate-
rials used were C60 (0.16 g, 0.22 mmol), LHMDS (0.5 mL, 0.5 mmol), and
THF (100 mL). The reaction was quenched at 1 h with TFA (0.2 mL,
2.6 mmol). Crude products were dissolved in CS2 and directly loaded


onto a column with hexanes/CS2/CH2Cl2 (100:1:1). The column was
eluted with hexanes/CS2/CH2Cl2 (100:1:1) to remove unreacted C60, and
then with hexanes/CS2/CH2Cl2 (50:50:1) for complete removal of trace
C60, and finally with hexanes/CS2/CH2Cl2 (75:1:25 to 65:1:35) to afford
product 35 (0.13 g, 55%) as a brown solid. 1H NMR (500 MHz, CDCl3):
d=7.45 (s, 3 H), 7.28 (s, 3H), 7.174 (s, 3 H), 7.171 (s, 3H), 7.09 (s, 3 H),
6.88 (s, 3H), 4.13 (t, 3J(H,H) =6.6 Hz, 6 H), 4.09 (t, 3J(H,H) =6.7 Hz,
6H), 4.01 (t, 3J(H,H) =6.7 Hz, 6H), 3.87 (t, 3J(H,H) =6.7 Hz, 6H), 1.92–
1.87 (m, 18H), 1.65 (m, 6H), 1.53 (m, 18H), 1.45–1.12 (m, 150 H), 0.90–
0.87 (m, 27 H), 0.80 ppm (t, 3J(H,H) =7.0 Hz, 9H); 13C NMR (125 MHz,
CDCl3): d=153.9, 153.8, 149.6, 149.3 (4 signals from sp2-C in the aromat-
ic ring), 151.7, 151.6, 147.6, 147.4, 146.6, 146.41, 146.40, 146.24, 146.23,
145.8, 145.7, 145.6, 145.444, 145.436, 145.37, 144.7, 144.5, 143.2, 142.60,
142.58, 142.09, 142.06, 142.0, 141.9, 141.7, 141.6, 140.290, 140.285, 136.0,
135.2 (30 signals from sp2-C in the C60 core), 133.9, 124.0, 120.2, 117.9,
117.3, 117.1, 115.8, 115.7, 114.6, 113.9, 95.2, 94.1, 93.3, 88.8, 87.1, 83.0,
70.0, 69.7, 69.3, 69.2, 62.2 (CH in the C60 core), 55.5 (quaternary sp3-C in
the C60 core), 31.97, 31.95, 31.94, 29.67, 29.67, 29.66, 29.63, 29.62, 29.47,
29.46, 29.45, 29.41, 29.394, 29.387, 26.3, 26.15, 26.069, 26.056, 22.763,
22.755, 22.724, 22.716, 14.24, 14.20, 14.15 ppm; FTIR (CH2Cl2 cast): ñ =


2921, 2851, 1509 cm�1; MALDI-TOF MS (dithranol as the matrix): m/z :
calcd for C360H270O12: 4787; found: 4788 [M]+ .


Blank test reaction of [60]fullerene with LHMDS : A dark brownish
slurry of pristine C60 (45 mg, 0.063 mmol) in THF (30 mL) was ultrasoni-
cated under N2 for 4 h. LHMDS (0.31 mL, 0.31 mmol) was then added
dropwise over 15 min and the mixture was kept stirring at room tempera-
ture for 2 h until a green color was observed. The reaction was quenched
with TFA (0.1 mL) and the solvents were removed in vacuo. The resulted
brownish solid was applied to a short silica plug and eluted with CS2 af-
fording the unreacted fullerene (41 mg, 0.057 mmol, 90% recovery). Af-
terwards, the silica plug was eluted with CS2/CH2Cl2 (1:1) giving a brown
solid (2 mg), which was characterized by 1H NMR and MALDI-TOF MS
as described in the text.


Electrochemistry : Cyclic voltammetry experiments were performed on a
BAS-CV 50W instrument. A non-aqueous Ag/AgNO3 electrode was used
to serve as the reference electrode. A glass carbon electrode was used as
the working electrode and a platinum wire as the counter-electrode. All
experiments were conducted under a N2 atmosphere using 3–5 mL so-
lution containing 0.1m Bu4NBF4 as the supporting electrolyte. The formal
potential of 2 mm ferrocene in 0.1 m Bu4NBF4 and acetonitrile is 70 mV
versus the Ag/AgNO3 reference electrode.


Third-order NLO and TPA studies : The molecular third-order hyperpo-
larizabilities were measured by a differential optical Kerr effect (DOKE)
setup as reported elsewhere.[73] A multi-pass Ti/sapphire laser amplifier
output 800 nm, 90 fs, 700 mJ pulses at a repetition rate of ~1 kHz. The
beam was split into pump and probe beams, with the beamsplitter provid-
ing a 20:1 pump/probe energy ratio. The probe pulse was time-delayed
with respect to the pump pulse by a computer controlled retro-reflector
delay stage along the probe arm. The pump pulse is chopped by a 50 %
duty cycle chopper (CH) at 1=4 of the repetition rate (~270 Hz). Using a
half-wave plate, the pump pulse was polarized 458 to the horizontal and
was focused onto a 1 mm path-length quartz cuvette that was filled with
a sample solution. The pump beam was directed to the sample and was
nearly collinear (ca. 38) with the circular-polarized probe beam. Attenua-
tion control was present for both beams. At the sample, 0.05 mJ and 1–
4 mJ pulses were typically used for the probe and pump beams respective-
ly. The pump beam was blocked after the sample, while the probe beam
was allowed to travel to a Wollaston polarizer acting as the analyzer.
Here, the two transmitted beams were separated and directed to bal-
anced photodiodes. Photodiode A received the horizontally polarized
beam, and photodiode B received the vertically polarized beam. The sum
and difference (A+B and A�B, respectively) of these signals were sent
to separate lock-in amplifiers. The A�B signal was detected at the chop-
ped frequency, and A+B was detected at the laser repetition rate fre-
quency. Finally, these signals were sent to a data acquisition board en-
route to a personal computer that is used for analysis and delay-stage
control.
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When the input pump polarization is aligned with one of the analyzer�s
axes (i.e., vertical or horizontal, in our case) the detected signal is pro-
portional to the imaginary component of the nonlinearity, Im(g), and
thus gives the nonlinear absorption response of the samples. On the
other hand, when the input pump polarization is 458 to the analyzing di-
rections, the detected signal is proportional to both the real and imagina-
ry components of g. Thus, by iterative scans with both polarizations, the
real and imaginary components of the third-order optical nonlinearities
are separated.[73]


All samples were prepared as solutions in CH2Cl2 after a period of ultra-
sonication, and then transferred into 1.0 mm path-length quartz cuvettes
for measurement.


Acknowledgements


This work was supported by the Welch Foundation of Texas, the Defense
Advanced Research Projects Agency (DARPA), the Office of Naval Re-
search and the Penn State MRSEC funded by the National Science Foun-
dation (NSF). The NSF provided partial funding for the 400 (CHEM
0075728) and 500 MHz NMR (CHE-708978). We thank Dr. I. Chester of
FAR Research Inc. for providing trimethylsilylacetylene. Y.Z. thanks the
NSERC of Canada for providing a postdoctoral fellowship. A.D.S. thanks
NSERC of Canada and the Alberta Ingenuity Fund for financial support.


[1] R. Kiebooms, R. Menon, K. Lee in Handbook of Advanced Elec-
tronic and Photonic Materials and Devices (Ed.: H. S. Nalwa), Aca-
demic Press, San Diego, 2001.


[2] Electronic Materials : The Oligomer Approach (Eds.: K. M�llen, G.
Wegner), Wiley-VCH, Weinheim, 1998.


[3] G. I. Stegeman in Organic Materials for Non-Linear Optics, Vol. II
(Eds.: R. A. Hann, D. Bloor), RSC, Cambridge, 1991, pp. 311 –323.


[4] R. E. Martin, F. Diederich, Angew. Chem. 1999, 111, 1440 – 1469;
Angew. Chem. Int. Ed. 1999, 38, 1350 –1377.


[5] R. R. Tykwinski, Y. Zhao, Synlett 2002, 1939 – 1953.
[6] A. D. Slepkov, F. A. Hegmann, S. Eisler, E. Elliott, R. R. Tykwin-


ski, J. Chem. Phys. 2004, 120, 6807 – 6810.
[7] U. H. F. Bunz, Chem. Rev. 2000, 100, 1605 – 1644.
[8] R. J. O. M. Hoofman, M. P. de Haas, L. D. A. Siebbeles, J. M.


Warman, Nature 1998, 392, 54 –56.
[9] R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N.


Marks, C. Taliani, D. D. C. Bradley, D. A. Dos Santos, J. L. Br�das,
M. Lçgdlund, W. R. Salaneck, Nature 1999, 397, 121 – 128.


[10] Polythiophenes: Electrically Conductive Polymers (Eds.: G. Schopf,
G. Kossmehl), Springer, New York, 1997.


[11] H. Sirringhaus, P. J. Brown, R. H. Friend, M. M. Nielsen, K. Bech-
gaard, B. M. W. Langeveld-Voss, A. J. H. Spiering, R. A. J. Janssen,
E. W. Meijer, P. Herwig, D. M. de Leeuw, Nature 1999, 401, 685 –
688.


[12] Handbook of Oligo- and Polythiophenes (Ed.: D. Fichou), Wiley-
VCH, Weinheim, 1999.


[13] Molecular Electronics-Science and Technology (Ed.: A. Aviram),
American Institute of Physics, New York, 1992.


[14] J. M. Tour, Acc. Chem. Res. 2000, 33, 791 –804.
[15] Photonic and Optoelectronic Polymers (Eds.: S. A. Jenekhe, K. J.


Wynne), ACS, Washington, 1997.
[16] Conjugated Polymeric Materials : Opportunities in Electronics, Op-


toelectronics and Molecular Electronics (Eds.: J. L. Br�das, R. R.
Chance), Kluwer Academic Publishers, Dordrecht, 1990.


[17] Polymers for Second-Order Nonlinear Optics (Eds.: G. A. Lindasy,
K. D. Singer), ACS, Washington, DC, 1995.


[18] T. A. Skotheim, R. L. Elsenbaumer, J. R. Reynolds, Handbook of
Conducting Polymers, Marcel Dekker, New York, 1998.


[19] Organic, Metallo-Organic, and Polymeric Materials for Nonlinear
Optical Applications (Eds.: S. R. Marder, J. W. Perry), SPIE, Bel-
lingham, 1994.


[20] Buckminsterfullerenes (Eds.: W. E. Billups, M. A. Ciufolini), VCH,
New York, 1993.


[21] R. Taylor, Lecture Notes on Fullerene Chemistry: A Handbook for
Chemists, Imperial College Press, London, 1999.


[22] D. M. Guldi, M. Prato, Acc. Chem. Res. 2000, 33, 695 – 730.
[23] a) D. M. Guldi, P. V. Kamat in Fullerenes: Chemistry, Physics, and


Technology (Eds.: K. M. Kadish, R. S. Ruott), Wiley, New York,
2000, pp. 225 –282; b) D. M. Guldi, N. Mart�n, Fullerenes: From
Synthesis to Optoelectronic Properties, Kluwer Academic Publish-
ers, Dordrecht, 2002.


[24] H. Imahori, Org. Biomol. Chem. 2004, 2, 1425 – 1433.
[25] L. S�nchez, I. P�rez, N. Mart�n, D. M. Guldi, Chem. Eur. J. 2003, 9,


2457 – 2468.
[26] D. Gonz�lez-Rodr�guez, T. Torres, D. M. Guldi, J. Rivera, M. �.


Herranz, L. Echegoyen, J. Am. Chem. Soc. 2004, 126, 6301 – 6313.
[27] A. Cravino, N. S. Sariciftci, J. Mater. Chem. 2002, 12, 1931 – 1943.
[28] H. Yamada, H. Imahori, Y. Nishimura, I. Yamazaki, T. K. Ahn,


S. K. Kim, D. Kim, S. Fukuzumi, J. Am. Chem. Soc. 2003, 125,
9129 – 9139.


[29] D. Hirayama, K. Takimiya, Y. Aso, T. Otsubo, T. Hasobe, H.
Yamada, H. Imahori, S. Fukuzumi, Y. Sakata, J. Am. Chem. Soc.
2002, 124, 532 –533.


[30] K. Ohkubo, H. Kotani, J. Shao, Z. Ou, K. M. Kadish, G. Li, R. K.
Pandey, M. Fujitsuka, O. Ito, H. Imahori, S. Fukuzumi, Angew.
Chem. 2004, 116, 871 �871; Angew. Chem. Int. Ed. 2004, 43, 853 –
856.


[31] M. Lamrani, R. Hamasaki, M. Mitsuishi, T. Miyashita, Y. Yamamo-
to, Chem. Commun. 2000, 1595 – 1596.


[32] E. Koudoumas, M. Konstantaki, A. Mavromanolakis, S. Couris, M.
Fanti, F. Zerbetto, K. Kordatos, M. Prato, Chem. Eur. J. 2003, 9,
1529 – 1534.


[33] Q. Chen, L. Kuang, E. H. Sargent, Z. Y. Wang, Appl. Phys. Lett.
2003, 83, 2115 –2117.


[34] M. Maggini, C. D. Faveri, G. Scorrano, M. Prato, G. Brusatin, M.
Guglielmi, M. Meneghetti, R. Signorini, R. Bozio, Chem. Eur. J.
1999, 5, 2501 –2510.


[35] a) K. Tada, M. Onoda, Adv. Funct. Mater. 2004, 14, 139 – 144;
b) N. S. Sariciftci, A. J. Heeger in Handbook of Organic Conductive
Molecules and Polymers, Vol. 1 Charge-Transfer Salts, Fullerenes
and Photoconductors (Ed: H. S. Nalwa), Wiley, 1997, pp. 411 – 455.


[36] M. Maggini, G. Scorrano, M. Prato, G. Brusatin, P. Innocenzi, M.
Guglielmi, A. Renier, R. Signorini, M. Meneghetti, R. Bozio, Adv.
Mater. 1995, 7, 404 –406.


[37] J. L. Atwood, L. J. Barbour, P. J. Nichols, C. L. Raston, C. A. San-
doval, Chem. Eur. J. 1999, 5, 990 – 996.


[38] K. Komatsu, K. Fujiwara, Y. Murata, T. Braun, J. Chem. Soc.
Perkin Trans. 1 1999, 2963 –2966.


[39] Y. Liu, H. Wang, P. Liang, H.-Y. Zhang, Angew. Chem. 2004, 116,
2744 – 2748; Angew. Chem. Int. Ed. 2004, 43, 2690 –2694.


[40] S. R. Wilson, D. I. Schuster, B. Nuber, M. S. Meier, M. Maggini, N.
Prato, R. Taylor in Fullerene: Chemistry, Physics, and Technology
(Eds: K. M. Kadish, P. S. Ruott), Wiley, New York, pp. 91– 176.


[41] R. Taylor, The chemistry of fullerenes, World Scientific, Singapore,
1995.


[42] W. Fu, J.-K. Feng, G.-B. Pan, X. Zhang, Theor. Chem. Acc. 2001,
106, 241 –250.


[43] S. Zhang, L. Gan, C. Huang, M. Lu, J. Pan, X. He, J. Org. Chem.
2002, 67, 883 –891.


[44] A. I. de Lucas, N. Mart�n, L. S�nchez, C. Seoane, Tetrahedron Lett.
1996, 37, 9391 –9394.


[45] Y. Sun, T. Drovetskaya, R. D. Bolskar, R. Bau, P. D. W. Boyd,
C. A. Reed, J. Org. Chem. 1997, 62, 3642 – 3649.


[46] a) C. Atienza, B. Insuasty, C. Seoane, N. Mart�n, J. Ramey,
G. M. A. Rahman, D. M. Guldi, J. Mater. Chem. 2005, 15, 124 – 132;
b) J. L. Segura, E. M. Priego, N. Mart�n, C. Luo, D. M. Guldi, Org.
Lett. 2000, 2, 4021 –4024.


[47] V. Mamane, O. Riant, Tetrahedron 2001, 57, 2555 –2561.
[48] S. Higashida, H. Imahori, T. Kaneda, Y. Sakata, Chem. Lett. 1998,


605 – 606.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3643 – 36583656


F. A. Hegmann, J. M. Tour et al.



www.chemeurj.org





[49] J.-F. Nierengarten, C. Schall, J.-F. Nicoud, Angew. Chem. 1998, 110,
2037 – 2040; Angew. Chem. Int. Ed. 1998, 37, 1934 –1936.


[50] N. Armaroli, C. Boudon, D. Felder, J.-P. Gisselbrecht, M. Gross, G.
Marconi, J.-F. Nicoud, J.-F. Nierengarten, V. Vivinelli, Angew.
Chem. 1999, 111, 3895 –3899; Angew. Chem. Int. Ed. 1999, 38,
3730 – 3733.


[51] G. Susana, N. Mart�n, D. M. Guldi, J. Org. Chem. 2003, 68, 779 –
791.


[52] M. Diekers, C. Luo, D. M. Guldi, A. Hirsch, Chem. Eur. J. 2002, 8,
979 – 991.


[53] R. Kessinger, C. Thilgen, T. Mordasini, F. Diederich, Helv. Chim.
Acta 2000, 83, 3069 –3096.


[54] J. Knol, J. C. Hummelen, J. Am. Chem. Soc. 2000, 122, 3226 – 3227.
[55] J.-F. Nierengarten, A. Herrmann, R. R. Tykwinski, M. R�ttimann,


F. Diederich, Helv. Chim. Acta 1997, 80, 293 –316.
[56] G. P. Miller, J. Briggs, J. Mack, P. A. Lord, M. M. Olmstead, A.


Balch, Org. Lett. 2003, 5, 4199 –4202.
[57] G. P. Miller, J. Briggs, Org. Lett. 2003, 5, 4203 –4206.
[58] a) T. Gu, J.-F. Nierengarten, Tetrahedron Lett. 2001, 42, 3175 – 3178;


b) J.-F. Nierengarten, T. Gu, G. Hadziioannou, D. Tsamouras, V.
Krasnikov, Helv. Chim. Acta 2004, 87, 2948 –2966.


[59] D. M. Guldi, C. Luo, A. Swartz, J. Org. Chem. 2002, 67, 1141 –
1152.


[60] P. A. van Hal, J. Knol, B. M. W. Langeveld-Voss, S. C. J. Meskers,
J. C. Hummelen, R. A. J. Janssen, J. Phys. Chem. A 2000, 104,
5974 – 5988.


[61] Y. Obara, K. Takimiya, Y. Aso, T. Otsubo, Tetrahedron Lett. 2001,
42, 6877 –6881.


[62] J. Ikemoto, K. Takimiya, Y. Aso, T. Otsubo, M. Fujitsuka, M. Ito,
Org. Lett. 2002, 4, 309 – 311.


[63] J.-F. Eckert, J.-F. Nicoud, J.-F. Nierengarten, S.-G. Liu, L. Echegoy-
en, F. Barigelletti, N. Armaroli, L. Ouali, V. Krasnikov, G. Had-
ziioannou, J. Am. Chem. Soc. 2000, 122, 7467 –7479.


[64] E. Peeters, P. A. van Hal, J. Knol, C. J. Brabec, N. S. Sariciftci, J. C.
Hummelen, R. A. J. Janssen, J. Phys. Chem. B 2000, 104, 10174 –
10190.


[65] S.-G. Liu, C. Martineau, J.-M. Raimundo, J. Roncali, L. Echegoyen,
Chem. Commun. 2001, 913 – 914.


[66] P. Timmerman, L. E. Witschel, F. Diederich, Helv. Chim. Acta
1996, 79, 6–20.


[67] K. Komatsu, N. Takimoto, Y. Murata, T. S. M. Wan, T. Wang, Tetra-
hedron Lett. 1996, 37, 6153 – 6156.


[68] T. Tanaka, K. Komatsu, J. Chem. Soc. Perkin Trans. 1 1999, 1671 –
1675.


[69] F. Wudl, T. Sukuki, M. Prato, Synth. Met. 1993, 59, 297 –305.
[70] R. Hamasaki, M. Ito, M. Lamrani, M. Mitsuishi, T. Miyashita, Y.


Yamamoto, J. Mater. Chem. 2003, 13, 21 –26.
[71] B. Knight, N. Mart�n, T. Ohno, E. Ort�, C. Rovira, J. Veciana, J.


Vidal-Gancedo, P. Viruela, R. Viruela, F. Wudl, J. Am. Chem. Soc.
1997, 119, 9871 –9882.


[72] Y. Shirai, Y. Zhao, L. Cheng, J. M. Tour, Org. Lett. 2004, 6, 2129 –
2132.


[73] A. D. Slepkov, F. A. Hegmann, Y. Zhao, R. R. Tykwinski, K.
Kamada, J. Chem. Phys. 2002, 116, 3834 – 3840.


[74] K. Komatsu, Y. Murata, N. Takimoto, S. Mori, N. Sugita, T. S. M.
Wan, J. Org. Chem. 1994, 59, 6101 – 6102.


[75] K. Fujiwara, Y. Murata, T. S. M. Wan, K. Komatsu, Tetrahedron
1998, 54, 2049 –2058.


[76] S. M. Draper, M. Delamesiere, E. Champeil, B. Twamley, J. J.
Byrne, C. Long, J. Organomet. Chem. 1999, 589, 157 –167.


[77] Y. Murata, M. Ito, K. Komatsu, J. Mater. Chem. 2002, 12, 2009 –
2020.


[78] See, for example: a) C. A. Breen, T. Deng, T. Breiner, E. L.
Thomas, T. M. Swager, J. Am. Chem. Soc. 2003, 125, 9942 –9943;
b) D. A. M. Egbe, C. Bader, E. Klemm, L. Ding, F. E. Karasz, U.-
W. Grummt, E. Birckner, Macromolecules 2003, 36, 9303 – 9312;
c) D. A. M. Egbe, B. Cornelia, J. Nowotny, W. G�nther, E. Klemm,
Macromolecules 2003, 36, 5459 –5469; d) Q. Chu, Y. Pang, L. Ding,
F. E. Karasz, Macromolecules 2003, 36, 3848 – 3853; e) C.-Z. Zhou,


T. Liu, J.-M. Xu, Z.-K. Chen, Macromolecules 2003, 36, 1457 –
1464; f) J. Chen, H. Liu, W. A. Weimer, M. D. Halls, D. H. Wal-
deck, G. C. Walker, J. Am. Chem. Soc. 2002, 124, 9034 –9035;
g) D. A. M. Egbe, H. Tillmann, E. Birckner, E. Klemm, Macromol.
Chem. Phys. 2001, 202, 2712 –2726; h) G. Giardina, P. Rosi, A.
Ricci, C. L. Sterzo, J. Polym. Sci. Polym. Chem. Ed. 2000, 38,
2603 – 2621; i) A. Khatyr, R. Ziessel, J. Org. Chem. 2000, 65, 3126 –
3134; j) L. Kloppenburg, D. Jones, U. H. F. Bunz, Macromolecules
1999, 32, 4194 – 4203; k) T. M. Swager, C. J. Gil, M. S. Wrighton, J.
Phys. Chem. 1995, 99, 4886 – 4893; l) M. Moroni, J. Le Moigne, S.
Luzzati, Macromolecules 1994, 27, 562 –571; m) and references
cited in these papers to other relevant papers; n) P. J. Fagan, P. J.
Krusic, D. H. Evans, S. A. Lerke, E. Johnston, J. Am. Chem. Soc.
1992, 114, 9697 –9699; o) W. W. Win, M. Kao, M. Eiermann, J. J.
McNamara, F. Wudl, D. L. Pole, K. Kassam, J. Warkentin, J. Org.
Chem. 1994, 59, 5871 –5876; p) S. Huang, J. M. Tour, Tetrahedron
Lett. 1999, 40, 3347 – 3350.


[79] G. I. Stegeman, A. Miller in Photonics in Switching, Vol. I (Ed.:
J. E. Midwinter), Academic Press, San Diego, 1993.


[80] J. E. Ehrlich, X. L. Wu, Y. L. Lee, Z. Y. Hu, H. Rockel, S. R.
Marder, J. W. Perry, Opt. Lett. 1997, 22, 1843 – 1845.


[81] A. A. Said, C. Wamsley, D. J. Hagan, E. W. van Stryland, B. A.
Reinhardt, P. Roderer, A. G. Dillard, Chem. Phys. Lett. 1994, 228,
646 – 650.


[82] G. S. He, C. F. Zhao, J. D. Bhawalkar, P. N. Prasad, Appl. Phys.
Lett. 1995, 67, 3703 – 3705.


[83] W. Denk, J. H. Strickler, W. W. Webb, Science 1990, 248, 73– 76.
[84] D. A. Parthenopoulos, P. M. Rentzepis, Science 1989, 245, 843 – 845.
[85] J. H. Strickler, W. W. Webb, Opt. Lett. 1991, 16, 1780 –1782.
[86] B. H. Cumpston, S. P. Ananthavel, S. Barlow, D. L. Dyer, J. E. Ehr-


lich, L. L. Erskine, A. A. Heikal, S. M. Kuebler, I.-Y. S. Lee, D.
McCord-Maughon, J. Qin, H. Rockel, M. Rumi, X.-L. Wu, S. R.
Marder, J. W. Perry, Nature 1999, 389, 51 –54.


[87] W. H. Zhou, S. M. Kuebler, K. L. Braun, T. Y. Yu, J. K. Cammack,
C. K. Ober, J. W. Perry, S. R. Marder, Science 2002, 296, 1106 –
1109.


[88] S. Kawata, H.-B. Sun, T. Tanaka, K. Tanaka, Nature 2001, 412,
697 – 698.


[89] H. Stiel, K. Teuchner, A. Paul, W. Freyer, D. J. Leupold, J. Photo-
chem. Photobiol. A 1994, 80, 289 – 298.


[90] R. L. Sutherland, D. G. McLean, S. Kirkpatrick, Handbook of Non-
linear Optics, Marcel Dekker, New York, 2003.


[91] S. Kershaw in Characterization Techniques and Tabulations for Or-
ganic Nonlinear Optical Materias (Eds.: M. G. Kuzyk, C. W. Dirk),
Marcel Dekker, New York, 1998.


[92] W. J. Blau, H. J. Byrne, D. J. Cardin, T. J. Dennis, J. P. Hare, H. W.
Kroto, R. Taylor, D. R. M. Walton, Phys. Rev. Lett. 1991, 67, 1423 –
1425.


[93] M. F. Yung, K. Y. Wong, Appl. Phys. B 1998, 66, 585 –588.
[94] J. Li, S. Wang, H. Yang, Q. Gong, X. An, H. Chen, D. Qiang,


Chem. Phys. Lett. 1998, 288, 175 –178.
[95] L. Geng, J. C. Wright, 1996, 249, 105 – 111.
[96] S. J. A. van Gisbergen, J. G. Snijders, E. J. Baerends, Phys. Rev.


Lett. 1997, 78, 3097 – 3100.
[97] L. Y. Chiang, P. A. Padmawar, T. Canteenwala, L.-S. Tan, G. S. He,


R. Kannan, R. Vaia, T.-C. Lin, Q. Zheng, P. N. Prasad, Chem.
Commun. 2002, 1854 – 1855.


[98] S. Wang, W. Huang, R. Liang, Q. Gong, H. Li, H. Chen, D. Qiang,
Phys. Rev. B 2001, 63, 153 408.


[99] B. L. Yu, H. P. Xia, C. S. Zhu, F. X. Gan, Appl. Phys. Lett. 2002, 81,
2701 – 2703.


[100] C.-K. Wang, P. Macak, Y. Luo, H. Agren, J. Chem. Phys. 2001, 114,
9813 – 9820.


[101] A. Abbotto, L. Beverina, R. Bozio, S. Bradamante, C. Ferrante,
G. A. Pagani, R. Signorini, Adv. Mater. 2000, 12, 1963.


[102] M. Albota, D. Beljonne, J. L. Br�das, J. E. Ehrlich, J.-Y. Fu, A. A.
Heikal, S. E. Hess, T. Kogej, M. D. Levin, S. R. Marder, D.
McCord-Maughon, J. W. Perry, H. Rçckel, M. Rumi, G. Subrama-
niam, W. W. Webb, X.-L. Wu, C. Xu, Science 1998, 281, 1653 –1656.


Chem. Eur. J. 2005, 11, 3643 – 3658 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3657


FULL PAPERFullerene–Phenylene Hybrids



www.chemeurj.org





[103] B. A. Reinhardt, L. L. Brott, S. J. Clarson, A. G. Dillard, J. C.
Bhatt, R. Kannan, L. Yuan, G. S. He, P. N. Prasad, Chem. Mater.
1998, 10, 1863 –1874.


[104] M. Barzoukas, M. Blanchard-Desce, J. Chem. Phys. 2000, 113,
3951 – 3959.


[105] E. Zojer, D. Beljonne, P. Pacher, J.-L. Br�das, Chem. Eur. J. 2004,
10, 2668 –2680.


[106] M. Rumi, J. E. Ehrlich, A. A. Heikal, J. W. Perry, S. Barlow, Z. Hu,
D. McCord-Maughon, T. C. Parker, H. Rçckel, S. Thayumanavan,
S. R. Marder, D. Beljonne, J.-L. Br�das, J. Am. Chem. Soc. 2000,
122, 9500 – 9510.


[107] D. Beljonne, W. Wenseleers, E. Zojer, Z. Shuai, H. Vogel, S. J. K.
Pond, J. W. Perry, S. R. Marder, J.-L. Br�das, Adv. Funct. Mater.
2002, 12, 631 –641.


[108] W.-H. Lee, H. Lee, J.-A. Kim, J.-H. Choi, M. Cho, S.-J. Jeon, B. R.
Cho, J. Am. Chem. Soc. 2001, 123, 10658 – 10667.


[109] M. Drobizhev, A. Karotki, A. Rebane, C. W. Spangler, Opt. Lett.
2001, 26, 1081 –1083.


[110] B. R. Cho, M. J. Piao, K. H. Son, S. H. Lee, S. J. Yoon, S.-J. Jeon,
M. Cho, Chem. Eur. J. 2002, 8, 3907 –3916.


[111] R. Lascola, J. C. Wright, Chem. Phys. Lett. 1997, 269, 79– 84.
[112] In a 2 mm solution of 31 in CH2Cl2, some undissolved residue was


observed. The quantity of this particulate was extremely small and
should not impact the concentration. If, however, the concentration
were lower than reported, the molecular nonlinearities reported
herein for 31 would only be greater than reported.


[113] K. Kamada, K. Ohta, Y. Iwase, K. Kondo, Chem. Phys. Lett. 2003,
372, 386 –393.


[114] Nonlinear absorption measurements conducted with ns pulses
often show signals that are orders of magnitude higher than those
conducted with fs pulses. This is mainly due to signals from excit-
ed-state absorption mixing with pure TPA signals. However, com-
parisons of the same “AFX” compounds� TPA cross-sections have
been done by the same group at both pulse duration regimes. We
have also studied an “AFX” compound (not discussed herein) that
allows for scaling of our fs results for comparisons with ns results.
See: ref. [82] and [97].


[115] H. S. Nalwa in Nonlinear Optics for Organic Molecules and Poly-
mers (Eds.: H. S. Nalwa, S. o. Miyata), CRC Press, New York,
1997, pp. 571 –609.


[116] A. Willetts, J. E. Rice, D. M. Burland, J. Chem. Phys. 1992, 97,
7590 – 7595.


[117] D. M. Guldi, G. Torres-Garcia, J. Mattay, J. Phys. Chem. A 1998,
102, 9679 – 9685.


[118] S.-J. Chung, K.-S. Kim, T.-C. Lin, G. S. He, J. Swiatkiewicz, P. N.
Prasad, J. Phys. Chem. B 1999, 103, 10741 –10 745.


[119] G. S. He, J. Swiatkiewicz, Y. Jing, P. N. Prasad, B. A. Reinhardt, L.-
S. Tan, R. Kannan, J. Phys. Chem. A 2000, 104, 4805 – 4810.


[120] S. Polyakov, F. Yoshino, M. Liu, G. Stegeman, Phys. Rev. B 2004,
69, 115 421.


[121] L. D. Ziegler, X. J. Jordanides, Chem. Phys. Lett. 2002, 352, 270 –
280.


[122] Q. Zhou, P. J. Carroll, T. M. Swager, J. Org. Chem. 1994, 59, 1294 –
1301.


Received: November 23, 2004
Published online: April 7, 2005


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3643 – 36583658


F. A. Hegmann, J. M. Tour et al.



www.chemeurj.org






Diversity Oriented Synthesis of Hispanane-like Terpene Derivatives from
(R)-(+)-Sclareolide


Mar�a C. de la Torre,*[a] Isabel Garc�a,[b] and Miguel A. Sierra[c]


Dedicated to the memory of our friend Dr. Juan Carlos del Amo, who died as a victim of the terrorist attack in Madrid on
March 11th, 2004


Introduction


The last years of the 20th century witnessed an enormous
grown of diversity oriented synthesis.[1] Contrary to modern
combinatorial chemistry,[2] which is able to produce impres-
sive amounts of new compounds but with the shortcoming
of the inability to yield new chemical identities, diversity ori-
ented organic synthesis is—according to Schreiber and
Burke[1]—a problem-solving technique for transforming a
collection of simple and similar starting materials into a col-
lection of more complex and diverse products. In this


regard, natural products are ideal templates for achieving an
increasing of structural complexity either by performing de-
signed modifications to incorporate new structural motifs[3]


or by joining different natural products in a single structure
producing natural product derivatives.[4] The increasing
awareness of the key role that small molecules play in the
protein–protein interactions[5] leading to the production of
drug-like molecules,[6] confers an added value to the new
structures.


In this context we reported recently[7] the suitability of
(R)-(+)-sclareolide 1 as a template to yield the diverse
tetra- 2 and pentacyclic 3 terpene derivatives by means of
the photochemical cyclization of easily available ketones 4
(Scheme 1). Clearly, by modifying the nature of the moieties
attached to the (R)-(+)-sclareolide template, the resulting
products are nicely set up to access to terpene-like products
containing the sclareolide scaffold. In fact, the stereochemis-
try of the bicyclic decaline of (R)-(+)-sclareolide framework
1 contributes the necessary stereocenters, and the lactone
ring of sclareolide may be manipulated to access to the key
intermediates to produce the final terpene-like products.


Natural hispananes are a scarce group of diterpenes that
include exclusively three compounds: hispanonic acid 5 and
hispaninic acid 6 isolated from Ballota hispanica[8] and
methyl verticoate 7 isolated from Sciadopitys verticillata
(Figure 1).[9] The isolation of these compounds in minute
amounts precluded the investigation of their biological prop-


Abstract: (R)-(+)-Sclareolide 1 has
been used as a starting material to de-
velop a diversity oriented methodology
to access hispanane 28 a, and hispa-
nane-like derivatives 27 b–27 e. This
methodology is based on the intramo-
lecular Friedel–Crafts acylation of the
corresponding 12-desoxylabdanoic-like
acids 27, for the construction of the cy-


cloheptane ring which is characteristic
of the hispananes. Acids 27 are ob-
tained from alcohols 20, available by
addition of the lithium or magnesium


reagents to amide 12 (followed by
Luche reduction), or to aldehyde 21.
This sequence has resulted in the prep-
aration of hispanane framework 27 a.
The versatility of this methodology
therefore allows a structural diversity
oriented synthesis, since it allows the
access to a wide variety of hispanane-
like derivatives.
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erties. To date no synthetic approaches to the hispanane
skeleton have been reported.


We devised a potentially versatile approach to the hispa-
nane skeleton and hispanane-like derivatives 8 based on a
Friedel–Crafts acylation to form the seven-membered ring,


which is characteristic for these types of compounds
(Scheme 2). 17-Labdanoic-like acids 9, the substrates for
ring-closure, are prepared by oxidation of the corresponding
alcohols 10, derived from the D8,17 unsaturated labdanes 11;
the latter have been already prepared by our group by addi-
tion of the appropriate lithium or magnesium reagents to
Weinreb amide 12 derived from (R)-(+)-sclareolide 1.[10]


Herein we report a versatile and flexible approach to the


hispanane skeleton and hispanane-like derivatives 9 starting
from (R)-(+)-sclareolide 1.


Results and Discussion


To fine tune the sequence shown in Scheme 2, phenyllab-
dane ketone 13 was prepared by the reaction of Weinreb�s
amide 12 and phenylmagnesium bromide in 95 % yield. The
ketone group of 13 was reduced by using Luche conditions
(NaBH4/CeCl3)


[11] to yield the mixture of epimeric alcohols
14 ; the alcohols were then acetylated (Ac2O/py) to form
acetates 15, and treated with BH3·SMe2 followed by oxida-
tive (H2O2/NaOH) work-up. The primary alcohols 16 and
epi-16 were separated by column chromatography to yield
the pure epimers at C-12 (41 and 33 % yield, respectively)
(Scheme 3).


Alcohols 16 and epi-16 show identical 1H and 13C data for
the decaline moiety and differ only slightly in the side chain
at carbon C-9.[12] Therefore we can assume that 16 and epi-
16 posses the same stereochemistry at carbon C-8, while
they are epimers at carbon C-12. In fact, the presence of an
axial-b substituent at carbon C-8 is in accordance with the
strong shielding of carbon C-6 in both alcohols 16 (dC-6 18.5)
due to a g-gauche effect, with respect to ketone 13 (dC-6


23.9) having a D8(13) double bond. Equally, the C-20 Me-
group in a d-syn axial position with respect to C-8 b-axial
substituent appears low-field shifted (dC-20 15.8) with respect
to 13 (dC-20 14.8).[13] Regarding to the C-12 stereochemistry
of alcohols 16 and epi-16, the comparison of the H-12 cou-
pling constant values with those for the known compounds
(12R)- and (12S)-15,16-epoxy-12-hydroxylabda-7,13(16),14-
trienes evidences that for alcohol 16 (J= 9.5 and 4.4 Hz) the
values are similar to the (12R) series (J=10.9 and 2.7 Hz),
while alcohol epi-16 shows values (J= 8.1 and 6.5 Hz) relat-
ed to the (12S) series (J=8.8 and 6.6 Hz).[10a] Therefore, it is
reasonable to assign a (12R) absolute configuration to alco-
hol 16, while alcohol epi-16 has (12S) absolute configura-
tion.


The oxidation of the C-17 hydroxyl groups of alcohols 16
and epi-16 to the C-12 labdanic acids 17 and epi-17 was ach-


Abstract in Spanish: El (R)-(+)-esclareolido 1 se ha utiliza-
do como material de partida para desarrollar una metodolo-
g�a orientada a obtener diversidad estructural, que ha permiti-
do preparar el hispanano 28a, y los compuestos de tipo his-
panano 28b–28e. Esta metodolog�a se basa en la acilaci�n
intramolecular de tipo Friedel–Crafts de los �cidos 12-desoxi-
labdanoicos 27, para construir el anillo de cicloheptano, ca-
racter�stico de los hispananos. Los �cidos 27 se obtienen a
partir de los alcoholes 20, accesibles por adici�n del corres-
pondiente organolitio o magnesiano a la amida 12, seguido
de reducci�n en las condiciones de Luche, o al aldehido 21.
Esta secuencia de reacciones ha resultado en la preparaci�n,
por primera vez, del esqueleto de hispanano 27a. Con esta
s�ntesis dirigida a obtener diversidad estructural es posible la
obtenci�n de una amplia variedad de derivados de tipo hispa-
nano tales como 28b–28e.


Scheme 1. Preparation of polycyclic terpene-like products from (R)-(+)-
sclareolide.


Figure 1. Hispananes isolated from natural sources.


Scheme 2. Approach to hispanane derivatives 9 from (R)-(+)-sclareolide.
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ieved by Swern oxidation[14] followed by air oxidation of the
obtained aldehydes. Friedel–Crafts cyclization of 17 was at-
tempted by using the Eaton reagent (P2O5/MeSO3H).[15]


These conditions led to a clean transformation of compound
17 to a new product 18 having the phenyl group unchanged.
A d lactone structure was assigned for compound 18 on the
spectroscopic results (Scheme 3). The configurations of C-8
and C-12 stereocenters were assigned from NOESY experi-
ments. A clear correlation between H-12 (d 6.19), H-8
(d 2.80) was observed, which is compatible with a structure
18 having hydrogens H-12 and H-8 placed in same side of
the plane defined by the lactone ring (Scheme 3).


Clearly, a C-12 oxygenated group is not compatible with a
Friedel–Crafts ring closure on intermediates 9 (Scheme 2) to
construct the desired seven-membered ring of the hispa-
nane-like compounds 8. Therefore, a desoxygenation step
was introduced in the synthetic approach. More activated ar-
omatic rings were also considered to ensure the success of
the Friedel–Crafts reaction. Thus, ketones 19 a–c were pre-
pared by addition of the corresponding lithium derivatives
to Weinreb�s amide 12. Epimeric alcohols 20 a–c and epi-
20 a–c were obtained by reduction of the carbonyl groups
under Luche conditions.[11] Additionally, alcohols 20 d–e and
epi-20 d–e, having a 1-naphthyl and 2-N-tosylindolyl sub-
stituents, respectively, were prepared by addition of the cor-
responding lithium reagents to aldehyde 21. Alcohols 20
were submitted to the two-step Barton–McCombie[16] des-


oxygenation sequence. Reaction of the mixtures of alcohols
with 1,1-thiocarbonyldiimidazol yielded the mixture of thio-
esters which was reduced by using TBTH/AIBN to form 12-
desoxylabdane-like derivatives 22, as single isomers in fair
to excellent yields (Scheme 4).[17]


The oxidative hydroboration (B2H6·THF followed by
H2O2/NaOH work-up) of desoxylabdane derivatives 22 a–e
resulted in the corresponding C-17 alcohols 24 a–e as single
isomers.[18] The b-axial configuration of the hydroxymethyl
group at carbon C-8 was assigned on analogous as described
early for compounds 16 and epi-16,[10] and it is consistent
with the double-bond hydroboration by the less-hindered a


face of compounds 22.[12] One-step oxidation to the corre-
sponding 12-desoxylabdanic-like acids was achieved for
compounds 27 b and d by using Jones reagent, while a two-
step sequence was used for alcohols 24 a, c and e. Thus, alde-
hydes 26 a, c and e were obtained by either Swern or Jones
oxidation and transformed to the 12-desoxylabdanic-like
acids by air (27 c) or by buffered NaClO2 (27 a, and 27 e) ox-
idation (Scheme 5).[19]


Scheme 3. Synthesis and Friedel–Crafts reaction of the 12-acetoxy-phe-
nyllabdanic acid 17.


Scheme 4. Synthesis of the 12-desoxylabdane-like derivatives 22 from
amide 12 via alcohols 20.
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Friedel–Crafts cyclization of
compounds 27 a–e was achieved
either by using the Eaton�s re-
agent[15] (compounds 27 b–d) or
trifluoracetic anhydride
(TFAA)[20] (compounds 28 a
and e) to produce hispanane
derivatives 28 a–e in good to ex-
cellent yields and as single iso-
mers. The exception was the 2-
naphtyl-derivative 27 b which
gave a mixture of the two re-
gioisomers 28 b and 28 b’ in low
yield (21%). The structure and
regiochemistry of the products
was unambiguously established
by 1D and 2D NMR spectros-
copic analyses. Table 1 shows
the 13C NMR spectra for the
tetra- and pentacyclic deriva-
tives 28 a, 28 c–e. It should be
noted that compound 28 a has a
tetracyclic hispanane skeleton
with the correct natural stereo-
chemistry. Therefore, the syn-
thesis of compound 28 a repre-
sents the first entry to the skel-
eton of this natural product
from (R)-(+)-sclareolide 1 in


eight steps in 40 % overall yield. Furthermore, the prepara-
tion of compounds 28 b–e demonstrates that our approach is
fully applicable to prepare novel indole–hispanane and aro-
matic–hispanane natural product derivatives (Scheme 6).
Particularly interesting is the hispanane–indol derivative
28 e since indole diterpenes are also found in nature.[22]


The flexibility of this diversity oriented approach to
obtain hispanane-like derivatives is demonstrated by the
preparation of the C-8 epi-hispanane derivatives. Thus, com-
pound 28 d was prepared according to the general methodol-
ogy depicted in Scheme 7, by simply introducing an addi-
tional epimerization step on intermediate aldehyde 26 d.
This compound is available from alcohol 24 d through con-
trolled Jones oxidation. Base epimerization produced com-
pound epi-26 d (70 %) which was further oxidized with Jones
reagent to yield acid epi-27 d. The a-equatorial configuration
of carbon C-17 acid epi-27 d is in accord with the coupling
constant values shown by H-8b axial (epi-27 d d 2.46, J= 12
and 4 Hz). Compound epi-27 d was cyclized to pentacyclic
hispanane derivative epi-28 d in 42 % yield (Scheme 7). The
b-axial configuration of the ketone carbon C-17, with re-
spect to ring B, is based again on the coupling constant
values of H-8b axial (epi-27 d d 3.05, J=11.9 and 3.8 Hz), as
well as on the shift to low-field of the signal attributable to
carbon C-6 with respect to hispanane 28 d (Dd=++1.3, seeScheme 5. Synthesis of 12-desoxylabdanic-like acids 27 by oxidation of al-


cohols 24.


Table 1. 13C NMR data for compounds 28a, 28c, 28d, 28 e and epi-28 d.[a]


28 a[b] 28 c[c] 28 d[b] 28e[d] epi-28 d[d]


C-1 38.6 t 39.1 t 39.8 t 39.0 t 38.8 t
C-2 18.4 t 18.5 t 18.5 t 18.4 t 18.7 t
C-3 42.0 t 42.1 t 42.1 t 42.0 t 41.9 t
C-4 33.2 q 33.2 s 33.1 s 33.1 s 33.2 s
C-5 56.1 d 55.8 d 55.4 d 55.8 d 50.7 d
C-6 19.5 t 19.7 t 19.8 t 19.5 t 21.1 t
C-7 27.7 t 28.6 t 27.6 t� 2 27.8 t 29.6 t
C-8 46.8 d 47.3 d 47.8 d 48.2 d 51.6 d
C-9 51.8 d 51.6 d 51.7 d 51.0 d 54.7 d
C-10 39.1 s 38.8 s 38.6 s 38.8 s 38.4 s
C-11 24.0 t 27.0 t 27.6 t� 2 28.0 t 28.4 t
C-12 28.0 t 34.1 t 28.4 t 24.8 t 26.0 t
C-17 190.8 s 202.7 s 205.6 s 200.0 s 210.5 s
C-18 33.5 q 33.6 q 33.7 q 33.6 q 33.6 q
C-19 21.6 q 21.7 q 21.9 q 21.6 q 21.8 q
C-20 13.6 q 13.9 q 14.0 q 13.8 q 14.7 q
C-13 (C-1’) 138.3 s 162.2 s 144.6 s 151.6 s 139.1 s
C-14 (C-2’) 113.3 d 148.0 s 136.1 s 136.1 s 133.6 s
C-15 (C-3’) 145.4 d 131.9 d 134.8 s 127.5 s 134.5 s
C-16 (C-4’) 150.7 s 130.9 s 132.3 s 125.2 d 131.5 s
C-5’ 115.3 d 128.7 d 124.8 d 128.7 d
C-6’ 111.6 d 127.4 d 122.6 s 127.0 d
C-7’ 126.4 d x2 122.3 d 126.7 d
C-8’ 125.2 d 114.4 d 126.6 d
C-9’ 124.8 d 124.7 d
C-10’ 124.2 d
C-OMe 55.3 q 21.7 q


145.5 s ph
136.2 s ph
130.1 d� 2
126.4 d� 2


[a] Multiplicities were determined by DEPT experiments [b] Recorded at 125 MHz. [c] Recorded at 75 MHz.
[d] Recorded at 50 MHz.
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Table 1) Thus, the addition of an epimerization step, to the
general sequence results in an entry to epi-series of hispa-
nane derivatives.


Finally, the versatility of the Friedel–Crafts approach to
hispanane-like derivatives developed above was further im-
proved by the access of the 17-nor-hispanane–indol skeleton
(Scheme 8). This time, ketone 29 was prepared by oxidative
decarboxylation of aldehyde 26 e (AgNO3/KOH/EtOH)[21]


and submitted to Eaton�s reagent to produce an inseparable
mixture of 17-nor-hispanane–indol derivatives 30 and 30’,
which are isomers around the newly formed double bond.
Formation of indolterpenes 30 and 30’ demonstrates that ke-
tones can also be used as initiators for the Friedel–Crafts ap-
proach to hispanane and nor-hispanane derivatives. The two
isomeric products 30 and 30’ should be formed by dehydra-
tion of the C-8 tertiary carbinol intermediate, which should
be the primary product of the cyclization reaction.


In conclusion, we have developed a versatile entry to nat-
ural product derivatives with a hispanane skeleton, including
the first building of the hispanane skeleton itself. The syn-
thesis uses (R)-(+)-sclareolide 1 as the basic building scaf-
fold and requires six or seven steps to produce the final
compounds. The capacity of this approach to produce struc-
turally diverse natural product derivatives is demonstrated
by its application to the synthesis of hispanane–indol and
hispanane–aromatic derivatives. By introducing an isomeri-
zation step on intermediate aldehyde 26, the C-8 epi-hispa-
nane series is also available. Application of this diversity ori-
ented approach to yield the 17-nor-hispanane–indol skeleton
has been demonstrated by using an oxidative decarboxyla-
tion step.


Scheme 6. Synthesis of hispanane 22a and hispanane derivatives 28b–e
by Friedel–Crafts reaction of acids 27a–e.


Scheme 7. Synthesis of the C-8 epi-hispanane derivative epi-28 d from al-
dehyde epi-26 d.


Scheme 8. Synthesis of the nor-hispanane derivative 30, 30’ from ketone
29.
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Experimental Section


General methods : All procedures with air-sensitive reagents were carried
out under dry argon atmosphere by using standard Schlenk techniques.
All reagents were used as obtained from commercial sources. THF, and
CH2Cl2 were distilled under positive pressure of argon from Na benzo-
quinone (THF) or CaH2 (CH2Cl2). Other solvents were HPLC grade and
were used without purification. Na2SO4 was used to remove water from
the organic layer in reaction workups. Silica gel 60 F254 plates were used
for TLC. Flash column chromatography was performed with silica gel
(Merk, no. 9385, 230–400 mesh) and mixtures of AcOEt/hexanes or hex-
anes/CH2Cl2 as eluents. Melting points were determined on a Koffler
block. 1H NMR and 13C NMR spectra were recorded at 25 8C on a Varian
Inova-300, Inova-400, Unity-500 and Bruker AM-200 spectrometers as
specified. Chemical shifts for 1H NMR are reported with respect to resid-
ual CHCl3 (d 7.25) and with respect to CDCl3 (d 77.0) for 13C NMR spec-
tra. MS were recorded in the positive EI mode (70 eV).


Synthesis of ketones 13 and 19a–c—General procedure : A solution of
the corresponding magnesium or lithium reagent in THF was added
under argon to a solution of amide 12 in THF at 0 8C. Lithium reagents
were generated by halogen–metal exchange from the corresponding
bromo-derivatives upon reaction with nBuLi at �78 8C. The mixtures
were stirred until amide 12 disappeared (checked by TLC). The reaction
was quenched by addition of aqueous NH4Cl (saturated solution) and al-
lowed to reach room temperature. The reaction mixture was diluted with
H2O and extracted with AcOEt. The combined organic layers were dried
and filtered, and solvents were removed under vacuum. Pure ketones
were obtained after flash chromatography of the residues.


Alcohols 14 and, 20a–c and epi-20 a–c—General procedure : In a typical
experiment, CeCl3·7 H2O (2 equiv) was added to a solution of ketone in
MeOH at room temperature. The mixture was stirred until the cerium
salt was dissolved, and then cooled at 0 8C. At this temperature NaBH4


was added portionwise. When the starting material disappeared (by
TLC), the excess of reagent was quenched by addition of H2O and the
mixtures were allowed to reach room temperature. MeOH was removed
under vacuum and the residue was extracted with AcOEt. The combined
organic layers were dried and filtered yielding a residue, which was puri-
fied by flash chromatography to yield the pure alcohols.


Alcohols 20d, epi-20 d and 20e, epi-20 e—General procedure : The so-
lution of the respective lithium reagent in THF was added under argon
to a solution of aldehyde 21 in THF at �78 8C. The lithium reagents were
generated either by halogen–metal exchange from the corresponding
bromo-derivatives or by hydrogen–metal exchange upon reaction with
nBuLi at �78 8C. The mixture was stirred until aldehyde 21 disappeared
(TLC). The reaction was quenched by addition of aqueous NH4Cl satu-
rated solution and allowed to reach room temperature. The reaction mix-
ture was diluted with H2O and extracted with AcOEt. The combined or-
ganic layers were dried and filtered, and solvents removed under
vacuum. Pure alcohols were obtained after flash chromatography of the
residues.


Compounds 22a–e by desoxygenation of alcohols 20a–e, and epi-20a–e—
General procedure : 1,1’-Thiocarbonyldiimidazole (3.5 equiv) was added
to a solution of alcohols 20 in CH2Cl2. After the reagent was dissolved,
most of the solvent was removed under vacuum and the reaction mixture
was cooled to �20 8C. The crude reaction mixture was submitted to flash
chromatography without any further treatment. The mixture of pure thio-
esters was immediately dissolved in degassed toluene under argon, fol-
lowed by addition of HSnBu3 (3 equiv) and a catalytic amount of AIBN.
The mixture was heated under reflux until the esters disappeared (TLC).
Then, the organic solvents were removed under vacuum and the residue
was submitted to flash chromatography to give pure C-12 desoxygenated
derivatives 22.


Alcohols 16, epi-16 and 24 by hydroboration–oxidation of alkenes 1, epi-
15 and 22a–e—General procedure : The respective alkene in THF was
slowly added to a solution of B2H6·SMe2 or B2H6·THF in THF at 0 8C.
The mixture was stirred at room temperature until the starting material
disappeared (TLC). Then, the mixture was cooled at 0 8C and H2O2


(33 % v/v) and NaOH (3 m) were successively added. After the reaction
mixture was stirred for one additional hour, the solution was extracted
with AcOEt. The combined organic layers were dried and filtered. The
solvents were removed in vacuo and the residue was purified by flash
chromatography to yield pure alcohols 16 and epi-16 and 24 a–e.


Acids 27 b and 27 d by Jones oxidation of alcohols 24b and 24 d : An
excess of Jones reagent (persistence of orange color) was added dropwise
to a solution of alcohol in acetone at 0 8C. The reaction mixture was stir-
red until the alcohol disappeared (TLC). The excess of the reagent was
quenched by addition of MeOH; the mixture was allowed to reach room
temperature and then diluted with H2O. The organic solvents were re-
moved under vacuum and the resulting residue was extracted with
AcOEt. The combined organic layers were dried and filtered; the residue
was purified by flash chromatography to yield the pure acid.


Acids 17, epi-17 and 27c by oxidation of alcohols 16, epi-16 and 24 e—
General procedure : A solution of Cl2(CO)2 in anhydrous CH2Cl2 was
slowly added under argon to a solution of DMSO in anhydrous CH2Cl2


at �78 8C. After 15 min of stirring at this temperature, the mixture was
added to a solution of the alcohol in CH2Cl2. After the reaction was com-
pleted (TLC), Et3N was added. The resulting reaction mixture was al-
lowed to reach room temperature; it was diluted with CH2Cl2 and
washed with H2O. The combined organic layers were dried and filtered.
The removal of the solvents produced a residue which was dissolved in
THF and air was bubbled through the solution. The solvents were re-
moved in vacuo. The residue was purified by flash chromatography to
afford the pure acid.


Acids 27a and 27e by NaClO2 oxidation of aldehydes 26a and 26 e—
General procedure : An aqueous NaClO2 solution (1.1 m) was added at
0 8C to a solution of the aldehyde in THF/tBuOH/2-methy-2-butene
(1:2:1) in the presence of a Na2HPO4·H2O buffer (6.9 � 10�1


m), and the
mixture was allowed to reach room temperature slowly. Then, HCl (10 %
v/v) was added, organic solvents were removed under vacuum and the
residue was extracted with AcOEt. The combined organic layers were
dried and filtered. The solvents were removed and the residie was puri-
fied by flash chromatography to yield the pure acids.


General procedures for Friedel–Crafts acylations—Method A : The re-
spective acid 27 in methanesulfonic acid or CH2Cl2 was added to a so-
lution of P2O5 (10 %) in methanesulfonic acid at room temperature. The
mixture was stirred until the starting material was consumed (TLC). The
reaction mixture was poured into a solution of saturated NaHCO3 and
the aqueous layer was separated and extracted with AcOEt. Reaction
product was purified by column chromatography.


Method B : A solution of trifluoracetic anhydride in CH2Cl2 was slowly
added to solution of respective acid 27 in CH2Cl2 at 0 8C. The mixture
was stirred until the acid was consumed, then the reaction mixture was
poured into NaHCO3 saturated solution and the aqueous layer was ex-
tracted with AcOEt. The residues were purified by column chromatogra-
phy to yield the pure reaction products as described above.


Compound 28a by Friedel–Crafts reaction of acid 27a (method B): A so-
lution of acid 27a (15.0 mg, 0.05 mmol) in CH2Cl2 at 0 8C was treated
with a solution of trifluoroacetic acid in CH2Cl2 (50 mL, 1.4� 10�3


m).
After 10 min of stirring, acid 27 a had been consumed and the reaction
mixture was worked-up according to the general procedure. Chromatog-
raphy of the residue by using hexanes/AcOEt 95:5 yielded pure 28 a
(9.6 mg, 68%) as a white crystalline solid. M.p. 184–186 8C; [a]20


D = ++


45.5 (c =0.07 in CHCl3); 1H NMR (500 MHz, CDCl3): d=7.47 (d, 3J =


1.7 Hz, 1 H; H-15), 6.35 (d, 3J =1.7 Hz, 1 H; H-14), 2.81 (ddd, 2J =15.8,
3J=5.8, 3J =1.7 Hz, 1 H; HB-12), 2.75 (br t, 3J =5.5 Hz, 1 H; H-8a), 2.50
(m, 2 H; HA-12), 2.17 (dddd, J =15, J =8.9, J =5.9, J =1.7 Hz, 1 H; H-11),
1.96 (td, J =9.5, J =6.4 Hz, 1 H; H-9a), 1.76 (qd, J=13.4, J=3.8 Hz, 1H;
H-7a), 1.65 (m, 1H), 1.48–1.20 (m, 8H), 1.114 (td, J =12.8, J =4.7 Hz,
1H; H-3a), 0.95 (dd, J =5.8, J =2.8 Hz, 1 H; H-5a), 0.92–0.87 (m, 2H),
0.87 (s, 3 H; CH3-18), 0.79 (s, 3H; CH3-19), 0.62 (s, 3H; CH3-20);
13C NMR (125 MHz, CDCl3): d = 190.8 (s, C-17), 150.7 (s, C-16), 145.4
(d, C-15), 138.3 (s, C-13), 113.3 (d, C-14), 56.1 (d, C-5), 51.8 (d, C-9), 46.8
(d, C-8), 42.0 (t, C-3), 39.1 (s, C-10), 38.6 (t, C-1), 33.5 (q, C-18), 33.2 (s,
C-4), 28.0 (t, C-12), 27.7 (t, C-7), 24.0 (t, C-11), 21.6 (q, C-19), 19.5 (t, C-
6), 18.4 (t, C-2), 13.6 (q, C-20); IR (nujol): ñ =2924, 2854, 1654, 1582,
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1480, 1458, 1428, 1384, 1265, 1241, 886, 792 cm�1; MS (70 eV, EI): m/z
(%): 300 (13) [M]+ , 285 (1), 176 (5), 163 (32), 149 (47), 136 (9), 91 (9), 58
(35), 43 (100); elemental analysis calcd (%) for C20H28O2: C 79.96, H
9.39; found: C 79.87, H 9.24.


Compounds 28b, 28 b’ by Friedel–Crafts reaction of acid 27b (method
A): Acid 27 b (20.0 mg, 0.05 mmol) in CH2Cl2 (0.5 mL) was added to a
solution of P2O5 (15 mg) in methanesulfonic acid (1.0 mL). The reaction
was stirred at room temperature for 1 h and it was heated under reflux
for another 30 min until the starting material was consumed. After
workup as above, a mixture of pure 28b and 28b’ (4.0 mg, 21 %) was ob-
tained as a colourless oil. 1H NMR (500 MHz, CDCl3): d= 8.01 (s, 1 H;
H-Ar), 7.86 (d, 3J =7 Hz, 1H, H-Ar), 7.83–7.75 (m, 4 H; H-Ar), 7.52–7.32
(m, 5H; H-Ar), 3.21–2.7 (m, 6 H), 2.01–1.01 (m, 28H), 0.97(s, 3H; CH3-
18-isomer A), 0.88 (s, 3 H; CH3-18-isomer B), 0.84 (s, 3H; CH3-19-isomer
A), 0.82 (s, 3 H; CH3-20-isomer A), 0.80 (s, 3 H; CH3-19-isomer B), 0.77
(s, 3 H; CH3-20-isomer B); MS (70 eV, EI): m/z (%): 360 (100) [M]+ , 345
(6), 332 (27), 236 (7), 223 (47), 209 (54), 196 (37), 181 (25), 168 (29), 152
(13), 140 (33), 123 (7),109 (8), 95 (12), 81 (10), 69 (14), 55 (14), 41 (14).


Compound 28c by Friedel–Crafts reaction of acid 27c (method A): Acid
27c (8 mg, 0.02 mmol) in methanesulfonic acid (0.5 mL) was added to a
solution containing P2O5 (10 mg) in methanesulfonic acid (1 mL). The re-
action was completed after 10 min of stirring. After workup as described
above, a residue was purified by chromatography with hexanes/AcOEt
95:5 to yield pure 28c (4.6 mg, 61 %) as white solid. M.p. 174–177 8C;
[a]23


D = ++16.4 (c= 0.07 in CHCl3); 1H NMR (300 MHz, CDCl3): d=8.09
(d, 3J=8.8 Hz, 1 H; H-Ar), 6.70 (dd, 3J=8.8, 4J =2.7 Hz, 1H; H-Ar), 6.72
(d, 4J=2.4 Hz, 1 H; H-Ar), 3.83 (s, 3H; MeO-Ar), 3.07 (d, 2J =15.6 Hz,
1H; HB-12), 3.03 (br t, 3J =6.1 Hz, 1 H; H-8), 2.90 (dd, 2J=15.4, 3J=


6.6 Hz, 1H; HA-12), 2.36 (br d, 2J =13.2 Hz, 1 H; H-7b), 2.20 (quin, J=


6.8 Hz, 1H; HB-11), 1.86 (m, overlapped 2 H; H-9+ H-7a), 1.62 (ddq,
2J=13.4, 3J= 2.7, 3J =2.3 Hz, 1H; H-2a), 1.55–1.10 (overlapped m, 7H),
0.90 (overlapped m, 2H), 0.88 (s, 3 H; CH3-18), 0.82 s, 3H; CH3-19), 0.66
(s, 3H; CH3-20); 13C NMR (75.1 MHz, CDCl3): d = 202.7 (s, C-17), 162.2
(s, C-Ar), 148.0 (s, C-Ar), 131.9 (d, C-Ar), 130.9 (s, C-Ar), 115.3 (d, C-
Ar), 111.6 (d, C-Ar), 55.8 (d, C-5), 55.3 (q, MeO-Ar), 51.6 (d, C-9), 47.3
(d, C-8), 42.1 (t, C-3), 39.1 (t, C-1), 38.8(s, C-10), 34.1 (t, C-12), 33.6 (q,
C-18), 33.2 (s, C-4), 28.6 (t, C-7), 27.0 (t, C-11), 21.7 (q, C-19), 19.7 (t, C-
6), 18.5 (t, C-2), 13.9 (q, C-20); IR (nujol): ñ =2924, 2854, 1663, 1601,
1461, 1265, 1226, 1106, 1034, 967, 815 cm�1; MS (70 eV, EI): m/z (%): 340
(25) [M]+ , 325 (2), 215 (7), 203 (51), 189 (100), 176 (28), 161 (18), 148
(28), 91 (21), 81 (14), 69 (23), 55 (27), 41 (31); elemental analysis calcd
(%) for C23H32O2: C 81.13, H 9.47; found: C 80.94, H 9.32.


Compound 28d by Friedel–Crafts reaction of acid 27 d (method A): Acid
27d (20 mg, 0.05 mmol) in CH2Cl2 (0.5 mL) was added to a solution of
P2O5 (15 mg) in methanesulfonic acid (1 mL) at room temperature. The
reaction was completed after 5 h of stirring (TLC). The residue was puri-
fied by chromatography with hexanes/CH2Cl2 9:1 to yield pure 28d
(4.0 mg, 42%) as a white crystalline solid. M.p. 159–161 8C; [a]21


D =


�12.5 (c =0.12 in CHCl3); 1H NMR (500 MHz, CDCl3): d =8.27 (dd, J=


6.2, J =3.6 Hz, 1 H; H-Ar), 8.09 (d, 3J= 8.7 Hz, 1H; H-Ar), 7.83 (dd, 3J =


6.2, 4J =3.6 Hz, 1H; H-Ar), 7.72 (d, 1H, J =8.7 Hz, H-Ar), 7.55 (dd, 1 H,
J =9.6, J =3.2 Hz, H-Ar), 7.54 (dd, J =9.8, J=3.6 Hz, 2H; H-Ar), 4.00
(dd, 2J =17, 3J =7 Hz, 1 H; HB-12), 3.28 (t, 3J =6.8 Hz, 1H; H-8), 3.05
(dd, 2J =17, 3J =11.7 Hz, 1H; HA-12), 2.38 (q, 2J= 3J =7.2 Hz, 1H; HB-
11), 2.30 (br d, 2J =13.4 Hz, 1H), 1.93 (dd, 3J =8.7, 3J=3.8 Hz, 1 H; H-9),
1.90 (overlapped m, 2 H), 1.89–0.93 (m, 9 H), 0.91 (s, 3 H; CH3-18), 0.87
(s, 3 H; CH3-19), 0.80 (s, 3H; CH3-20); 13C NMR (125 MHz, CDCl3): d =


205.6 (s, C-17), 144.6 (s, C-Ar), 136.1 (s, C-Ar), 134.8 (s, C-Ar), 132.3 (s,
C-Ar), 128.7 (d, C-Ar), 127.4 (d, C-Ar), 126.4 (d, 2C-Ar), 125.2 (d, C-
Ar), 124.8 (d, C-Ar), 55.4 (d, C-5), 51.7 (d, C-9), 47.8 (d, C-8), 42.1 (t, C-
3), 39.8 (t, C-1), 38.6 (s, C-10), 33.7 (q, C-18), 33.1 (s, C-4), 28.4 (t, C-12),
27.6 (2t, C-7, C-11), 21.9 (q, C-19), 19.8 (t, C-6), 18.5 (t, C-2), 14.0 (q, C-
20); IR (nujol): ñ = 2925, 2854, 1668, 1462, 1377, 1217, 1102, 1032, 813,
765, 747 cm�1; MS (70 eV, EI): m/z (%): 360 (88) [M]+ , 345 (5), 332 (5),
223 (52), 209 (100), 196 (33), 181 (20), 168 (29), 152 (16), 140 (34), 123
(7), 109 (7), 95 (12), 81 (11), 69 (16), 55 (18), 41 (18); elemental analysis
calcd (%) for C26H32O: C 86.62, H 8.95; found: C 86.28, H 8.70.


Compound 28e by Friedel–Crafts reaction of acid 27e (method B): Tri-
fluoroacetic anhydride (60 mL, 0.7� 10�3


m) in CH2Cl2 was added at 0 8C
to a solution of acid 27 e (19 mg, 0.04 mmol) in CH2Cl2 (0.5 mL). The
starting material was consumed after 3 h of stirring. Workup as described
above, yielded a residue which was purified by chromatography by using
hexanes/AcOEt 95:5; the pure compound 28e (15 mg, 82%) was ob-
tained as a white crystalline solid. M.p. 169–171 8C; [a]20


D = �11.2 (c =


0.12 in CHCl3); 1H NMR (400 MHz, CDCl3): d=8.43 (m, 1H; H-Ar),
8.21 (m, 1H; H-Ar), 7.65 (d, 3J= 8.4 Hz, 2H; H-Ar), 7.32 (m, 2 H; H-Ar),
7.23 (d, J= 8.1 Hz, 2H; H-Ar), 4.09 (dd, 2J =16.4, 3J =5.4 Hz, 1H; HB-
12), 2.87 (t, 3J= 6 Hz, 1 H; H-8), 2.71 (dd, 2J =16.5, 3J =12.3 Hz, 1H; HA-
12), 2.42 (br d, J =13.5 Hz, 1 H; H-3a), 2.36 (s, 3 H; CH3-Ar), 2.23 (quin,
J =7 Hz, 1 H; HB-11), 1.89 (ddd, J= 15.6, J =11.9, J =7.9 Hz, 1 H; H-9),
1.78 (td, J= 13.3, J =3.9 Hz, 1 H; H-7a), 1.62 (m, 1H), 1.49–1.30 (m, 7H),
1.15 (td, J =12.5, J=3.7 Hz; 1H), 0.94 (dd, J =12.5, J =2.4 Hz, 1H; H-
5a), 0.88 (s, 3 H; CH3-18), 0.81 (s, 3 H; CH3-19), 0.63 (s, 3 H; CH3-20);
13C NMR (50.3 MHz, CDCl3): d = 200.0 (s, C-17), 151.6 (s, C-Ar), 145.5
(s, C-Ar), 136.2 (s, C-Ar), 136.1 (s, C-Ar), 130.1 (d, 2C-Ar), 127.5 (s, C-
Ar), 126.4 (d, 2C-Ar), 125.2 (d, C-Ar), 124.8 (d, C-Ar), 122.6 (s, C-Ar),
122.3 (d, C-Ar), 114.4 (d, C-Ar), 55.8 (d, C-5), 51.0 (d, C-9), 48.2 (d, C-
8), 42.0 (t, C-3), 39.0 (t, C-1), 38.8 (s, C-10), 33.6 (q, C-18), 33.1 (s, C-4),
28.0 (t, C-11), 27.8 (t, C-7), 24.8 (t, C-12), 21.7 (q, Me-Ar), 21.6 (q, C-19),
19.5 (t, C-6), 18.4 (t, C-2), 13.8 (q, C-20); IR (nujol): ñ =2924, 2854,
1668, 1460, 1371, 1165, 1055, 990, 760 cm�1; MS (70 eV, EI): m/z (%): 503
(11) [M]+ , 366 (6), 352 (23), 320 (4), 220 (8), 196 (16), 180 (15), 167 (23),
155 (27), 130 (26), 91 (100), 81 (19), 69 (38), 55 (33), 41 (34); elemental
analysis calcd (%) for C31H37NO3S: C 73.92, H 7.40; found: C 73.79, H
7.27.


Aldehyde 26d by oxidation of alcohol 24d : Alcohol 24d (248 mg,
0.68 mmol) in acetone (30 mL) was treated with Jones reagent for 2 h.
Workup as described yielded a residue which was purified by flash chro-
matography with hexanes/CH2Cl2 (4:1) to produce pure aldehyde 26d
(230 mg, 94%) as a white amorphous solid. M.p. 106–108 8C; [a]21


D = ++


4.13 (c =0.41 in CHCl3); 1H NMR (200 MHz, CDCl3): d =10.11 (s, 1 H;
H-17), 8.03 (d, 3J =8.1 Hz, 1 H; H-Ar), 7.86 (d, 3J =7.8 Hz, 1 H; H-Ar),
7.72 (d, 3J =8.1 Hz, 1H; H-Ar), 7.58–7.30 (overlapped m, 4H; H-Ar),
3.34 (ddd, 2J =13.4, 3J =10.2, 3J=6.8 Hz, 1 H; HA-12), 2.99 (ddd, 2J =13.4,
3J=9.5, 3J= 6.3 Hz, 1 H; HB-12), 2.70 (t, 3J=4.6 Hz, 1H; H-8), 2.40
(br dd, J =7.6 Hz, J= 4.6 Hz, 1H; H-7a), 2.05 (dd, J=6.4, J=3.7 Hz, 1 H;
H-9), 2.02 (dd, J=8.5, J =6.8 Hz, 1H; H-11), 1.70–1.10 (overlapped m,
10H), 0.94 (dd, J=11.5, J =2.6 Hz, 1 H; H-5), 0.86 (s, 3 H; CH3), 0.77 (s,
3H; CH3), 0.68 (s, 3H; CH3); 13C NMR (75.3 MHz, CDCl3): d = 205.2
(d, C-17), 138.7 (s, C-Ar), 133.9 (s, C-Ar), 131.7 (s, C-Ar), 128.8 (d, C-
Ar), 126.7 (d, C-Ar), 126.0 (d, C-Ar), 125.9 (d, C-Ar), 125.6 (d, C-Ar),
125.5 (d, C-Ar), 123.6 (d, C-Ar), 55.7 (d, C-5), 54.5 (d, C-9), 47.5 (d, C-
8), 41.9 (t, C-1), 38.6 (t+ s, C-3+C-10), 33.5 (q, C-18), 33.3 (s, C-4), 32.3
(t, C-12), 26.9 (t, C-7), 26.6 (t, C-11), 21.5 (q, C-19), 18.8 (t, C-6), 18.6 (t,
C-2), 15.4 (q, C-20); MS (70 eV, EI): m/z (%): 362 (66) [M]+ , 344 (3),
331 (4), 170 (15), 167 (16), 154 (32), 141 (100), 123 (13), 115 (17), 107 (4),
95 (10), 81 (10), 69 (15), 55 (10), 41 (9); elemental analysis calcd (%) for
C26H34O: C 86.13, H 9.45; found: C 85.94, H 9.38.


Aldehyde epi-26 d by epimerization of aldehyde 26d : A solution of alde-
hyde 26 d (50 mg, 0.14 mmol) in EtOH (3.5 mL) at room temperature
was treated with an aqueous solution of KOH (2.0 mL, 6 � 10�2


m). After
24 h of stirring the reaction mixture was filtered through a pad of Celite,
diluted with water (10 mL) and extracted with AcOEt (3 � 20 mL).
Workup as described yielded a residue which after chromatography with
hexanes/AcOEt 95:5 produced pure epi-26d (30 mg, 70%) as a colorless
syrup. [a]23


D = ++28.6 (c =0.28 in CHCl3); 1H NMR (200 MHz, CDCl3):
d=9.61 (d, 3J =4.6 Hz, 1 H; H-17), 7.93 (d, 3J =8.2 Hz, 1H; H-Ar), 7.81
(dd, J= 7.5, J=1.8 Hz, 1H; H-Ar), 7.68 (d, J =7.9 Hz, 1 H; H-Ar), 7.56
(overlapped m, 4 H; H-Ar), 3.16–2.84 (m, 3 H), 2.44–2.31 (m, 1H), 1.9–
0.93 (m, 13 H), 0.89 (s, 3H; CH3-18), 0.83 (s, 3H; CH3-19), 0.80 (s, 3 H;
CH3-20); 13C NMR (75.3 MHz, CDCl3): d = 205.3 (d, C-17), 138.7 (s, C-
Ar), 133.8 (s, C-Ar), 131.6 (s, C-Ar), 128.7 (d, C-Ar), 126.6 (d, C-Ar),
126.0 (d, C-Ar), 125.9 (d, C-Ar), 125.6 (d, C-Ar), 125.4 (d, C-Ar), 123.7
(d, C-Ar), 54.6 (d, C-5), 54.2 (d, C-9), 51.0 (d, C-8), 42.0 (t, C-1), 38.5 (t,
C-3), 37.9 (s, C-10), 34.4 (t, C-12), 33.4 (q, C-18), 33.2 (s, C-4), 30.9 (t, C-
7), 26.7 (t, C-11), 21.7 (q, C-19), 20.1 (t, C-6), 18.6 (t, C-2), 14.1 (q, C-20);
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IR (nujol): ñ =2924, 2853, 2715, 1724, 1596, 1462, 1376, 798 cm�1; MS
(70 eV, EI): m/z (%): 362 (14) [M]+ , 348 (3), 332 (2), 179 (7), 170 (7),
154 (34), 141 (100), 115 (16), 95 (11), 81 (12), 69 (26), 55 (20), 41 (20); el-
emental analysis calcd (%) for C26H34O: C 86.13, H 9.45; found: C 86.09,
H 9.40.


Acid epi-27 d by Jones oxidation of aldehyde epi-26 d : Aldehyde epi-26d
(25 mg, 0.07 mmol) in acetone (2.0 mL) was treated with the Jones re-
agent for 1 h. Workup as described yielded a residue which after flash
chromatography with hexanes/AcOEt 9:1 produced pure epi-27d (17 mg,
65%) as colorless syrup. [a]22


D = ++14.1 (c=1.49 in CHCl3); 1H NMR
(200 MHz, CDCl3): d=7.96 (dd, 3J =9.2, 4J =1.5 Hz, 1 H; H-Ar), 7.78
(dd, 3J=7.5, 4J =2.0 Hz, 1 H; H-Ar), 7.61 (dd, 3J =7.7, 4J =1.5 Hz 1 H; H-
Ar), 7.40 (m, 2H; H-Ar), 7.24 (m, 2 H; H-Ar), 3.19 (td, 3J =13, 3J=


4.9 Hz, 1 H; HA-12), 2.93 (td, 2J= 3J =13, 3J =5.7 Hz, 1 H; HB-12), 2.46
(td, 3J =12, 3J =4 Hz, 1 H; H-8), 2.06 (m, 1 H), 1.99–0.90 (m, 13 H), 0.87
(s, 3H; CH3), 0.81 (s, 3H; CH3), 0.79 (s, 3 H; CH3); 13C NMR (50.3 MHz,
CDCl3): d =183.2 (s, C-17), 139.1 (s, C-Ar), 133.8 (s, C-Ar), 131.7 (s, C-
Ar), 128.6 (d, C-Ar), 126.4 (d, C-Ar), 125.8 (d, C-Ar), 125.7 (d, C-Ar),
125.5 (d, C-Ar), 125.3 (d, C-Ar), 123.8 (d, C-Ar), 54.6 (d, C-5), 52.6 (d,
C-9), 47.2 (d, C-8), 42.0 (t, C-3), 38.4 (t, C-1), 38.1 (s, C-10), 34.8 (t, C-
12), 33.4 (q, C-18), 33.2 (s, C-4), 31.7 (t, C-7), 30.9 (t, C-11), 21.7 (q, C-
19), 20.7 (t, C-6), 18.6 (t, C-2), 14.0 (q, C-20); IR (film): ñ =2923
(broad), 1694, 1596, 1511, 1455, 1398, 1215, 796 cm�1; MS (70 eV, EI):
m/z (%): 378 (78) [M]+ , 363 (6), 167 (11), 154 (19), 141 (100), 123 (15),
109 (7), 95 (9), 81 (9), 69 (18), 55 (14), 41 (14); elemental analysis calcd
(%) for C26H34O2: C 82.49, H 9.05; found: C 82.33, H 8.87.


Compound epi-28 d by Friedel–Crafts reaction of acid epi-27d : Acid epi-
27d (20 mg, 0.05 mmol) in methanesulfonic acid (0.5 mL) was treated
with a solution of P2O5 (15 mg) in methanesulfonic acid (1.0 mL) at room
temperature. The mixture was stirred for 5 h. The residue which was ob-
tained following the general procedure was purified by chromatography
with hexanes/CH2Cl2 4:1 to yield unreacted acid (10 mg) and pure ketone
epi-28d (4 mg, 42% based on recovered acid) as a colorless syrup.
[a]22


D = ++28.7 (c =0.60 in CHCl3); 1H NMR (200 MHz, CDCl3): d=8.14
(dd, 3J =8.9, 4J =1.7 Hz, 1 H; H-Ar), 7.84 (dd, 3J =9.2, 4J =2.3 Hz, 1 H;
H-Ar), 7.71 (d, 3J =8.5 Hz, 1H; H-Ar), 7.57 (d, 3J= 8.5 Hz, 1 H; H-Ar),
7.53 (overlapped m, 2 H; H-Ar), 3.61 (ddd, 2J=17.4, 3J =7.4, 3J =3.4 Hz,
1H; HB-12), 3.21 (ddd, 2J= 17, 3J= 10, 3J=3 Hz 1H; HA-12), 3.05 (td, J=


11.9 Hz, J =3.8 Hz, 1 H; H-8), 2.10–1.20 (m, 9 H), 1.12 (td, J =13.2 Hz,
J =3.8 Hz, 1H), 1.00 (s, 3 H; CH3-18), 0.90 (overlapped m, 3H), 0.83 (s,
3H; CH3-19), 0.82 (s, 3 H; CH3-20); 13C NMR (50.3 MHz, CDCl3): d =


210.5 (s, C-17), 139.1 (s, C-Ar), 133.6 (s, C-Ar), 134.5 (s, C-Ar), 131.5 (s,
C-Ar), 128.7 (d, C-Ar), 127.0 (d, C-Ar), 126.7 (d, C-Ar), 126.6 (d, C-Ar),
124.7 (d, C-Ar), 124.2 (d, C-Ar), 54.7 (d, C-5), 51.6 (d, C-8), 50.7 (d, C-
9), 41.9 (t, C-3), 38.8 (t, C-1), 38.4 (s, C-10), 33.6 (q, C-18), 33.2 (s, C-4),
29.6 (t, C-7), 28.4 (t, C-11), 26.0 (t, C-12), 21.8 (q, C-19), 21.1 (t, C-6),
18.7 (t, C-2), 14.7 (q, C-20); IR (KBr): ñ=2922, 2847, 1664, 1459, 1386,
1260, 1219, 1158, 1087, 1036, 818, 801, 759, 741 cm�1; MS (70 eV, EI): m/z
(%): 360 (35) [M]+ , 332 (7), 223 (31), 209 (39), 196 (39), 178 (39), 168
(62), 152 (41), 140 (100), 95 (33), 81 (31), 69 (58), 55 (68), 41 (77); ele-
mental analysis calcd (%) for C26H32O: C 86.62, H 8.95; found: C 86.49,
H 8.83.


Ketone 29 by oxidation of alcohol 24 e : Alcohol 24e (40 mg, 0.08 mmol)
in acetone (2 mL) was treated with Jones reagent for 15 min. Working in
the usual way a residue was obtained which, without any further purifica-
tion, was dissolved in dry ethanol (2 mL) and cooled to 0 8C. The mixture
was treated consecutively with AgNO3 aqueous solution (1.0 mL, 6�
10�3


m) and aqueous KOH (1.0 mL, 7 � 10�3
m). After 15 min of stirring,


the mixture was filtered through a pad of Celite. Aqueous HCl was
added until pH 1 and the mixture was extracted with CHCl3 (3 � 20 mL).
The residue obtained in the usual way was purified by chromatography
with hexanes/AcOEt 95:5 to yield pure ketone 29 (15 mg, 39%) as color-
less syrup. [a]23


D = ++42.5 (c=0.35 in CHCl3); 1H NMR (500 MHz,
CDCl3): d=8.14 (d, 3J=8.3 Hz, 1 H; H-Ar), 7.58 (d, 3J=8.3 Hz, 2 H; H-
Ar), 7.38 (d, 3J =7.9 Hz, 1H; H-Ar), 7.22 (td, 3J =8.3, 4J =1.5 Hz, 1H; H-
Ar), 7.18 (t, 3J=8.3 Hz, 1H; H-Ar), 7.15 (d, 3J= 8.1 Hz, 2H; H-Ar), 6.40
(s, 1 H; H-Ar), 3.05 (ddd, 2J =14.9, 3J =9.7, 3J= 5.1 Hz, 1H; HB-12), 2.80
(ddd, 2J =14.9, 3J =8.7, 3J=6.6 Hz, 1 H; HA-12), 2.43 (ddd, 2J =13.2, 3J=


4.9, 3J =2.1 Hz, 1H; H-7b), 2.30 (overlapped m, 1 H; H-6a), 2.31 (s, 3 H,
CH3-Ar), 2.16 (d, J =9.8 Hz, 1H; H-9), 2.04 (m, 2H), 1.77 (overlapped
m), 1.66 (qd, J =13.4 Hz, J=5.1 Hz, 1H; H-6b), 1.5–1.3 (m, 4 H), 1.25–
1.03 (m, 3H), 0.95 (s, 3H; CH3), 0.84 (s, 3H; CH3), 0.73 (s, 3 H; CH3);
13C NMR (75.3 MHz, CDCl3): d =212.3 (s, C-8), 144.6 (s, C-Ar), 142.4 (s,
C-Ar), 137.2 (s, C-Ar), 136.1 (s, C-Ar), 129.9 (s, C-Ar), 129.8 (d, 2C-Ar),
126.3 (d, 2C-Ar), 123.8 (d, C-Ar), 123.5 (d, C-Ar), 120.1 (d, C-Ar), 114.9
(d, C-Ar), 109.2 (d, C-Ar), 63.4 (d, C-9), 54.1 (d, C-5), 42.7 (s, C-10), 42.6
(t, C-7), 41.8 (t, C-3), 39.1 (t, C-1), 33.7 (s- C-4), 33.5 (q, C-18), 28.2 (t, C-
12), 24.0 (t, C-11), 21.7 (q, Me-Ar), 21.6 (q, C-19), 21.5 (t, C-6), 19.0 (t,
C-2), 14.8 (q, C-20); IR (KBr): ñ = 2925, 2850, 1707, 1597, 1452, 1368,
1175, 1145, 1091, 1053, 811, 748 cm�1; MS (70 eV, EI): m/z (%): 491 [M]+


(2), 366 (3), 350 (4), 336 (100), 318 (7), 297 (14), 285 (24), 233(10), 220
(21), 198 (10), 180 (9), 168 (6), 156 (14), 143 (19), 130 (58), 109 (6), 91
(40), 69 (17), 55 (16), 41 (12); elemental analysis calcd (%) for
C30H37NO3S: C 73.28, H 7.58; found: C 72.97, H 7.61.


Compounds 30, 30’ by Friedel–Crafts reaction of ketone 29 (method A):
Ketone 29 (8.0 mg, 0.02 mmol) in methanesulfonic acid (0.5 mL) was
added to a solution of P2O5 (5.0 mg) in methanesulfonic acid (0.5 mL) at
room temperature. The reaction mixture was stirred for 10 min. The resi-
due obtained after the usual workup was purified by chromatography
with hexanes/AcOEt 97:3 to yield a pure mixture of 30 and 30’ (5.0 mg,
65%) as a colorless oil. 1H NMR (300 MHz, CDCl3): d=8.36 (d, 3J =


8.4 Hz, 1H), 8.21 (dd, 3J=7, 4J =1.9 Hz, 1H), 8.14 (d, 3J= 8.8 Hz, 1H),
8.03 (d, J =7.6 Hz, 1H), 7.83 (dd, J=7.1 Hz, J =1.8 Hz, 1 H), 7.70 (d, J=


8.3 Hz, 2 H), 7.62 (d, J= 8.3 Hz, 2H), 7.42 (dd, J =7.3 Hz, J =1.9 Hz,
1H), 7.25 (m, 2H), 7.16 (d, J =8.4 Hz, 2H), 7.09 (d, J =8.3 Hz, 2H), 6.44
(t, J =2.6 Hz, 1H), 3.41 (m, 2 H), 3.19 (ddd, J =19.0 Hz, J= 11.4 Hz, J=


7.6 Hz, 1 H), 2.81 (ddd, J=19.0 Hz, J= 12.0 Hz, J =6.6 Hz, 1 H), 2.37
(broad d, J =13.3 Hz, 1 H), 2.32 (s, 3H; CH3-Ar), 2.26 (s, 3H; CH3-Ar),
0.97 (s, 3H; CH3), 0.95 (s, 3H; CH3), 0.94 (s, 3 H; CH3), 0.89 (s, 6H;
2CH3), 0.85 (s, 3 H; CH3); IR (KBr): ñ =2924, 2854, 1598, 1460, 1376,
1175, 1153, 1091, 1003, 811, 743, 659 cm�1; MS (70 eV, EI): m/z (%): 473
[M]+ (100), 456 (61), 360 (25), 318 (68), 300 (1), 232 (29), 217 (27), 206
(20), 194 (48), 91 (31), 69 (9), 55 (7), 41 (5).
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Copolymerization of Cyclohexene Oxide with CO2 by Using Intramolecular
Dinuclear Zinc Catalysts


Youli Xiao, Zheng Wang, and Kuiling Ding*[a]


Introduction


CO2 is not only an inexpensive and abundant one-carbon
chemical feedstock, but also an atmospheric greenhouse gas
that contributes to global warming. Thus, the development
of efficient catalytic processes that employ this nontoxic
carbon source with the simultaneous reduction of its envi-
ronmental impact is of great interest and has been a long-
standing goal for chemists.[1] One of the most promising


ways to effectively utilize CO2, the synthesis of poly-
carbonates through metal-catalyzed coupling reactions of
CO2 and epoxides, was first reported by Inoue et al. in
1969[2] and has attracted much attention over the past few
decades.[3,4] A wide variety of catalytic systems, including
both heterogeneous catalyst mixtures[5] and homogeneous
discrete metal complex catalysts,[6–14] have been developed
over the past decade with the latter being the focus of most
current research owing not only to their high activities, but
also to their well-defined structures that allow mechanistic
investigations.


Among the metal complex catalysts developed so far for
CO2/epoxide copolymerization, zinc complexes have been of
considerable interest.[9,11, 12,14] Mechanistic studies of the cat-
alyzed copolymerization reactions involving these complexes
suggest that various dimeric zinc complexes formed by the
bridging of two zinc monomers are the effective catalysts
and that a bimetallic epoxide enchainment mechanism often


Abstract: The intramolecular dinuclear
zinc complexes generated in situ from
the reaction of multidentate semi-aza-
crown ether ligands with Et2Zn, fol-
lowed by treatment with an alcohol ad-
ditive, were found to promote the co-
polymerization of CO2 and cyclohex-
ene oxide (CHO) with completely al-
ternating polycarbonate selectivity and
high efficiency. With this type of novel
initiator, the copolymerization could be
accomplished under mild conditions at
1 atm pressure of CO2, which repre-
sents a significant advantage over most
catalytic systems developed for this re-
action so far. The copolymerization re-
action was demonstrated to be a living
process as a result of the narrow poly-
dispersities and the linear increase in
the molecular weight with conversion
of CHO. In addition, the solid-state


structure of the dinuclear zinc complex
was characterized by X-ray crystal
structural analysis and can be consid-
ered as a model of the active catalyst.
On the basis of the various efforts
made to understand the mechanisms of
the catalytic reaction, including
MALDI-TOF mass analysis of the co-
polymers� end-groups, the effect of al-
cohol additives on the catalysis and
CO2 pressure on the conversion of
CHO, as well as the kinetic data gained
from in situ IR spectroscopy, a plausi-
ble catalytic cycle for the present reac-
tion system is outlined. The copolymer-


ization is initiated by the insertion of
CO2 into the Zn�OEt bond to afford a
carbonate–ester-bridged complex. The
dinuclear zinc structure of the catalyst
remains intact throughout the copoly-
merization. The bridged zinc centers
may have a synergistic effect on the co-
polymerization reaction; one zinc
center could activate the epoxide
through its coordination and the
second zinc atom may be responsible
for carbonate propagation by nucleo-
philic attack by the carbonate ester on
the back side of the cis-epoxide ring to
afford the carbonate. The mechanistic
implication of this is particularly impor-
tant for future research into the design
of efficient and practical catalysts for
the copolymerization of epoxides with
CO2.
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dominates the polymerization process.[9d, 11c,11e, 14b] For exam-
ple, Darensbourg et al. showed that dimeric zinc–phenolate
complex 1 could promote CO2/cyclohexene oxide (CHO)
copolymerization efficiently.[9d] An elegant kinetic study per-


formed by Coates and co-workers on the copolymerization
of CO2 with CHO catalyzed by a zinc b-diiminate complex
revealed that dimeric zinc complex 2 is involved in the tran-
sition state of the epoxide ring-opening event.[11e] In 1999,
Nozaki et al. reported the first example of the asymmetric
copolymerization of CO2/CHO using a mixture of ZnEt2


and (S)-a,a-diphenyl(pyrrolidin-2-yl)methanol, which af-
fords the polycarbonate in excellent yields and with moder-
ate enantioselectivity.[14a] Further mechanistic studies dem-
onstrated that a dimeric zinc complex 3 might be the active
species and that the copolymerization was initiated by CO2


insertion into the Zn�OEt bond of the complex.[14b] All
these studies have demonstrated that it is highly likely that
catalysts that contain intramolecular dinuclear zinc com-
plexes with multidentate ligands could be designed for the
copolymerization of olefin epoxide with CO2.


Trost�s dinuclear zinc complex 5 a, easily prepared from
the multidentate semi-azacrown ether ligand 4 a and Et2Zn,
has been successfully applied to the catalysis of a variety of
enantioselective reactions.[15] On the basis of the mechanistic
understanding described above, we envisioned that this com-
plex may serve as a promising catalyst for the copolymeriza-
tion of CO2 and epoxide owing to its intramolecular dinu-
clear zinc structure. It is reasonable to believe that 4 a can


bring the two metal centers sufficiently close together to
allow for a synergistic effect of the two metallic centers in
CO2/CHO copolymerization. In this report, we describe our
results of a novel use of intramolecular dinuclear zinc com-
plexes in the catalysis of CO2/CHO copolymerization under
mild conditions with good activity and excellent chemoselec-
tivity.


Results and Discussion


This research was initiated by testing the potential catalytic
activity of Trost�s zinc complex 5 a in the copolymerization
of CO2 and CHO (Scheme 1). Complex 5 a was prepared by


the in situ reaction of two equivalents of Et2Zn with one
equivalent of ligand 4 a. Although the exact structure of this
complex has not been confirmed yet owing to the difficulties
associated with its isolation and structural characterization,
we prefer the structure of 5 a proposed by Trost et al., since
it is well supported by the stoichiometric evolution of
ethane in the complex formation,[15a,c,g] ESI-MS spectromet-
ric studies,[15b] as well as MM2 force field calculations.[15a] In
the presence of complex 5 a (5 mol %), the copolymerization
reaction was carried out under 30 atm of CO2 in toluene at
60 8C for 24 h. It was found that this catalytic system exhibit-
ed good activity in the CO2/CHO copolymerization reaction,
affording poly(cyclohexene carbonate) (PCHC) in a quanti-
tative yield (>99 %) and with a high Mn value of
44 100 g mol�1 and a relatively narrow polydispersity (Mw/Mn


ratio) of 1.82. The chemoselectivity was excellent as shown
by the 1H NMR spectroscopic analysis. The completely al-
ternating nature (>99 % carbonate linkage) of the copoly-
merization reaction was reflected in the presence of the me-
thine proton peak at d=4.63 ppm (for carbonate) and the
absence of a methine proton peak at around d= 3.45 ppm
(which can be attributed to the formation of polyether in
the homopolymerization of CHO; Figure 1). The enantiose-
lectivity of the copolymerization reaction was evaluated by
following the procedure described by Nozaki et al.[14a] After


Scheme 1. Copolymerization of cyclohexene oxide with CO2 in the pres-
ence of a dinuclear zinc complex as catalyst.
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hydrolysis of the polycarbonate with aqueous NaOH, the
enantiomeric excess (ee) of the resulting cyclohexane-1,2-
diol was determined by chiral GC to be only 18 % with an
S,S configuration.


The completely alternating structure of the poly(cyclohex-
ene carbonate) obtained rendered MALDI-TOF mass spec-
trometry the ideal tool for end-group analysis to probe the
active species responsible for the initiation of the polymeri-
zation reaction.[16] As shown in Figure 2a, at least two series


of signals with regular repeat intervals (repeating units of
142.2 mass units) were observed in the mass spectra. The
mass values within the series of the stronger signals match
[142.2n (repeating unit)+ 45.1 (ethoxy group)+ 1.0 (H)+


23.0 (Na+ ion)], while the values for the weaker ones match


[142.2n (repeating unit)+ 99.1 (cyclohexyloxy group)+ 1.0
(H)+23.0 (Na+ ion)]. Therefore, the set of stronger signals
can be assigned to copolymer I and the set of weaker signals
to copolymer II (Figure 3). It can be deduced from this mass


spectrum (Figure 2a) that the copolymerization reaction was
initiated by insertion of CO2 into a Zn�alkoxide bond of the
catalytic species, either an ethoxy or a cyclohexyloxy group
attached to a zinc center, and terminated by protolysis to
give the corresponding copolymers I or II, respectively. The
ethoxy initiation hypothesis was also supported by the 1H
NMR spectrum of the copolymers (Figure 1). The signal at
d= 4.18 ppm, which can be assigned to methylene protons,
clearly indicates the presence of an ethoxy group in the
structure of the copolymer obtained.[14c] Thus, the in situ
generated dinuclear zinc complex 5 a probably acts as a cata-
lyst precursor. The alkoxy-containing active species, such as
6 a, was probably produced in the reaction of ligand 4 a with
an impurity present in the Et2Zn reagent, probably EtZ-
nOEt.[14b, 17] The ligand-exchange reaction of the labile ethyl
group of complex 5 a with a trace amount of cyclohexanol,
presumably formed by the reduction of cyclohexene oxide
with unreacted diethylzinc, gave the minor cyclohexyloxy-
zinc active species.


On the basis of the investigation described above, it has
been recognized that the dinuclear zinc complex 6 a might
be the major active species in the catalytic reaction. An in-
crease in the concentration of the ethoxide-containing zinc
species was expected to have a favorable impact on its cata-
lytic performance. Accordingly, the effect of ethanol addi-
tive on the catalysis of the copolymerization reaction was
examined. The addition of 0.2–0.4 equivalents (relative to
ligand 4 a) of ethanol to the in situ prepared complex 5 a im-
proved the yields of the copolymers and led to a simulta-
neous decrease in the molecular weight (Figure 4). Addition
of 0.4 equivalents of ethanol was found to be optimal, af-
fording the copolymer with a molecular weight of 2.32 �


Figure 1. 1H NMR spectrum of poly(cyclohexene carbonate).


Figure 2. MALDI-TOF mass spectra of the copolymers obtained by using
in situ prepared complex 5a in combination with a) 0, b) 0.4, and c) 1.0
equivalent of ethanol additive.


Figure 3. Structures of copolymers I and II with the ethoxy or cyclohex-
yloxy moiety as the initiating group.
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104 g mol�1 (Mw/Mn =1.43) in 95 % yield. MALDI-TOF mass
spectrometric analysis of the resulting copolymers at this
stage showed that the relative intensities of the signals cor-
responding to copolymer I (Figure 2b) had been dramatical-
ly enhanced with respect to those in Figure 2a. This is in
good agreement with the expectation that an increase in the
concentration of ethanol would result in a higher portion of
polymer I with the simultaneous suppression of the compet-
ing pathway. However, addition of further ethanol resulted
in a decrease in catalytic activity, while the molecular weight
distribution (polydispersity) was found to remain in the
range of 1.18–1.28, and addition of two equivalents of etha-
nol completely inhibited the reaction. MALDI-TOF mass
spectrometric analysis of the copolymers attained upon ad-
dition of 1 equivalent of ethanol (Figure 2c) suggests an
overwhelming predominance of Zn–ethoxide as the initia-
tor.


An investigation of the impact of CO2 pressure on its co-
polymerization with epoxide might provide some useful in-
formation about the catalytic mechanism. To examine the
effect of CO2 pressure on the reaction, the copolymerization
reactions of CHO and CO2 at CO2 pressures of 1–20 atm
were performed by using in situ prepared 5 a (5 mol%) in
the presence of 2 mol % ethanol at 60 8C. All the reactions
tested were complete within 6 h and the results are summa-
rized in Table 1. Remarkably, the conversion was found to
be independent of CO2 pressure and the copolymerization
proceeds smoothly even under 1 atm of CO2 without signifi-
cant loss of conversion (97 %) or degree of CO2 incorpora-


tion (>99 % polycarbonate by 1H NMR spectroscopy). This
is a very interesting result, since most copolymerization sys-
tems developed so far employ much higher CO2 pres-
sure.[7–14] Only very recently the first example of ambient-
pressure CHO/CO2 copolymerization using a porphyrin/
MnOAc catalytic system was reported by Sugimoto et al. ,
although the turnover frequency (TOF) was somewhat
modest (ca. 3 h�1).[6] Mechanistically, the independence of
CHO conversion on the CO2 pressure indicates that the in-
sertion of CO2 into the Zn�alkoxide bond is not the rate-de-
termining step of the reaction.


To gain some preliminary kinetic information about the
copolymerization reaction performed under 1 atm pressure
of CO2, the reaction was monitored under the conditions
specified above by in situ IR spectroscopy, by analysis of the
emerging carbonyl stretch at 1752 cm�1 (n(CO) for the poly-
carbonate).[8d,e, 11e, 18] The spectra and the plot of absorbance
versus time are shown in Figure 5. As shown in the bottom


half of Figure 5, apart from the small lag within the initial
0.5 h, the carbonyl absorbance increased steadily in a nearly
linear fashion over the next 5 h and remained constant after
6 h. This result indicates that the rate of polycarbonate for-
mation was a little slow in the initiation stage, but then in-
creased somewhat and remained almost constant in the fol-
lowing hours until completion, suggesting a constant concen-
tration of propagating species leading to a smooth overall
reaction under 1 atm of CO2. The initiation period shown in
Figure 5 (bottom) may be the time required to activate the
catalyst; presumably not all of the catalyst molecules are ini-


Figure 4. The effect of ethanol additive on the yield (dashed line) and
molecular weight (solid line) of copolymers (the data were obtained for
the reactions in 6 h).


Table 1. The effect of CO2 pressure on the conversion of cyclohexene
oxide and the molecular weight of the copolymer.[a]


p(CO2)
[atm]


Conv. of
CHO [%][b]


Carbonate
linkages [%][b]


Mn


[kg mol�1][c]
Mw/Mn


[c]


1 20 >99 >99 16.9 1.35
2 10 97 >99 19.3 1.55
3 5 98 >99 20.9 1.51
4 1 97 >99 19.2 1.56


[a] All the copolymerization reactions of CHO (1 m in toluene) and CO2


were performed using in situ prepared 5a (5 mol %) in the presence of
2 mol % of ethanol additive at 60 8C for 6 h. [b] Determined by 1H NMR
spectroscopy. [c] Determined by gel-permeation chromatography (GPC)
and calibrated with polystyrene standards in tetrahydrofuran.


Figure 5. Top: Three-dimensional stack plot of the IR spectra collected
every 2 min for the reaction of cyclohexene oxide and CO2 under 1 atm
pressure. Bottom: Time profile of the absorbance at 1752 cm�1 (corre-
sponding to the formation of poly(cyclohexene carbonate)).
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tiated simultaneously in the early stages leading to a small
lag in the initial reaction rate. This phenomenon has also
been reported for the salen/Cr system by Darensbourg
et al.[8e] Since the reaction was performed under 1 atm of
pressure, the time needed for CO2 saturation to reach equi-
librium in solution[11e] might be responsible for the catalyst
activation period.


Tuning the steric and electronic features of ligands in
metal-catalyzed epoxide/CO2 copolymerization reactions
often has a profound effect on the catalytic efficiencies.[9,11]


Thus, to probe the substituent effects of the dinucleating
ligand, a series of phenol-bridged bis(a,a-diarylprolinol) li-
gands (4 a–4 j) with different stereoelectronic features were
synthesized following a modified version of Trost�s proce-
dure, in which the corresponding dichlorides were used as
the starting materials instead of the dibromides.[15f] The cata-


lytic performance of these ligands in zinc-catalyzed CHO/
CO2 copolymerization was then investigated under an ambi-
ent pressure of CO2 by using in situ prepared catalyst pre-
cursors [ligand 4 (5 mol %)+ Et2Zn (10 mol%) in toluene]
in the presence of ethanol additive (2 mol %) at 80 8C. The
results of the polymerization are summarized in Table 2. It
was found that the presence of electron-donating groups (li-
gands 4 b and 4 d), as well as a phenyl group (ligand 4 e) or
chlorine (ligand 4 h) at the para-positions of the a,a-diaryl
moieties of the prolinol led to slightly decreased CHO con-
versions and considerably lower yields (entries 2, 4, 5, and
8) than those obtained with ligand 4 a (entry 1). On the
other hand, the introduction of strongly electron-withdraw-
ing groups into the a,a-diaryl moieties of the prolinol li-
gands (ligands 4 f and 4 g) either reduced the yield (entry 6)
or had a disastrous effect on the chemoselectivity (entry 7).
The high percentage of polyether linkages obtained when
utilizing catalyst 4 g is probably partly due to the homopoly-
merization of the epoxide prior to the addition of carbon di-
oxide. The 1H NMR spectra indicate that 6 % CHO was
converted to polyether within five minutes prior to the in-
troduction of CO2. The meta-substituted methyl group
(ligand 4 c) resulted in a significantly lower yield (entry 3).
Modifications to the bridging phenolic part of the ligand


backbone (ligand 4 i and 4 j) led to an unsatisfactory yield
(entry 9) and molecular weight distribution (entries 9 and
10). In summary, ligand 4 a turns out to be the best choice
for this catalytic system.


From an environmental viewpoint, solvent-free processes
are ideal.[19] Moreover, the concentrations of both catalyst
and substrate can be significantly increased under solvent-
free conditions, which allows a further decrease in the cata-
lyst loading and improvements in the efficiency of the catal-
ysis. Thus, CHO/CO2 copolymerization was carried out in
neat CHO with a lower catalyst loading (0.5 mol %) under
20 atm of CO2 pressure at 80 8C for 2 h. As shown in
Table 3, the polymerization proceeded smoothly to give
poly(cyclohexene carbonate) with good carbonate selectivity
(94 %) and molecular weight distribution (Mw/Mn =1.30) in
moderate yield (entry 1). Since the ethanol additive has a
significant impact on the catalysis of the polymerization, as
disclosed above, a variety of protonic additives, such as alco-
hols, phenols, and acetic acid, were then screened (Table 3,
entries 2–13). Under the experimental conditions, alcohol
additives were found to be superior to the phenolic and
acidic additives in terms of both activity and chemoselectivi-
ty, as well as the molecular weight control (entries 1–3
versus 4–13). Of the three alcohols tested, ethanol appears
to be the best additive for copolymerization.


Further optimization of the catalyst loading showed that,
in conjunction with ethanol as additive, the copolymeriza-
tion proceeded smoothly even when the catalyst loading was
as low as 0.1 mol % of 5 a and that the activity remained es-
sentially unchanged (Table 4). In neat CHO, the catalytic
system exhibited good activity with a TOF of 142 h�1 at a
catalyst loading level of 0.2 % (entry 2), and thus is one of
the most efficient catalysts reported so far.[3d,e, 7d,11]


To probe the nature of the copolymerization reactions,
polymerization experiments were performed in neat CHO
at 80 8C under 20 atm of CO2 pressure in the presence of
0.5 mol % of 6 a generated from the reaction of 5 a with


Table 2. Stereoelectronic effect of ligands on Zn-catalyzed CHO/CO2 co-
polymerization.[a]


Ligand 4
[5 mol %]


Conv. of
CHO
[%][b]


Yield
[%][c]


Carbonate
linkages
[%][b]


Mn


[kg mol�1][d]
Mw/
Mn


[d]


1 4a >99 >99 >99 24.9 1.63
2 4b 92 79 >99 24.8 1.58
3 4c 77 19 >99 6.33 1.54
4 4d 87 71 >99 16.3 1.49
5 4e 93 63 >99 7.73 1.32
6 4 f 94 70 >99 11.5 1.34
7 4g >99 >99 22 18.4 1.75
8 4h 94 70 >99 21.1 1.72
9 4 i 89 41 >99 5.85 1.94
10 4j 95 88 >99 48.5 1.84


[a] All the copolymerization reactions of CHO (1.0 m in toluene) and
CO2 (1 atm) were carried out by using in situ prepared catalyst precursor
(ligand 4 (5 mol %)+ Et2Zn (10 mol %) in toluene) in the presence of
ethanol additive (2 mol %) at 80 8C for 48 h. [b] Determined by 1H NMR
spectroscopy. [c] Isolated yield. [d] Determined by GPC and calibrated
with polystyrene standards in tetrahydrofuran.
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EtOH. Samples were withdrawn periodically from the reac-
tion mixture and analyzed by 1H NMR spectroscopy and
GPC. The data obtained were used to construct a plot of
molecular weight (Mn) and polydispersity (Mw/Mn) versus
conversion of cyclohexene oxide (Figure 6). A linear in-
crease in the molecular weight of the copolymer with the
conversion of CHO was observed within a reaction time of
2 h. The linear nature of the Mn plot combined with the
narrow polydispersities (Mw/Mn<1.30) suggest that the


CHO/CO2 copolymerization is
a living process when catalyzed
by the dinuclear zinc complex
6 a. However, for the copoly-
merization reactions carried out
in toluene, considerably higher
Mn values were observed based
on the amount of monomer
consumed per complex 5 a
(Table 1, Figure 4, and the data
obtained in the absence of alco-
hol). This seemingly abnormal
phenomenon can be rational-
ized in terms of the incomplete
transformation of 5 a to the real
active species 6 a owing to the
substoichiometric amount of
ethanol used (0.4 equiv based
on ligand 4 a, or none) and (or)
the partial decomposition of
the active species 6 a caused by
contaminants, such as trace
amounts of water, in these sys-
tems.[8d]


To examine the effect of the
bridging phenolic hydroxy
group in the ligand on the cata-
lytic activity of the zinc com-
plex, two new bis(diarylproli-
nol) ligands 7 and 8, in which
the hydroxy group was either
removed or blocked with a


methyl group, were designed and synthesized. However, we
did not isolate any polymers by using the zinc catalysts de-
rived from 7 and 8 under the same experimental conditions.
The dramatic difference in catalytic activity caused by the
subtle modification of the structure of these ligands prompt-
ed us to investigate the underlying structural reasons for this
behavior. The 1H NMR spectra of the zinc complexes were
recorded after mixing pure Et2Zn and the ligands 4, 7, or 8
(ligand/Et2Zn =0.5:1) in [D6]benzene at room temperature
(see Figure S4 of the Supporting Information). For the 4 a/
Et2Zn mixture, a well-resolved spectrum was obtained, sug-
gesting that the resulting complex 5 a has a well-defined
structure, although at this moment it is still difficult to give
an unambiguous assignment of the peaks. In contrast, exten-
sive broadening of the 1H NMR signals was observed for


Table 3. The catalysis of CHO/CO2 copolymerization using 5a in the presence of various additives under sol-
vent-free conditions.[a]


Additive Conv. of
CHO [%][b]


Yield
[%][c]


Carbonate
linkages [%][b]


Mn


[kg mol�1][d]
Mw/Mn


[d]


1 EtOH 79 55 94 16.9 1.30
2 MeOH 69 43 93 13.0 1.23
3 nBuOH 69 45 88 10.3 1.21
4 HOAc 59 30 76 12.5 1.18
5 PhOH 66 39 86 11.9 1.24
6 4-O2NPhOH 44 16 68 3.6 1.63
7 4-tBuPhOH 39 16 64 4.8 1.27
8 4-MeOPhOH 3.4 1.1 35 N.D. N.D.
9 2,4-(tBu)2PhOH 19 4.2 49 4.0 1.98
10 2,6-(tBu)2PhOH 64 42 90 2.0 1.37
11 2,6-(iPr)2PhOH 20 4.3 66 7.0 1.22
12 2,6-Me2PhOH 24 5.2 40 4.8 1.73
13 4-BrPhOH 11 1.8 34 5.5 1.40


[a] All the copolymerization reactions were performed in neat CHO (1.0 mL, 10.0 mmol) under 20 atm of CO2


pressure at 80 8C for 2 h in the presence of 5a (0.5 mol %) and various additives (0.5 mol %). [b] Determined
by 1H NMR spectroscopy. [c] Isolated yield. [d] Determined by GPC and calibrated with polystyrene standards
in tetrahydrofuran.


Table 4. Effect of catalyst loading on CHO/CO2 copolymerization under solvent-free conditions.[a]


5 a
[mol %]


t
[h]


Conv. of
CHO [%][b]


TON[c] TOF
[h�1][d]


Carbonate
linkages [%][b]


Mn


[kg mol�1][e]
Mw/Mn


[e]


1 0.5 2 80 160 80 94 16.9 1.30
2 0.2 2 57 285 142 92 21.0 1.28
3 0.1 2 26 260 130 91 19.2 1.29
4 0.1 3 36 360 120 93 22.4 1.28


[a] All the copolymerization reactions were performed in neat CHO under 20 atm of CO2 pressure at 80 8C
using 5a and an equimolar amount of EtOH. [b] Determined by 1H NMR spectroscopy. [c] Turnover number;
moles of CHO consumed per mole of ligand. [d] Turnover frequency; moles of CHO consumed per mole of
ligand per hour. [e] Determined by GPC and calibrated with polystyrene standards in tetrahydrofuran.


Figure 6. Plot of Mn (versus polystyrene standards) and polydispersity
(Mw/Mn) for poly(cyclohexene carbonate) as a function of the conversion
of cyclohexane with a mixture of 5 a (0.5 mol %) and EtOH (0.5 mol %).
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the two complexes formed from 7/Et2Zn and 8/Et2Zn, indi-
cating the intermolecular polymeric or oligomeric nature of
these complexes. The importance of the hydroxy group in
the linker of the bis-prolinol ligand 4 a in the copolymeriza-
tion reaction, combined with the structural features dis-
closed by the 1H NMR spectra of the zinc complexes gener-
ated from ligands 4 a, 7, and 8, demonstrate that it is critical
for the zinc complex to have an intramolecular dinuclear
structure for the activation of the substrates probably due to
the cooperative effect of the two zinc cations during the cat-
alysis.


Numerous attempts to isolate 6 a from the as-synthesized
1:1 mixture of 5 a and EtOH in toluene or other solvents
proved to be unsuccessful. Fortunately, the structure of a
closely related complex 9, which may serve as a structural
model of 6 a, could be elucidated by single-crystal X-ray
analysis. Treatment of the in situ prepared 5 a with one
equivalent of p-nitrophenol in toluene/THF resulted in a
pale yellow solution of complex 9. The resulting solution
was left to stand for several days in order for the dinuclear
zinc complex 9 to form pale yellow crystals in 50 % yield
(Scheme 2). A single crystal was selected for X-ray analy-


sis.[20] As shown in Figure 7, the structure is indeed a dinu-
clear one as expected. The coordination sphere around each
zinc atom is approximately square pyramidal with the two
bridging phenoxo oxygen atoms (O1 and O2) and the nitro-
gen and oxygen atoms of the chelating prolinol moieties
forming the base and a THF molecule at the apex. The ge-
ometries around the Zn1 and Zn2 atoms are very similar to
each other with the THF rings pointing in opposite direc-
tions. The four-membered Zn2O2 core is almost planar
(e.s.d. 0.002 �), with the nonbonding Zn–Zn distance fixed
at 3.1776(12) �. A similar Zn2O2 core with similar bond pa-
rameters can be found in other m-hydroxo- or m-alkoxo-


bridged intramolecular homodinuclear zinc complexes[21]


suggesting that the propensity of the zinc atoms to form this
core locks the complex in the conformation described
herein. This may in part explain the marked difference in
the catalytic activities exhibited by bis-prolinol ligands 4 a, 7,
and 8. The active dinuclear species 6 a, with a structure simi-
lar to that of 9, is easily formed upon addition of Et2Zn and
EtOH to ligand 4 a owing to the presence of the phenolic
hydroxy group. However, in the case of ligands 7 and 8, the
absence of this bridging hydroxy group hindered the forma-
tion of similar zinc complexes.


Based on these observations and the mechanistic informa-
tion reported previously by others,[9,11, 14] we have proposed a
plausible mechanism for the catalytic system described in
this work (Scheme 3). Upon the addition of ethanol to the
zinc complex generated in situ by the reaction of ligand 4
with diethylzinc, the ethoxy-bridged dinuclear zinc species 6
can be formed as a result of ligand exchange with EtOH.
Complex 6 may adopt a structure similar to that of 9 and
serve as the catalytically active species in the system de-
scribed herein. The copolymerization reaction is initiated by
the insertion of CO2 into the Zn�OEt bond to afford the
carbonate–ester-bridged complex 10.[8f,11a, 14b] The two zinc
centers should be situated sufficiently close to each other in
complex 10 to allow a synergistic effect in the copolymeriza-
tion, that is, one zinc center may activate the epoxide
through its coordination, like that of the THF molecule in
complex 9, and the second zinc atom might be responsible


Scheme 2. Synthesis of complex 9.


Figure 7. ORTEP drawing of complex 9 with thermal ellipsoids shown at
the 50 % probability level. Hydrogen atoms have been omitted for clarity.
Selected bond distances (�) and angles (degrees): Zn1�O1 2.005(6),
Zn1�O2 2.081(5), Zn1�O3 1.902(5), Zn1�N1 2.190(6), Zn1�O5 2.096(6),
Zn2�O1 2.000(6), Zn2�O2 2.091(5), Zn2�O4 1.896(5), Zn2�O6 2.096(6),
Zn2�N2 2.203(6); O1-Zn1-O2 77.9(2), O1-Zn2-O2 77.8(2), Zn1-O1-Zn2
105.1(3), Zn1-O2-Zn2 99.3(2).
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for carbonate propagation by nucleophilic attack by the car-
bonate ester on the back side of the cis-epoxide ring in a co-
operative manner (11) to afford 12. It is evident that the di-
nuclear zinc structure of the catalyst remains intact through-
out the catalysis of the copolymerization reaction. Subse-
quent alternating enchainment of CO2 and CHO completes
the catalytic cycle.


Conclusions


In summary, we have demonstrated a novel use of intramo-
lecular dinuclear zinc complexes of multidentate ligands 4 a–
j as catalysts in the copolymerization of cyclohexene oxide
and CO2 to afford completely alternating polycarbonates
with good activity. With this type of novel initiator, copoly-
merization can be accomplished under mild conditions at
1 atm pressure of CO2, which represents a significant ad-
vantage over most catalytic systems developed for this reac-
tion so far. In addition, the solid-state structure of a dinu-
clear zinc complex with ligand 4 a was characterized, provid-
ing valuable information about the mechanism of the cata-
lytic polymerization reaction. This strategy allows consider-
able scope for ligand modification, and thus might lead to
the design of new, efficient, and practical catalysts for the
copolymerization of epoxides with CO2. Future work will be
directed towards further mechanistic studies of these intra-
molecular CHO/CO2 copolymerization reactions catalyzed
by dinuclear zinc complexes and the simplification of the
multidentate ligands, as well as the extension of this strategy
to a broad range of metal-catalyzed epoxide/CO2 copoly-
merization reactions.


Experimental Section


General considerations : All air- and/or water-sensitive compounds were
manipulated under dry nitrogen using a Braun Labmaster glove box or
standard Schlenk line techniques. NMR spectra were recorded in deuter-
iochloroform with a Varian Mercury 300 (1H: 300 MHz; 13C: 75 MHz;
19F: 282 MHz) spectrometer. Chemical shifts are reported in ppm relative
to an internal standard: tetramethylsilane (d=0 ppm) for 1H NMR and
deuteriochloroform (d=77.0 ppm) for 13C NMR spectroscopy. Mass spec-
tra (ESI) were recorded with a Mariner LC-TOF spectrometer. MALDI-
TOF mass spectra were recorded with a PerSeptive Biosystems Voyager
DE-STR spectrometer equipped with a 337 nm nitrogen laser, with a-
cyano-4-hydroxycinnamic acid (a-CHCA) as the matrix and sodium tri-
fluoroacetate as the ionizing agent. Elemental analyses were performed
with an Elemental VARIO EL apparatus. Optical rotations were mea-
sured with a Perkin-Elmer 341 automatic polarimeter; [a]D values are
given in units of 10�1 deg cm2 g�1. Infrared spectra were obtained with a
BIO-RAD FTS-185 Fourier transform spectrometer in KBr pellets. The
three-dimensional stack plot of the IR spectra was collected on a Met-
tler-Toledo ReactIR 4000 Reaction Analysis System. The molecular
weights and molecular distributions were measured with a Waters 150C
gel-permeation chromatograph equipped with microstyragel columns
(HR1, HR3, and HR4) and an RI detector at 35 8C using polystyrene as
the calibration standard and THF as the eluent (flow rate: 1.0 mL min�1).
All the solvents were dried and purified before use following standard
procedures under argon. Cyclohexene oxide was distilled over CaH2


before use. Diethylzinc was purchased from Aldrich and used as re-
ceived. The purity of carbon dioxide was 99.999 % and used as received.


Ligand synthesis : Ligands 4a–j were prepared by following a modified
version of Trost�s procedure.[15f]


(S,S)-2,6-Bis[2-(hydroxydiphenylmethyl)pyrrolidin-1-ylmethyl]-4-methyl-
phenol (4 a): 2,6-Bis(chloromethyl)-4-methylphenol (0.615 g, 3.00 mmol)
was added in one portion to a stirred solution of (S)-diphenyl(pyrrolidin-
2-yl)methanol (1.672 g, 6.60 mmol) and K2CO3 (3.649 g, 26.40 mmol) in
dry DMF (20 mL) at 0 8C. The resulting solution was stirred at room tem-
perature for 12 h before being diluted with water (70 mL) and Et2O
(70 mL). The organic phase was separated and the aqueous phase was ex-
tracted with Et2O (3 � 50 mL). The combined organic phases were
washed with water (2 � 50 mL) and brine and then dried with Na2SO4.
After removal of the solvent, the residue was purified by column chroma-
tography on silica gel using petroleum ether/EtOAc (20:1 to 5:1) as the
eluent to yield 4 a (1.793 g, 94%) as a white amorphous solid. [a]20


D =


+46.3 (c =1.10 in CHCl3) [Lit. : [15f]] [a]25
D =++49.8 (c =3.0 in CHCl3)]; 1H


NMR (300 MHz, CDCl3): d =1.43–1.63 (m, 4H), 1.75–1.82 (m, 2H),
1.97–2.04 (m, 2H), 2.14 (s, 3H), 2.33–2.41 (m, 2 H), 2.76–2.83 (m, 2H),
3.21 (d, J=12.3 Hz, 2 H), 3.36 (d, J=12.6 Hz, 2 H), 3.94 (dd, J =4.5,
9.3 Hz, 2H), 6.58 (s, 2 H), 7.10–7.32 (m, 12H), 7.55 (d, J =8.4 Hz, 4H),
7.68 ppm (d, J =8.4 Hz, 4H); 13C NMR (75.5 MHz, CDCl3): d =20.38,
24.01, 29.61, 54.99, 57.77, 71.36, 78.88, 123.98, 125.93, 125.98, 126.38,
126.60, 127.12, 127.95, 128.19, 128.82, 146.40, 146.98, 152.61 ppm; FTIR
(KBr): ñ=3350, 3058, 2960, 2922, 1598, 1480, 1449, 1033 cm�1; ESI-MS:
m/z : 639.3 [M++H].


(S,S)-2,6-Bis[2-(hydroxydi-4-tolylmethyl)pyrrolidin-1-ylmethyl]-4-methyl-
phenol (4 b): Following a similar procedure to that described for the
preparation of 4 a, the reaction of 2,6-bis(chloromethyl)-4-methylphenol
with (S)-di-4-tolyl(pyrrolidin-2-yl)methanol afforded 4 b in 66% yield.
[a]20


D =++58.8 (c =1.00 in CH2Cl2); 1H NMR (300 MHz, CDCl3): d=1.48–
1.80 (m, 6H), 1.94–2.01 (m, 2 H), 2.14 (s, 3H), 2.22 (s, 3H), 2.28 (s, 3 H),
2.32–2.40 (m, 2 H), 2.76–2.82 (m, 2 H), 3.22 (d, J =12.9 Hz, 2 H), 3.39 (d,
J =13.2 Hz, 2H), 3.90 (dd, J =4.2, 9.3 Hz, 2H), 6.58 (s, 2 H), 7.06–7.11
(m, 8 H), 7.42 (d, J =8.4 Hz, 4 H), 7.53 ppm (d, J=8.1 Hz, 4H); 13C NMR
(75.5 MHz, CDCl3): d=20.37, 20.91, 20.96, 23.95, 29.60, 54.97, 57.50,
71.20, 78.56, 124.10, 125.67, 127.08, 128.66, 128.81, 128.90, 135.71, 135.88,
143.79, 144.32, 152.65 ppm; FTIR (KBr): ñ=3325, 3023, 2920, 2869, 1614,
1509, 1479, 1447, 1098 cm�1; ESI-MS: m/z: 695.4 [M++H]; elemental
analysis calcd (%) for C47H54N2O3: C 81.23, H 7.83, N 4.03; found: C
80.80, H 8.10, N 3.80.


Scheme 3. Proposed mechanism for the Zn-catalyzed copolymerization of
cyclohexene oxide and CO2 using ligand 4.
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(S,S)-2,6-Bis[2-(hydroxydi-3-tolylmethyl)pyrrolidin-1-ylmethyl]-4-methyl-
phenol (4 c): Following a similar procedure to that described for the prep-
aration of 4a, the reaction of 2,6-bis(chloromethyl)-4-methylphenol with
(S)-di-3-tolyl(pyrrolidin-2-yl)methanol afforded 4c in 48 % yield. [a]20


D =


+86.4 (c =1.03 in CH2Cl2); 1H NMR (300 MHz, CDCl3): d=1.56–1.83
(m, 6 H), 1.96–2.03 (m, 2 H), 2.14 (s, 3H), 2.28 (s, 3H), 2.33 (s, 3 H), 2.35–
2.42 (m, 2 H), 2.80–2.86 (m, 2 H), 3.19 (s, 4 H), 3.89 (dd, J= 4.5, 9.6 Hz,
2H), 6.56 (s, 2H), 6.90 (d, J =7.2 Hz, 2H), 7.00 (d, J =7.2 Hz, 2H), 7.12–
7.22 (m, 4H), 7.33–7.41 (m, 6H), 7.52 ppm (s, 2H); 13C NMR (75.5 MHz,
CDCl3): d =20.42, 21.68, 21.72, 24.10, 29.66, 55.13, 57.27, 71.50, 78.69,
122.82, 122.97, 123.96, 126.38, 126.59, 127.03, 127.12, 127.26, 127.79,
127.98, 128.73, 137.59, 137.65, 146.33, 146.95, 152.49 ppm; FTIR (KBr):
ñ= 3305, 2948, 2919, 2868, 1604, 1304, 1149, 1091, 1000 cm�1; ESI-MS:
m/z : 695.5 [M++H]; elemental analysis calcd (%) for C47H54N2O3: C
81.23, H 7.83, N 4.03; found: C 80.89, H 8.15, N 3.72.


(S,S)-2,6-Bis{2-[hydroxybis(4-methoxyphenyl)methyl]pyrrolidin-1-ylmeth-
yl}-4-methylphenol (4 d): Following a similar procedure to that described
for the preparation of 4a, the reaction of 2,6-bis(chloromethyl)-4-methyl-
phenol with (S)-bis(4-methoxyphenyl)(pyrrolidin-2-yl)methanol afforded
4d in 63 % yield. [a]20


D =++36.0 (c =1.87 in CH2Cl2); 1H NMR (300 MHz,
CDCl3): d=1.27–1.66 (m, 6 H), 1.80–1.87 (m, 2H), 2.01 (s, 3 H), 2.17–2.25
(m, 2 H), 2.61–2.67 (m, 2H), 3.08 (d, J =13.8 Hz, 2H), 3.36 (d, J=


12.9 Hz, 2H), 3.58 (s, 6 H), 3.62 (s, 6H), 3.71 (dd, J=4.5, 9.3 Hz, 2H),
6.47 (s, 2 H), 6.66–6.72 (m, 8H), 7.42 (d, J =8.7 Hz, 4H), 7.55 ppm (d, J=


8.7 Hz, 4 H); 13C NMR (75.5 MHz, CDCl3): d= 20.38, 23.96, 29.55, 54.97,
55.05, 55.12, 57.90, 71.27, 78.38, 113.22, 113.44, 124.11, 127.07, 128.86,
139.00, 139.50, 152.75, 157.84, 158.00 ppm; ESI-MS: m/z : 759.4 [M++H];
FTIR (KBr): ñ=3398, 2952, 2835, 1608, 1510, 1248, 1177, 1035 cm�1; ele-
mental analysis calcd (%) for C47H54N2O3: C 74.38, H 7.17, N 3.69;
found: C 74.26, H 7.10, N 3.29.


(S,S)-2,6-Bis{2-[hydroxy(biphenyl-4-yl)methyl]pyrrolidin-1-ylmethyl}-4-
methylphenol (4 e): Following a similar procedure to that described for
the preparation of 4 a, the reaction of 2,6-bis(chloromethyl)-4-methylphe-
nol with (S)-biphenyl-4-yl(pyrrolidin-2-yl)methanol afforded 4e in 80%
yield. [a]20


D =++93.3 (c= 0.88 in CH2Cl2) [Lit. : [15f]] [a]25
D =++86.5 (c =1.58


in CH2Cl2)]; 1H NMR (300 MHz, CDCl3): d =1.50–1.64 (m, 4H), 1.83–
1.86 (m, 2 H), 2.00–2.05 (m, 2 H), 2.13 (s, 3H), 2.38–2.43 (m, 2H), 2.79–
2.84 (m, 2H), 3.24 (d, J=12.6 Hz, 2 H), 3.58 (d, J =12.6 Hz, 2H), 4.02
(dd, J= 4.5, 9.6 Hz, 2 H), 6.60 (s, 2 H), 7.24–7.43 (m, 14 H), 7.52–7.59 (m,
14H), 7.67 (d, J =8.4 Hz, 4H), 7.82 ppm (d, J=8.7 Hz, 4H); 13C NMR
(75.5 MHz, CDCl3): d=20.38, 23.84, 29.62, 54.97, 57.86, 71.19, 78.68,
124.02, 126.34, 126.42, 126.76, 126.99, 127.07, 127.20, 128.60, 128.67,
129.05, 139.15, 139.32, 140.59, 140.74, 145.50, 146.17, 152.79 ppm; FTIR
(KBr): ñ=3330, 3028, 2962, 2870, 1600, 1485, 1403, 1007 cm�1; ESI-MS:
m/z : 943.5 [M++H].


(S,S)-2,6-Bis{2-[hydroxybis(4-trifluoromethylphenyl)methyl]pyrrolidin-1-
ylmethyl}-4-methylphenol (4 f): Following a similar procedure to that de-
scribed for the preparation of 4 a, the reaction of 2,6-bis(chloromethyl)-4-
methylphenol with (S)-bis(4-trifluomethylphenyl)(pyrrolidin-2-yl)metha-
nol afforded 4 f in 77 % yield. [a]20


D =++35.3 (c =1.02 in CH2Cl2); 1H
NMR (300 MHz, CDCl3): d=1.54–1.73 (m, 6H), 1.95–2.02 (m, 2H), 2.14
(s, 3H), 2.39–2.42 (m, 2 H), 2.79–2.80 (m, 2H), 3.18 (d, J =12.6 Hz, 2H),
3.45 (d, J =12.6 Hz, 2 H), 4.01 (dd, J =3.6, 9.4 Hz, 2 H), 6.57 (s, 2H),
7.58–7.60 (m, 8 H), 7.71 (d, J =8.1 Hz, 4H), 7.87 ppm (d, J =7.8 Hz, 4 H);
13C NMR (75.5 MHz, CDCl3): d=14.12, 20.28, 22.69, 23.65, 29.36, 29.54,
29.66, 29.70, 30.27, 31.92, 54.92, 57.96, 70.85, 78.51, 122.21, 122.26, 123.58,
125.21, 125.26, 125.34, 125.39, 125.54, 125.82, 125.86, 126.10, 126.37,
127.59, 128.77, 128.95, 129.09, 129.20, 129.39, 129.63, 129.82, 149.67,
150.45, 152.70 ppm; 19F NMR (282 MHz, CDCl3): d=�62.87,
�62.81 ppm; FTIR (KBr): ñ =3340, 2973, 2877, 2828, 1617, 1482, 1416,
1326, 1166, 1125, 1070, 1017 cm�1; ESI-MS: m/z : 911.3 [M++H]; elemen-
tal analysis calcd (%) for C47H42F12N2O3: C 61.98, H 4.65, N 3.08; found:
C 62.02, H 4.74, N 2.83.


(S,S)-2,6-Bis(2-{hydroxybis[3,5-bis(trifluoromethyl)phenyl]methyl}pyrroli-
din-1-ylmethyl)-4-methylphenol (4 g): Following a similar procedure to
that described for the preparation of 4a, the reaction of 2,6-bis(chloro-
methyl)-4-methylphenol with (S)-bis[3,5-bis(trifluoromethyl)phenyl](pyr-
rolidin-2-yl)methanol afforded 4 g in 81% yield. [a]20


D =++43.6 (c =1.04 in


CH2Cl2); 1H NMR (300 MHz, CDCl3): d =1.62–1.77 (m, 6 H), 1.90–1.99
(m, 2H), 2.11 (s, 3H), 2.44–2.52 (m, 2 H), 2.79–2.84 (m, 2H), 3.16 (d, J=


12.6 Hz, 2 H), 3.24 (d, J =12.6 Hz, 2 H), 4.00 (dd, J=3.6, 9.4 Hz, 2 H),
6.55 (s, 2H), 7.76 (s, 2 H), 7.79 (s, 2 H), 8.07 (s, 4 H), 8.18 ppm (s, 4 H); 13C
NMR (75.5 MHz, CDCl3): d= 20.10, 23.26, 29.26, 54.90, 57.91, 71.39,
77.87, 117.78, 121.30, 121.39, 121.43, 121.54, 123.18, 125.01, 125.05, 125.68,
126.10, 128.07, 128.63, 128.67, 129.63, 131.18, 131.26, 131.62, 131.70,
132.06, 132.14, 132.50, 132.59, 147.63, 148.85, 152.78 ppm; 19F NMR
(282 MHz, CDCl3): d =�63.23, �63.20 ppm; FTIR (KBr): ñ =3320, 3103,
2979, 2882, 1626, 1484, 1371, 1279, 1172, 1134 cm�1; ESI-MS: m/z : 1183.3
[M++H]; elemental analysis calcd (%) for C51H38F24N2O3: C 51.79, H
3.24, N 2.37; found: C 51.95, H 3.29, N 2.18.


(S,S)-2,6-Bis{2-[hydroxybis(4-chlorophenyl)methyl]pyrrolidin-1-ylmeth-
yl}-4-methylphenol (4 h): Following a similar procedure to that described
for the preparation of 4a, the reaction of 2,6-bis(chloromethyl)-4-methyl-
phenol with (S)-bis(4-chlorophenyl)(pyrrolidin-2-yl)methanol afforded
4h in 90 % yield. [a]20


D =++50.4 (c =1.03 in CH2Cl2); 1H NMR (300 MHz,
CDCl3): d=1.43–1.75 (m, 6 H), 1.94–2.01 (m, 2H), 2.15 (s, 3 H), 2.33–2.42
(m, 2 H), 2.76–2.82 (m, 2H), 3.20 (d, J =12.6 Hz, 2H), 3.51 (d, J=


12.6 Hz, 2 H), 3.87 (dd, J =4.2, 9.0 Hz, 2H), 6.60 (s, 2H), 7.26–7.29 (m,
8H), 7.45 (d, J =8.4 Hz, 4 H), 7.59 ppm (d, J =8.4 Hz, 4H); 13C NMR
(75.5 MHz, CDCl3): d=20.36, 23.82, 29.52, 54.96, 58.07, 70.97, 78.30,
123.76, 127.29, 127.42, 128.25, 128.43, 128.96, 132.47, 132.68, 144.61,
145.24, 152.68 ppm; FTIR (KBr): ñ=3326, 2952, 2870, 1488, 1403, 1094,
1013 cm�1; ESI-MS: m/z : 777.2 [M++H]; elemental analysis calcd (%)
for C43H42Cl4N2O3: C 66.50, H 5.45, N 3.61; found: C 66.43, H 5.62, N
3.24.


(S,S)-2,6-Bis[2-(hydroxydiphenylmethyl)pyrrolidin-1-ylmethyl]-4-nitro-
phenol (4 i): Following a similar procedure to that described for the prep-
aration of 4a, the reaction of 2,6-bis(bromomethyl)-4-nitrophenol with
(S)-diphenyl(pyrrolidin-2-yl)methanol afforded 4 i in 74% yield. [a]20


D =


+68.6 (c =1.02 in CH2Cl2); 1H NMR (300 MHz, CDCl3): d=1.60–1.71
(m, 4 H), 1.82–1.89 (m, 2H), 2.01–2.12 (m, 2H), 2.34–2.42 (m, 2 H), 2.82–
2.88 (m, 2H), 3.31 (d, J=13.5 Hz, 2 H), 3.39 (d, J =13.5 Hz, 2H), 4.00
(dd, J=4.8, 9.6 Hz, 2 H), 7.10–7.36 (m, 12H), 7.56 (d, J=7.5 Hz, 4 H),
7.67 (d, J =7.8 Hz, 4 H), 7.70 ppm (s, 2 H); 13C NMR (75.5 MHz, CDCl3):
d=24.10, 29.56, 55.24, 57.18, 71.21, 79.00, 123.86, 124.59, 125.91, 125.95,
126.68, 126.73, 128.17, 128.22, 139.01, 146.26, 146.42, 162.02 ppm; FTIR
(KBr): ñ=3380, 3058, 2958, 2872, 1595, 1492, 1466, 1449, 1334,
1290 cm�1; ESI-MS: m/z : 670.3 [M++H]; elemental analysis calcd (%)
for C42H43N3O5: C 75.31, H 6.47, N 6.27; found: C 75.09, H 6.74, N 5.82.


(S,S)-2,6-Bis[2-(hydroxydiphenylmethyl)pyrrolidin-1-ylmethyl]-4-tert-bu-
tylphenol (4 j): Following a similar procedure to that described for the
preparation of 4 a, the reaction of 2,6-bis(bromomethyl)-4-tert-butylphe-
nol with (S)-diphenyl(pyrrolidin-2-yl)methanol afforded 4j in 74% yield.
[a]20


D =++56.6 (c =1.03 in CH2Cl2); 1H NMR (300 MHz, CDCl3): d=1.22
(s, 9 H), 1.48–1.64 (m, 4H), 1.75–1.82 (m, 2H), 1.97–2.04 (m, 2 H), 2.35–
2.44 (m, 2 H), 2.76–2.81 (m, 2H), 3.25 (d, J =12.9 Hz, 2H), 3.40 (d, J=


12.6 Hz, 2 H), 3.97 (dd, J =4.8, 9.3 Hz, 2H), 6.00 (s, 2H), 7.09–7.21 (m,
4H), 7.26–7.32 (m, 8 H), 7.55 (d, J= 8.4 Hz, 4 H), 7.69 ppm (d, J =7.2 Hz,
4H); 13C NMR (75.5 MHz, CDCl3): d=24.10, 29.62, 31.56, 33.78, 55.03,
57.99, 71.33, 78.88, 123.47, 125.33, 125.90, 125.93, 126.38, 126.61, 127.98,
128.23, 140.80, 146.37, 147.04, 152.48 ppm; FTIR (KBr): ñ=3350, 3058,
2961, 2870, 1589, 1485, 1449, 1303, 1214 cm�1; ESI-MS: m/z : 681.4
[M++H]; elemental analysis calcd (%) for C46H52N2O3: C 81.14, H 7.70,
N 4.11, found: C 80.98, H 7.72, N 3.90.


(S,S)-1,3-Bis[2-(hydroxydiphenylmethyl)pyrrolidin-1-ylmethyl]-5-methyl-
benzene (7): Following a similar procedure to that described for the prep-
aration of 4a, the reaction of 1,3-bis(bromomethyl)-5-methylbenzene
with (S)-diphenyl(pyrrolidin-2-yl)methanol afforded 7 in 83% yield.
[a]20


D =++115.3 (c =1.02 in CH2Cl2); 1H NMR (300 MHz, CDCl3): d=


1.63–1.80 (m, 6H), 1.94–2.01 (m, 2H), 2.23 (s, 3 H), 2.30–2.35 (m, 2H),
2.86–2.91 (m, 2H), 2.95 (d, J =12.3 Hz, 2 H), 3.17 (d, J=12.9 Hz, 2H),
3.98 (dd, J =4.5, 9.3 Hz, 2 H), 5.00 (s, 2H), 6.60–6.64 (d, J=12.0 Hz 2 H),
7.08–7.34 (m, 12H), 7.61 (d, J =7.5 Hz, 4 H), 7.77 ppm (d, J =8.4 Hz,
4H); 13C NMR (75.5 MHz, CDCl3): d=21.25, 24.15, 29.79, 55.48, 60.41,
70.58, 77.86, 125.53, 125.63, 125.76, 126.20, 126.34, 127.90, 128.06, 128.14,
137.36, 139.40, 146.68, 148.07 ppm; FTIR (KBr): ñ =3280, 3059, 2942,


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3668 – 36783676


K. Ding et al.



www.chemeurj.org





2793, 1606, 1489, 1449, 1391, 1106 cm�1; ESI-MS: m/z : 639.3 [M++H]; el-
emental analysis calcd (%) for C43H46N2O2: C 82.92, H 7.44, N 4.50;
found: C 82.83, H 7.38, N 4.30.


(S,S)-2-Methoxy-1,3-bis[2-(hydroxydiphenylmethyl)pyrrolidin-1-ylmeth-
yl]-5-methylbenzene (8): Following a similar procedure to that described
for the preparation of 4a, the reaction of 1-methoxy-2,6-bis(bromometh-
yl)-4-methylbenzene with (S)-diphenyl(pyrrolidin-2-yl)methanol afforded
8 in 81% yield. [a]20


D =++9.0 (c =1.00 in CH2Cl2); 1H NMR (300 MHz,
CDCl3): d=1.50–1.72 (m, 6 H), 1.84–1.91 (m, 2H), 2.26 (s, 3 H), 2.27–2.36
(m, 2H), 2.80–2.87 (m, 2H), 3.15 (s, 3H), 3.18 (s, 4 H), 3.94 (dd, J =3.3,
8.7 Hz, 2H), 5.22 (s, 2H), 6.82 (s, 2 H), 7.03–7.29 (m, 12H), 7.54 (d, J=


8.7 Hz, 4H), 7.70 ppm (d, J=8.4 Hz, 4 H); 13C NMR (75.5 MHz, CDCl3):
d=20.99, 23.57, 29.68, 54.45, 55.09, 61.23, 70.51, 77.47, 125.53, 125.67,
126.08, 126.26, 127.89, 128.03, 129.14, 131.89, 132.96, 146.83, 148.09,
154.06 ppm; FTIR (KBr): ñ=3343, 3058, 2945, 2872, 1597, 1491, 1449,
1381, 1212 cm�1; ESI-MS: m/z : 653.4 [M++H]; elemental analysis calcd
(%) for C44H48N2O3: C 80.95, H 7.41, N 4.29; found: C 80.91, H 7.85, N
3.98.


A typical procedure for the copolymerization of cyclohexene oxide and
CO2 in toluene : In a glove box, a solution of diethylzinc (0.10 mL, 1.0m


in hexane, 0.10 mmol) was added to a solution of 4 a (0.032 g, 0.05 mmol)
in toluene (1.0 mL). The mixture was stirred at room temperature for
30 min. A solution of ethanol (0.02 mL, 1.0 m in toluene, 0.02 mmol) was
then added to the mixture. The solution was stirred at room temperature
for an additional 15 min. This solution was transferred into an autoclave
and then cyclohexene oxide (0.1 mL, 1.0 mmol) was introduced. The
vessel was pressurized to 30 atm with carbon dioxide. After stirring at
60 8C for the necessary reaction time, the mixture was cooled to ambient
temperature and the CO2 pressure was slowly released. The mixture was
diluted with CH2Cl2 (30 mL) and washed with aqueous HCl (1 m, 2�
10 mL) and brine (2 � 10 mL). The organic layer was dried with Na2SO4


and concentrated to 3 mL by vacuum evaporation. The copolymer was
precipitated by adding MeOH (30 mL), collected by filtration, and dried
in vacuo to a constant weight.


A typical procedure for the copolymerization of cyclohexene oxide and
CO2 at atmospheric pressure : In a Schlenk tube, a solution of diethylzinc
(0.10 mL, 1.0m in hexane, 0.10 mmol) was added to a solution of 4 a
(0.032 g, 0.05 mmol) in toluene (1.0 mL) under argon. The mixture was
stirred at room temperature for 30 min. Then a solution of ethanol
(0.02 mL, 1.0 m in toluene, 0.02 mmol) was added to the mixture. The so-
lution was stirred at room temperature for an additional 15 min and then
cyclohexene oxide (0.1 mL, 1.0 mmol) was introduced. Carbon dioxide
was bubbled into the solution whilst stirring at 60 8C for the necessary re-
action time. Copolymer work up was carried out following the same pro-
cedure as that described above.


A typical procedure for the copolymerization of cyclohexene oxide and
CO2 in neat CHO : In a glove box, a solution of diethylzinc (0.10 mL,
1.0m in hexane, 0.10 mmol) was added to a solution of 4a (0.032 g,
0.05 mmol) in CH2Cl2 (1.0 mL). The mixture was stirred at room temper-
ature for 30 min. Following the addition of ethanol (0.05 mL, 1.0m in tol-
uene, 0.05 mmol), the solution was stirred at room temperature for an ad-
ditional 15 min and then the solvent was removed in vacuo. The resulting
white residue was dissolved in cyclohexene oxide (1.0 mL, 10.0 mmol).
This solution was transferred into an autoclave. The vessel was pressur-
ized to 20 atm with carbon dioxide. After stirring at the desired tempera-
ture for the specified reaction time, the mixture was cooled to ambient
temperature and the CO2 pressure was slowly released. A small sample
of the crude material was removed for characterization, the product was
dissolved in methylene chloride (5 mL), and the polymer was precipitat-
ed from methanol (50 mL). The product was then dried in vacuo to con-
stant weight.


Preparation and X-ray crystal structural analysis of complex 9 : In a glove
box, a solution of diethylzinc (1.0 mL, 1.0 m in hexane, 1.0 mmol) was
added to a solution of 4 a (0.320 g, 0.5 mmol) in toluene (5.0 mL). The
mixture was stirred at room temperature for 30 min. p-Nitrophenol
(0.0696 g, 0.5 mmol) was added to this solution and some solid was pre-
cipitated. THF (5.0 mL) was added and the resulting homogeneous so-
lution was stirred for an additional 15 min. The solvent was concentrated


under reduced pressure, filtered, and left to stand at room temperature
for several days before the zinc complex 9 was obtained as pale yellow
block crystals. The crystals were vacuum-dried before characterization.
Yield: 50%. 1H NMR (300 MHz, CDCl3): d =1.04–1.54 (m, 6H), 1.70–
1.90 (m, 10H), 2.11 (s, 3H), 2.36 (s, 3H, toluene-CH3), 2.40–2.70 (m,
4H), 3.66–3.91 (m, 14 H), 6.67 (s, 2H), 7.01–7.08 (m, 4 H), 7.11–7.28 (m,
13H, of which 5H can be assigned to the aromatic protons of toluene),
7.81 (s, J=6.3 Hz, 4H), 7.99 (s, J =7.5 Hz, 4 H), 8.34–8.37 (m, 2H),
8.78 ppm (s, 2 H); 13C NMR (75.5 MHz, CDCl3): d=19.71, 20.02, 21.44
(toluene-CH3), 25.25, 28.72, 55.65, 60.38, 69.20, 72.34, 76.57, 120.41,
124.48, 125.15, 125.28, 125.52, 125.59, 125.81, 126.50, 127.54, 127.58,
128.21, 129.02, 131.11, 137.79, 153.10, 153.30, 156.50, 173.49 ppm; FTIR
(KBr): ñ=2976, 2876, 1584, 1493, 1475, 1446, 1298, 1166, 1109, 1063, 864,
707, 698 cm�1; elemental analysis calcd (%) for 9·toluene
(C64H71N3O8Zn2): C 67.37, H 6.27, N 3.68; found: C 66.62, H 6.61, N 3.68.


A single crystal suitable for X-ray analysis was picked out from the
mother liquor and sealed in a capillary tube. The X-ray diffraction data
were collected with a Bruker Smart APEX diffractometer at 20 8C by
using MoKa radiation (l= 0.71069 �) with a w–2q scan mode. Crystal
data: C69H87N3O11Zn2, Mr =1265.16, trigonal, space group P32, a=


17.6424(6), b=17.6424(6), c =19.4741(10) �, a =90, b =90, g =1208, V=


5249.3(4) �3, Z=3, 1calcd =1.201 gcm�3, F(000) =2010, m(MoKa)=


0.742 mm�1. Data collection and refinement: Diffraction data measured
to 2qmax =2.66–53.988. A total of 12664 unique reflections with positive
intensities were recorded. The final refinement, based on F2, converged
at R= 0.0697 (wR2 =0.1814) for 3284 observations with I0>2s(I0) and
R=0.1059 (wR2 =0.1983) for all data. At convergence, S= 0.734 and
D1=�0.323 e��3. A detailed list of the crystal data and data collection
parameters is given in the Supporting Information.
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Intervalence Charge Transfer (IVCT) in Ruthenium Dinuclear and Trinuclear
Assemblies Containing the Bridging Ligand HAT {1,4,5,8,9,12-
hexaazatriphenylene}


Deanna M. D�Alessandro and F. Richard Keene*[a]


Introduction


Polymetallic coordination complexes which incorporate two
or more transition metal centres have attracted considerable
attention over the last decade as part of rapid advances in
metallosupramolecular chemistry.[1–5] These complexes dis-
play novel electrochemical, photochemical and photophysi-
cal properties that may be exploited in molecular-scale devi-
ces capable of performing useful light- and/or redox-induced
functions, such as molecular recognition and artificial photo-
synthesis.[6–9] The potential applications of these devices
depend on the fundamental intramolecular electron transfer
processes that occur between the constituent metal-based
chromophores.


The intervalence charge transfer (IVCT) properties of the
mixed-valence forms of the polynuclear complexes provide
one of the most powerful and sensitive probes of this inter-
metal electronic interaction.[10,11] To date, IVCT studies have
focused predominantly on dinuclear complexes; however, a


few reports on higher-nuclearity species have appeared, mo-
tivated by the elegant pioneering work of Meyer and co-
workers[12] and von Kameke and Taube[13] on pyrazine-bridg-
ed molecular chains. The paucity of IVCT studies on tri-
and higher nuclearity polymetallic systems is due in part to
the presence of multiple, electronically-coupled metal cen-
tres which complicate the theoretical analysis, since the elec-
tron transfer properties of the assemblies are often not
simply a superposition of the characteristics of their compo-
nent metal-based chromophores.


Three major factors are crucial to extend the IVCT probe
to oligonuclear systems: firstly, the effect of increasing the
number of electronically-coupled metal centres on the
IVCT transitions (specifically, their energy, intensity and
bandwidth); secondly, the effect of the relative distances
and orientations of the centres; and thirdly, their stereo-
chemical relationship.[14,15] Given the diverse range of metal-
losupramolecular architectures, these factors underlie the
need for a systematic understanding of how the geometry of
such systems influences their electron transfer properties.


The bridging ligand HAT (1,4,5,8,9,12-hexaazatripheny-
lene) represents a particularly attractive basis for polymetal-
lic assemblies as the planar delocalised p-electron system fa-
cilitates a strong electronic interaction between the metal
centres which are coordinated at the three potential biden-
tate sites.[14–16] Mono, di- and trinuclear complexes of HAT
have been synthesised,[16–28] as well as elaborate three-di-
mensional assemblies such as molecular squares[29] and mi-


Abstract: The IVCT characteristics of
the mixed-valence forms of the dinu-
clear [{Ru(bpy)2}2(m-hat)]n+ and the tri-
nuclear [{Ru(bpy)2}3(m-hat)]n+ species
{HAT= 1,4,5,8,9,12-hexaazatripheny-
lene; bpy=2,2’-bipyridine} show a
marked dependence on the nuclearity,
and in the trinuclear case on the extent
of oxidation. Small differences are also
found between the diastereoisomers of


the dinuclear complex {meso (DL) and
rac (DD/LL)}, and between the homo-
chiral (D3/L3) and heterochiral (D2L/
L2D) diastereoisomers of the trinuclear


case. The strong metal–metal interac-
tions result in unusual spectroscopic
and electrochemical properties of the
singly-oxidised (+ 7) and doubly-oxi-
dised (+ 8) trinuclear mixed-valence
species. A qualitative localised bonding
description based on the geometrical
properties of the dp(RuII/III) orbitals is
invoked to explain the IVCT behaviour
in the di- and trinuclear systems.
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croporous networks,[19,30,31] all of which have been recog-
nised for their potential applications as biological
probes[20,26,27] and as components in novel molecular materi-
als.[32]


We now report the first study on the IVCT properties of
the di- and trinuclear systems meso(DL)- and rac(DD/LL)-
[{Ru(bpy)2}2(m-hat)]4+ , and homochiral (D3/L3)- and hetero-
chiral (D2L/L2D)-[{Ru(bpy)2}3(m-hat)]6+ , shown in Figure 1.
The use of these rigid, stereochemically-unambiguous com-
plexes addresses the often neglected stereochemical com-
plexities inherent in such systems, which are known to influ-
ence their spectral, electrochemical, photophysical and
IVCT properties.[14–16,33–36] The elucidation of the fundamen-
tal IVCT properties of these complexes represents a key
step in the rational design of higher nuclearity metallosupra-
molecular systems, in which the intramolecular electron
transfer processes may be controlled and ultimately exploit-
ed for novel practical applications.


Results and Discussion


Synthesis and stereoisomer separation : The synthetic strat-
egies for the stereoisomerically pure di- {meso (DL) and rac
(DD and LL)} and trinuclear {homochiral (D3 and L3) and
heterochiral (D2L and L2D)} systems have been reported
previously,[16, 17,37] and were based upon a combination of
stereoretentive and chromatographic methodologies.[14, 15]


Electrochemistry : The electrochemical properties of the
stereoisomeric forms[17] of [{Ru(bpy)2}2(m-hat)]n+ and [{Ru-
(bpy)2}3(m-hat)]n+ as well as the stereoisomeric mixtures[24, 38]


of [{Ru(bpy)2}2(m-hat)]4+ and [{Ru(bpy)2}3(m-hat)]6+ have
been reported previously. Electrochemical data obtained by
differential pulse voltammetry (in addition to cyclic voltam-
metry used in the earlier measurements) for the metal-
based oxidation processes are given in Table 1.


The di- and trinuclear systems are characterised by two
and three reversible one-electron redox processes, respec-
tively, corresponding to successive oxidation of the metal
centres. The first two ruthenium-based oxidation processes
in D3/L3- and D2L/L2D-[{Ru(bpy)2}3(m-hat)]6+ occur at simi-
lar potentials to those for their dinuclear congeners. This
has been rationalised on the basis that the highest occupied
molecular dp orbital at each ruthenium centre appears rela-
tively unaffected by the additional {Ru(bpy)2}


2+ moiety in
the trinuclear systems.[38,39]


All complexes exhibited multiple reversible ligand-based
reductions in the cathodic region (Table S1, Supporting In-
formation). Previous electrochemical studies[38] have estab-
lished that the first reduction process is localised at the
HAT ligand, as a consequence of the lower p* level relative
to the peripheral bpy ligands. This was confirmed by the
anodic shift of the first reduction process which occurred
with an increase in the number of coordinated ruthenium
centres, as the increase in nuclearity of the assembly is ex-
pected to influence the HAT reduction relatively more than
the bpy reductions. On this basis, the second reduction was
also attributed to the HAT ligand in the di- and trinuclear
complexes, while the third reduction is also based at the
bridging HAT moiety in the trinuclear systems.[39]


The potential differences between the successive metal-
based oxidation processes (DEox) and comproportionation
constants (Kc) have been used previously as semiquantita-
tive criteria to assess the extent of electronic delocalisation
and stability of the mixed valence states in dinuclear sys-
tems.[40–42] A summary of DEox and the resultant compropor-
tionation constant (Kc


[40]) values for the dinuclear and trinu-
clear complexes is also provided in Table 1.


The separation between the oxidation processes allowed
the electrochemical generation of the mono-oxidised + 5
mixed-valence forms of the dinuclear complexes, in addition
to both the singly- (+7) and doubly-oxidised (+8) mixed-
valence forms of the trinuclear complexes.


Electronic spectroscopy : The complete NIR-UV-visible
spectral data for the un-oxidised, partially-oxidised and
fully-oxidised forms of the di- and trinuclear systems (for
the range 3050–30000 cm�1) are given in Table 1. The UV-
visible spectra for the diastereoisomeric mixtures of the di-
and trinuclear complexes [{Ru(bpy)2}2(m-hat)]4+ and [{Ru-
(bpy)2}3(m-hat)]6+ have been described previously,[38,39] and
in previous work from our laboratory,[16,17] no significant dif-
ferences were observed in the spectral properties of the dia-
stereosiomers of either of the un-oxidised systems.


The spectra of the un-oxidised systems in the region from
30 000–50 000 cm�1 are characterised by p!p*(hat) and p!
p*(bpy) transitions, where the intensity of the latter are pro-
portional to the number of coordinated {Ru(bpy)2}


2+ moiet-
ies. The UV-visible spectra over the region 15 000–
30 000 cm�1 for the un-oxidised + 4 forms of the dinuclear
systems are characterised by a combination of overlapping
dp(RuII)!p*(hat) and dp(RuII)!p*(bpy) singlet metal-to-
ligand (1MLCT) transitions. The spectra of the un-oxidised


Figure 1. Bridging ligand HAT, and Chem 3D representations of a) the
meso (DL) and b) rac (DD) diastereoisomeric forms of [{Ru(bpy)2}2(m-
hat)]4+ , and c) the heterochiral (D2L) and d) homochiral (D3) diastereoi-
someric forms of [{Ru(bpy)2}3(m-hat)]6+ . Hydrogen atoms are omitted for
clarity.
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systems have been completely assigned on the basis of com-
parisons with the electrochemical data,[38,39] and resonance
Raman measurements.[24]


In the present report, minor differences were observed in
the band energies and intensities between the diaster-


eoiosmers of the partially- and fully-oxidised di- and trinu-
clear systems. The IVCT spectra for meso- and rac-[{Ru-
(bpy)2}2(m-hat)]5+ are shown in Figure 2a. Spectroelectro-
chemical generation of the mixed-valence + 5, and fully-oxi-
dised + 6 forms of the dinuclear meso- and rac-[{Ru(bpy)2}2-


Table 1. UV-visible-NIR spectral[a] and electrochemical[b] data (in mV), and comproportionation constants[c] , for the di- and trinuclear complexes. The
NIR spectral data are indicated in bold type.


Complex n+ n�10 [cm�1] Eox1 Eox2 Eox3 DEox(2–1) DEox(3–2)


(e �0.01 [mm
�1 cm�1]) (Kc


[c]) (Kc
[c])


meso-[{Ru(bpy)2}2(m-hat)]n+ 4 17910 (15.12) 1168 1392 224(6.26�103)
21610 (13.27)
24250 (16.13)


5 5290 (4.460)
11820 (9.810)
22510 (6.340)
17260 (9.810)


6 11660 (15.83)
sh 12750 (8.990)


16750 (2.635)
24810 (7.010)


rac-[{Ru(bpy)2}2(m-hat)]n+ 4 17930 (17.83) 1156 1380 224(6.26�103)
21550 (15.85)
24190 (18.92)


5 5300 (4.250)
11885 (1.680)
13130 (2.700)
17360 (10.81)


6 11665 (16.62)
sh 12990 (9.480)


heterochiral-[{Ru(bpy)2}3(m-hat)]n+ 6 17575 (30.43) 1256 1476 1720 220(5.36�103) 244(13.7�103)
19410 (23.92)
24545 (16.37)


sh 26700 (10.77)
7 4640 (4.180)


5820 (3.265)
sh 13070 (2.470)


18325 (24.40)
sh 25735 (10.93)


8 4910 (2.150)
8190 (4.950)


11575 (6.910)
13610 (7.650)


sh 17650 (14.96)
18745 (15.45)


9 13495 (18.60)
16025 (15.53)


homochiral-[{Ru(bpy)2}3(m-hat)]n+ 6 17620 (35.58) 1256 1486 1726 230(7.91�103) 240(11.7�103)
19450 (27.97)
24490 (18.74)


sh 26830 (12.10)
7 4650 (3.315)


6020 (2.634)
sh 7005 (2.380)


11070 (1.785)
18080 (27.46)


8 4690 (2.990)
7110–8060 (3.285)


sh 11170 (4.590)
13560 (10.28)


sh 17440 (19.79)
18310 (21.06)


9 13420 (21.06)
17600 (14.94)


[a] Spectroelectrochemical experiments were conducted at �35 8C for the mono-and dinuclear species, and at �15 8C for the trinuclear species, respec-
tively; sh= shoulder of band. [b] All potentials in 0.1 m [(n-C4H9)4N]PF6/CH3CN at +25 8C versus ferrocene+ /0. [c] Comproportionation constant, Kc de-
termined as 10(DEox/0.059) at +25 8C.[40]
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(m-hat)]n+ diastereoisomers at �35 8C revealed stable iso-
sbestic points in the spectral progressions accompanying
both oxidation processes. The 1MLCT absorption bands de-
creased in intensity following one-electron oxidation and
eventually collapsed on further oxidation to the +6 species.
The formation of the fully-oxidised +6 species was charac-
terised by the appearance of intense p*(bpy)!dp(RuIII) and
p*(hat)!dp(RuIII) ligand-to-metal (LMCT) absorptions in
the region 10 000–16 000 cm�1. The energies of these bands
are consistent with the previously assigned p*(bpy)!
dp(RuIII) LMCT transitions at 14 815 and 17 160 cm�1 in
[RuIII(bpy)3]


3+ .[43] Spectral deconvolution was performed to
reveal the behaviour of the underlying transitions responsi-
ble for the variation in the spectra with the extent of oxida-
tion of the assembly.


The presence of the third {Ru(bpy)2}
2+ moiety in the un-


oxidised +6 forms of the trinuclear systems has the effect
of increasing the absorptivity, and shifting the 1MLCT tran-


sition to lower energy relative to their dinuclear congeners.
Masschelein and co-workers[38] have rationalised this obser-
vation on the basis of spectral-electrochemical correlations:
the energy of the highest occupied dp molecular orbital is
relatively invariant to the addition of an {Ru(bpy)2}


2+


moiety, whereas the lowest unoccupied p* molecular orbital
is stabilised by the addition.


Spectroelectrochemical oxidation of the trinuclear com-
plexes allowed the generation of the mixed-valence + 7 and
+8 forms, and fully-oxidised +9 forms at �15 8C
(Figure 3). Stable isosbestic points were observed in the
spectral progressions accompanying the three stages of oxi-
dation. The 1MLCT absorption bands decreased in intensity
following one- and two-electron oxidation, and eventually
collapsed completely on further oxidation to the +9 species.


Figure 2. Near-infrared (NIR) spectra of the di- and trinuclear systems. a)
Overlay of the IVCT bands for meso- (c) and rac- [{Ru(bpy)2}2(m-
hat)]5+ (a) at �35 8C {plotted as (e/n� n) vs n}. b) Overlay of the IVCT
bands for heterochiral- (c) and homochiral [{Ru(bpy)2}3(m-hat)]7+ at
�15 8C {plotted as (e/n� n) vs n}.


Figure 3. Spectroelectrochemistry for the oxidation of the trinuclear com-
plex heterochiral-[{Ru(bpy)2}3(m-hat)]n + (a) Spectroelectrochemical
changes for the oxidation reaction heterochiral-[{Ru(bpy)2}3(m-hat)]6+!
heterochiral-[{Ru(bpy)2}3(m-hat)]7+ at �15 8C. The inset shows IVCT
bands {plotted as (e/n � n) vs n} for meso-[{Ru(bpy)2}2(m-hat)]5+ (a) at
�35 8C and heterochiral-[{Ru(bpy)2}3(m-hat)]7+ (c) at �15 8C in addi-
tion to the bands obtained from Gaussian deconvolution of the latter
(g). b) Spectroelectrochemical changes for the oxidation reaction het-
erochiral-[{Ru(bpy)2}3(m-hat)]7+!heterochiral-[{Ru(bpy)2}3(m-hat)]8+ at
�15 8C. The inset shows IVCT bands {plotted as (e/n � n) vs n} for hetero-
chiral-[{Ru(bpy)2}3(m-hat)]8+ (c ; maxima indicated by asterisks) at
�15 8C in addition to the bands obtained from Gaussian deconvolution
(g).
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Oxidation of the formally RuII


to RuIII centres was accompa-
nied by an increase in the inten-
sity of the transitions in the
region 10 000–16 000 cm�1.
These are assigned as ligand-to-
metal p*(bpy)!dp(RuIII) and
p*(hat)!dp(RuIII) LMCT tran-
sitions by comparison with the
behaviour of the analogous
mono- and dinuclear systems.


Intervalence charge transfer :
The near-infrared (NIR) spectra
of the di- and trinuclear systems
spectra were scaled as �e(n)/n
dn[44, 45] and deconvoluted by use
of the software package
GRAMS32. The results of the
band maxima (nmax), molar ex-
tinction coefficients (e), and
bandwidths (Dn1=2


) derived from
the deconvolution procedure
are summarised in Table 2.


Dinuclear systems : The first ox-
idation process for the diaster-
eoisomers of the dinuclear com-
plex [{Ru(bpy)2}2(m-hat)]4+ was
characterised by the appearance
of an intense new band in the
region 3500–8000 cm�1 {emax =


4230 (meso) and 3540 m
�1 cm�1


(rac)}, which collapsed com-
pletely on removal of the second electron: on this basis, the
band was assigned as an IVCT transition (Table 2, Fig-
ure 2a). The bands appear asymmetrical and narrower on
the lower energy side with bandwidths at half-height
(Dn1=2(exptl)) of 1600 (meso) and 1485 cm�1 (rac). Compared
with the theoretical bandwidths (Dn0


1=2
) of 3100 cm�1 for both


diastereoisomers, estimated on the basis of the classical two-
state theory {Eq. (1), where 16RT ln(2) = 1836 cm�1 at
238 K and nmax is the IVCT maximum of the reduced ab-
sorption spectrum},[46] the relatively narrow observed band-
widths point towards significant electronic communication
between the metal centres.


Dn0
1=2
¼ ½16RT lnð2Þnmax�


1=2 ð1Þ


Within this classical treatment,[11] the parameter G provides
a criterion for describing the degree of electronic coupling
in the system:


G ¼ 1�ðDn1=2ðexptlÞÞ=½16RT lnð2Þnmax�
1=2 ¼ 1�ðDn1=2ðexptlÞÞ=ðDn0


1=2
Þ


ð2Þ


where 0 < G < 0.5 for weak to moderate coupling (local-
ised Class II systems), G � 0.5 at the Class II–III transition,
and G > 0.5 for strongly coupled (delocalised Class III) sys-
tems. In the present case, G =0.484 (meso) and 0.521 (rac)
which suggests that the systems lie close to the localised-de-
localised transition, with the rac diastereoisomer exhibiting
a marginally greater degree of electronic delocalisation rela-
tive to the meso form.


When 0 < G < 0.5, the electron coupling parameter Hab


is given by[11]


Hab ¼ 2:06� 10�2 ðnmaxemaxDn1=2ðexptlÞÞ
1=2=rab ð3Þ


where rab is the effective electron transfer distance, which
can be obtained from measurements of the dipole moment
change associated with the IVCT process through electroab-
sorption (Stark effect) spectroscopy.[47] In the absence of
these measurements, however, rab is generally equated with
the through-space geometrical distance between the metal
centres.[10] Since this geometric distance is likely to be great-
er than the actual (effective) charge transfer distance due to
electronic coupling across the bridge, Equation (3) provides


Table 2. NIR spectral data of the reduced absorption spectra (e/n vs n) for the di- and trinuclear complexes at
�35 and �15 8C, respectively. For the dinuclear species, the parameters for the overall NIR band envelopes
are shown in bold type: details of the deconvoluted bands are in normal type.


Complex Component nmax � 10 emax � 0.01 Dn1=2 (exptl) � 20 Dn0
1=2


[a]


[cm�1] [mm
�1 cm�1] [cm�1] [cm�1]


meso-[{Ru(bpy)2}2(m-hat)]5+ 5250 4.230 1600 3100
3870[c] 0.518 827


A 5150 3.245 1020 3075
B 5950 2.040 1410 3305
C 6985 0.565 2560 3580


rac-[{Ru(bpy)2}2(m-hat)]5+ 5240 3.540 1485 3100
4030[c] 0.193 708


A 5110 1.900 824 3065
B 5710 2.450 1515 3240
C 7615 0.454 2295 3740


heterochiral-[{Ru(bpy)2}3(m-hat)]7+ A 4515 3.185 1225
B 5820 2.300 1610
C 7160 0.889 1715


heterochiral-[{Ru(bpy)2}3(m-hat)]8+ [b] 4715 2.085 2735
6455 0.840 1260


7980* 4.510 1740
9350 2.040 1440


10 900* 5.950 2515
13 145 5.970 2445
14 770 1.560 1725
16 790 12.37 3735
19 660 11.63 1655


homochiral-[{Ru(bpy)2}3(m-hat)]7+ A 4475 2.150 1255
B 5750 1.430 1930
C 7180 0.757 1680


homochiral-[{Ru(bpy)2}3(m-hat)]8+ [b] 4460 1.825 1460
6745* 3.045 5670


11 060* 2.750 2450
13 270 6.000 2035
17 890 21.90 5490


[a] For weakly interacting (Class II) systems,[46] Dn0
1=2


= [16kT ln2 (nmax)]
1=2 where 16kT ln2 = 1836 cm�1 at 238 K.


[b] Band characteristics for the transitions of IVCT origin are indicated by asterisks. [c] Artifact peak at detec-
tor limit.
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a lower limit only for Hab. With this caveat noted, Hab = 584
and 514 cm�1 for the meso and rac diastereoisomers, respec-
tively, where rab is equated with the approximate geometric
metal–metal separation of 6.65 �.


The interpretation of the IVCT data for the dinuclear
HAT-bridged systems is challenging because they appear to
lie at transition between the localised and delocalised re-
gimes, where classical models[11,44, 48,49] break down due to
the failure of the Born–Oppenheimer approximation upon
which they are based.[10,11] The treatment of the full vibronic
coupling problem[50–53] is central to the quantitative analysis
of these borderline localised-to-delocalised systems; howev-
er, the application of such methods is beyond the scope of
the present work. Instead, we seek to investigate the qualita-
tive correspondence between the IVCT properties of the di-
and trinuclear complexes on the basis of two alternate de-
scriptions based on localised and delocalised models.


A localised model for IVCT: From a localised viewpoint, the
asymmetric appearance of the IVCT bands is attributed to
the “band cut-off” effect which occurs at hn = 2Hab, and is
more pronounced for systems lying closer to the localised-
to-delocalised transition.[11,54,55] Alternatively, the asymmetry
of the IVCT bands may be attributed to a manifold of dis-
crete, underlying transitions which are identified as spin-
orbit components.[10, 56–58]


Spectral deconvolution of the reduced (�e(n)/n dn) NIR
bands reveals three underlying gaussian-shaped components
(Table 2). The differences observed between the energies,
intensities and bandwidths for the diastereoisomers lie well
outside the limits of experimental error. The lowest energy
components at 3870 and 4030 cm�1 in the meso and rac dia-
stereoisomers of the dinuclear complex, respectively, appear
to be artifacts which arise near the limit of the NIR spec-
trometer at ~3000 cm�1. For both diastereoisomers, compo-
nents A and B dominate the IVCT manifolds, although the
integrated intensities differ between the two forms: compo-
nent A dominates B for the meso form (i.e., A:B 1.35:1),
while the opposite is observed for the rac form (i.e. , B:A
2.25:1). For the overall IVCT manifolds, the integrated in-
tensity for the meso diastereoisomer is greater than that for
the rac form, and suggests a greater degree of metal–metal
interaction in the former. This contradicts the previous as-
sessment of the relative extent of metal–metal coupling on
the G parameter, where the coupling was greater in the rac
diastereoisomer. Since the integrated intensity of the IVCT
manifold (i.e. , the band area) is directly proportional to the
extent of delocalisation in the mixed-valence ground
state,[46] these values are expected to provide a more accu-
rate estimate of delocalisation in the diastereoisomeric
forms rather than the G parameter which is based on band-
width measurements alone.


The intervalence process occurs through an electron trans-
fer superexchange mechanism via the p and p* orbitals of
the bridging ligand. Based on the coordinate designation in
Figure 4, qualitative considerations indicate that the metal-
based orbitals with z character are appropriate for overlap


with the p,p*(hat) system and will be stabilised to a relative-
ly greater extent (and will thus lie lower in energy) than
those that lie orthogonal to the p,p*(hat) system; that is, the
dxy orbitals that lie in the plane of the bridging ligand. In
order of increasing energy, the three dp orbitals may be
more closely represented by dxz,dyz(dp1,dp2) and dxy(dp3).


Intervalence charge transfer can arise due to separate
electronic excitations from any dpn orbital at RuII to the
hole in the corresponding dpn orbital which is present in any
of the three spin-orbit states at RuIII (Figure 5).[10] These
transitions are identified with the three underlying compo-
nents in the IVCT band, separated by the energy differences
between the ground and two excited spin-orbit states, DEso(1)


and DEso(2):


DEsoð1Þ � nmaxfIVCTðBÞg� nmaxfIVCTðAÞg ð4aÞ


DEsoð2Þ � nmaxfIVCTðCÞg� nmaxfIVCTðAÞg ð4bÞ


The energy separation between the first and second, and
second and third components of the IVCT bands (Table 2)
are approximated by DEso(1) and DEso(2), which are, respec-
tively, 800 and 1035 cm�1 for the meso form, and 600 and
1905 cm�1 for the rac form. The energy splittings between
the underlying components are within the range expected
for spin-orbit coupling between RuII and RuIII centres (i.e. ,
~800–1250 cm�1) for the meso diastereoisomer, although for


Figure 4. Coordinate axes for the rac (DD) diastereoisomer of [{Ru-
(bpy)2}2(m-hat)]4+ . Hydrogen atoms are omitted for clarity.


Figure 5. Schematic energy level diagram showing the relative energies of
the spin-orbit levels.
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the rac form the splitting between IVCT(B) and IVCT(C) is
significantly greater than expected. The differences between
the diastereoisomers indicate that stereochemical factors
such as different solvent and anion interactions with the
forms may also influence the inter-metal electronic interac-
tion.[36] For IVCT(A), nmax is comparable for the two diaster-
eoisomers {5150 and 5110 cm�1 for the meso and rac forms,
respectively}; however, Hab for the meso form is considera-
bly greater than that for the rac form {405 vs 275 cm�1}.


The intensities of the three IVCT components should be
proportional to the degree of orbital overlap between the
dp orbitals at the formally RuII centre and the dp orbital
containing the hole at the formally RuIII centre. The inte-
grated intensities and Hab values provide an indication of in-
herent differences in the extent of orbital overlap between
the donor and acceptor orbitals in the diastereoisomeric
forms.


For both diastereoisomers, IVCT(C) has the lowest inten-
sity: this component can be assigned as a (RuII)dp3–p*-
(hat)–(RuIII)dp3 transition {abbreviated dp3–p*(hat)–dp3}; it
is broad and has low absorptivity as the electronic coupling
occurs between the donor and acceptor orbitals which are
predominantly dxy in character, and thus oriented orthogonal
to the p,p*(hat) system.


For the rac form, the integrated intensities of the IVCT
components reveal that component B dominates the IVCT
manifold (i.e. , the ratio of the intensities is given by B:A
2.25:1), while component A is dominant for the meso form
(i.e., A:B 1.35:1). Based on ligand field considerations,
IVCT(A) and (B) are associated with dp1–p*(hat)–dp1 and
dp2–p*(hat)–dp2 interactions across the bridge, where dp1


and dp2 are predominantly dxz and dyz in character. The en-
hanced dp2–p*(hat)–dp2 interaction relative to the dp1–p*-
(hat)–dp1 interaction in the rac form suggests that the dp2


orbitals of the formally RuII (donor) and RuIII (acceptor)
centres are overlapped more effectively when the stereoche-
mistries of the two metal centres are equivalent. This trend
in the relative intensities of the IVCT components has been
observed for the diastereoisomeric forms of a range of dinu-
clear complexes which incorporate angular-bridging ligands;
that is, where the bidentate binding sites of the bridging li-
gands are angularly disposed.[59]


A delocalised model for IVCT: The bridging HAT ligand
plays an integral role in mediating the intervalence electron
transfer process between the metal centres via a superex-
change-assisted mechanism.[60] This suggests that the explicit
inclusion of a third electronic state associated with the
bridging ligand may be required to rationalise the underly-
ing electronic structure of the IVCT bands. In this case, the
IVCT transition is described as delocalised, and the transi-
tion is due to electron transfer between the bonding and
non-bonding molecular orbitals within the molecular orbital
manifold of the system (Figure 6).[61–67] The components of
the band arise from the combined effects of spin-orbit cou-
pling and lower symmetry perturbations and their relative
intensities are determined by the extent of orbital overlap


between the donor and acceptor orbitals, and the position of
the hole in the latter.


Trinuclear systems : The two mixed-valence states of the tri-
nuclear diastereoisomers were realised upon one- and two-
electron oxidation of the +6 species at �15 8C. The NIR
spectra of the + 7 and +8 mixed-valence forms (Figures 2b
and 3) exhibit striking differences from one another (which
lie well outside the limits of experimental error), and from
their dinuclear analogues.


The generation of the +7 mixed-valence species for both
diastereoisomers was accompanied by the appearance of
new absorption bands in the range 3500–9000 cm�1 (Figur-
es 2b and 3a, Table 2). Spectral deconvolution revealed the
presence of three underlying transitions, separated by 1305
and 1340 cm�1 (heterochiral) and 1275 and 1430 cm�1 (ho-
mochiral). The integrated intensities of the components indi-
cate that the transitions denoted A and B dominate the
IVCT manifold (i.e., A > B > C), with ratios of 3.87:2.84:1
(heterochiral) and 2.81:2.48:1 (homochiral). This relative
energy ordering differs from that found for the dinuclear di-
astereoisomers where IVCT(B) was found to dominate the
IVCT manifold. The overall integrated intensity of the
IVCT manifold for the heterochiral form is slightly greater
than that for the homochiral form, and the intensities are
approximately twice those for the related dinuclear com-
plexes. The difference may be rationalised on the basis of
the doubly-degenerate nature of the optically-induced tran-
sition from the two formally RuII centres to the hole at the
formally RuIII centre in the trinuclear species. It should be
noted that the comparison between the di- and trinuclear
cases may not be strictly valid due to the different tempera-
tures at which the experiments were conducted.


Components B and C exhibit comparable energies and
separations relative to the same components in the dinuclear
diastereoisomers, although component A is significantly red-
shifted (by ~600 cm�1) relative to the same component in
the dinuclear systems.


While vibronic coupling models may provide a more
quantitative understanding of the NIR bands, the magnitude
of the splitting observed between the two dominant underly-
ing transitions in the NIR band manifold is still consistent
with a localised description. On this basis, the bands are as-
signed as separate optically-induced transitions between
energy levels within the molecular orbital manifold of the
trinuclear complexes which are split predominantly by spin-
orbit coupling of the metal centres. Relative to the dinuclear


Figure 6. Qualitative molecular orbital diagram for the dinuclear [{Ru-
(bpy)2}2(m-hat)]5+ system showing the bonding, non-bonding and anti-
bonding molecular orbitals. The IVCT corresponds to a bonding!non-
bonding transition.
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diastereoisomers, component A experiences the most pro-
nounced energy shift, while components B and C appear rel-
atively unperturbed.


Based on the coordinate description invoked for the dinu-
clear complex (Figure 4), it would appear that the incorpo-
ration of a third {Ru(bpy)2}


2+ moiety will perturb the dp or-
bitals oriented towards the additional Ru centre to the
greatest extent. Since electronic delocalisation within the as-
sembly is governed by superexchange coupling through the
p* orbitals of the bridging ligand, the orbitals perturbed
most significantly are predominantly dxz and dyz in character,
and have already been assigned as the dominant Cartesian
components of dp1 and dp2 for the dinuclear complexes.


On inclusion of the third chromophore, the orbital over-
lap of the dxz,dyz(dp1,dp2) orbitals at the two formally RuII


centres with the hole at the formally RuIII centre should be
equivalent since they are equidistant to the acceptor. This
contrasts the situation in the dinuclear system, where great-
er overlap is expected for the orbitals directed towards the
RuII centre compared with those directed towards the
vacant coordination site. Based on this localised argument,
component A in the trinuclear complex—which is the com-
ponent shifted most significantly relative to the dinuclear di-
astereoisomers—would involve optically-induced electron
transfer between molecular orbitals centred over the core of
the bridging HAT ligand. Accordingly, components A, B
and C represent, respectively, IVCT transitions which origi-
nate from dp1–p*(hat)–dp1, dp2–p*(hat)–dp2 and dp3–p*-
(hat)–dp3 interactions across the bridge, where dp1 and dp2


are predominantly dxz and dyz, and dp3 is predominantly dxy


in character. As was the situation with the dinuclear forms,
the low intensity of the dp3–p*(hat)–dp3 interaction is con-
sistent with the orthogonal orientation of the dxy(dp3) orbi-
tals relative to the p,p*(hat) orbtials.


On the basis of a localised analysis for the spectral prop-
erties of the +5 forms of the dinuclear mixed-valence com-
plexes, and + 7 forms of the trinuclear systems, the presence
of a third {Ru(bpy)2}


2+ chromophore in the trinuclear as-
sembly amplifies the energy splitting between the spin-orbit
coupling states, and leads to a two-fold enhancement in the
electronic interaction mediated by HAT. It is interesting to
consider this result in light of previous IVCT measure-
ments on the mixed-valence forms of the trinuclear
CN�-bridged chain [NC-RuII(bpy)2-CN-RuIII(bpy)2-NC-RuII-
(bpy)2-CN]3+ .[68–71] The NIR region of the mixed-valence
species exhibited a broad band (assigned as an IVCT transi-
tion) in the region 4500–12 000 cm�1 which appeared to com-
prise of two underlying components of approximately equal
intensity. By comparison, the analogous dinuclear complex
[NC-RuII(bpy)2-CN-RuIII(bpy)2-CN]2+ revealed a single ab-
sorption band at 5700 cm�1. The apparent splitting of the
IVCT transition into two components in the trinuclear case
was attributed to non-negligible superexchange-assisted
through-bond coupling between the remote metal centres,
and the result was rationalised by the construction of adia-
batic energy surfaces for the trinuclear system.[68–71] For the
HAT-bridged systems in the present study, the three metal


centres share the same bridging ligand, and are equivalently
disposed from one another, such that a remote superex-
change mechanism cannot be invoked.


The intensity of the bands decreased on subsequent oxida-
tion to the +8 mixed-valence species, with the appearance
of new bands at ~8000 and 11 500 cm�1 (Figure 3b; Table 2).
The transitions in the region at higher energies than
13 000 cm�1 were assigned as ligand-to-metal (LMCT) and
metal-to-ligand (MLCT) absorptions by comparison with
the related dinuclear species, and by their behaviour on oxi-
dation to the +9 species. Assignment of the bands in the
region at energies lower than 7000 cm�1 is ambiguous due to
the presence of complicating comproportionation equilibria,
although these may be reasonably ascribed to the residual
absorptions of the mono-oxidised +7 species. For the hetero-
chiral diastereoisomer, the new absorption bands at ~8000
and 11 500 cm�1, which are solely characteristic of the +8
mixed-valence form, are assigned as IVCT transitions (Fig-
ure 2b). These transitions are expected to occur at higher
energy than those in the +7 mixed-valence form due to the
decreased electron delocalisation in the system, and hence
destabilisation of the acceptor RuIII orbitals. Accordingly,
the predicted blue-shift in the energies of the absorption
bands is observed, and is consistent with previous literature
reports for IVCT transitions in related di- and trinuclear sys-
tems.[72] The ~3000 cm�1 separation between the bands as-
signed as IVCT transitions is not consistent with their inter-
pretation based on spin-orbit coupling components however,
and indicates that a molecular orbital approach—which in-
cludes vibronic coupling—may be essential.


The possibility also exists that the multiple IVCT transi-
tions originate from optically-induced electron transfer be-
tween different “exciton” states. The doubly-oxidised (+8)
species comprises two formally RuIII and one formally RuII


centre and therefore possesses two unpaired electrons.
These may be aligned in a parallel or antiparallel fashion,
giving rise to an overall singlet or triplet state for the trinu-
clear complex. The energy required for optical excitation to
these two different “exciton” states will differ, in which case
the two new transitions observed in the NIR region for the
+8 species may be assigned as transitions to singlet and trip-
let exciton states in a valence-delocalised trinuclear mixed-
valence species. A similar interpretation was proposed by
Weyland et al.[73] to account for the observation of multiple
IVCT transitions in valence-localised trinuclear complexes.


Conclusion


The IVCT properties of the mixed-valence forms of the dia-
stereoisomers (meso and rac) of the dinuclear complex [{Ru-
(bpy)2}2(m-hat)]4+ , and of the trinuclear species [{Ru(bpy)2}3-
(m-hat)]6+ (homochiral and heterochiral), display a marked
dependence on the nuclearity and extent of oxidation of the
mixed-valence assemblies, while small differences are also
observed for the diastereoisomers of the same complex. The
significant differences in IVCT properties between the di-
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and trinuclear species are attributed to the extensive elec-
tronic communication between the {Ru(bpy)2}


2+ chromo-
phores, which gives rise to novel properties of the two
mixed-valence states in the trinuclear case. The splitting of
the IVCT transitions in the +7 species is attributed to the
influence of spin-orbit coupling, while the two new domi-
nant transitions in the NIR spectra of the +8 (diradical)
species may arise from to transitions to separate delocalised
exciton states of singlet and triplet character.


Alternative localised and delocalised approaches are dis-
cussed for the interpretation of the mixed-valence character-
istics of the dinuclear systems, however treatment of the full
vibronic coupling problem is necessary in order to provide a
quantitative analysis of these borderline localised-to-delocal-
ised systems. Qualitatively, a localised description based on
the geometrical properties of the dp(RuII/III) orbitals pro-
vides a reasonable rationale for the IVCT behaviour in the
di- and trinuclear systems.


The existence of quality experimental data that will test
and guide developments in the conceptual theories for
IVCT in higher nuclearity systems, and the extension of the
IVCT probe to stereochemically unambiguous trinuclear
species which exhibit strong electronic delocalisation, are
extremely significant to our understanding of fundamental
intramolecular electron transfer phenomena in polymetallic
assemblies.


Experimental Section


Electrochemistry : Electrochemical measurements were performed under
argon using a Bioanalytical Systems (BAS) 100 A Electrochemical Ana-
lyser. Cyclic (CV) and differential pulse (DPV) voltammograms were re-
corded in a standard three-electrode cell by using a glassy carbon or plat-
inum button working electrode, a platinum wire auxiliary electrode and
an Ag/AgCl reference electrode (0.1 mol dm�3 [(n-C4H9)4N]PF6 in
CH3CN). Ferrocene was added as an internal standard on completion of
each experiment {the ferrocene/ferrocenium couple ([FeCp2]


0/+) occurred
at +550 mV versus Ag/AgCl}. Solutions contained 0.1 mol dm�3 [(n-
C4H9)4N]PF6 as electrolyte. Cyclic voltammetry was performed with a
sweep rate of 100 mV s�1; differential pulse voltammetry was conducted
with a sweep rate of 4 mV s�1 and a pulse amplitude, width and period of
50 mV, 60 ms and 1 s, respectively.


Spectroelectrochemistry : UV/visible/near-infrared (NIR) spectroelectro-
chemistry was performed using a CARY 5E spectrophotometer inter-
faced to Varian WinUV software. The absorption spectra of the electro-
generated mixed-valence species were obtained in situ by the use of a
cryostatted Optically Semi-Transparent Thin-Layer Electrosynthetic
(OSTLE) cell, path length 0.605 mm, mounted in the path of the spectro-
photometer.[74]


Solutions for the spectroelectrochemial experiments contained
0.1 mol dm�3 [(n-C4H9)4N]PF6 supporting electrolyte in CH3CN and the
complex (ca. 1 � 10�3 mol dm�3). All solutions were purged with N2 prior
to transference (via syringe) into the OSTLE cell. The temperature was
stabilised to � 0.3 8C prior to commencing electrolysis. The dinuclear
systems required approximately 6 h for data collection at �35 8C, while
the trinuclear systems required approximately 10 h and were conducted
at �15 8C due to limitations on the extended supply of coolant gas.


Appropriate potentials were applied by using a BAS CV27 Voltammo-
graph coupled to a digital LCD multimeter to permit careful control of
both the current and potential during electrolysis. By this method, the
electrogenerated species (which are otherwise unstable) were obtained in


situ, and their absorption spectra recorded at regular intervals throughout
the electrolysis. The attainment of a steady-state spectrum and the decay
of the current to a constant minimum at a potential appropriately
beyond E1=2


(for the redox process in question) were indicative of the
complete conversion of the starting material. For the mixed-valence spe-
cies, a potential intermediate between the two metal-centred oxidation
processes was employed. The reversibility of the spectral data was con-
firmed by the observation of stable isosbestic points, and the regenera-
tion of the starting spectrum following the attainment of the steady-state
spectrum for each mixed-valence species. For the systems under investi-
gation in the present study which possess multiple redox processes, this
procedure was repeated for each step before continuing to subsequent
processes.


The IVCT spectra were scaled as �e(n)/n dn.[44, 45] An additional correc-
tion due to comproportionation of the mixed-valence species[75] was not
applied since the proportion of the complex in the mixed-valence form
(at equilibrium) was > 97.5 %, and the correction does not influence the
conclusions reached regarding the relative electronic coupling in the sys-
tems investigated. To minimise artefacts in the NIR spectral data due to
ion-pairing and concentration effect which are known to influence the
IVCT transitions of dinuclear complexes,[36, 76–79] the spectra were mea-
sured using a constant concentration of complex (ca. 1 � 10�3 mol dm�3)
under identical conditions of electrolyte {0.1 mol dm�3 [(n-C4H9)4N]PF6}
and temperature.


Spectral deconvolution : Spectral deconvolution of the near-infrared tran-
sitions was performed using the curve-fitting subroutine implemented
within the GRAMS32 commercial software package. For the dinuclear
complexes, convergence of the iteration procedure was achieved for
three Gaussian-shaped bands under the IVCT manifold. The characteris-
tics of the components were found to vary slightly over repeat iterations,
however the relative energies, intensities and bandwidths of the transi-
tions remained constant. The band characteristics are presented as an
average of the solutions for the repeat iterations. Based on the reproduci-
bility of the parameters obtained from the deconvolutions, the uncertain-
ties in the energies (n), intensities (e) and bandwidths (Dn1=2


) were esti-
mated as �10 cm�1, �10m


�1 cm�1 and �20 cm�1, respectively.


Materials : Acetonitrile (CH3CN; Aldrich, 99.9+ %) was distilled under
nitrogen from CaH2 immediately prior to use. [(n-C4H9)4N]PF6 (Fluka;
puriss. electrochemical grade) was dried under vacuum at 45 8C before
use.


Complex syntheses and diastereoisomer separation : The syntheses and
characterisation of [{Ru(bpy)2}2(m-hat)](PF6)4 and [{Ru(bpy)2}3(m-hat)]-
(PF6)6, as well as the separation and purification of the respective diaster-
eoisomers, were performed using the techniques reported previously.[16]
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Introduction


The development of powerful chelating agents for actinides
represents a challenging area of research which found multi-
ple applications such as selective separation, nuclear waste
management and in vivo chelation therapy.[1] Among the ac-
tinides, a renewed interest is found in uranium and in the


means to chelate it because handling of uranium in the nu-
clear industry as well as for military purposes is increasing.[2]


The uranyl ion UO2þ
2 , the most stable uranium form in bio-


logical media, is a hard Lewis acid adopting unusual pseudo-
planar penta- or hexa-coordinated complexes structures.
This particular coordination mode stimulated the design and
synthesis of macrocyclic ligands hopefully useful for the se-
lective detection[3] or extraction of uranium from sea water
or nuclear wastes.[4] Stimulated by the lack of effectiveness
of existing treatments,[5] several specific ligands for UO2þ


2


(i.e., uranophiles) were also prepared for in vivo uranium
removal. After contamination, UO2þ


2 is rapidly transferred
from the blood stream to its target organs, essentially
kidney and bone. Uranyl develops a chemical toxicity in the
kidney[6] whereas long-term accumulation in the bone might
induce cancer.[7] Much of the current research concerns the
synthesis of well designed uranyl ligands which are then di-
rectly evaluated in vivo on mice or rats. The most significant
advances in this area were obtained by K. N. Raymond,
P. W. Durbin and co-workers. Several multidentate cathe-
cholate and hydroxy-pyridonate ligands were synthetized
and their in vivo efficiencies evaluated by this group.[8] This
research highlighted several chelates displaying significant
uranyl removal efficiencies.[9] However, these efficiencies
were often observed when the ligands are administrated im-
mediately (5 to 30 min) after contamination, which shows
that the development of new ligands is still of interest.


Abstract: New tripodal gem-(bis-phos-
phonates) uranophiles were discovered
by a screening method that allowed for
the selection of ligands with strong
uranyl-binding properties in a conven-
ient microtiter-plate format. The
method is based on competitive urani-
um binding by using Sulfochlorophenol
S as chromogenic chelate. This dye
compound was found to present high
uranyl complexation properties and al-


lowed to highlight ligands presenting
association constants for UO2þ


2 up to
1018 at pH 7.4 and 1020 at pH 9. A col-
lection of 40 known ligands including
polycarboxylate, hydroxamate, catecho-
late, hydroxypyridonate and hydroxy-


quinoline derivatives was tested. Also
screened was a combinatorial library
prepared from seven amine scaffolds
and eight acrylates bearing diverse che-
lating moieties. Among these 96 tested
candidates, a tripod derivative bearing
gem-bis-phosphonates moieties was
found to present the highest complexa-
tion properties over a wide range of
pH and was further studied.
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Current combinatorial or parallel synthetic methodologies
allow for the preparation of high number of new molecules.
This approach combined with a screening method has pro-
vided a powerful tool for the discovery of new metal com-
plexes.[10]


The aim of this study was to develop a simple and fast in
vitro test in order to screen the ligands with strong uranyl
binding properties in a library of compounds. With the help
of the assay presented herein, screening of candidate ligands
in a parallel manner offers a rapid readout and allows the
focus on interesting candidates which can then be analyzed
more carefully in view of physico-chemical characterizations
and/or in vivo experiments. Herein are described new pow-
erful uranophiles discovered by this approach.


Results and Discussion


Screening method development : One of the most typical
methods to determine stability constants of uranophiles is
displacement of carbonate from the [UO2(CO3)3]


4� complex
after addition of the ligand investigated.[11] The apparition of
the new complex is usually followed spectrophotometrically.
Unfortunately, such a method usually requires basic pH, suf-
fers of a large range of already described [UO2(CO3)3]


4� as-
sociation constants (from 1018.3 to 1023)[12] and is not easily
applicable to a screening strategy since lmax absorption
might vary from a complex to another.


However, the displacement method might be used for fast
ligands screening by following the disappearance of a pre-
formed chromogenic uranyl complex.[13] Addition of another
complexing agent should induce a significant decrease in ab-
sorbance related to its chelating properties. This implies that
a well-characterized reference chelate can by used, which
displays a good affinity to uranium and generates a stable
complex with strong UV/Vis
absorption (lmax > 500 nm).
We found that sulfochlorophe-
nol S (SCP, Figure 1), a well-
known indicator grade for rare
earth elements,[14] matches with
these criteria.


In aqueous solution, this
compound displays a violet
colour whereas the solution of
uranyl complex is blue. The col-
orimetric properties of the
SCP/UO2þ


2 complex allowed to
perform the screening assay at
acidic, neutral or basic pH. This
point is of importance because
pH varies between the different
biological compartments, thus
the development of metal che-
lators displaying high complex-
ation properties in a large
range of pH could be of great


interest for medical applications.[15] We focused our interest
on biological relevant pH values of 5.5, 7.4 and 9 using
MES, HEPES and CHES buffers, respectively. Control ex-
periments proved that these buffers do not interfere with
the SCP/UO2þ


2 complex.[16] At these pH values, a 1:1 com-
plex is formed instantaneously, which was confirmed by
mass spectroscopy[16] and the Job method of continuous var-
iation (Figure 1).[17] The complex presents strong colorimet-
ric features (Figure 1; e690 = 21 580, 23 390 and 20 490 m


�1 cm�1


for pH 5.5, 7.4 and 9, respectively) and good stability prop-
erties (absorbance remains stable after several weeks).


Further spectrophotometric experiments carried out at
various pH values confirmed the high complexation proper-
ties of SCP for UO2þ


2 . The thermodynamic complexation
constants (Figure 2) were found particularly high therefore
allowing the screening of powerful uranyl ligands. For exam-
ple, the method should revealed ligands with conditional
constants Kcond > 1013 at pH 5.5, Kcond > 1018 at pH 7.4 and
Kcond > 1020 at pH 9 (if they formed a 1:1 complex). The
effect of the addition of a competitive ligand is easily visual-
ized by eye or quantified by UV/Vis spectroscopy by stain-
ing at 690 nm using a 96-well absorbance reader; this allows
for a fast and inexpensive screening without interference
due to the absorbance of most of organic uranophiles.


Synthesis and screening of the ligand library : This screening
assay was then applied to a chelate library obtained by col-
lecting commercially available compounds and published li-
gands,[20,21] (Figure 3) or by parallel synthesis (Figure 4).


Recently, we described a modular approach for the paral-
lel synthesis of multidentate ligands libraries.[22] The synthe-
sis uses Michael addition of acrylates, which bear chelating
moieties on the amine scaffolds as a key step. This work was
extended by using four new acrylates (B5, B6, B7 and B8).
Combination of seven amines (six dipodals and one tripo-


Figure 1. a) Sulfochlorophenol S (SCP) structure; b) UV/Vis spectra and c) Job plot of SCP and SCP/UO2þ
2


mixtures at pH 7.4 (absorbance measured at 640 nm).
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dal) and eight acrylates conducted to the formation of 56
new chelates with high structural diversity (Figure 4).


The 96 ligands were then screened in a parallel manner
on microtiter plates for their uranium binding properties at
pH 5.5, 7.4 and 9 by using SCP as a reference chelate. The
results are summarized in Figure 5.


Remarkably, the compounds bearing bis-phosphonate
chelating moieties were found to be the most potent among
the library containing polycarboxylate, hydroxamate, cate-
cholate, hydroxypyridonate and hydroxyquinoline deriva-
tives. This is highlighted by the comparison of the results ob-
tained at pH 5.5 and 7.4 with a family of tripods 3A–H and
4A constructed with the same tris(2-aminoethyl)amine
group anchoring arms. At pH 7.4, 3,4,3-LIHOPO 2G was
found the only compound without a bis-phosphonate chelat-
ing function, which was able to displace around 60 % of the
SCP/UO2 complex. This ligand has already been tested for
in vivo uranyl removal with some success.[23] Comparison of
the results obtained with dipodal bis-phosphonates A1–5B6
(Figure 5, pH 7.4) show the influence of the spacer separat-
ing the two chelating moieties, the maximum of uranyl-bind-
ing was observed with ligand A4B6 (12 atoms separating the
chelating moieties). The uranyl binding properties of bis-
phosphonates overall remains superior regardless of the pH
value. More interesting is the fact that, among the bis-phos-
phonate family, tripods 4B and A7B6 presented the highest
Kcond values at pH 9 comparable to catechol based-ligand
TRENCAMS (3B) which exhibit high Kcond enhancement in
basic conditions in accordance with previous findings.[24]


Next we focused our interest on ligand A7B6 which in-
duced the highest displacement value of the SCP/UO2 com-
plex at all the tested pH.


Studies on compound A7B6 : Electrospray mass spectrome-
try (ES-MS) was first used to confirm the 1:1 stoichiometry
of the A7B6/UO2þ


2 complex. In the negative mode, ES-MS
showed one major peak at m/z 367 corresponding to [(UO2)-
(H7L)]3� (A7B6=H12L).[16] No polymetallic complex were
detected even in the presence of an excess of UO2þ


2 .


The A7B6/UO2 complex presents remarkable fluores-
cence properties which were investigated by using time-re-
solved laser-induced fluorescence (TRLIF, Figure 6). The
fluorescence spectrum of the aqueous uranyl ion reflects the
symmetrical vibration of the U�O bond. The observed emis-
sion bands correspond to the electronic transition S11!S00


(473 nm) and S10!S0n with n=0–4 (488, 510, 535, 560, and
587 nm).[25] In the absence of the ligand, two species are
present at pH 5.5: UO2þ


2 (t= 2 ms) and UO2OH+


(t=80 ms).[26] Progressive addition of ligand A7B6 on a so-
lution of UO2þ


2 induced a hyperchromic and bathochromic
shift (lem: 499, 520, 546 and 572 nm) of the uranyl emission.
Increase of fluorescence reached until saturation corre-
sponding to 1 equiv of A7B6 therefore confirming the 1:1
stoichiometry of the complex. Nonlinear regression fit
showed a tight slope demonstrating the high complexation
properties of A7B6 and making calculation of Kcond not pos-
sible in this experiment. The strong enhancement of the
fluorescence intensity and lifetime (t= 176 � 8 ms) allowed
us to detect less than 10�11


m of uranyl ion envisioning ana-
lytical applications of this compound.


We then determined the stability constant of A7B6 at
pH 9 using first the competitive displacement method of the
SCP/UO2 complex.[27] When A7B6 was added to a solution
of SCP/UO2 complex (80 mm in CHES buffer), competitive
displacement takes place and reaches equilibrium after 24 h
according to the spectral changes. We varied the concentra-
tion of A7B6 from 0 to 10 equiv[16] and estimated the Kcond


values at each concentration. On the basis of these mea-
surements accurate association constant was found to be
logKcond = 19.2 � 0.4. In a parallel manner, we took ad-
vantage of the fluorescence properties of the A7B6/UO2


complex to carry out a competitive displacement of the
nonfluorescent uranyl carbonate complex [UO2(CO3)3]


4�.
For this purpose, uranyl (40 mm) was dissolved in 30 mm car-
bonate buffer (pH 9) and the compound A7B6 was added
(4 to 400 mm). Displacement of carbonate by A7B6 takes
place and the formation of A7B6/UO2 complex was fol-
lowed by fluorescence staining.[16] Association constants, de-
termined at each A7B6 concentration, were found to be
logKcond =19.1 � 0.1. Both relative constants independently
determined are in good agreement, affording a reliable
value.


The selectivity of the complex was then investigated using
TRLIF experiments which consist in adding a competing
metal cation (Mn+) in the presence of the A7B6/UO2 com-
plex. A decrease of the fluorescence signal will be observed
if those metals form a new complex with A7B6. Competing
metal cations, such as K+ , Ca2+ , Mg2+ , Zn2+ and Fe3+ have
been added to the solution of the 1:1 A7B6/UO2 complex at
pH 5.5. The A7B6/UO2 complex lifetime has been examined
in order to verify that no interference due to the addition of
complexing cations occurred (variation of the lifetime would
indicate dynamic quenching and not complexation). Repre-
sentative results are displayed on Figure 7.


The data revealed that the A7B6/UO2 complex presents a
good stability even in the presence of excess of other metals


Figure 2. Thermodynamic constants and speciation diagram of SCP/UO2þ
2


complexes calculated by using pHab[18] and HYSS[19] programs, respec-
tively (see Experimental Section). Values in parentheses give the estimat-
ed in the least significant figure based on the variation between replicate
experiments. LH2U : log b112 = 37.8(1), LHU : log b111 = 33.0(1), LU :
log b110 = 24.9(3).
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(100 equiv) except for Fe3+ which dramatically affect A7B6/
UO2 complex.


In conclusion, SCP was found highly suitable for the rapid
screening of putative uranium ligand library. The described
procedure allowed us to compare the binding properties of
96 highly diverse ligands. The main chemical information is
that ligands bearing bis-phosphonate moieties display by far
the strongest binding features for the uranyl ion. Tris(bis-


phosphonates) ligands, especially compounds 4B and A7B6,
were found the most powerful uranyl ligands among our li-
brary. These ligands display large association constants at
acidic, neutral and basic pH envisioning analytical and medi-
cal possible applications. The complexing properties of phos-
phonates are well known,[28] but to the best of our knowl-
edge, this is the first time that such a comparative study of
highly diverse ligands was accomplished with uranium.


Figure 3. Ligand library.
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Figure 4. Parallel synthesis of ligands A1B1 to A7B8. Michael additions were run with an excess of acrylates B in THF or DMF and then quenched by
an excess of Ac2O. Crude mixtures were then concentrated and purified through filtration on silica gel. Removal of the protective groups (PG) of the
chelating moieties (L1 and L2) were carried out by Pd hydrogenation or by TMSBr to afford A1–7B1–5 and A1–7B6–8, respectively (see Experimental
Section). LC-MS controls showed more than 85 % purities for each products. All compounds have been fully characterized by using 1 H, 31P NMR and
mass spectroscopy.
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Experimental Section


General methods : Unless otherwise stated, starting materials were ob-
tained from commercial suppliers and used without purification. THF
was distilled from sodium/benzophenone before use. Analytical thin


layer chromatography (TLC) was per-
formed by using 0.25 mm silica gel
coated MERCK 60 F254 plates. Visuali-
zation of the chromatogram was car-
ried out by UV absorbance, ethanolic
solution of phosphomolybdic acid and
iodine. Flash chromatography was per-
formed using compressed air with the
indicated solvent system and silica gel
60 (Merck, 230–400 mesh). Purifica-
tions through silica cartridges were
performed by using Bond Elut Jr. 18C
(1 g, Varian) as reverse phase.


UV measurements were carried out
on a VARIAN CARRY 50 Scan UV/
Vis spectrophotometer in a 1 cm
quartz Suprasil cells purchased from
HELLMA operating with Cay Win
UV software. The pH of the solutions
was measured with an automatic titra-
tor system DMS 716 titrino with a


combined glass electrode (Methrom filled with saturated KCL). NMR
spectra were recorded on Bruker instrument (AC300). MS chromato-
grams were carried out on ESI/TOF Mariner spectrometer. Analytical
LC-MS separations were carried out on Waters HPLC 2525 with a C18


column (Xterra, 5 mm, 4.6� 50 mm), elution was done with H2O/CH3CN/


Figure 5. Screening results: Displacements (%) of the SCP/UO2þ
2 complex are presented in a color-coded format for clarity reason. log Kcond (estimates)


were calculated by using the HYSS program supposing that the complex competitive ligand/UO2þ
2 is 1:1. For details on the procedure, see the Experi-


mental Section.


Figure 6. Structure of ligand A7B6. Spectrofluorescence titration of a solution of UO2þ
2 (4.2 mm) by A7B6 in


0.1m NaClO4, pH 5.5. The inset shows the experimental and theoretical uranyl fluorescence intensity as a func-
tion of A7B6/UO2þ


2 ratio at lexc 266 nm, lem 519 nm.
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HCOOH (gradient from 95:05:0.1 to 0:100:0.1) with a 1.0 mL min�1 flow
rate; detection were carried out by UV detector (254 nm) and DEDL
PL-ELS 1000 (Polymer laboratories); mass spectra were taken on Waters
Micromass ZQ by positive electrospray method (ES + ). Screening was
performed in the 96 well microtiter polystyrene plates purchased from
NUNC. The plates were read using an absorbance plate reader SPEC-
TRA max PLUS (Molecular Devices).


Time resolved laser-induced fluorescence (TRLIF) measurements were
carried out by using a Nd/YAG laser (model Minilite, Continuum, Santa
Clara, USA) operating at 266 nm (quadrupled) or 355 nm (tripled) and
delivering an energy of 2 mJ in a 4 ns pulse duration at a repetition rate
of 15 Hz was used as the excitation source. The laser output energy was
monitored by a laser powermeter (Scientech, Boulder, USA). The excita-
tion laser beam was focused on the cell of the spectrofluorometer “Fluo
2001” (Dilor, France). The light emitted from the cell was focused onto
the entrance slit of the polychromator. Taking into account dispersion of
the holographic grating used in the polychromator, measurement range
extended to approximately 200 nm into the visible spectrum with a reso-
lution of 1 nm. The detection was performed by an intensified array of
photodiodes (1024 diodes) cooled by Peltier effect (�35 8C) and posi-
tioned at the polychromator exit. Recording of spectra was performed by
integration of the pulsed light signal given by the intensifier. The integra-
tion time was adjustable from 1 to 99 s and allowed for variation in de-
tection sensitivity. Logic circuits, synchronized with the laser shot, al-
lowed the intensifier to be active with a defined time delay and during a
selected aperture time. The whole system was controlled by a microcom-
puter. TRLIF experiments were performed by using a gate delay of
300 ms, a gate length of 100 ms and integration time of 0.5 s. The emission
wavelength was 520 nm (excitation at 266 nm) and the temperature was
20 8C.


Electrospray ionization mass spectrometric detection of negative ions
was performed by using a Quattro (Micromass, Manchester, UK). Sam-
ples were introduced into the source with a syringe pump (Harvard Ap-
paratus, Cambridge, MA, USA). Nitrogen was employed as both the
drying and spraying gas with a source temperature of 80 8C. The cone
voltage was set to 22 and 30 V, the voltage applied on the capillary is
3500 kV, and the sample solution flow rate was 10 mL min�1. Spectra were
recorded by averaging 40 scans from 100 to 1000 m/z at a scan rate of 6 s
per scan.


HRMS were performed in TOF MS ES+ mode at the “Institut de
Chimie des Substances Naturelles” (Gif sur Yvette, France).


Synthesis : The preparation of compounds A1–7B1–4 has been published
elsewhere.[22] The synthesis of acrylates B5–8 is described in the Support-
ing Information.


General procedure for the synthesis of ligands A1–7B5 : Acrylate B5
(94 mg, 0.25 mmol, 4 equiv for amines A1–6 or 188 mg, 0.5 mmol, 8 equiv
for amine A7) was added to a solution of amine A1–7 (0.063 mmol,
1 equiv) in dry THF (2 mL). After 2 h of reaction at room temperature,
acetic anhydride (100 mL, 1.07 mmol, 17 equiv for amines A1–6 or
150 mL, 1.6 mmol, 25 equiv for amine A7) was added. The solution was
stirred for 15 min at room temperature, evaporated and then directly fil-
tered through a silica gel (5 g, Et2O/MeOH 9:1 to remove the excess of


B5, then CH2Cl2/MeOH 8:2) to yield protected chelate. After removal of
the solvents, the residues were then dissolved in a solution of 0.37 m am-
monium formate in 9:1 DMF/H2O (10 equiv per benzyl group) and stir-
red overnight in the presence of Pd/C (10 % by weight). The solutions
were filtered, acidified with 10 % formic acid to pH 4, then evaporated.
Sublimation at 50 8C under vacuum eliminated excess of formate salts.
After filtration through a reverse phase silica cartridge (water/methanol
3:7) and evaporation, the target chelates A1–7B5 were dissolved in
MeOH and precipitated by addition of Et2O (32–75 %).


Analytical data for selected compounds (data for compounds A1–7B5
are available in Supporting Information):


For A6B5 : Yield 49 %; 1H NMR (300 MHz, DMSO): d=1.83, 1.93 (2 s,
6H), 2.16 (s, 6 H), 3.65–4.00 (m, 4H), 4.05–4.70 (m, 4 H), 4.82 (m, 2 H),
6.13 (m, 2H), 6.87 (m, 1H), 7.00 (m, 2 H), 7.28 (m, 1 H), 7.51 (m, 2H);
13C NMR (75.47 Hz, DMSO): d =13.14, 13.50, 22.11, 22.88, 35.43, 48.41,
53.11, 111.84, 126.30, 126.56, 127.63, 130.35, 131.05, 139.28, 146.29, 170.18,
170.89, 171.54; IR (NaCl, cm�1): 3392, 3078, 1905, 1727, 1633, 1504, 1421,
1248, 1174, 1026, 991, 829; HRMS: calc. for [M+H]+ : 611.2353; found:
611.2339.


For A7B5 : Yield 75 %; 1H NMR (300 MHz, DMSO): d= 1.80, 1.84, 1.95
(3 s, 9H), 2.32 (s, 9 H), 2.95–3.80 (m, 12H), 3.85–4.30 (m, 6H), 5.58 (m,
3H), 6.77 (m, 3H), 7.19 (m, 3H); 13C NMR (75.47 Hz, DMSO): d =14.18,
22.62, 22.72, 35.40, 47.50, 51.30, 112.10, 127.61, 134.16, 145.36, 169.78,
172.79, 173.58; IR (NaCl): ñ = 3147, 3045, 2808, 2007, 1739, 1634, 1403,
1260, 1025, 995, 828, 659 cm�1; HRMS: m/z : calcd for: 858.3521; found:
858.3549 [M+H]+ .


General procedure for the synthesis of ligands A1–7B6–8 : Acrylate B6
(60 mg, 0.2 mmol, 8 equiv for amines A1–6 or 135 mg, 0.45 mmol,
18 equiv for amine A7) or acrylate B7 (22 mg, 0.1 mmol, 4 equiv for
amines A1–6 or 44 mg, 0.2 mmol, 8 equiv for amine A7) or acrylate B8
(27 mg, 0.1 mmol, 4 equiv for amines A1–6 or 54 mg, 0.2 mmol, 8 equiv
for amine A7) was added to a solution of amine A1–7 (0.025 mmol,
1 equiv) in dry DMF (2 mL). After reaction at room temperature (48 h
for acrylate B6, 24 h for acrylate B7 and 4 h for acrylate B8), acetic anhy-
dride (40 mL, 0.43 mmol, 17 equiv for amines A1–6 or 60 mL, 0.63 mmol,
25 equiv for amine A7) was added. The solution was stirred for 15 min at
room temperature, evaporated and then directly filtered through a silica
gel (5 g, hexane/acetone 1:1 to remove the excess of acrylate, then ace-
tone/MeOH 7:3) to yield protected chelate. After removal of the sol-
vents, protected chelates were then dissolved in dry CH3CN and TMSBr
(3 equiv per functional group) was added under argon. The mixture was
stirred under reflux for 3 h and then quenched with water (3 equiv per
functional group). After refluxing for additional 15 min, the solvents
were evaporated. The residue co-evaporated with MeOH and subse-
quently dissolved in a minimum of MeOH and precipitated with diethyl
ether. The resulting slurry was decanted, washed with diethyl ether and
dried under high vacuum in the presence of P2O5 to afford the target che-
lates A1–7B6–8 (48–99 %).


Analytical data for selected compound (data for compounds A1–7B6–8
are available in Supporting Information):


For A6B6 : Yield 90%; 1H NMR (300 MHz, D2O): d=2.18, 2.23, 2.32,
2.52 (4 s, 6H), 2.83–3.32 (m, 2H), 4.06 (m, 4H), 4.84, 4.95 (2 m, 4H), 7.25
(m, 1H), 7.40(m, 2H), 7.60 (m, 1H); 31P NMR (121.5 MHz, D2O): d=


18.73, 19.34; 13C NMR (75.47 Hz, D2O): d= 21.63; 37.12 (t, 1J(C,P)=


124.5 Hz), 44.37 (t, 1J(C,P)=73.1 Hz), 53.59, 126.54, 126.96, 129.84,
137.54, 175.19, 175.68; IR (NaCl): ñ = 3112, 2150, 1610, 1442, 1204, 1176,
990, 915, 821, 760, 699 cm�1; HRMS: m/z : calcd for: 595.0413; found:
595.0408 [M�H]+ .


For A7B6 : Yield 48%; 1H NMR (300 MHz, D2O): d= 2.23, 2.41, 2.47 (4 s,
9H), 2.77–3.02 (m, 3 H), 3.70 (m, 6H), 3.98 (m, 6 H), 4.17 (m, 6H);
31P NMR (121.5 MHz, D2O): d=18.43; 13C NMR (75.47 Hz, D2O): d=


21.46, 38.09 (t, 1J(C,P)= 123.1 Hz), 42.13 (t, 1J(C,P) =72.8 Hz), 47.12,
52.78, 176.61; IR (NaCl): ñ = 3331, 2920, 2360, 1615, 1428, 1148, 998,
914, 702 cm�1; HRMS: calcd for: 837.0809; found: 837.0846 [M+H]+ .


Screening : Uranyl stock solution (20 mm) was prepared by dissolving
UO2(OAc)2·2 H2O in 0.1m perchloric acid. Sulfochlorophenol S (SCP,
purchased from Fluka) stock solution (4 mm) was prepared by dissolving


Figure 7. Selectivity of the A7B6/UO2 complex in the presence of metal
cations. [A7B6/UO2] =4.2 mm ; [NaClO4]=0.1 m ; [competitive metal] =0
to 20 mm ; pH 5.5
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SCP in Millipore quality water. All experiments were carried out at 25 8C
in buffers with a fixed ionic strength of 0.1 m prepared as follows: MES
(for pH 5.5), HEPES (for pH 7.4) or CHES (for pH 9) (acid forms)
(12.5 mmol) and nBu4N


+Cl� (112.5 mmol) were dissolved in Millipore
quality water (1 L). Adjustment of the pH was done using nBu4N


+


OH·30H2O. A 100 mm SCP/UO2þ
2 complex solution was prepared by


mixing: SCP stock solution (6.25 mL) diluted in the appropriate buffer
(12.5 mm, 242.5 mL) with uranyl stock solution (1.25 mL) for 1 h at room
temperature. Candidates ligands were dissolved in water to get 400 mm


solutions.


General procedure for the screening of the ligands library : In each well
of a microtiter plate 100 mm SCP/UO2þ


2 solution (200 mL) and 400 mm


ligand solution (50 mL) were mixed at 25 8C for 36 h. Controls experi-
ments (without ligand and without UO2þ


2 ) were made in each plates. All
experiments were done in duplicate. Control experiments (SCP alone,
SCP/UO2 and SCP/competitive ligand mixtures) were carried out on
each plate and used to calculate the percentage of SCP/UO2 displace-
ment or to control that the competitive ligand did not interfere with the
UV/Vis properties of SCP. Absorbance measurements were carried out
on an absorbance plate reader by staining at 690 nm.


Using the speciation program Hyss, it was possible to determine the
value of the conditional constants, defined in Equation (1), of the com-
petitive ligands L’ in case of the formation of UL’ 1:1 complex.


Kcond ¼ ½UL0 �=ð½U�ð½L0� þ ½HL0 � þ ½H2L0 � þ . . . þ ½HnL0�ÞÞ ð1Þ


Determination of the SCP/UO2 complexation constants : The complexa-
tion constants were determined by measuring the absorbance spectra of
an equimolar solution of SCP/UO2 at pH ranging from 1 to 10. An aque-
ous stock solution (250 mL) containing nBu4N


+Cl� (0.1 m), SCP (20 mm)
and UO2(OAc)2·2H2O (20 mm) was prepared and the pH adjusted to 1
with an aqueous solution of HCl. A series of 44 samples were prepared
in separate sealed containers at various pH using nBu4N


+OH�·30H2O.
After the samples had been equilibrated in the dark at 25 8C for at least
48 h, a potentiometric measurement of pH and an absorbance spectrum
were recorded for each solution. Data analysis was performed with the
pHab spectral componentization and least-square program. All equilibri-
um constants were defined as cumulative formation constants according
to Equation (2); SCP is designated as L.


mU þ nL þ zH Ð ½UmLnHz�; bmlh ¼ ½UmLnHz�=ð½U�m½L�n½H�zÞ ð2Þ


A typical analysis of an experiment included approximately 15 equilibri-
um constants (Ka and UO2þ


2 constants for SCP, UO2þ
2 hydrolysis constants


and Kw). Despite this complexity the refinements were stable since only
three constants were refined (formation constants b110, b111, and b112 are
given in Figure 2). The theoretical UV spectra are in good agreement
with the experimental UV spectra (see Supporting Information).


Acknowledgements


This work was supported by the “Nuclear Toxicology” program of the
CEA for which grateful acknowledgement is made. We also thank E. An-
soborlo for helpful discussions, E. Zekri and D. Buisson for experimental
assistance with MS and LC/MS measurements.


[1] a) A. E. V. Gorden, J. Xu, K. N. Raymond, P. Durbin, Chem. Rev.
2003, 103, 4207 – 4282; b) O. Anderson, Chem. Rev. 1999, 99, 2683 –
2710; c) D. M. Taylor, G. N. Stradling, M. H. Henge-Napoli, Radiat.
Prot. Dosim. 2000, 87, 11– 17; d) R. Wood, C. Sharp, P. Gourmelon,
B. Le Guen, G. N. Stradling, D. M. Taylor, M. H. Henge-Napoli,
Radiat. Prot. Dosim. 2000, 87, 51– 57; e) P. W. Durbin, B. Kullgren,
K. N. Raymond, Radiat. Prot. Dosim. 1998, 79, 433 –443; f) G. N.
Strandling, J. Alloys Comp. 1998, 271–273, 72–77.


[2] a) C. Madic, Radiat. Prot. Dosim. 1989, 26, 15 –22; b) L. A. Dietz,
Bull. Soc. Pharm. Lille Bull. Atomic Scientists 1991, 47, 47; c) A.
Max, T. Mason, ATW-Int. Z. Kernenergie 1996, 41, 79 –84.


[3] Q. Lu, J. H. Callahan, G. E. Collins, Chem. Commun. 2000, 1913 –
1914.


[4] a) S. Shinkai, H. Koreishi, K. Ueda, T. Arimura, O. Manabe, J. Am.
Chem. Soc. 1987, 109, 6371 –6376; b) J. Vincent, J. F. Desreux, Inorg.
Chem. 1996, 35, 7205 – 7210; c) J. L. Sessler, D. Seidel, A. E. Vivian,
V. Lynch, B. L. Scott, D. W. Keogh, Angew. Chem. 2001, 113, 611 –
614; Angew. Chem. Int. Ed. 2001, 40, 591 – 594; d) I. Tabushi, Y.
Kobuke, K. Ando, M. Kishimoto, E. Ohara, J. Am. Chem. Soc. 1980,
102, 5948 –5949; e) T. N. Lambert, L. Dasaradhi, V. J. Huber, A. S.
Gopalan, J. Org. Chem. 1999, 64, 6097 –6101.


[5] a) M. H. Battacharyya, B. Breitenstein, H. M�tivier, B. A. Muggen-
burg, G. N. Stradling, V. Volf, Radiat. Prot. Dosim. 1992, 41, 27 –36;
b) G. N. Stradling, M. H. Henge-Napoli, F. Paquet, J. L. Poncy, P.
Fritsch, D. M. Taylor, Radiat. Prot. Dosim. 2000, 87, 29 –40; c) F.
Paquet, B. Ramounet, M. H. Henge-Napoli, H. M�tivier, P. Gour-
melon, Radiat. Prot. Dosim. 1998, 79, 467 – 470; d) M. Archimbaud,
M. H. Henge-Napoli, D. Lilienbaum, M. Desloges, C. Montagne,
Radiat. Prot. Dosim. 1994, 53, 327 – 330; e) J. L. Domingo, A.
Ortega, J. M. Llobet, J. L. Paternain, J. Corbela, Res. Commun.
Chem. Pathol. Pharmacol. 1989, 64, 161 – 164; f) G. N. Strandling,
S. A. Gray, J. C. Moody, M. Ellender, Hum. Exp. Toxicol. 1991, 10,
195 – 198.


[6] R. W. Leggett, Health Phys. 1989, 57, 365 –383.
[7] M. P. Finkel, Proc. Soc. Exp. Biol. Med. 1953, 83, 494 – 498.
[8] a) J. Xu, K. N. Raymond, Inorg. Chem. 1999, 38, 308 – 315; b) P. W.


Durbin, B. Kullgren, J. Xu, K. N. Raymond, Radiat. Prot. Dosim.
1994, 53, 305 – 309; c) P. W. Durbin, B. Kullgren, J. Xu, K. N. Ray-
mond, Radiat. Prot. Dosim. 1998, 79, 433 – 443.


[9] a) P. W. Durbin, B. Kullgren, J. Xu, K. N. Raymond, Health Phys.
1997, 72, 865 –879; b) P. W. Durbin, B. Kullgren, S. N. Ebbe, J. Xu,
K. N. Raymond, Health Phys. 2000, 78, 511 – 521.


[10] a) M. C. Pirrung, K. Park, L. N. Tumey, J. Comb. Chem. 2002, 4,
329 – 344; b) T. Opatz, R. M. Liskamp, J. Comb. Chem. 2002, 4, 275 –
284; c) A. J. Brouwer, H. J. van der Linden, R. M. J. Liskamp, J. Org.
Chem. 2000, 65, 1750 –1757; d) C. Gennari, H. P. Nestler, U. Piarulli,
B. Salom, Liebigs Ann. 1997, 637 – 647; e) I. Chataigner, C. Gennari,
S. Ongeri, U. Piarulli, S. Ceccarelli, Chem. Eur. J. 2001, 7, 2628 –
2634; f) C. Gennari, U. Piarulli, Chem. Rev. 2003, 103, 3071 –3100.


[11] a) I . Tabushi, Y. Kobuke, K. Ando, M. Kishimoto, E. Ohara, J. Am.
Chem. Soc. 1980, 102, 5948 –5949; S. Shinkai, H. Koreishi, K. Ueda,
T. Arimura, O. Manube, J. Am. Chem. Soc. 1987, 109, 6371 –6376.


[12] I . Tabushi, Y. Kobuke, A. Yoshizawa, J. Am. Chem. Soc. 1984, 106,
2481 – 2482 and references therein.


[13] O. Braun, C. Contino, M. H. Heng�-Napoli, E. Ansoborlo, B. Pucci,
Analusis 1999, 27, 65–68.


[14] a) Z. Cizek, J. Dolezal, Anal. Chim. Acta 1979, 109, 381; b) V. M.
Ivanov, N. V. Ermakova, J. Anal. Chem. 2002, 57, 110 –117; c) Z.
Cizek, Anal. Chim. Acta 1979, 109, 381 –391.


[15] A.-M. Albrecht-Gary, S. Blanc, F. Biaso, F. Thomas, P. Baret, G.
Gellon, J- L. Pierre, G. Serratrice, Eur. J. Inorg. Chem. 2003, 2596 –
2605.


[16] See Supporting Information for details.
[17] V. M. S. Gil; N. C. Oliveira, J. Chem. Educ. 1990, 67, 473 – 478.
[18] P. Gans, A. Sabatini, A. Vacca, Anal. Chim. Acta 1999, 89, 45 –49.
[19] L. Alderighi, P. Gans, A. Ienco, D. Peters, A. Sabatini, A. Vacca,


Coord. Chem. Rev. 1999, 184, 311 – 318.
[20] For compounds 1D–G, 2F–H, 3F–G, 4B–F, 4H, 5B and 5E : a) R.


Burgada, T. Bailly, M. Lecouvey, V. Larue, Y. Leroux, Eur. J. Org.
Chem. 2001, 349 – 352; b) T. Bailly, R. Burgada, T. Prang�, M. Le-
couvey, Tetrahedron Lett. 2003, 44, 189 –192; c) R. Burgada, T.
Bailly, M. Lecouvey, C. R. Chim. 2004, 7, 35– 39; d) M. Kanaan, R.
Burgada, Phosphorus Sulfur Relat. Elem. 1988, 37, 217 – 229; e) T.
Bailly, R. Burgada, Phosphorus, Phosphorus Sulfur Silicon Relat.
Elem. 1994, 86, 217 – 228; f) T. Bailly, R. Burgada, Phosphorus,
Phosphorus Sulfur Silicon Relat. Elem. 1995, 101, 131 –140; g) T.
Bailly, R. Burgada, C. R. Acad. Sci. Paris IIc, 1998, 241 –245.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3689 – 36973696


F. Taran et al.



www.chemeurj.org





[21] For compounds 3A–E, 3H and 4A : a) P. Baret, V. Beaujolais, C.
B�guin, D. Gaude, J- L. Pierre, G. Serratrice, Eur. J. Inorg. Chem.
1998, 613 –619; b) G. Serratrice, H. Boukhalfa, C. B�guin, P. Baret,
C. Caris, J- L. Pierre, Inorg. Chem. 1997, 36, 3898 –3910; c) M.
Streater, P. D. Taylor, R. C. Hider, J. Porter, J. Med. Chem. 1990, 33,
1749 – 1755.


[22] S. Meunier, J. M. Siaugue, M. Sawicki, F. Calbour, S. Dezard, F.
Taran, C. Mioskowski, J. Comb. Chem. 2003, 5, 201 –204.


[23] a) M. H. Henge-Napoli, M. Archimbaud, E. Ansoborlo, H. Metivier,
P. Gourmelon, Int. J. Radiat. Biol. 1995, 68, 389 –393; b) B. Ramou-
net-Le Gall, G. Grillon, G. Rateau, R. Burgada, T. Bailly, P. Fritsch,
Radiat. Prot. Dosim. 2003, 105, 535 –538.


[24] F. Thomas, C. B�guin, J. L. Pierre, G. Serratrice, Inorg. Chim. Acta
1999, 291, 148 –157.


[25] a) J. T. Bell, R. E. Biggers, J. Mol. Spectrosc. 1968, 25, 312; b) E. Ra-
binowitsch, R. L. Belford, Spectroscopy and Photophysics of Uranyl
Compounds, Pergamon Press, 1964, Oxford.


[26] C. Moulin, P. Decambox, V. Moulin, J. G. Decaillon, Anal. Chem.
1995, 67, 348.


[27] Attempts to determine the stability constants at lower pH values
were unsuccessful due to the too strong complexation of UO2þ


2 by
A7B6 in these conditions.


[28] a) J. E. Bollinger, Q. M. Roundhill, Inorg. Chem. 1994, 33, 6421 –
6424; b) C. Jacopin, M. Sawicki, G. Plancque, D. Doizi, F. Taran, E.
Ansoborlo, B. Amekraz, C. Moulin, Inorg. Chem. 2003, 42, 5015 –
5022.


Received: October 18, 2004
Published online: April 5, 2005


Chem. Eur. J. 2005, 11, 3689 – 3697 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3697


FULL PAPERUranyl Ligands



www.chemeurj.org






Heteroditopic Ligand Accommodating a Fused Phenanthroline and a Schiff
Base Cavity as Molecular Spacer in the Study of Electron and Energy
Transfer


Yann Pellegrin,[a] Annamaria Quaranta,[b, c] Pierre Dorlet,[a] Marie France Charlot,[a]


Winfried Leibl,*[b] and Ally Aukauloo*[a]


Introduction


Research in the field of photoinduced energy and electron
transfer using supramolecular model compounds is fueled


by the increasing interest of chemists in charge-separation
devices,[1] light-harvesting species,[2] optoelectronics[3] and
photocatalysts.[4] The basic architecture of such supramolec-
ular systems for the study of electron and energy transfer
comprises two covalently tethered components. Extensive
studies on photoinduced electron transfer have been real-
ised in RuII–OsIII dinuclear complexes. In these systems, the
RuII polypyridine metal complex plays the role of photosen-
sitiser, whereby its lowest excited state is responsible for
driving the electron transfer process, while the OsIII complex
acts as an internal electron acceptor.[5] Electron transfer is
mediated through a bridging ligand which thus plays an es-
sential role in the proper functioning of these systems. Pri-
marily, it sets the distance and spatial orientation of the two
fundamental constituents, that is, the donor and acceptor
parts. It controls the electronic communication between the
two chromophores and therefore the rate of electron trans-
fer.[6] Hence, the inaugural step in this research area is the
design and construction of the molecular spacer that will


Abstract: The synthesis and characteri-
sation of the heteroditopic ligand N,N’-
bis(3,5-di-tert-butylsalicylidene)-5,6-
(1,10-phenanthroline)diamine
(DPSalH2) bearing a phenanthroline
and a bis(salicylidene)diimine cavity
are reported. This versatile ligand com-
bines two of the most widely used li-
gands in coordination chemistry. Se-
quential metallation of the phenanthro-
line end with RuII and the salophenic
cavity with CuII is described. Electro-
chemical behaviour of the supramolec-
ular complexes [Ru(bpy)2(DPSalH2)]2+


and [Ru(bpy)2(DPSalCu)]2+ are ana-
lysed in connection with UV/Vis and
EPR spectroscopy. The data for the
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RuII–CuII complex confirmed the for-
mation of metalloradical complexes.
Density functional calculations on the
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hold the two partners, each with well-defined properties. A
plethora of bridging ligands containing identical anchoring
sites has been developed for this purpose.[7]


More recently, the idea of using [Ru(bpy)3]
2+ as photo-


sensitiser to develop new photocatalysts emerged. An arche-
typal system is a [Ru(bpy)3]


2+ complex covalently linked to
a transition metal complex which can be reduced (or oxi-
dised) following a reductive (oxidative) quenching pathway
of the 3MLCT state of the photosensitiser.[8] Electron trans-
fer in these supramolecular systems is realised in a similar
fashion as in noncovalently attached bimolecular systems,
that is, by addition of exogenous electron donors or accept-
ors.[9] As mentioned above, the nature and structure of the
bridging ligand is of primary importance in this field. More-
over, heteroditopic ligands, that is, bearing two different co-
ordinating sites, developed to accomodate both metal ions,
have a bipyridine moiety to bind to the photosensitiser and
a polydentate core for the transition metal ion. Along this
line, we recently reported on a rigid heteroditopic ligand
containing a dipyrridophenazine moiety and a salophenic
cavity.[10]


In our continuing effort to develop bridging ligands to
attach an RuII polypyridine and a first-row transition ele-
ment, we report here the synthesis of the novel heteroditop-
ic ligand N,N’-bis(3,5-di-tert-butylsalicylidene)-5,6-(1,10-phe-
nanthroline)diamine (abbreviated DPSalH2 as a shorthand
for dipyrrido-N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-phe-
nylenediamine) that can be regarded as a fusion of phenan-
throline and a tetradentate Schiff base cavity. In comparison
with our previous work, the phenazine moiety is missing,
and hence the distance and the electronic communication
between the metal ions are expected to be altered. In a step-
wise manner, attachment of the diimine end of DPSalH2 to
ruthenium to give [Ru(bpy)2(DPSalH2)]2+ was followed by
metallation of the salophenic cavity with copper(ii) to give
[Ru(bpy)2(DPSalCu)]2+ . The electronic influence of the RuII


ion on the N2O2 cavity of DPSalH2 and on the CuII complex
in [Ru(bpy)2(DPSalCu)]2+ and vice versa were evaluated by
comparing the physicochemical properties of SalH2 and
SalCu (where SalH2 is the proligand and stands for N,N’-
bis(3,5-di-tert-butylsalicylidene)-1,2-phenylenediamine).
Density functional calculations were performed on
DPSalH2, DPSalCu and [Ru(bpy)2(DPSalH2)]2+ derivatives,
and our theoretical data corroborate our electrochemical
studies. Photophysical studies showed fast quenching of the
3MLCT state for both complexes, resulting in a long-lived
intramolecular charge-separated state in the case of [Ru-
(bpy)2(DPSalH2)]2+ , but not in the case of [Ru(bpy)2-
(DPSalCu)]2+ .


Results and Discussion


Synthesis : Ligand DPSalH2 was prepared in a straightfor-
ward manner by condensation of two equivalents of 3,5-di-
tert-butylsalicylaldehyde with 1,10-phenanthroline-5,6-dia-
mine in boiling ethanol in the presence of triethyl orthofor-
mate. In the absence of triethyl orthoformate, a mixture of
mono- and dicondensed products was isolated, probably due
to the less basic character of the amino groups on the phe-
nanthroline moiety. Thus, triethyl orthoformate must drive
the reaction to completion by eliminating water molecules
of condensation. The binding of the bipyridine cavity of
DPSalH2 to [Ru(bpy)2]


2+ was carried out in MeOH, fol-
lowed by insertion of copper(ii) into the salophen coordinat-
ing site according to literature procedures[11] (Scheme 1) and


the compounds were isolated as the perchlorate salts. Prior
to photophysical and spectroelectrochemical studies [Ru-
(bpy)2(DPSalH2)]2+ and [Ru(bpy)2(DPSalCu)]2+ were puri-
fied by chromatography on neutral alumina with dichloro-
methane/methanol (95/5 and 90/10, respectively) as eluent
and were recovered as the first fractions.


1H NMR spectra : All the expected NMR features were
identified for DPSalH2 and [Ru(bpy)2(DPSalH2)]2+ .
Figure 1 shows the aromatic part of the 1NMR spectra of
the ligand and its ruthenium complex. All signals were as-
signed after 2D 1H NMR experiments. Of particular interest
is the observed shift of the iminic protons on metallation
with ruthenium(ii).


IR spectroscopy: IR spectra were diagnostic of the metalla-
tion step of DPSalH2. Docking of the phenanthroline end of
DPSalH2 to ruthenium was revealed by the CH vibrations
of the tert-butyl groups at around 2950 cm�1 together with


Scheme 1. Synthetic pathway. a) Reflux in EtOH/HC(OEt)3; b) reflux
with [Ru(bpy)2](NO3)2 in CH2Cl2/HC(OEt)3; c) stir with Cu(OAc)2 in
MeOH at RT.
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the intense symmetric and antisymmetric stretching of the
imine groups at 1615 and 1585 cm�1, respectively. No appa-
rent shift was observed for the imine absorption bands of
mononuclear complex [Ru(bpy)2(DPSalH2)](ClO4)2, but a
marked red shift of about 50 cm�1 occurred when copper(ii)
was present in the salophenic cavity. A shift of only 20 cm�1


was observed for the same bands on going from the SalH2


ligand to the corresponding copper(ii) complex.[12] This dif-
ference can be tentatively attributed to a structural rear-
rangement of the N2O2 cavity on insertion of CuII, whereby
the C=N bonds would feel the presence of both divalent
ions. A distortion of the tetracoordinating cavity due to the
iminic hydrogen atoms (d) and hydrogen atoms at the c-po-
sitions on the phenanthroline moiety may also account
partly for this low-energy shift of these vibrations.


Electrospray mass spectrometry : ESI-MS spectra of the
ruthenium complexes consolidate the different structures re-
ported herein. The mass spectrum of [Ru(bpy)2(DPSalCu)]-
(ClO4)2 shows a parent peak at 558.7 corresponding to the
dicationic species. The experimental and simulated spectra
are shown in Figure 2.


UV/Vis spectroscopy: Electronic absorption data are sum-
marised in Table 1; data for SalH2 and SalCu are also includ-
ed. The free ligand DPSalH2 is characterised by two intense
absorption bands corresponding to intraligand p–p* transi-
tions at 280 and 350 nm. The electronic spectrum of [Ru-
(bpy)2(DPSalH2)]2+ shows characteristic features of [Ru-
(bpy)3]


2+ , that is, strong p–p* transitions for the bipyridine
moieties at 290 nm and a characteristic MLCT band in the
range 400–500 nm tailing up to 560 nm, together with a


band at around 350 nm illustrat-
ing the presence of coordinated
DPSalH2. It is noteworthy that
no change in energy and inten-
sity is noticed for the MLCT
(dp–p* bpy) band when com-
pared to [Ru(bpy)3]


2+ , which
argues that no electronic
change is perceptible by the
ruthenium(ii) ion and hence
supports a bichromophoric
character for [Ru(bpy)2-
(DPSalH2)]2+ (Figure 3).[13]


However, subtle spectral
modifications are observed on
insertion of copper(ii) into the
salophenic cavity. For compari-
son, the absorption spectrum of
an equimolar mixture of [Ru-
(bpy)3]


2+ and SalCu is also pre-
sented (Figure 3). Clearly, the
electronic spectrum of [Ru-
(bpy)2(DPSalCu)]2+ is not a
mere algebraic sum of those of
[Ru(bpy)3]


2+ and SalCu. The
p–p* transitions of the bipyridine in the high-energy region
(290 nm) remain unchanged on insertion of CuII into the tet-


Figure 1. 1H NMR spectra of DPSalH2 in CDCl3 and [Ru(bpy)2(DPSalH2)](ClO4)2 in [D6]DMSO.


Figure 2. Experimental (a) and simulated (b) ESI-MS spectra of [Ru-
(bpy)2(DPSalCu)](ClO4)2.
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racoordinating cavity. Two bands at 325 and 380 nm are at-
tributed to charge-transfer transitions within the DPSalCuII


component, as such transitions are observed for SalCu be-
tween 315 and 350 nm. The shift to lower energies of these
bands may be due to the more delocalised p system of the
phenanthroline. However, the main feature is the broad un-
symmetrical band extending from 400 to 580 nm, which
probably contains contribution of charge-transfer transitions
from both components. The bathochromic shift and the in-
crease in intensity of this band compared to that of the equi-
molar mixture of [Ru(bpy)3]


2+ and SalCu may indicate
some electronic communication between the covalently
linked partners.


EPR study of [Ru(bpy)2(DPSalCu)]2+ : The EPR spectra of
[Ru(bpy)2(DPSalCu)]2+ and SalCu, recorded at 100 K in
ethanol/methanol (4/1), are shown in Figure 4. They exhibit
an axial powder pattern with superhyperfine structure in the
perpendicular region. These superhyperfine interactions
arise from the two coordinated nitrogen nuclei (I=1) and
the iminic protons (I=1/2).[14] Simulations were performed
to extract the g and hyperfine parameters for the copper ion
in both complexes (Table 2). The simulations also included
superhyperfine parameters for the four hydrogen and nitro-
gen nuclei to account for the structure observed in the spec-
tra. However, only an estimate of these parameters could be


obtained due to the difficulty in reproducing exactly the fea-
tures observed experimentally. ENDOR experiments are
underway to determine more accurately the superhyperfine
couplings. Preliminary ENDOR data for [Ru(bpy)2-
(DPSalCu)]2+ show that the nitrogen hyperfine interaction
is mainly isotropic with a value of 38 MHz, which is in
agreement with values reported for similar complexes.[15]


Comparison between the parameters of the copper ions
for the two complexes shows an increase in gk and a de-
crease in Ak for the dinuclear complex compared to SalCu.
This is an indication of a distortion of the copper site for the
ruthenium-containing complex compared to square-planar
SalCu. This distortion introduces some mixing of the dz2 or-
bital into the dx2�y2 orbital occupied by the unpaired elec-
tron, which leads to less spin density on the copper ion and
therefore to a decrease in the hyperfine interaction. Howev-
er, this distortion is expected to be small, as reflected by the
close values of the empirical distortion parameter gk/Ak cal-
culated for the two complexes (Table 2).[16]


Electrochemical behaviour : Redox behaviour of covalently
linked multicomponent systems often reflects the electronic
coupling between the constituent units.[17] Three different
cases can be expected: 1) a strong interaction resulting in a
different redox behaviour of the assembled units, 2) a weak
interaction leading to slight modification of the electron-
transfer processes and 3) negligible coupling and hence jux-
taposition of redox properties for each subunit. Usually, to
rationalise the redox properties of these supramolecular spe-


Table 1. UV/Vis data.


l [nm] (e [10�3 L mol�1 cm�1])


DPSalH2
[a] 355 (1.62), 280 (4.78)


[Ru(bpy)2(DPSalH2)]2+ [b] 452 (1.99), 425 (sh), 355 (sh), 285 (9.29)
[Ru(bpy)2(DPSalCu)]2+ [b] 480 (3.31), 455 (3.04), 378 (2.57), 325 (3.99),


285.3 (7.93)
SalH2


[a] 340 (1.74), 281 (2.51)
SalCu[b] 446 (1.99), 405 (sh), 348 (sh), 331 (2.50), 315


(2.83), 302 (sh), 250 (3.55)


[a] In dichloromethane. [b] In acetonitrile.


Figure 3. Absorption spectra in MeCN: a) [Ru(bpy)2(DPSalH2)]2+ ,
b) equimolar mixture of [Ru(bpy)3]


2+ and SalCu, and c) [Ru(bpy)2-
(DPSalCu)]2+ .


Figure 4. EPR spectra of a) [Ru(bpy)2(DPSalCu)]2+ and b) SalCu at
100 K in EtOH/MeOH (4/1). Experimental conditions: a) T =120 K,
nmw =9.38338 GHz, amplitude modulation 0.2 mT, microwave power
16 mW, modulation frequency 100 kHz, 4 scans; b) T=100 K, nmw =


9.37698 GHz, amplitude modulation 0.1 mT, microwave power 0.5 mW,
modulation frequency 100 kHz, 4 scans.


Table 2. EPR parameters obtained from simulations of the spectra.


[Ru(bpy)2(DPSalCu)]2+ SalCu


gk 2.213 2.206
g? 2.046 2.046
104 Ak [cm�1] 191.8 200.1
104 A? [cm�1] 21.1 25.2
gk/Ak [cm] 115 110
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cies, it is important to take into account the electrochemical
behaviour of each subunit. Hence, for this study we also re-
corded the cyclic voltammograms (CV) of SalH2 and the
corresponding copper complex SalCu under similar experi-
mental conditions. All redox data are collected in Table 3.


SalH2, DPSalH2 and [Ru(bpy)2(DPSalH2)]2+ : The CV of
DPSalH2 in MeCN (Figure 5 a) shows no reduction wave
within the scanned potential window (�2 V versus SCE)
and two nonreversible oxidation waves at quite high poten-
tials which are assigned to the oxidation of the phenol
groups. Such a redox behaviour is closely related to that of
SalH2, which shows a similar CV under the same experimen-
tal conditions. The electrochemical behaviour of [Ru(bpy)2-
(DPSalH2)]2+ conforms to that of a [Ru(bpy)3]


2+-type com-
plex (Figure 5 ) and, as expected for a heteroleptic complex,


the reduction pattern gives a clear indication of the energy
levels of the p* orbitals of the ligands in the coordination
sphere of RuII.[10,18] Three reduction waves are observed
while scanning down to �2 V versus SCE, the first of which
(ca. �1.17 V) is nonreversible in nature, whereas the second


and third waves (�1.40 and
�1.60 V) are reversible process-
es. The main difference be-
tween the CVs of [Ru(bpy)2-
(DPSalH2)]2+ and [Ru(bpy)3]


2+


is the irreversible character and
the shift to more positive po-
tential of the first reduction
wave. This implies the presence
of DPSalH2 in the coordination
sphere of ruthenium and that
the addition of the first electron


more likely occurs on the coordinated DPSalH2 due to its
more electron accepting character than bpy because of the
two imino groups. The irreversible character of this wave
under our experimental conditions suggests that the addition
of one electron on the imine moiety is followed by a chemi-
cal reaction, probably a proton transfer from the nearby
phenolic OH group. On the anodic side of the CV, oxidative
peaks for the phenol group together with that of RuII


appear almost at the same potential. A differential pulsed
cyclic voltammogram allowed us to separate the different
redox waves, and the first is assigned to the oxidation of
the phenol group, while the potential for the RuIII/RuII


(+1.37 V versus SCE) falls within the typical potential
range for [Ru(diimine)3]


2+ complexes.


SalCu and [Ru(bpy)2(DPSalCu)]2+ : The CV of SalCu (see
Supporting Information) in dichloromethane shows one re-
versible reduction wave (�1.30 V versus SCE), ascribed to
the reduction of CuII to CuI, and two reversible oxidation
peaks (+0.94 and + 1.14 V versus SCE, respectively) corre-
sponding to the sequential oxidation of the deprotonated
phenol groups. The locus of oxidation was assigned after
spectroelectrochemical studies and furthermore confirmed
by a recent paper of Pratt et al.[19] Indeed, the UV/Vis/NIR
spectrum of the monooxidised species shows absorption
bands in the NIR (800–1500 nm) region that are characteris-
tic of a bound phenoxyl radical.[20]


Upon reduction, [Ru(bpy)2(DPSalCu)]2+ is characterised
by three reversible redox processes at �0.81, �1.39 and
�1.60 V versus SCE (Figure 5 b). This sequence of steps can
be compared with that of [Ru(bpy)2(DPSalH2)]2+ , where
the main difference is the positive shift of the first reduction
wave. The second and third reductions occur at almost the
same potentials in both cases and are in favour of sequential
addition of one electron to the two unmodified bipyridine li-
gands. However, the positive shift of 360 mV for the first re-
duction wave is quite remarkable. Two proposals can ac-
count for this wave: a ligand- or a metal-centred (CuII/CuI)
reduction. In the case of a ligand-centred process, it implies
that the presence of the copper(ii) ion in the salophenic


Figure 5. Cyclic voltammograms in MeCN (10�3
m solutions, room tem-


perature, sweep rate 100 mV s�1, Ag/AgClO4 electrode as reference, 0.1 m


TBAClO4 as supporting electrolyte). a) [Ru(bpy)2(DPSalH2)]2+ and
b) [Ru(bpy)2(DPSalCu)]2+ .


Table 3. Potentials E from cyclic voltammetry at 100 mV s�1 for oxidations (i, ii) and reductions (I, II, III) for
DPSalH2, [Ru(bpy)2(DPSalH2)]2+ , [Ru(bpy)2(DPSalCu)]2+ , SalH2 and SalCu.


IIIE IIE IE iE iiE


DPSalH2
[a] +1.24[b] +1.51[b]


[Ru(bpy)2(DPSalH2)]2+ [c] �1.59[d] �1.39[d] �1.17[e] +1.28[b] +1.37[b]


[Ru(bpy)2(DPSalCu)]2+ [c] �1.61[d] �1.39[d] �0.81[d] +0.90[d] +1.43[b]


SalH2
[a] +1.20[b] +1.60[b]


SalCu[c] �1.30[d] +0.94[d] +1.14[c]


[a] Measured in dichloromethane. [b] Irreversible step, anodic peak given. [c] Measured in acetonitrile.
[d] E1/2 =1/2(Epa + Epc) in V versus SCE in presence of 0.1m TBAClO4. [e] Irreversible step, cathodic peak given.
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cavity facilitates uptake of the first electron by the ditopic
ligand skeleton. On the other hand, if electron addition in-
volves the copper(ii) center, this would imply a positive shift
of about 500 mV (from SalCu to [Ru(bpy)2(DPSalCu)]2+)
based only on a Coulombic effect.[21] Spectroelectrochemical
studies on the addition of the first electron showed only
minor modification of optical properties. The EPR spectrum
of the electrolysed solution always shows the presence of
unreduced material caracterised by copper(ii) signals, and
this prevents a more detailed spectroscopic analysis.


Two main features are observed on the anodic side of the
cyclic voltammogram of [Ru(bpy)2(DPSalCu)]2+ , that is, a
reversible one-electron process at + 0.90 V and a second
nonreversible wave which includes the oxidation of RuII at
+1.37 V versus SCE. The UV/Vis/NIR signature of the spe-
cies following abstraction of the first electron was monitored
at room temperature in an optically transparent thin-layer
cell in the presence of 0.1 m TBAClO4 at + 1.0 V (Figure 6).


Chemical reversibility of this electron-transfer process was
evidenced by total recovery of the initial spectrum on reduc-
tion, and the presence of several isosbestic points clearly in-
dicates that only two species are in equilibrium in solution.
The main changes in the optical spectrum on abstraction of
the first electron can be closely related to the spectral modi-
fication on oxidation of SalCu to [SalCu]+ (see Supporting
Information). Broad bands in the NIR region (800–
1500 nm) and alteration of the charge-transfer bands in the
visible region are generally observed for the generation of a
metalloradical species. It is noteworthy that the p–p* transi-
tion for the bpy moiety at 290 nm is almost unaltered, which
reaffirms that this process is decoupled from the bpy moiety.
However, attribution of spectral change in the region 450–
600 nm is precluded as it probably involves CT transitions
of both components. An important experimental observa-
tion is the negligible potential shift for the first oxidation
wave between [Ru(bpy)2(DPSalCu)]2+ and SalCu. Further-
more, spectroscopic data for the singly oxidised species of


[Ru(bpy)2(DPSalCu)]2+ clearly indicates that the locus of
oxidation is unaltered in the dinuclear complex. Likewise,
the oxidation potential for the RuIII/RuII couple seems unaf-
fected when CuII is present in the N2O2 cavity, that is, no
Coulombic effect is experienced. These observations support
the idea that the electronic properties of each component
are maintained in the covalently attached system, which
hence can be classified as a supramolecular assembly. If we
follow the same argument, then it is unlikely that such a
Coulombic effect is operative for the first electron on reduc-
tion. Hence, a ligand-centred reduction is favoured for the
first reduction process, whereby the presence of two divalent
ions should enhance the stability for electron uptake by the
organic skeleton holding the two metal centers.


Theoretical calculations : DFT calculations were employed
to assess the energy levels and the electronic maps of the
LUMO and HOMO of the free ligand and its corresponding
copper complex. The computed data are necessary to shed
light on the electrochemical properties and the absorption
spectra of the ruthenium complexes. The geometries of the
studied species were optimised at the B3LYP/LanL2DZ
level. To shorten these lengthy calculations we omitted the
tert-butyl groups on the phenol rings and retained C2 sym-
metry for calculations on DPSalH2 and DPSalCu. Test com-
putations on the free ligand with four tBu groups or with C1


symmetry showed that the nature and energy order of the
frontier orbitals are only slightly affected. Our computed
metric data are in good agreement with experimentally
available values, though, as usual, the calculated values are
somewhat higher than the observed ones.[22] Steric conges-
tion between the protons of the phenanthroline end and the
iminic protons (c and d, respectively, see Figure 1) leads to a
departure from coplanarity of the phenanthroline skeleton
and the salophenic cavity. The main torsion occurs around
the C(phen)�N(imine) bond. For DPSalH2, N(imine)···H-
(phenol) hydrogen bonds stabilize several conformations (in
our gas-phase calculations) but no planar tetracoordinating
N2O2 cavity mode was found. For DPSalCu, the computed
geometry of the copper ion is slightly distorted square-
planar, in agreement with the EPR data.


Figure 7 shows the frontier orbitals for DPSalH2 with the
corresponding energy levels and symmetry labels in C2 sym-
metry. As our interest is in the ditopic nature of the ligand,
similar calculations were performed on the phenanthroline
and SalH2 building blocks with C2v and C2 symmetry, respec-
tively (Figure 7). The frontier MOs of the free ligand can be
classified as being more predominantly developed on the
phenanthroline end (“phen-like”) or on the salophenic skel-
eton. The two lowest vacant molecular orbitals consist es-
sentially of the a and b combinations of the antibonding p*
orbitals of the imino (C=N) groups with small contributions
on the phenol groups and almost no contribution on the
phenanthroline extremity. In contrast, the LUMO+ 2 (b)
and LUMO + 3 (a) are more phen-like. Interestingly, the en-
ergies and electronic distributions of these two orbitals are
similar to those of the LUMO+1 (b1 y) and LUMO (a2 c)


Figure 6. Electronic absorption spectra on electrolysis at controlled po-
tential in MeCN (10�3


m solutions, room temperature, SCE as reference,
0.1m TBAClO4 as supporting electrolyte). For [Ru(bpy)2(DPSalCu)]2+


on oxidation at +1.0 V/SCE. A =absorbance.
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of phenanthroline, respectively. As y and c invert their
order going from bpy to phen, the LUMO+2 of the ligand
is almost the LUMO of bpy. In contrast to the localised
character of the LUMOs, for the HOMO the electron densi-
ty distribution is located both on the bipyridine end and, to
a larger extent, on the ancillary Schiff base. The HOMO�1
and HOMO�2 (almost degenerate) are the combination of
phenol MOs and the b2 (s-type) orbital of phen, respective-
ly.


Because of the paramagnetic nature of DPSalCu, spin-un-
restricted calculations were performed. Corresponding pairs
of a and b spin orbitals have, as expected, nearly the same
energy and spatial extent (constituting an MO) except for
the dx2�y2-type copper-centred spin orbitals, occupied for a


spin (unpaired electron) and
vacant for b spin. An orbital
scheme is shown in Figure 8.
The highest occupied and
lowest unoccupied orbitals both
extend essentially over the salo-
phenic chromophore. The
LUMO has a small contribution
on phen, but not on the nitro-
gen atoms susceptible to coor-
dinate to ruthenium. Its elec-
tronic distribution is reminis-
cent of the LUMO of the free
ligand but, as a consequence of
coordination to copper, the an-
tibonding p* character of the
imino groups is strongly de-
creased. The LUMO in DPSal-
Cu is hence stabilised as com-
pared to DPSalH2. The HOMO
of DPSalCu differs from the
HOMO of the free ligand as it
has a slight metallic character
and an important contribution
of the phenol groups, especially
the coordinating oxygen atoms.


The theoretical data obtained
for DPSalH2 and DPSalCu
were used to substantiate the
electrochemical behaviour of
our complexes. However, data
calculated for the free ligand
and copper compound must be
considered with caution when
extrapolated to the properties
of the ruthenium complexes.


Considering first [Ru(bpy)2-
(DPSalH2)]2+ , the fact that the
two lowest vacant MOs of the
free ligand are localised on the
salophenic skeleton with no
electronic contribution on the
phenanthroline, especially on


the nitrogen atoms, suggests that no orbital mixing will
occur with the dp orbitals of the ruthenium center. We can
tentatively assume that there is no drastic energy change for
these MOs on coordination with RuII. In contrast, the
LUMO + 2 will mix approximately in the same way as the
LUMO of bpy. This can explain why no bathochromic shift
is observed for the MLCT dp–pbpy transition in the absorp-
tion spectrum of the ruthenium complex in comparison with
the [Ru(bpy)3]


2+ chromophore, despite the lower energies
of the first two LUMOs of the ditopic ligand. Turning to
electrochemical properties and assuming that the calculated
LUMO must be the locus for uptake of the first electron,
the preceding remarks allow us to conclude that the first
electron must be localised on DPSalH2 and more precisely


Figure 7. Frontier orbitals for phenanthroline, SalH2 and DPSalH2 (tBu groups replaced by H for simpliflica-
tion).
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on the strong p-electron acceptor imino groups. This agrees
with the conclusions from the electrochemical behaviour.


On metallation with RuII, orbital HOMO�2, which is re-
sponsible for the Ru–ligand s bond, will be strongly lowered
in energy; one can also expect a small stabilisation of the
HOMO by p interaction of the bpy end of the ligand with
ruthenium. Preliminary calculations on [Ru(bpy)2-
(DPSalH2)]2+ were performed in C2 symmetry by using the
calculated structure of DPSalH2 together with that of [Ru-
(bpy)3]


2+ . Both the distances of the metal-coordinating ni-
trogen atoms and the angles around RuII were optimised.
As indicated in Figure 9, the computed HOMO for [Ru-
(bpy)2(DPSalH2)]2+ is mainly distributed on the phenol
rings with a small contribution on the imino nitrogen atoms.
As can be visualised, this HOMO of b symmetry is similar
to HOMO-3 of the free ligand.


Similarly, the electrochemical
behaviour of [Ru(bpy)2-
(DPSalCu)]2+ can be analysed.
The calculated LUMO for
DPSalCu clearly indicates the
nonparticipation of the coordi-
nating nitrogen atoms of the bi-
pyridine, and hence it is most
probable that this MO is only
slightly altered both energeti-
cally and electronically in the
dinuclear complex. In fact, as
pointed out in the electrochem-
ical studies, the first reduction
process indeed implies the addi-
tion of one electron on the het-
eroditopic ligand and not on
the bpy or the copper ion. The
positive shift noticed for this
electron-transfer process as
compared to the mononuclear
ruthenium complex can be in-
terpreted by stabilisation of the
ligand-centred LUMO in the
presence of copper. The first
oxidation process is also con-
firmed as being a removal of
one electron from a ligand-cen-
tered (essentially on phenol
groups) molecular orbital with
generation of a metalloradical.
Preliminary computed data for
the one-electron-deficient spe-
cies [DPSalCu]+ are in favour
of an MO mostly localised on
the phenol rings.


Photophysical measurements :
Measurements of luminescence
lifetime, triplet transient ab-
sorption and electron transfer


were carried out to investigate the effect of the DPSalH2


ligand and of copper in the salophenic cavity on the fate of


Figure 8. MO correlation between DPSalH2 and DPSalCu.


Figure 9. HOMO of [Ru(bpy)2(DPSalH2)]2+ (tBu groups replaced by H
for simpliflication).
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the excited state of the lumophore. In Ru polypyridine com-
plexes, intersystem crossing from the singlet excited state to
the triplet excited state occurs within few hundred femtosec-
onds[23] and thus all photochemistry initiates from the lowest
triplet excited state.


From time-resolved picosecond luminescence measure-
ments, the emission lifetime of the complexes in ethanol was
determined. As shown in Figure 10, the emission yield is


strongly reduced in both complexes as compared to the
parent lumophore. The luminescence of [Ru(bpy)2-
(DPSalH2)]2+ and [Ru(bpy)2(DPSalCu)]2+ in argon-saturat-
ed ethanol at 610 nm is characterised by a biexponential
decay consisting of a dominant fast phase which is not time-
resolved in these experiments and a slow component (t


�800 ns). The fast phase, the relative amplitude of which is
slightly larger for [Ru(bpy)2(DPSalCu)]2+ than for [Ru-
(bpy)2(DPSalH2)]2+ , is absent in [Ru(bpy)3]


2+ . Emission
measurements with higher time resolution on a faster time
scale (Figure 10, inset) confirmed that the fast decay is char-
acterised by a lifetime of t<100 ps. Comparison of the emis-
sion characteristics of [Ru(bpy)3]


2+ and [Ru(bpy)2-
(DPSalH2)]2+ suggests that the observed quenching of emis-
sion is related to the presence of the ligand and is likely to
be due to intramolecular electron transfer. The presence of
CuII in the salophenic cavity of the ligand enhances the
quenching process, which could be due to faster intramolec-
ular electron transfer or fast energy quenching by the CuII


ion followed by radiationless decay. The small decay phase
present in both complexes with low relative amplitude (a
few percent of the overall decay) exhibits kinetics very simi-
lar to those of [Ru(bpy)3]


2+ . As no trace of [Ru(bpy)3]
2+


could be detected in [Ru(bpy)2(DPSalH2)]2+ and [Ru(bpy)2-
(DPSalCu)]2+ by mass spectroscopy, its origin in our com-
plexes is still unclear.


To characterise the reaction product formed after decay
of the excited state, flash-induced absorption difference


spectra were recorded in the visible and near-infrared spec-
tral range. Figure 11 shows the transient absorption spectra
of our mono- and dinuclear complexes. Whereas [Ru(bpy)2-


(DPSalH2)]2+ displays large absorption changes throughout
this spectral range, only very weak changes were detected in
the case of the Ru/Cu complex. Common features can be
distinguished in the spectra of [Ru(bpy)3]


2+ and [Ru(bpy)2-
(DPSalH2)]2+ . Both exhibit bleaching of the ground-state
absorption centred around 450 nm and the appearance of a
very broad absorption band for wavelengths greater than
500 nm and extending into the near infrared. On the other
hand there are differences in relative amplitudes of absorp-
tion bands and the lifetime of the flash-induced absorption
changes. While for [Ru(bpy)3]


2+ the relative amplitude of
the bleaching at 450 nm is much larger than the amplitude
of the absorption increase in the red region, it is similar for
[Ru(bpy)2(DPSalH2)]2+ . Concerning the kinetics, the decay
of the absorption changes in the latter (about 30 ms) is much
slower than in [Ru(bpy)3]


2+ , for which the absorption
change disappears with the same kinetics as the lumines-
cence (800 ns). This shows that the observed absorption
changes for [Ru(bpy)2(DPSalH2)]2+ are not related to the
MLCT state, as is the case for [Ru(bpy)3]


2+ . In agreement
with earlier studies on similar Ru complexes,[10] the broad
absorption band in the red region is attributed to an organic
radical species generated by intramolecular electron transfer
to form the state [RuIII(bpy)2(DPSalH2)


�]2+ .[32] In the case
of [Ru(bpy)3]


2+ the absorption increase above 700 nm is in
good agreement with earlier reports in which a broad ab-
sorption band peaking around 900 nm was assigned to a T–
T transition of the MLCT excited-state species.[33] The ab-
sence of absorption changes with significant amplitude in


Figure 10. Emission kinetics at 610 nm on excitation with a nanosecond
laser flash (532 nm). a) Ru(bpy)3


2+ , b) [Ru(bpy)2(DPSalH2)](ClO4)2 and
c) [Ru(bpy)2(DPSalCu)](ClO4)2 in argon-saturated EtOH. Sample con-
centrations were adjusted for equal absorption at the excitation wave-
length. Inset: emission kinetics at 610 nm on excitation with a picosecond
laser flash (532 nm) and traces normalised to equal maximum amplitude.


Figure 11. Spectra of flash-induced absorption changes on excitation with
a nanosecond laser flash (355 nm). [Ru(bpy)3] (dotted line, triangles),
[Ru(bpy)2(DPSalH2)](ClO4)2 (solid line, circles), [Ru(bpy)2(DPSalCu)]-
(ClO4) (dashed line, squares) in argon-saturated EtOH. Sample concen-
trations were adjusted for equal absorption at the excitation wavelength
(OD355 = 0.4). Amplitudes of absorbance changes were taken about 0.5 ms
after the flash and were corrected for the emission.
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the case of the Ru/Cu compound indicates the absence of
charge separation on the time scale of nanoseconds and
longer.


If [Ru(bpy)2(DPSalH2)]2+ acts as a charge-separating
device with a lifetime on the order of 30 ms, it should be pos-
sible to efficiently reduce an external electron acceptor such
as methyl viologen (E(MV2+/MVC+)=�0.45 V versus NHE).


In Figure 12 a, the kinetics of flash-induced absorption
changes at 600 nm, where the reduced MVC+ absorbs, are
shown in the absence and the presence of 10 mm MV2+ .
Indeed, very efficient and long-lived (>100 ms) reduction of
MV2+ [Eq. (1)] is observed in the case of [Ru(bpy)2-
(DPSalH2)]2+ , whereas MV2+ reduction was negligible for
the Ru/Cu complex (not shown).


½RuIIIðbpyÞ2ðDPSalH2ÞC��2þ þMV2þ !
½RuIIIðbpyÞ2ðDPSalH2Þ�3þ þMVCþ


ð1Þ


These findings confirm the interpretations given above
concerning the occurrence of a long-lived charge-separated


state in the former complex and its absence in the latter. In
the case of [Ru(bpy)2(DPSalH2)]2+ , the action of MV2+ as
electron acceptor can also be followed by measuring the ab-
sorption of the reduced ligand [DPSalH2]C� in the near-infra-
red region (Figure 12 b). In the absence of methyl viologen
the flash-induced absorption increase at 820 nm disappears
with a half-life of about 30 ms (see inset to Figure 12), most
probably following an intramolecular charge-recombination
pathway, as confirmed by the similar rate of regeneration of
RuII observed at 450 nm (not shown). After addition of the
electron scavenger the decay at 820 nm is strongly accelerat-
ed and occurs with kinetics (t�2 ms) comparable to those of
reduction of MV2+ observed under identical conditions (Fig-
ure 12 a). In addition, the absorption change at 450 nm is
much faster than the decay of MVC+ (Figure 13). These ob-
servations demonstrate that the photogenerated RuIII oxi-
dant is reduced to RuII by an electron donor other than
MVC+ .


Based on the electrochemical studies, we propose that the
donor site responsible for the reduction of RuIII is the
phenol group of the ligand [Eq. (2)].


½RuIIIðbpyÞ2ðDPSalHArOHÞ�3þ !
½RuIIðbpyÞ2ðDPSalHArO�Þ�2þ þHþ


ð2Þ


To confirm this hypothesis, a sample of [RuII(bpy)2-
(DPSalH2)]2+ in water/ethanol (1/1) was illuminated in the
presence of an excess of the irreversible electron acceptor
[CoIII(NH3)5Cl]2+ and was rapidly frozen. The EPR spec-
trum of this sample displayed a narrow signal with no re-
solved structure (see Figure 14). The observed giso value of
2.004 is characteristic of a phenoxyl radical.


The relevant photophysical events for [Ru(bpy)2-
(DPSalH2)]2+ are schematically depicted in Figure 15.


Figure 12. Time-resolved absorption changes at 600 nm (a) and 820 nm
(b) upon excitation with nanosecond laser flashes at 355 nm for [Ru-
(bpy)2(DPSalH2)](ClO4)2 in the absence and presence of 10 mm MV2+ in
argon-saturated EtOH/H2O (90/10). Insets: decay of the transient absorp-
tion in the absence of MV2+ on an extended time scale.


Figure 13. Time-resolved absorption changes at 600 and 450 nm on exci-
tation with nanosecond laser flashes at 355 nm for [Ru(bpy)2(DPSalH2)]-
(ClO4)2 in the presence of 10 mm MV2+ in argon-saturated EtOH/H2O
(90/10).
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Conclusion


In this first chapter of the coordination chemistry of the di-
topic ligand DPSalH2, we have examined the electrochemi-
cal behaviour of the ruthenium and ruthenium/copper com-
plexes. From spectroelectrochemical studies, we have shown
that the coordinated ditopic ligand is the locus for the first
oxidation and reduction processes. This is the case whether
the coordinating N2O2 cavity is metal-free or metallated.
DFT calculations were also consistent with these observa-
tions. The fact that no drastic modification is observed in
the redox potential of each constitutive component supports
a weakly coupled system. Also, a remarkably long lived
charge-separated state (>30 ms) is generated on excitation
in the MLCT band for the [Ru(bpy)2(DPSalH2)]2+ complex.
A phenoxyl radical was characterised after illumination of
this complex in the presence of [CoIII(NH3)5Cl]2+ .


Within the time resolution of our apparatus no electron
transfer was observed for [Ru(bpy)2(DPSalCu)]2+ . To eluci-
date this issue, faster photophysical studies (femtosecond
time scale) will be necessary. With the aim of unravelling
the electronic modification of the Ru(bpy)3


2+ lumophore by
the copper ion, we are performing DFT calculations on both
ruthenium-containing complexes.


Experimental Section


Electrochemical measurements were made with an EGG PAR (model
273 A) electrochemical workstation. The solvents were distilled under ni-
trogen in the presence of dry calcium chloride, and the solutions
(1 mmol L�1 for complexes and ligand and 0.1 mol L�1 of tetrabutylam-
monium perchlorate (TBAClO4)) introduced into an argon-purged heart-
shaped cell. Cyclic voltammetry was performed with a glassy carbon elec-
trode (3 mm in diameter) as working electrode, a platinum grid as coun-
terelectrode and an Ag/AgClO4 (0.01 m) electrode in acetonitrile as refer-
ence (Eref =0.3 V/SCE). Electrolyses were carried out at controlled po-
tentials in a three-electrode cell with a platinum gauze as working elec-
trode, a platinum grid as counterelectrode and an Ag/AgClO4 (0.01 m)
electrode in acetonitrile as reference. Low-temperature electrolyses were
run with 0.2 m of TBAClO4. UV/Vis/NIR spectra were recorded with a
Varian Cary 5E spectrophotometer (200–1500 nm) in 1 cm quartz cells.
Spectroelectrochemical data were obtained by using a three-electrode
thin cell (0.5 mm) mounted in a UV/Vis/NIR spectrophotometer. IR
spectra were recorded with a Perkin-Elmer spectrum 1000 spectrometer
on KBr-matrix pellets. NMR spectra in CDCl3 or [D6]DMSO were ob-
tained with Bruker AC 200 (200 MHz) and AC 250 (250 MHz) spectrom-
eters. EPR spectra were recorded on a X-band spectrometer Elexsys
E500 (Bruker) at 15, 77 or 100 K. Elemental analyses were performed at
Services de Microanalyse, ICSN-CNRS, Gif-sur-Yvette. Mass spectra
were recorded on a Finnigan Mat, Mat95S in a BE configuration at low
resolution.


All theoretical calculations were carried out using Becke�s three-parame-
ter hybrid functional[24] with the LYP correlation functional of Lee, Yang
and Parr[25] (B3LYP), as implemented in the Gaussian 98 package.[26] For
the open-shell system DPSalCu, calculations were unrestricted
(UB3LYP). A LanL2DZ effective core potential basis set[27] was em-
ployed for all atoms. Geometry optimisations were performed in C2 sym-
metry (C2v for phenanthroline) with the phenanthroline and phenol rings
kept planar. All other internal coordinates were varied except the C�H
distances.


Flash absorption and emission transients were measured with setups of
local design. All measurements were done at 296 K. For absorption tran-
sients the measuring light was provided by a 150 W tungsten–halogen
lamp. The wavelength was selected with interference filters placed before
and a monochromator (Czerny-Turner) placed after the 10 � 10 mm
sealed cuvette containing the sample. The sample was excited at 908 to
the measuring beam by a flash from a frequency-tripled Nd:YAG laser
(355 nm, duration 5 ns, ca. 6 mJ cm�2 ; Surelight, Continuum). Absorbance
changes were detected with a silicon photodiode and signals were ampli-
fied by a wideband preamplifier (model 5185, EG&G) before recording
by a digital oscilloscope (TDS 3034B, Tektronix). For emission transients
excitation was done by a flash from a frequency-doubled picosecond
Nd:YAG laser (532 nm, duration 25 ps, ca. 300 mJcm�2 ; Continuum) or
from a frequency-doubled nanosecond Nd:YAG laser (532 nm, duration
7 ns, 2 mJ cm�2 ; Quantel). The detection wavelength was selected by in-
terference filters and signals detected with a microchannel-plate photo-
multiplier tube (R2566U, Hamamatsu) and a 7 GHz digitising oscillo-
scope (IN7000, Intertechnique) or by a digital oscilloscope (TDS 744 A,
Tektronix).


Ruthenium trichloride was purchased from Aldrich Chemical Company.
2,2’-Bipyridine (bpy) and 1,10-phenanthroline (phen) were obtained from
Janssen Chemical Company. 1,10-phenanthroline-5,6-diamine (1),[28] 3,5-


Figure 14. EPR spectra of [Ru(bpy)2(DPSalHArOC)]2+ obtained after il-
lumination of the sample in the presence of [CoIII(NH3)5Cl]2+ . Experi-
mental conditions: T =100 K, nmw =9.37818 GHz, amplitude modulation
0.4 mT, microwave power 16 mW, modulation frequency 100 kHz, 4 scans.


Figure 15. Schematic energy-level diagram and photophysical processes
for [Ru(bpy)2(DPSalH2)]2+ . Reaction times are as observed under the
conditions of the photophysical measurements. In the presence of 10 mm


methyl viologen, the long-lived charge-separated state RuIIIL� (L=


DPSalH2) undergoes oxidative quenching by intermolecular electron
transfer to yield the intermediate state RuIIIL+MV+ , which evolves by
intramolecular electron transfer to the state RuIIL+ .
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di-tert-butylsalicylaldehyde (2),[29] [Ru(bpy)2Cl2]
[30] and SalH2


[31] were syn-
thesised as described in the literature.


Synthesis of DPSalH2 : 1,10-Phenanthroline-5,6-diamine (1, 200 mg,
0.95 mmol) and 3,5-diterbutylsalicylaldehyde (2, 670 mg, 2.86 mmol) were
suspended in dry ethanol (30 mL) together with a few drops of triethyl
orthoformate. The mixture was heated to reflux for 2 h, and the yellow
precipitate collected by filtration, washed with diethyl ether and dried
under vacuum. Yield 81%; elemental analysis calcd (%) for C42H50N4O2


(642.87): C 78.47, H 7.84, N 8.72, O 4.98; found: C 76.21, H 7.95, N 7.83.
1H NMR (CDCl3): d =13.15 (s, 2H), 9.18 (dd, 2 H), 8.71 (s, 2H), 8.42 (dd,
2H), 7.63 (dd, 2H), 7.45 (d, 2H), 7.11 (d, 2H), 1.45 (s, 18 H), 1.25 ppm (s,
18H); IR: ñ = 3451.5 (OH), 2964.23, 2909.24, 2871.20 (CH), 1614.18 (C=


N phen), 1571.30 cm�1 (C=N imine).


Synthesis of [Ru(bpy)2(DPSalH2)](ClO4)2 : cis-[Ru(bpy)2Cl2]·2 H2O
(30 mg, 0.057 mmol) and AgNO3 (19.6 mg, 0.115 mmol) were suspended
in methanol (5 mL). The mixture was stirred magnetically for 1 h under
an argon atmosphere and the white precipitate of AgCl was filtered off.
DPSalH2 (37 mg, 0.051 mmol) dissolved in dichloromethane was added
to the clear red solution followed by a few drops of triethyl orthoformate.
The reaction mixture was heated to reflux in the dark with stirring under
argon for 2 h. The reddish solution was then concentrated on a rotatory
evaporator. An orange solid precipitated on addition of a concentrated
aqueous solution of NaClO4. The precipitate was collected by filtration
and washed with water. Yield 84%; elemental analysis calcd (%) for
C62H66Cl2N8O10Ru·0.5 NaClO4 (1316.43): C 56.57, H 5.05, N 8.51; found:
C 56.31, H 5.09, N 8.50. 1H NMR ([D6]DMSO): d =12.89 (s, 2H), 9.06 (s,
2H), 8.87 (t, 4H), 8.65 (d, 2 H), 8.15 (m, 6 H), 7.85 (m, 4H), 7.63 (m,
4H), 7.4 (m, 6 H), 1.34 (s, 18H), 1.22 ppm (s, 18H); IR: ñ= 3423.68
(OH), 2954.42, 2867.38 (CH), 1615.76 (C=N phen), 1584.76 (C=N imine),
1087.69 cm�1 (ClO4).


Synthesis of [Ru(bpy)2(DPSalCu)](ClO4)2 : [Ru(bpy)2(DPSalH2)](ClO4)2


(50 mg, 0.04 mmol) was dissolved in methanol (20 mL) and Cu-
(acetate)2·H2O (10 mg, 0.05 mmol) was added. The mixture was stirred at
room temperature overnight. The deep red solution was concentrated
under reduced pressure and a solid precipitated on addition of a concen-
trated aqueous solution of NaClO4. The red solid was filtered off, washed
with water and dried under vacuum. Yield 82%; ES-MS: m/z 558.7 [M2+


]; IR: ñ=2951.55, 2901.96, 2868.34 (CH), 1616.78 (C=N phen), 1571.30
(C=N imine), 1087.68 cm�1 (ClO4).


Synthesis of SalCu : SalH2 (60 mg, 0.11 mmol) was dissolved in methanol
(20 mL) and Cu(acetate)2·H2O (25 mg, 0.125 mmol) was added. The mix-
ture was heated to reflux for 3 h. A red powder precipitated and was fil-
tered off, washed with methanol and water and dried under vacuum.
Yield 86%; ES-MS: m/z 602.3 [M+]; IR: ñ=2953.65, 2906.50, 2867.44
(CH), 1605.56 cm�1 (C=N).


Acknowledgement


This work was supported by the CNRS (Programme Energie, PRI4), the
CEA for the LRC project (LRC-CEA n833V) and STREP SOLAR-H
516510. A.Q. acknowledges the European Commission for financial sup-
port (Contract “WONDERFUL”, HPRN-CT-2002-00177). We thank the
Centre Informatique National de l�Enseignement Sup�rieur at Montpelli-
er (France) and the Institut du D�veloppement et des Ressources en In-
formatique Scientifique at Orsay (France) for providing calculation
means.


[1] a) K. Kalyanasundaram, Coord. Chem. Rev. 1982, 46, 159 –244;
b) A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser, A.
von Zelewsky, Coord. Chem. Rev. 1988, 84, 85 –277; c) A. Juris, V.
Balzani, Coord. Chem. Rev. 2001, 211, 97– 115.


[2] a) V. Balzani, P. Ceroni, M. Maestri, V. Vicinelli, Curr. Opin. Chem.
Biol. 2003, 7, 657 – 665; b) S. Campagna, C. Di Pietro, F. Loiseau, B.
Maubert, N. McClenaghan, R. Passalacqua, F. Puntotiero, V. Ricevu-
to, S. Serroni, Coord. Chem. Rev. 2003, 229, 67– 74.


[3] a) J. Otsuki, M. Tsujino, T. Lizaki, K. Araki, M. Seno, K. Takatera,
T. Watanabe, J. Am. Chem. Soc. 1997, 119, 7895 – 7896; b) S. Fraysse,
C. Coudret, J.-P. Launay, Eur. J. Inorg. Chem. 2000, 1581 –1590;
c) J. M. Serin, D. W. Brousmiche, J. M. J. Fr�chet, J. Am. Chem. Soc.
2002, 124, 11848 – 11849; d) S. Welter, K. Brunner, J. W. Hofstraat,
L. DeCola, Nature 2003, 421, 54–57.


[4] a) A. R. Dunn, I. J. Dmochowski, J. R. Winkler, H. B. Gray, J. Am.
Chem. Soc. 2003, 125, 12 450 –12 456; b) F. Scandola, C. Chiorboli,
M. T. Indelli, M. A. Rampi, Electron Transfer in Chemistry, Vol. 3,
(Ed.: V. Balzani), Wiley-VCH, Weinheim, 2001, pp. 337 –408, and
references therein.


[5] a) A. Beyeler, P. Belser, Coord. Chem. Rev. 2002, 230, 29– 39, and
references therein; b) R. Ziessel, M. Hissler, A. El-ghayoury, A.
Harriman, Coord. Chem. Rev. 1998, 177, 1251 –1298.


[6] M. N. Paddon-Row, Electron Transfer in Chemistry, Vol. 3 (Ed.: V.
Balzani), Wiley-VCH, 2001, pp. 179 – 271, and references therein.


[7] C. Kaes, A. Katz, M. W. Hosseini, Chem. Rev. 2000, 100, 3553 – 3590,
and references therein.


[8] L. Sun, L. Hammarstrçm, B. Akermark, S. Styring, Chem. Soc. Rev.
2001, 30, 36–49, and references therein.


[9] a) N. Kitamura, H.-B. Kim, S. Sumio, S. Tazuke, J. Phys. Chem.
1989, 93, 5750 – 5756; b) H.-B. Kim, N. Kitamura, Y. Kawanishi, S.
Tazuke, J. Phys. Chem. 1989, 93, 5757 – 5764; c) M. Kirch, J. M.
Lehn, J. P. Sauvage, Helv. Chim. Acta 1979, 62, 1345 –1384.


[10] Y. Pellegrin, K. E. Berg, G. Blondin, E. Anxolab�h�re-Mallart, W.
Leibl, A. Aukauloo, Eur. J. Inorg. Chem. 2003, 1900 –1910.


[11] K. K. Chatterjee, N. Farrier, B. E. Douglas, J. Am. Chem. Soc. 1963,
85, 2919 –2922.


[12] K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordi-
nation Compounds, 5th Ed., Wiley, New York, 1997.


[13] a) S. D. Ernst, W. Kaim, Inorg. Chem. 1989, 28, 1520 –1528; b) E.
Ishow, A. Gourdon, J. P. Launay, C. Chiorboli, F. Scandola, Inorg.
Chem. 1999, 38, 1504 – 1410; c) L. Flamigni, S. Encinas, F. Barigellet-
ti, F. M. MacDonnell, K-J. Kim, F. Puntoriero, S. Campagna, Chem.
Commun. 2000, 1185 – 1186; d) M.-J. Kim, R. Konduri, H. Ye, F. M.
MacDonnell, F. Puntoriero, S. Serroni, S. Campagna, T. Holder, G.
Kinsel, K. Rajeshwar, Inorg. Chem. 2002, 41, 2471 –2476.


[14] a) A. H. Maki, B. R. McGarvey, J. Chem. Phys. 1958, 29, 35– 38;
b) M. M. Bhadbhade, D. Srinivas, Inorg. Chem. 1993, 32, 5458 –5466.


[15] M. Iwaizumi, T. Kudo, S. Kita, Inorg. Chem. 1986, 25, 1546 –1550.
[16] a) J. M�ller, K. Felix, C. Maidile, E. Lengfelder, J. Str�hle, U. Weser,


Inorg. Chim. Acta 1995, 233, 11–19; b) U. Sakagachi, A. W. Addi-
son, J. Chem. Soc. Dalton Trans. 1979, 600 –608.


[17] M. Venturi, A. Credi, V. Balzani, Coord. Chem. Rev. 1999, 185–186,
233 – 256, and references therein.


[18] M. N. Ackermann, L. V. Interrante, Inorg. Chem. 1984, 23, 3904 –
3911.


[19] R. C. Pratt, T. D. P. Stack, J. Am. Chem. Soc. 2003, 125, 8716 –8717.
[20] a) P. Chaudhuri, M. Hess, T. Weyhermuller, K. Wieghardt, Angew.


Chem. 1999, 111, 1165 – 1168; Angew. Chem. Int. Ed. 1999, 38, 1095 –
1098; b) P. Chaudhuri, M. Hess, J. M�ller, K. Hildenbrand, E. Bill,
T. Weyhermuller, K. Wieghardt, J. Am. Chem. Soc. 1999, 121, 9599 –
9610.


[21] N. Komatsuzaki, Y. Himeda, M. Goto, K. Kasuga, H. Sugihara, H.
Arakawa, Chem. Lett. 1999, 327 – 328.


[22] T. Ziegler, Chem. Rev. 1991, 91, 651 – 667.
[23] a) N. H. Damrauer, G. Cerullo, A. Yeh, T. R. Boussie, C. V. Shank,


J. K. McCusker, Science 1997, 275, 54–57; b) A. T. Yeh, C. V. Shank,
J. K. McCusker, Science 2000, 289, 935 –938.


[24] A. D. Becke, J. Chem. Phys. 1993, 98, 5648 –5652.
[25] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785 – 789.
[26] Gaussian 98, RevisionA.11, M. J. Frisch, G. W. Trucks, H. B. Schle-


gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich,
J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, P. Salvador, J. J. Dannenberg, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V.


Chem. Eur. J. 2005, 11, 3698 – 3710 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3709


FULL PAPERHeteroditopic Ligand in Electron and Energy Transfer



www.chemeurj.org





Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W.
Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez,
M. Head-Gordon, E. S. Replogle, and J. A. Pople, Gaussian, Inc.,
Pittsburgh PA, 2001.


[27] a) T. H. Dunning, Jr., P. J. Hay in Modern Theoretical Chemistry,
Vol. 3 (Ed.: H. F. Schaefer III), Plenum, New York, 1976, pp. 1 –28;
b) P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270 –283.


[28] S. Bodige, F. M. MacDonnell, Tetrahedron Lett. 1997, 38, 8159 –
8160.


[29] J F. Larrow, E. N. Jacobsen, Y. Gao, Y. Hong, X. Nie, C. M. Zepp, J.
Org. Chem. 1994, 59, 1939 –1942.


[30] B. P. Sullivan, T. J. Meyer, Inorg. Chem. 1978, 17, 3334 – 3341.
[31] R. Paschke, D. Balkow, E. Sinn, Inorg. Chem. 2002, 41, 1949 – 1953.
[32] Formation of solvated electron can be excluded. See Supporting In-


formation.
[33] a) K. Miedlar, P. K. Das, J. Am. Chem. Soc. 1982, 104, 7462 –7469;


b) O. Shimizu, J. Watanabe, S. Naito, Chem. Phys. Lett. 2000, 332,
295 – 298.


Received: October 19, 2004
Published online: April 5, 2005


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3698 – 37103710


W. Leibl, A. Aukauloo et al.



www.chemeurj.org






Photoinduced Processes within Compact Dyads Based on
Triphenylpyridinium-Functionalized Bipyridyl Complexes of Ruthenium(ii)
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Dedicated to Professor Jean-Pierre Launay on the occasion of his 61th birthday


Introduction


The search for new molecular devices capable of monitoring
photoinduced electron transfers (PET) is at the cross-roads


of the works devoted to both molecular electronics and pho-
tochemical conversion of solar energy (including artificial
photosynthesis and photovoltaic devices).[1–3] One of the
major goals, within the latter framework of research, is to


Abstract: As an alternative to conven-
tional charge-separation functional mo-
lecular models based on long-range ET
within redox cascades, a “compact ap-
proach” has been examined. To this
end, spacer elements usually inserted
between main redox-active units within
polyad systems have been removed, al-
lowing extended rigidity but at the ex-
pense of enhanced intercomponent
electronic communication. The molecu-
lar assemblies investigated here are of
the P-(q 1)-A type, where the q 1 twist
angle is related to the degree of conju-
gation between the photosensitizer (P,
of {Ru(bpy)3}


2+ type) and the electron-
acceptor (A). 4-N- and 4-N-,4’-N-
(2,4,6-triphenylpyridinio)-2,2’-bipyri-
dine ligands (A1-bpy and A2-bpy, re-


spectively) have been synthesized to
give complexes with RuII, 1-bpy and 2-
bpy, respectively. Combined solid-state
analysis (X-ray crystallography), so-
lution studies (1H NMR, cyclic voltam-
metry) and computational structural
optimization allowed verifying that q 1


angle approaches 908 within 1-bpy and
2-bpy in solution. Also, anticipated ex-
istence of strong intercomponent elec-
tronic coupling has been confirmed by
investigating electronic absorption
properties and electrochemical behav-


ior of the compounds. The capability of
1-bpy and 2-bpy to undergo PET proc-
ess was evaluated by carrying out their
photophysical study (steady state emis-
sion and time-resolved spectroscopy at
both 293 and 77 K). The conformation-
al dependence of photoinduced proc-
esses within P-(q 1)-A systems has been
established by comparing the photo-
physical properties of 1-bpy (and 2-
bpy) with those of an affiliated species
reported in the literature, 1-phen. A
complementary theoretical analysis
(DFT) of the change of spin density
distribution within model [1-bpy(q 1)]�


mono-reduced species as a function of
q 1 has been undertaken and the possi-
bility of conformationally switching
emission properties of P was derived.


Keywords: conformational switch-
ing · density functional calculations ·
electron transfer · luminescence ·
molecular devices
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achieve the formation of long-lived charge-separated (CS)
states.[2–5] Multicomponent systems built from a photosensi-
tizer (P) covalently linked—normally via spacers[6]—to suita-
bly arranged electron-withdrawing (A) and/or electron-re-
leasing (D) units, are well adapted for that purpose.[1–8] In
our effort to further compact these molecular devices[9] and
exert a more acute control over their intramolecular geome-
try,[10] we have designed putative acceptor-dyads models (P–
A), made of A group(s) directly attached to P (e.g. 1-tpy
and 1-bpy; Figure 1). Removal of bridging insulators
(spacers) to extend molecular rigidity was anticipated to be
at the expense of an undesirable increase of the intercompo-
nent electronic coupling, usually withdrawn by the use of sa-
turated—but often flexible—spacers such as methylene frag-
ments.[11,12] However, in the present case, the selected 2,4,6-
triphenylpyridinium (H3TP+ ; Figure 1) electron-acceptor
group (A) owns the great asset of possessing two bulky
phenyl substituents ortho to the Npyridinio atom connected to
P. These rings are likely to prevent the pyridinium from
adopting a coplanar conformation with the covalently linked
photosensitizer, as for instance in the case of 1-tpy
(Figure 1).[10] This pronounced steric hindrance, localized
around the P–A linkage, is assumed to warrant the disrup-
tion of the conjugation between the connected subunits. In
other words, the advised intercomponent electronic decou-
pling[1,8,13] is expected to be produced by a so-called geomet-
rical decoupling, thus playing the role usually fulfilled by sa-
turated spacers[14] (at least for what concerns the p–p contri-
bution to the interaction, which is by far the larger one). A
key molecular parameter is therefore the twist angle q 1 that
accounts for the conformation of the plane of the pyridini-
um ring of A with respect to that of the chromophoric
ligand partaking in P (Figure 1). Here, this dihedral angle is
expected to be almost orthogonal (q 1 �908).


In previous studies,[10] we have reported on the properties
of such “compact dyads” (e.g. 1-tpy ; Figure 1) based on the
ruthenium(ii)–bis-terpyridyl complex ([Ru(tpy)2]


2+ ; 0-tpy) as
a P unit. It has been shown that the strong intramolecular
electronic coupling dramatically affects the photophysical
behavior of the photosensitizer, up to make it a so weak pri-
mary electron donor in the excited state that an intramolec-
ular PET was precluded.[10a] In that case, A can be consid-
ered as a substituent of P rather than a true component of a
P–A acceptor dyad. To circumvent this drawback, we rea-
soned that the adverse contribution of electronic coupling
could be counterbalanced by using a primary light-triggered
electron-donor (*P) stronger than *[Ru(tpy)2]


2+ , namely the
archetypal ruthenium(ii)–tris-bipyridyl complex.[11,15] It is
thus expected that, despite the noticeable intramolecular in-
teraction, the excited-state reducing strength of P will
remain strong enough to initiate the transient reduction of
A. Another advantage that could be taken of such a replace-
ment stems from the fact that 0-bpy is a much greater lumi-
nophore than 0-tpy, thus making the photophysical study
easier to carry out. One of the goals of the present study is
to verify the capability of 1-bpy and maybe 2-bpy species
(Figure 1) to form *[P+–A�] CS state.


The present work is also aimed at investigating the critical
degree of “electronic insulation” required to allow—or
not—a directional inter-component process from *P to A
such as PET, since there is no spacer to ensure the electron-
ic integrity of the P and A subunits.[16] Expectedly, the inter-
component electronic coupling can be modulated via a con-
trolled intramolecular conformation,[17–19] by simply chang-
ing the torsion angle (0�q 1�908, Figure 1) between the P
and A parts of the potentially fully conjugated molecule P-
(q 1)-A. The only parameter to be varied is then the actual
degree of electronic conjugation of A with P. In this context,
the photophysical properties of the 0-bpy–2-bpy series of
complexes are compared with those of an affiliated species
(1-phen) previously described by Hupp and co-workers.[20]


Indeed, in 1-phen, the p-phenyl-pyridinium A group (PhPy+;
Figure 1) is not sterically hindered, thus allowing the accept-
or A and the phen ligand (partaking in the [Ru(phen)3]


2+ P
unit) to lie in a coplanar conformation (q 1!08). 1-phen was
shown to exhibit unforeseen improved luminescence while
1-bpy is almost non-luminescent. Combining photophysical
investigations and theoretical modeling allowed us to ac-
count for such opposite behavior.


Finally, the derived possibility of switching the emission
properties of *P within *[P-(q 1)-A] via a conformational
change is examined.


Figure 1. Schematic structures of the [(Me2bpy)2Ru(bpyR1R2)]n+ together
with reference [(tpy)Ru(tpy-tph3


+)]3+ and [(phen)2Ru(phen-PyPh+)]3+


complexes along with their labels.
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Results and Discussion


Synthesis : 4-N- and 4-N-,4’-N-(2,4,6-triphenylpyridinio)-sub-
stituted 2,2’-bipyridines (A1-bpy and A2-bpy, respectively)
are readily obtained by reacting the corresponding amino-
bipyridyl derivatives, (NH2)-bpy and (NH2)2-bpy, with com-
mercially available 2,4,6-triphenyl-pyrylium salt. Racemic
mixtures of heteroleptic complexes of ruthenium(ii) (0-bpy–
4-bpy ; Figure 1) were synthesized according to the standard
work-up from [(Me2bpy)2RuCl2] precursor (Me2bpy is 4,4’-
dimethyl-2,2’-bipyridine) and appropriate derivatized bpy
ligand. All compounds were fully characterized and their
identity was found to comply with expectations.


Solid-state structural features


X-ray analysis : In the solid state, the salient structural fea-
tures of 1-bpy (Figure 2a) closely resemble to those of the
previously reported H3TP+-substituted ruthenium(ii)–bis-
terpyridyl analogue, 1-tpy.[10b] As expected, the value of q 1,
868, sharply differs from that determined for 1-phen[20] of
288 (X-ray crystallography). Other relevant dihedral angles
about the pyridinium ring are given in Table 1.


It was also interesting to determine the X-ray structure of
complex 2-bpy (Figure 2b; Table 1) as the proximity of the
two bulky acceptor fragments was predicted to further force
them to adopt a canted conformation. Unexpectedly, signifi-
cantly distinct values of q 1 were found for the two triaryl-
pyridinium fragments: q 1 =64.1 and 84.78. Thus, apparently,
if really conformationally locked, A2-bpy is not the expected
C2-symmetrical ligand when complexed. At this stage, it is
not clear whether this angular discrepancy of about 20.68
originates from exogenous factors (role of the counter-
anions among which one is closely tight to one of the pyridi-
nium rings; crystal packing) or to some specific intramolecu-
lar constraints related to the rather crowded complex.


The crystal structure of the free organic ligand bearing
two acceptor groups (A2-bpy) is shown in Figure 3. The bpy
part of the ligands, which is potentially coordinating, is
found to adopt the trans conformation usually observed in
the solid-state for oligopyridyl molecules, with interannular
twist angles between pyridyl mean planes of 25.9 and 19.68.


Within the crystallographic asymmetric unit, each of the
two independent molecules exhibits the expected tilted con-
formation about the acceptor fragment (Figure 3). We have
checked that these molecular conformations are truly adopt-
ed due to intraligand constraints but not to some inter-li-
gands effects such as crystal packing (as it is often the case
for similar polyaromatic species).[21] Concerning the values
of the critical q 1 angles, all four vary in a rather narrow
range of about 8.88, compared with the large angular dis-
crepancy above-reported for 2-bpy.


On the basis of the crystallographic structural data
(Table 1), the characteristic values for q 1 can be estimated


Table 1. Selected dihedral angles (q/8) between the pyridinium ring and
its peripheral aryl mean planes (Figure 1) within the acceptor group A of
various organic and complex species.


Ar1[a] q 1 q 2 q 6 q 4


A1-p
[b] ph 77 84 72 20


A1-p
[c] ph 78 72 59 25


A1-ptpy[d] ph (spacer) 72.60 62.42 65.11 16.45/37.03
A1-tpy[d] py (tpy) 78.71 55.92 71.18 25.14
A2-bpy py (bpy) 75.82 86.70 49.78 33.63


py (bpy) 73.92 87.50 62.20 44.88
py (bpy) 82.71 80.06 64.17 38.56
py (bpy) 77.03 79.62 66.70 42.34


1-tpy[d] py (tpy) 79.38 85.48 78.31 24.29
1-bpy py (bpy) 86.11 81.78 62.76 40.23
2-bpy py (bpy) 84.70 89.99 72.17 28.72


py (bpy) 64.05 58.67 59.48 17.22
P1 A2/Ru[d] ph (spacer) 87.42 72.85 87.42 46.93


ph (spacer) 89.21 65.32 73.81 2.13
1-phen[e] “py” (phen) 28 – – [f]


[a] N-pyridinio aryl substituent; ph: phenyl, py: pyridyl. [b] Ref. [23].
[c] Ref. [24]. [d] Ref. [10b]. [e] Ref. [20]. [f] No data available (ref. [25]).


Figure 2. ORTEP drawings of complexes a) [(Me2bpy)2Ru(bpy-tph3
+)]3+


(1-bpy) and b) [(Me2bpy)2Ru(bpy-(tph3
+)2)]3+ (2-bpy), with thermal el-


lipsoids (20 and 30% probability, respectively). The hydrogen atoms,
PF6


� counterions and cocrystallized solvent molecules are omitted for
clarity.


Chem. Eur. J. 2005, 11, 3711 – 3727 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3713


FULL PAPERPhotoinduced Processes



www.chemeurj.org





which actually correspond to an intramolecular compromise
between steric repulsion and stabilizing electronic delocali-
zation in the solid-state. Apparently, depending on whether
free organic molecules (including ligands) or derivatized
complexes are considered, the average value of q 1 varies
from about 77.0 (over eight entries) to 85.48 (over five en-
tries),[22] respectively. This sizable angular disparity is indica-
tive of different balance between steric and electronic fac-
tors in reaction to changes with respect to intramolecular
electrostatic repulsion between A (1+ ) and the initially
neutral chromophoric part of derivatized ligands, which gets
involved in the positively charged complex photosensitizer
(P2+). Also, existing supplementary—steric—interaction
within dyads likely to involve the complex photosensitizer
(P units) and the bulky substituents of the organic acceptor
moiety cannot be excluded (see NMR study).


Solution structural features : Although solid-state investiga-
tions such as X-ray analysis provide important quantitative
information concerning molecular structures and possible in-
tramolecular constraints, it is worth checking these structur-
al issues against data collected out of solution studies. In the
present case, beyond the fact that key photophysical proper-
ties of the various dyads will be examined in fluid medium,
such a comparison should help in deciding between solid-
state specificities and actual intrinsic molecular features of
relevance (as for q 1 angles within 2-bpy). This study should
also provide some insights into intramolecular dynamics,
and more particularly the extent of existing restraints (or
constraints) over intramolecular motion (e.g. rotation of
fragments A).


Chemical behaviour : A striking point stems from the fact
that the A2-bpy molecule is merely non-complexing with
labile first row transition metal cations such as iron(ii). This


behavior further supports the inference of a rather strong
locking of the molecular conformation in solution, in a fash-
ion similar to that determined in the solid-state (Figure 3).
Combined effects of the previously evoked intraligand steric
hindrance and electrostatic repulsion between positively
charged pyridinium rings might explain this finding. Howev-
er, these detrimental effects to iron(ii) coordination chemis-
try are not insurmountable for ruthenium(ii), which is
known to form substantially stronger Ru�N(py) bonds than
iron.[26]


NMR analysis and structural modelling : In solution, one can
reasonably anticipate that, within 1-bpy, the pyridinium ring
remains roughly perpendicular to the attached bpy ligand,
as it was shown for the 1-tpy close structural analogue.[10b]


To confirm the actual conformation of the complexed A1-
bpy and A2-bpy ligands, 1H NMR spectra of the various dia-
magnetic compounds have been recorded. Combined
COSY, TOCSY and NOESY experiments allowed achieving
a complete assignment of protons (Figure 4) in spite of the
rather complicated features of 1H NMR spectra.


The C2 axial symmetry, with C2 axis bisector of the disub-
stituted bpy within 2-bpy (Figure 4), is reflected by the
chemical shifts of protons of the four methyl groups of the P
unit (Me2bpy ligands). Indeed, these 12 protons are split
into two singlets integrating for six protons in the case of
symmetrical 2-bpy whereas four distinct singlets of three
protons are observed in the case of asymmetric compound
1-bpy (Supporting Information). In the case of 2-bpy, the re-
covering of the expected C2 symmetry in solution as com-
pared to corresponding solid-state findings is indicative of
the A groups not conformationally locked but only restrain-
ed. Apparently, the degree of freedom for rotation motion is
rather large and is at least of about 208 (“floppy torsion”).
The broken symmetry observed for the X-ray molecular


Figure 3. ORTEP drawing of the (H3TP+)2-bpy ligand, A2-bpy, with thermal ellipsoids (30 % probability). The hydrogen atoms, BF4
� counterions and


cocrystallized solvent molecules are omitted for clarity.
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structure, displaying two sharply different values of q 1, was
therefore originating from solid-state specific interactions.
Existing degrees of freedom for the rotation motion about
q 1 are further evidenced when performing temperature-de-
pendent NMR studies (cooling mode). Indeed, remarkable
changes are observed. However, these modifications are not
straightforwardly rationalized as they result from the inter-
mingled effects of the freezing of the various floppy motions
of phenyl rings about q 1 but also q 2 and q 6, which makes it
difficult to identify the sole contribution of q 1.[27]


When analyzing the NMR data in more detail, another sa-
lient feature is found, which concerns protons H(8). On one
hand, these protons appear as a singlet within the free A1-
bpy and A2-bpy ligands as well as in complex 1-tpy (and re-
lated A1-tpy free ligand, that is, 4’-(H3TP+)-tpy).[10b] On the
other hand, they are found to be both chemically and mag-
netically different (and coupled together to give two dou-
blets H8a and H8b) within 1-bpy and 2-bpy. The origin of
such a differentiation is very likely related to different posi-
tioning of protons H(8) with respect to the cones of aniso-
tropy of the canted phenyl rings ortho to the Npyridinio


atom(s). Besides, protons of the latter two phenyls (H12,
H13 and H14; Figure 4) are also differentiated accordingly
(contrary to free ligands and tpy complexes[10b]). Although
these rings are allowed to slightly rotate about their respec-
tive average tilted positions, the fact that different torsion
angles are observed (i.e., q 2 ¼6 q 6 ; Figure 1) is probably the
indirect consequence of the asymmetric nature (beyond chir-
ality) of the ruthenium(ii)–tris-bpy core. The ortho phenyl
rings appeared undistinguishable (i.e., q 2 �q 6) within the
C2-symmetrical tpy-based reference compound (1-tpy).
Brought together, these findings further support that in-
volved phenyl groups are neither freely rotating nor com-
pletely locked but only restrained. Interestingly, the two sets


(a and b) of protons H8 exhibit almost identical chemical
shifts independently of whether mono- or di-substituted
complexes 1-bpy and 2-bpy are concerned. Thus, inter-ac-
ceptors steric hindrance does not explain the canted confor-
mation of groups A rather a P/A intercomponent (including
bpy ligands) steric interaction previously inferred from
solid-state study.


Concerning the intercomponent decoupling—represented
by q 1—within 1-bpy, no proton was found to be adequately
positioned to directly probe the local geometry around the
P–A linkage (as for 1-tpy).[10b] However, based on the
above-mentioned similarities of 1H NMR signals for accept-
or groups embedded within 1-bpy and 2-bpy together with
the factual impossibility for these A groups to deviate too
much from perpendicularity within 2-bpy, one can reason
that the actual conformation of A within 1-bpy is almost or-
thogonal (q 1!908), as in 1-tpy (see also Electrochemical
Study, below).


After the structural optimization of 2-bpy starting from
the molecular model obtained from the single-crystal X-ray
diffraction analysis was computed, a C2-symmetrical mole-
cule was indeed obtained. The optimized geometry shows
expected features from the 1H NMR spectra, namely differ-
ent values for q 2 and q 6 (57.84 and 64.328, respectively) and
a unique q 1 torsion angle of 68.438. Computed value for q 1


is smaller than value derived from solid-state data (q 1


�85.48). Such a difference, already noticed for other related
compounds,[28] is consistent with above-evidenced floppy tor-
sion.[27]


Electronic properties : The pivotal question of the actual
conformation of P-(q 1)-A dyads in solution has also been as-
sessed at the electronic level, namely by carrying out a com-
parative electrochemical study of H3TP+-based dyads (1-


Figure 4. Numbering scheme adopted for 1H NMR assignments.
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bpy and 2-bpy) with nitro-derivatized analogous complexes
(3-bpy and 4-bpy). The choice of NO2 as a reference sub-
stituent was imposed by the facts that i) it is a well-known[29]


p-extending (�M mesomeric effect) and inductive electron-
withdrawing (�I effect) group when borne by an aryl frag-
ment[30] (in other words, NO2 behaves as a conjugated A-
substituent; q 1 �08)[31] and ii) it is expected to have an over-
all influence on the electronic properties of P similar to that
of H3TP+ .[32]


UV/Vis spectroscopy : Ground-state electronic absorption
spectra of all new bpy-based compounds and reference spe-
cies were recorded; the data are given in Table 2.


As is the case for tpy analogues,[10b] the direct attachment
of the acceptor to the photosensitizing core results in a siza-
ble perturbation of the electronic properties of the chromo-
phore (Table 2), as illustrated in Figure 5a.


A gradual splitting of the 1MLCT absorption band situat-
ed at 456 nm into two bands is observed in going from 0-bpy
to 1-bpy and 2-bpy. Similar changes are also noticed in
going from 0-bpy to 3-bpy and 4-bpy as anticipated (Fig-
ure 5b). These new bands correspond to MLCT transitions
from the metal to the two types of chromophoric ligands, as
already reported in the literature for similar heteroleptic
compounds.[15,32] Electronic
transitions of lower energy
(MLCT2) participate in the CT
to the ligand bearing electron-
withdrawing group(s), which is
more easily reducible (i.e., de-
rivatized bpy), while the others,
at higher energy (MLCT1), in-
volve the p* orbitals of the
more electron-rich ligands (i.e.,
Me2bpy). Noteworthy, function-
alization of photosensitizers
with H3TP+ results in both an
increase of molar absorptivities
and an extended absorption in
the visible region (Fig-
ure 5 a).[32,33]


Electrochemical behaviour : Electrochemical data for refer-
ence ligands and related complexes are given in Table 3.


Upon complexation, the redox potential attached to the
pyridinium fragments of the functionalized bpy ligands (A1-
bpy and A2-bpy), is subject to the same anodic shift of about
0.1 V as the one measured for the related tpy-based com-
pound.[10a] This finding illustrates the fact that the actual
electronic expanse of the acceptor unit involves the N-pyri-
dinio substituent (namely the pyridine of the bpy ligand),
spreading towards the metal ion. Indeed, the reduction of
the pyridinium moiety within 1-bpy (�0.76 V) is found to


Table 2. Electronic absorption data and assignments for the [(Me2-
bpy)2Ru(bpyR1R2)](PF6)n complexes in MeCN solutions.


lmax [nm] (e� 104 [m�1 cm�1])
LC 1MLCT


0-bpy 207 (7.21), 248 (2.47), 456 (1.45)
286 (8.36), 323 (1.11)


1-bpy 248 (3.79), 286 (8.15), 433 (1.29),
316 sh (4.95) 488 (1.27)


2-bpy 248 sh (5.29), 286 (9.25), 421 (1.79),
319 (9.82) 519 (1.27)


3-bpy 249 (3.07), 284 (6.64) 431 (1.29),
509 (1.32)


4-bpy 248 (3.40), 282 (5.64), 428 (1.62),
315 (1.94) 529 (1.23)


Figure 5. Electronic absorption spectra (room temperature, acetonitrile
solution). a) H3TP+ series: 0-bpy (c), 1-bpy (c) and 2-bpy (g);
inset: expanded MLCT region). b) NO2 series: 0-bpy (c), 3-bpy (c)
and 4-bpy (g); inset: expanded MLCT region.


Table 3. Electrochemical data of the examined ligands and related complexes in MeCN (+ 0.1m NBu4BF4) at
vitreous carbon electrode.[a]


Ru3+ /2 + NO2
0/1� H3TP1+ /1�/PhPy+ /0 P0/1�


E1=2
E1=2


n E1=2
n E1=2 n


A1-bpy �0.875 2
A2-bpy �0.881 2 � 2
0-bpy +1.19 �1.37 1
1-bpy +1.28 �0.76 2 �1.47 1
2-bpy +1.42 �0.76[b] 2 � 2 �1.53 1
3-bpy +1.29 �0.55 1 �1.12 1
4-bpy +1.40 �0.48 1 �0.85 1


�0.63 1
0-phen[c] +1.29 [d]


1-phen[c] +1.42 �0.65[e] [d] [d]


[a] E1=2
/V (vs. SCE) is calculated as (Epa + Epc)/2; scan rate 0.2 Vs�1 ; n is the number of electrons involved in


the redox process. [b] Average value of potential formally ascribed to the ill-resolved peaks. [c] From ref. [20]
E1=2/V (vs. SSCE). [d] No data available. [e] Scan rate 1.0 V s�1.
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occur at the same potential (within experimental error) as
within 1-tpy (�0.77 V), as expected for formally identical
[RuII-py-tph3


+] acceptor entities (as defined at the electronic
level).


The electrochemical behavior of compounds 0-bpy–4-bpy
(Table 3) parallels the electronic properties, which reflects a
certain degree of mutual influence between P and A. H3TP+


and NO2 groups have the same effect upon the Ru3+ /2+


metal-centered redox process (anodic shift of the redox po-
tential of ca. 0.1 V per substituent with respect to 0-bpy), as
anticipated.[15,32] Interestingly, opposite effects are observed
upon the P0/1� ligands-centered redox potential, namely a
cathodic shift of about 0.1 V per H3TP+ versus an anodic
shift of about 0.25 V per NO2. Noteworthy, the larger shift is
related to the monoelectronic reduction of NO2 (0.25 V per
electron for 3-bpy and 4-bpy), whereas the smaller is associ-
ated to the bielectronic reduction of H3TP+ (ca. 0.05 V per
electron for 1-bpy and 2-bpy). This difference in sensitivity
of the P0/1� bpy-centered process towards the early reduction
of the A groups actually reveals the distinct coupling modes
of these groups with P. The magnitude of the perturbation is
essentially informative on the degree of conjugation (�M
! 0) of the A groups with the bpy (and consequently with
P). The sign of the shift is more related to the inductive ef-
fects of the substituents: A (�I) makes the ligand easier to
reduce (anodic shift) whereas D (+ I) makes it more diffi-
cult to reduce (cathodic shift).


Based on these findings, it appears that once reduced, the
NO2 substituents remain as the expected conjugated (�M)
electron acceptors (�I), whereas the H3TP+ groups behave
as electron-rich non-conjugated (M!0; q 1!908) and elec-
tron-donating (+ I) units. Thus, the added electron(s) are lo-
calized on the H3TP+ subunit(s) of the derivatized com-
plexes, which therefore exhibit the behavior of bipartite
molecules in solution (despite the above-evidenced noticea-
ble intercomponent electronic coupling). This crucial issue is
further supported by the fact that H3TP+ is reduced at the
same potential regardless of whether or not it is mono- or
disubstituted on the same bpy (i.e. , 1-bpy or 2-bpy), contra-
ry to the NO2 groups which are
communicating via the p-delo-
calized system of the planar
bpy (Figure 6). Noteworthy, in
the latter case, the mean value
for redox potentials attached to
NO2 groups within 4-bpy
(�0.48 and �0.63 V) that is,
�0.55 V corresponds to the re-
duction potential of the single
NO2 within 3-bpy (�0.55 V).


To summarize, in addition to
valuable thermodynamic char-
acteristics provided, this compa-
rative study further substantiate
the statement of persisting geo-
metrical decoupling (q 1 ! 908)
for 1-bpy and 2-bpy in solution.


Photophysical properties : The capability of the new putative
compact acceptor dyads (1-bpy and 2-bpy) to undergo intra-
molecular PET processes has been evaluated by investigat-
ing their photophysical behavior (Table 4).


First, it can be noticed, from experimentally derived
values of E(III/II*), that the excited-state of P within *[1-
bpy] is a significantly better reductant (by ca. 0.2 V) than
within *[1-tpy] (i.e., �0.68 vs �0.51 V, respectively), as ex-
pected.


It is also worth noting that the variation of absorption and
emission energies as a function of the difference between
first oxidation and reduction potentials of complex photo-
sensitizers, (DE1=2


=E1=2
(Ru3+/2+) � E1=2


(P0/1�)), show that
MLCT2 absorption correlates like emission features (Fig-
ure 7a).[35] The emitting 3MLCT state is thus unequivocally
the one involving the H3TP+-derivatized bpy ligand
(MLCT2), as expected. Disunited correlation of 1MLCT1
and 1MLCT2 absorption bands of both 1-bpy and 2-bpy spe-
cies with respect to emission properties reflects a certain


Figure 6. Cyclic voltammogram for 2-bpy. Inset: selected part of the
cyclic voltammogram of 4-bpy that is, reduction waves attached to the
two NO2 groups.


Table 4. Photophysical data for the H3TP+- and PhPy+-derivatized complexes along with the reference-
species.[a]


Entry 298 K 77 K
lmax


[b] t[c] Fem
[d] kr knr lmax


[b] t[c] E(III/II*)
[nm] [ns] [10�2] [s�1] [s�1] [nm] [ms] [V]


0-tpy[e] 629 0.56 �5� 10�4 �8.9� 103 �1.8 � 109 598 10.0 �0.76
1-tpy[e] 670 55 0.073 1.30 � 104 1.80 � 107 636 8.80 �0.51
0-bpy 625 930 5.73 6.16 � 104 1.01 � 106 588 5.50 �0.92
1-bpy 675 10 0.06 6.00 � 104 9.99 � 107 634 3.88 �0.68
2-bpy 725 108 0.21 1.94 � 104 9.24 � 106 676 1.59 �0.41
0-phen[f] 625 510 4.1 8.04 � 104 1.88 � 106 587[g] [h] �0.82
1-phen[f] 645 2100 1.0 4.76 � 103 4.71 � 105 605[g] [h] �0.63


[a] Emission properties in deaerated MeCN solutions at 298 K and in deaerated BuCN matrices at 77 K. Radi-
ative (kr) and nonradiative (knr) rate constants as well as excited-state redox potentials E(III/II*) were calcu-
lated according to refs. [15] and [34]. [b] Emission maxima for uncorrected spectra (lexc =460 nm). [c] lexc =


308 nm unless otherwise specified. [d] Luminescence quantum yields were determined relative to [Ru(bpy)3]
2+


(Fem = 0.062 in MeCN at 298 K). [e] From ref. [10a]. [f] From ref. [20]. [g] Estimated value from ref. [20].
[h] No data available.
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degree of directionality in the CT state within excited pho-
tosensitizer, which should favor rapid electron hopping to A
subunit(s) as the lower Ru–bpy CT state (MLCT2) involves
the ligand bearing acceptor unit(s).[36]


At 298 K, the emission quantum yields of 1-bpy and 2-bpy
are only 1 and 4 % of that of parent luminophore 0-bpy, re-
spectively (Figure 7b). In particular, for 1-bpy, the radiative
decay rate-constant remains almost unchanged while the
non-radiative decay is increased by about two orders of
magnitude. Clearly, photophysical behavior is distinct at 298
and 77 K (Figure 7b) in spite of equivalent incremental red-
shifts (DEem) of the emission maxima on going from 0-bpy
to 1-bpy (DEem(0–1)) and 2-bpy (DEem(1–2)) at both temper-
atures.[37] The gradual decrease of emission intensity accord-
ing to bathochromic shift evidenced at 77 K reveals the
actual effect of energy gap law. Indeed, only for low-temper-
ature data, a linear relationship could be found when plot-
ting ln(1/t) as a function of E(3MLCT) (in eV) (slope
�4.43; intercept 21.34; R= 0.95). Thus, the room-tempera-
ture luminescence quenching of *P within *1-bpy cannot be
imputed to sole energy-gap law and a channel which is not
operative at 77 K (in rigid matrix, where solvent libration is
frozen)—such as an intramolecular PET—must come into
play. The status of 2-bpy at room temperature is discussed
below.


Regarding the thermodynamics of 1-bpy, 2-bpy and 1-
phen, comparison of ground-state redox potentials of their
pyridinium group with corresponding excited-state reductant
strength of *P shows that the formation of the CS state is
for the whole three an endoergonic process by about + 0.08,
+0.35 and +0.02 eV,[20] respectively (Figure 8). Although E-
(III/II*) values are roughly estimated,[15,20,34] the perturba-
tion of *P within 2-bpy is so large that a CS formation is
merely not expected to occur. For 1-bpy and 1-phen,[20] the
very slightly unfavorable energetics can be weathered.[38]


Hence, the luminescence quenching of *P within 1-bpy
can be assigned to an intramolecular PET (Figure 8) all the
more since:


i) The increase of the ligand field due to electron-with-
drawing substituent effect is not expected to influence
the emission properties of bpy-based *P, contrary to tpy-
based poor luminophores owing to their low lying 3MC
levels (case of 1-tpy);[10a, 15,20,39, 40]


ii) Energy transfer between *P and *A can be ruled out as
the lowest triplet excited-state (phosphorescence at
77 K) of the UV-absorbing H3TP+ lies at about 2.5 eV
while *P is a NIR-Vis emitter;


A transient absorption experiment at the femtosecond
timescale[41] has not shown clear evidence of the formation
of a charge-separated state. As the quenching is slow from
energetic considerations while the intercomponent electron-
ic coupling is rather high, this result probably indicates that
the charge recombination is much faster than the forward
reaction. It is also a matter of fact that the spectral signature
of the weakly absorbing reduced acceptor unfortunately
falls in the bleaching region of the MLCT bands making it
very difficult to detect.[10b, 28] Therefore, together with addi-
tional fragility experienced for such complexes in solution,
as previously reported for nitro derivatives (analogues of 3-
bpy and 4-bpy),[42] the successful completion of photophysi-
cal experiments appeared to be very delicate and the de-
tailed quenching mechanism within 1-bpy could not be de-
finitively established under standard experimental condi-
tions.


Regarding the related case of 1-phen, quenching of lumi-
nescence was not observed, rather the improved emission
properties of *P.[20] This behavior has been ascribed[20] to the
synergetic contributions of the above-mentioned substituent
effect and of the small value of q 1 allowing an electronic de-
localization over the entire—and possibly coplanar[20,38,40]—
phen–pyridinium ligand, best described as a “superli-
gand”.[20] It is even likely that planarization of the phen–pyr-
idinium ligand is favored in the excited state, upon its transi-
ent photoinduced reduction.[17d,28, 43] This planarization is ex-
pected to occur around q 1 as far as no steric constraint inter-
feres (case of 1-phen) but also about q 4. In the latter case,
the conformational change is anticipated to result in an in-
crease of the electron-accepting strength of A,[17d, 44] thus
lowering the energy of the CS state—once formed—within
*[1-bpy] and amplifying the electron delocalization within


Figure 7. a) Correlation between optical energies (absorption and emis-
sion) and DE1=2 (see text), *: MLCT1, *: MLCT2, &: em. (77 K), &: em.
(298 K). b) Luminescence spectra of 0-bpy (c), 1-bpy (a) and 2-bpy
(g) (isoabsorptive deoxygenated media, lexc = 460 nm, uncorrected);
MeCN solutions at 298 K. Inset: corresponding uncorrected luminescence
spectra in butyronitrile frozen matrix at 77 K.
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*[1-phen]. Whether this electron delocalization actually re-
sults from an equilibration process (related to a decay of the
CS state to the ground state via the closely lying 3MLCT
state) or originates in an intrinsic property of the excited
molecule (namely a “super 3MLCT” level attached to the
phen–pyridinium “superligand”)[45] remains hitherto unclear
(Figure 8).


Theoretical analysis : At this stage of the study, when spec-
troscopic investigation are reaching the limits of their infor-
mative capability, a theoretical analysis of the problem—
from first principles—is required. The present aim is to fur-
ther gain new insights on CS-state formation (case of 1-bpy)
and eventually decide between dynamic and static electronic
delocalization (case of 1-phen). The computational method
herein used is based on density functional theory which has
been already demonstrated to accurately account for elec-
tronic properties of rather large second and third rows d6


transition metals complexes.[28] In particular, the PBE0
hybrid exchange correlation functional was used since it has
been proven to give reliable thermochemical and spectro-
scopic data for similar compounds.[28, 46]


Metal-to-ligand charge transfer electronic transitions can
be considered as light-triggered intramolecular redox reac-
tion where the metal center is oxidized while ligands are re-
duced.[47] As we are mainly interested in understanding
photo-excited states where an electron is promoted on the
ligands embedded within complexes, a fruitful approach is
to simulate the behavior of mono-reduced species[28,47] since
reduction is known to be essentially a ligand-centered proc-
ess.[15] Although singly occupied molecular orbitals (SOMO)
usually akin to LUMO orbitals, we preferably fed the dis-
cussion on the basis of spin density patterns associated to


SOMOs (rather than SOMO or LUMO orbitals themselves)
as the non-negligible contribution of spin polarization origi-
nating from inner-lying electrons of the body-molecules are
taken into account.[28] Thus, spin density has been calculated
for the following mono-reduced complexes: 1-bpy for q 1 =


86.118 (X-ray structure, [1-bpy(86)]� ; Figure 9a) and q 1 =288
(as in 1-phen, [1-bpy(28)]� ; Figure 9b), as well as for 2-bpy
and 1-tpy (Figure 9c and d) for their geometry determined
by X-ray crystallography, that is, [2-bpy(64–85)]� (q 1 = 64.05
and 84.708) and [1-tpy(79)]� (q 1 =79.388). Also, spin densi-
ties have been computed for incremental values of q 1 (08 �
q 1 < 908) within [1-bpy(q 1)]� .


The main computational outcomes regarding spin density
distributions of the model systems are collected in Table 5.


X-ray data were used for computing the spin density asso-
ciated to [1-bpy]� , [2-bpy]� and [1-tpy]� . As the redox prop-
erties attached to the pyridinium ring of A groups are influ-
enced by surrounding substituents[10a,48] including tilt angles
of connected aryl fragments (q 1, q 2, q 4 and q 6),[17d,20, 44] it is
therefore worth bearing in mind that slightly different A
groups are actually involved in the various complexes al-
though formally identical (H3TP+). In the cases of [1-
bpy(86)]� , [1-bpy(28)]� and [1-bpy(q 1)]� , all structural pa-
rameters were kept the same as those determined by X-ray
crystallography of 1-bpy(86) except q 1 dihedral angle. This
was done on purpose, to clearly and solely identify the con-
tribution of critical q 1 twist angle to the electronic and pho-
tophysical properties of *[0-bpy] (i.e., *P).


Also, one can notice the lack of symmetry of the over-
all—actual—1-tpy(79) molecule (frozen in its solid-state
conformation) mainly originating from different values for
q 2, q 4 and q 6 torsion angles, as in the case of 1-bpy(86). As
a consequence, similar asymmetrical distributions of spin


Figure 8. Quantitative energy level diagram for excited states of the series of compounds as well as postulated photoinduced processes. See Table 4 for
the relative values of radiative and non-radiative rate constants. Dashed arrows indicate pathways either of low probability or ineffective (see Table 4
and text).
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density were found on the chromophoric part of derivatized
ligands within [1-tpy(79)]� (Figure 9d) and [1-bpy(86)]� (Fig-
ure 9a).


Comparison of 1-tpy and 1-bpy : On going from [1-tpy(79)]�


to [1-bpy(86)]� , a sizable decrease of spin density located on
the ruthenium is noticed, which parallels the decrease of the
redox potential related to the one-electron oxidation process
of the metal center: from +1.44 to +1.28 V (vs SCE), re-
spectively. The same trend is found on going from [2-bpy-
(64–85)]� (E1=2


(RuIII/II)=++1.42 V) to [1-bpy(28)]� and [1-
bpy(86)]� (E1=2


(RuIII/II)=++ 1.28 V), thus allowing estimating


E1=2
(RuIII/II) the redox potential


of Ru within hypothetical [1-
bpy(28)]� of intermediate
metal-centered spin density
(Table 5) as being of about
+1.35 V. This is in line with
above-mentioned influence of
conjugation over the pyridini-
um redox properties that is, the
pyridinium is a slightly better
electron-acceptor group when
q 1 =288 than when q 1 tends
toward 908,[17d,44] making the
metal cation more difficult to
oxidize. Although non-negligi-


ble, the magnitude of the latter effect remains modest.
Notably, when going from [1-tpy(79)]� to [1-bpy(86)]� ,


significantly less spin density is located on L–A ligand and
geometrical features regarding p conjugation are getting less
favorable (q 1 varies from 79 to 868). Yet, the net spin densi-
ty located on A, and more specifically on the pyridinium
ring, is substantially increased by about 30 %. Such a change
is in agreement with our expectations and further supports
the pertinence of replacing the *[Ru(tpy)2]


2+ light-triggered
primary donor by the *[Ru(bpy)3]


2+ analogue for CS pur-
poses.


Figure 9. Computed spin densities (contour value 0.0025 au) for a) [1-bpy(86)]� , b) [1-bpy(28)]� , c) [2-bpy(64–85)]� and d) [1-tpy(79)]� .


Table 5. Computed spin density (in a.u.) for the following mono-reduced complexes: for [1-bpy(86)]� ,
[1-bpy(28)]� , [1-bpy(q 1)]� , [2-bpy(64–85)]� and [1-tpy(79)]� .


Entry Ru L–A L A pyridinium aL


[1-tpy(79)]� 0.049 0.945 0.816 0.129 0.107 0.007
[1-bpy(86)]� 0.010 0.881 0.731 0.150 0.140 0.043/0.085
[1-bpy(75)]� 0.010 0.904 0.667 0.238 0.226 0.039/0.057
[1-bpy(60)]� 0.009 0.943 0.630 0.312 0.303 0.017/0.031
[1-bpy(45)]� 0.018 0.951 0.518 0.433 0.418 0.009/0.021
[1-bpy(28)]� 0.020 0.959 0.452 0.507 0.487 0.006/0.014
[1-bpy(15)]� 0.019 0.964 0.405 0.562 0.531 0.004/0.009
[1-bpy(0)]� 0.023 0.965 0.383 0.581 0.539 0.003/0.007
[2-bpy(64–85)]� 0.030 0.951 0.880 0.058–0.013 0.056–0.005 0.006/0.010


L–A: A-derivatized ligand (A1/2-bpy or A-tpy). L: coordinating part of L–A (i.e., bpy or tpy). A: 2,4,6-triphe-
nylpyridinium, H3TP+ . aL: ancillary ligand(s) (Me2-bpy or tpy).
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Comparison of 1-bpy(86) and 1-bpy(28)/1-phen(28): On
going from [1-bpy(86)]� to [1-bpy(28)]� , the spin density
originally mainly located on the bpy moiety, L, of the A1-
bpy ligand, L–A (proportions of ca. 5:1 for L:A), becomes
almost equally distributed over the whole A1-bpy ligand.
The sole but moderate increase of the electron-withdrawing
strength of the pyridinium ring, according to the previously
discussed p conjugation with the bpy, cannot account for
such a large change of electron distribution. When plotting
relative spin densities calculated for [1-bpy(q 1)]� as a func-
tion of q 1 (Figure 10), almost the same distribution pattern


as in [1-bpy(28)]� is obtained for q 1 ranging from 0 to �358.
Moreover, in this range, roughly the same spin density is
shared out evenly over the six non-hydrogen atoms of both
the pyridinium ring and its attached pyridyl fragment of bpy
(Figure 9b and Table 5). The quasi-independence of the spin
density distribution from q 1 angle together with its uniformi-
ty is indicative of intrinsic electron delocalization. These
findings allow to rule out the occurrence of an intramolecu-
lar dynamic equilibration process between two closely lying
levels like [3P*–A] and *[P+–A�],[49] which may exist for
higher values of q 1, around 40 to 508.


Although taking place at the excited state, the distinction
between static (intrinsic) and dynamic electron delocaliza-
tion is somehow reminiscent of that established by Robin
and Day for direct optical ET within inorganic mixed-va-
lence species.[50] Indeed, electronic properties of mixed-va-
lence compounds are accurately accounted by the so-called
Class III or Class II models depending on whether electron
delocalization: i) is an intrinsic property (i.e., delocalized
ground-state) likened here to a “super-3MLCT” state ([3P*–
A] and *[P+–A�] states are merged together) or ii) is ther-
mally activated (i.e., results from an electron transfer) simi-
larly to an equilibration process, respectively.[51]


When q 1 approaches 908, the contribution of the conjuga-
tion vanishes making the spin density localized, with differ-
ent weights on the L and A moieties. Although predomi-


nantly located on the bpy moiety (Figures 9a and 10), the
substantial spin density found on the H3TP+ fragment fur-
ther confirms the possibility of an electron transfer from ex-
cited complex photosensitizer ([3P*–A] that is, 3MLCT
state) to the acceptor (*[P+–A�] CS state) within
*[1-bpy(86)] (Figure 8).


For [1-bpy(28)]� , one is actually dealing with an electronic
delocalization, which is an intrinsic property of the A1-
bpy(28) ligand worth to be considered as a made-in-one-
piece “superligand” rather than a bipartite molecule, as in
the case of A1-bpy(86). The effect of the delocalization over
the superligand is to minimize the average local structural
distortion related to the presence of the promoted electron,
making Franck-Condon factors smaller and then diminishing
the rate of nonradiative decay.[45] Improved emission proper-
ties of *[1-phen(28)] (and more specifically excited-state
lifetime) are therefore worth describing as originating from
a “super-3MLCT” level (Figure 8).


The overall picture drawn out of the theoretical compara-
tive study of hypothetical [1-bpy(28)]� (mimicking [1-
phen]�) with existing [1-bpy(86)]� is in agreement with
issues based on the cross photophysical results of the pres-
ent and previous[20,38] works. Also, this study allows to clarify
the behavior of *[1-phen] in respect of electronic delocaliza-
tion versus equilibration process (Figure 8). Theoretical
issues clearly show that photophysical behavior of *[1-phen]
is consistent with a delocalized description associated to an
emitting extended “super-3MLCT” level, as illustrated by [1-
bpy(28)]� model compound. Conversely, a localized descrip-
tion well accounts for the behavior evinced by [1-bpy(86)]� ,
further substantiating the possibility of a PET process ac-
companied by CS formation.


Thus, one can state that in the borderline case of isoener-
getic [3P*–A] and *[P+–A�] excited-states within a potential-
ly fully conjugated molecule of type P-(q 1)-A, occurrence of
an intramolecular PET process (accompanied with CS for-
mation) is strongly dependent on a conformational parame-
ter (q 1). Consequently, other potentially interesting related
photophysical features such as luminescence can also be
controlled by q 1.[52]


Comparison of 2-bpy(64–85) and 1-bpy(86)/1-tpy(79): Inter-
estingly, when comparing [1-bpy(86)]� to [2-bpy(64–85)]� ,
one can note that in spite of a sizable increase of the spin
density on L–A (by ca. 10 %), the cumulated spin density on
the two A groups dramatically decreases by about 53 %.
More strikingly, when comparing the spin density on A
within [1-bpy(86)]� with the one located on the A group of
[2-bpy(64–85)]� with almost the same q 1 angle (858), the de-
crease is about one order of magnitude. The absolute spin
density located on the acceptor groups represents no more
than about 7.5 % of the overall spin density located on L–A
(0.951 a.u.), which sharply differs from the situation of [1-
bpy(86)]� where this proportion reaches about 17.5 % (over
0.851 a.u.) moreover with a single acceptor unit.


Furthermore, spin density patterns on the L–A ligand
within [1-tpy(79)]� and [2-bpy(64–85)]� are very similar,


Figure 10. Variation of the relative spin density (SD) distributions over A
and L moieties of L–A embedded within [1-bpy(q 1]� as a function of q 1.
Spin densities are normalized with respect to the corresponding total spin
density calculated for L–A.
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thus suggesting that the poor luminescence properties of *P
within *[2-bpy] are very likely due to strong substituent ef-
fects exerted by the two acceptor groups and are well ac-
counted by energy gap law. The main difference between
these two species stems from the fact that, in the case of 2-
bpy, there is no unfavorable interplay between the intrinsi-
cally poorly emissive 3MLCT state (due to energy gap law)
and a closely lying non-radiative deactivation pathway
ligand field in nature, as for 1-tpy. Indeed, in the latter case,
the removal of this 3MC state due to the inductive through s


bond (P–A linkage) mediated electron-withdrawing effect
did result in improved photophysical properties despite
energy gap law.


General comments : We have shown that a strong intramo-
lecular electronic coupling is not incompatible with occur-
rence of PET processes eventually resulting in CS-state for-
mation. To some extent, this behavior is reminiscent of the
function of a photoactive molecular wire.[8c,e, 53] For electron
molecular wires such as symmetrical mixed-valence com-
plexes,[54] the initial (ground) state is different from the final
(ground) one, hence the notion of transfer. In the present
case, the final state is the same as the initial one (the unique
ground state) and the concept of transfer is valid for the ex-
cited state only. Such an operation is therefore closely
linked to a localized description of photo-triggered phenom-
ena. Electron transfer proceeds according to a stepwise
manner by hopping from one localized excited state to an-
other. In that sense, by undergoing a directional PET proc-
ess, 1-bpy constitutes an improvement as compared to both
1-tpy[10a] and 1-phen.[20] In the latter case, worth described
with a delocalized model, no such transfer nor CS formation
occurs.[20] It remains nonetheless that, when formed, the CS
state is very short-lived due to the strong intramolecular
electronic coupling (case of 1-bpy). On the basis of issues
herein reported, in a further step, efforts should therefore
be directed toward slowing down CR while speeding up the
forward ET (CS formation), which should be achieved by
making the CS formation significantly exergonic. Such a
challenging objective is realistic even with compact covalent
assemblies, without any spacer element as such, and at least
when intramolecular electronic coupling is weak. A famous
and quite unique illustration concerns RuII/OsII complexes
of polycyclic aromatic dppz (dipyrido[3,2-a :2’,3’-c]phena-
zine) and related ligands, including bridging derivatives.
These planar fully conjugated and structurally made-in-one-
piece species actually exhibit electronic properties of bipar-
tite molecules comprising a chromophoric phen subunit
(part of P) and a phenazine-like electron-acceptor unit (A)
in the typical case of dppz.[55–59] Within one of these systems,
a long-lived CS state of about 1.3 ms could be obtained.[16]


Also, very recently, Fukuzumi and co-workers[60] succeeded
in reaching hundreds of ms timescale for CS lifetimes within
a dyad based on weakly coupled Zn–porphyrin (P/D) and
C60 (A) as well as in a purely organic bipartite molecule
build up of mesityl (P/D) and methyl-acridinium (A) moiet-
ies. However, in spite of these recent advances towards ultra


long-lived CS states, still the very detailed working mode of
these compact dyads has to be elucidate.[61]


The promising “compact approach” requires at one and
the same time a particularly fine-tuning of electronic proper-
ties and a precise control of intramolecular geometry to
slow down backward ET (charge recombination). It�s a
matter of fact that, on one hand, RuII/OsII oligopyridyl com-
plexes are very well documented from viewpoint of MLCT
manipulation and, on the other hand, triarylpyridinium elec-
tron-acceptor units reveal chemical versatility, which allows
both structural and electronic engineering. Therefore, we
are currently continuing our effort in the conception of com-
pact architectures, in parallel with more conventional ap-
proach to long-lived CS-state formation based on long-range
ET within nanosize redox cascades.[10, 28] Also, the study of
such molecular objects should help in identifying actual de-
termining parameters that govern slow charge recombina-
tion, beyond classical guidelines of well-established ET
theory.[61,62]


Another aspect of the present work that deserves to be
emphasized is the advantage that could be taken of the
marked sensitivity of photophysical properties displayed by
particular assemblies herein studied to changes of intramo-
lecular conformation (q 1). This strong dependence is ascri-
bed to the combined effects of the compact arrangement of
P and A units (that allows the resulting P-(q 1)-A dyad to be
fully conjugated) and of the closely lying (even isoenergetic)
[3P*–A] (i.e. , 3MLCT level) and *[P+–A�] (i.e. , CS state) po-
tential excited states. Depending on whether q 1 approaches
90 or 08, [3P*–A] and then *[P+–A�] states or a single
“super-3MLCT” state (from formally merged [3P*–A] and
*[P+–A�] levels) are produced upon light-excitation of P
within P-(q 1)-A. In the former case, a side effect of CS for-
mation is the concomitant quenching of the luminescence of
*P.[63] Thus, it appears that the emission properties of P
within P-(q 1)-A type of supermolecules can be conforma-
tionally switched. Attempts towards switching effects with
respect to electron transport, similarly produced on the sole
basis of conformational changes within electron wires, were
not entirely successful. As a matter of facts, electron trans-
fer/transport processes are not sensitive enough to this type
of parameter,[17e, 18b, 18c,19a] contrary to luminescence[52] under
proper conditions mentioned above.[64] A possible applica-
tion of such switching effects could be for an optical infor-
mation storage at the molecular level based on the lumines-
cence of *P.[65] Also, the derived possibility of a conforma-
tional tuning of nonlinear two-photon absorption process-
es[66] that could be use for molecule-based photonic materi-
als should be investigated inasmuch the type of compounds
studied are also known to exhibit NLO properties.[67,68]


Conclusion


The localized description of a dyad system moreover capable
of undergoing an intercomponent, that is, a directional PET
process, fruitfully accounts for the photophysical behavior of
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*[1-bpy] despite the strong intramolecular electronic cou-
pling. On the contrary, *[1-phen] is worth considered as
being a “large molecule” (versus “supramolecular spe-
cies”)[8e] best described in terms of excited-state electron de-
localization over the phen-pyridinium superligand with en-
hanced emission properties shown to originate from corre-
sponding “super-3MLCT” level. Also, it is demonstrated
here, by comparing the borderline cases of these closely af-
filiated complexes, that the emission properties of *P can be
conformationally switched by changing the dihedral angle
(08 !


q 1!908) between the chromophoric part of a ligand
(bpy) and its directly connected electron-accepting moiety
within the compact P-(q 1)-A supermolecule (e.g. *[1-
bpy(q 1)]).


Experimental Section


General experimental details : Electronic absorption spectra were mea-
sured on a Perkin–Elmer Lambda 9 spectrophotometer. 1H NMR spectra
were recorded on a Bruker ARX 250 spectrometer. For inorganic com-
pounds (racemic heteroleptic complexes), unless otherwise specified (i.e.,
label DMBP stands for Me2bpy ancillary ligands), 1H assignments refer
to the derivatized bpy ligands (4-nitro-bpy, 4,4’-dinitro-bpy, A1-bpy, A2-
bpy, including native bpy). Elemental analyses were performed at the In-
stitut de Chimie des Substances Naturelles, France. ESI(+) mass spectra
(solvent, acetonitrile) were recorded with a LCQ-advantage (ThermoFin-
nigan) mass spectrometer.


Chemicals : High-purity commercial reagent grade products were used
without further purification, including the ligands bpy and Me2bpy
(DMBP), which were obtained from Aldrich Chemicals Co. Ltd. Ligands
NO2-bpy,[69, 70a] (NO2)2-bpy[70] and organic precursors NH2-bpy[71, 72] and
(NH2)2-bpy[72] as well as the complex precursor [(dmbp)2RuCl2],[73] were
synthesized following the literature methods.


Ligand [H3TP+-bpy](HSO4) (A1-bpy): The ligand was prepared by fol-
lowing a modification of the literature method for the synthesis of
H3TP+-tpy analogue.[10b] A mixture of NH2-bpy (0.19 g, 1.11 mmol),
2,4,6-triphenylpyrylium hydrogen sulfate (0.677 g, 1.66 mmol, 1.5 equiv)
and anhydrous sodium acetate (1.0 g) in EtOH (20 mL) was heated
under reflux for 16 h. After evaporation of the solvent in a Rotavapor,
the product was extracted from the solid with CH2Cl2 and purified by
column chromatography over basic alumina by using a mixture of eluents
with an increasing gradient of polarity: EtOAc/CH2Cl2 100:0 ! 0:100
and then CH2Cl2/EtOH 99:1 ! 50:50. The pure product was obtained as
a white solid (0.352 g, 55.8 %). 1H NMR (250 MHz, CD3CN): d = 8.60
(br d, 3J =4.0 Hz, 1H; H3’), 8.50 (d, 3J=5.4 Hz, 1 H; H6), 8.48 (s, 2H; H8),
8.36 (d, 4J =1.9 Hz, 1H; H3), 8.28 (d, 3J =8.0 Hz, 1 H; H6’), 8.15 (dd, 3J=


7.7, 4J=1.8 Hz, 2 H; H9), 7.87 (td, 3J(H5’H6’) � 3J(H5’,H4’)= 7.8,
4J(H5’,H3’)=1.7 Hz, 1 H; H5’), 7.72 (m, 3 H; H10, H11), 7.44 (m, 11H; H12,
H13, H14, H4’), 7.35 ppm (dd, 3J= 5.3, 4J =1.9 Hz, 1H; H5); elemental anal-
ysis (%) calcd for C33H25N3SO4·0.5 H2O: C 69.70, H 4.61, N 7.39; found:
C 69.95, H 4.60, N 7.03; ES-MS: m/z : 462.3 [M�HSO4


�]+ .


Ligand [(H3TP+)2-bpy](BF4)2 (A2-bpy): The procedure was similar to
that described for A1-bpy, by using (NH2)2-bpy (0.158 g, 0.85 mmol),
2,4,6-triphenylpyrylium tetrafluoroborate (1.010 g, 2.55 mmol, 3 equiv)
and anhydrous sodium acetate (1.0 g) in EtOH (30 mL) heated to reflux
for 20 h. At room temperature, the white precipitate was filtered off and
washed with EtOH (2 � 10 mL). The product was extracted from the solid
with CH2Cl2 (4 � 50 mL), and the solvent was evaporated, affording pure
A2-bpy ligand as white needles (0.645 g, 79 %). 1H NMR (250 MHz,
CD3CN): d = 8.46 (s, 4H; H8), 8.41 (d, 3J =5.2 Hz, 2H; H6), 8.14 (m,
6H; H9, H3), 7.72 (m, 6 H; H10, H11), 7.40 (m, 22 H; H12, H13, H14, H5); ele-
mental analysis (%) calcd for C56H40N4B2F8·H2O: C 70.02, H 4.41, N
5.83; found: C 69.94, H 4.53, N 5.53; ES-MS: m/z : 855.3 [M�BF4


�]+ .


Complex [(dmbp)2Ru(bpy)](PF6)2 (0-bpy): bpy (0.243 g, 1.56 mmol,
1.2 equiv) and 1,2-ethanediol (40 mL) were added to a solution of
[(dmbp)2RuCl2] (0.7 g, 1.295 mmol) in CH2Cl2 (20 mL), and the mixture
was heated at 110 8C for 20 h under inert atmosphere (Ar). After the
mixture had cooled, EtOH (10 mL), H2O (40 mL) were added together
with an excess of NH4PF6 salt (2.11 g, 12.95 mmol, 10 equiv/Ru), while
vigorously stirring, for the precipitation of the complex. The product was
filtered off, washed successively with H2O, EtOH, and Et2O, to give an
orange powder which was purified by column chromatography over basic
alumina by using an eluent of increasing polarity: CH2Cl2/acetone 100:0
! 0:100. The final recrystallization was performed by slow diffusion of
Et2O in a concentrated acetonitrile solution of the complex, affording 0-
bpy as deep orange crystals (1.04 g, 86 %). The racemic mixture (L + D)
was not resolved. 1H NMR (250 MHz, CD3CN): d = 8.48 (d, 3J(H3H4)=


8.2 Hz, 2H; H3), 8.35 (s, 4H; H3,DMBP), 8.04 (td, 3J(H4,H3) � 3J(H4,H5)=


8.1, 4J(H4,H6)=1.1 Hz, 2H; H4), 7.74 (d, 3J(H6,H5)=5.4 Hz, 2H; H6),
7.54 (d, 3J(H6,DMBP,H5,DMBP)=5.7 Hz, 2H; H6,DMBP) + 7.53 (d,
3J(H6,DMBP,H5,DMBP)= 5.7 Hz, 2H; H6,DMBP), 7.39 (t, 3J(H5,H6) � 3J(H5H4)=


6.6 Hz, 2 H; H5), 7.23 (d + d, 3J(H5,DMBP,H6,DMBP) �5.0 Hz, 2H + 2H;
H5,DMBP), 2.54 ppm (s, 12 H; HMe,DMBP); elemental analysis (%) calcd for
C34H32N6RuP2F12·H2O: C 43.74, H 3.67, N 9.00; found: C 43.89, H 3.66, N
9.05; ES-MS: m/z : 771.1 [M�PF6


�]+ , 313.2 [M�2PF6
�]2+ .


Complex [(dmbp)2Ru(bpy-tph3
+)](PF6)3 (1-bpy): A procedure similar to


that reported for 0-bpy was followed, by using [(dmbp)2RuCl2] (0.159 g,
0.295 mmol) dissolved in CH2Cl2 (4 mL), [H3TP+-bpy](HSO4)·0.5 H2O
(0.201 g, 0.354 mmol, 1.2 equiv) and 1,2-ethanediol (40 mL). The mixture
was heated at 110 8C for 20 h under Ar. After standard work-up for puri-
fication including metathesis, the product was subsequently purified by
column chromatography over basic alumina, first eluting with CH2Cl2/
acetone using a gradient of acetone (up to 100 %), second with CH3CN
and finally with a saturated CH3CN solution of NH4PF6. After removal
of the salt in excess, the product was four times recrystallized by slow
vapor diffusion of Et2O in a solution of the complex in acetone. The final
crystallization was performed by slow diffusion of Et2O in a concentrated
acetonitrile solution of the complex, giving dark red crystals (0.189 g,
46.3 %). The racemic mixture (L + D) was not resolved. 1H NMR
(250 MHz, CD3CN): d = 8.58 (d, 4J(H8b,H8a)=1.9 Hz, 1 H; H8b), 8.53 (d,
4J(H8a,H8b)=2.0 Hz, 1H; H8a), 8.35 (br s, 2 H; H3C,DMBP, H3D,DMBP), 8.31
(br s, 1H; H3A,DMBP), 8.30 (br s, 1 H; H3B,DMBP), 8.19 (m, 3H; H9a, H3, H9b),
8.04 (m, 2H; H3’, H4’), 7.74 (m, 3H; H10, H11), 7.66 (d, 3J(H6’,H5’) =5.5 Hz,
1H; H6’), 7.57 (m, 7 H; H6C,DMBP, H14b, H13b, H12b, H6), 7.41 (t, 3J(H5’,H4’) �
3J(H5’,H6’)=5.6 Hz, 1 H; H5’), 7.36 (d, 3J(H6B,DMBP,H5B,DMBP)=6.0 Hz, 1 H;
H6B,DMBP), 7.24 (m, 8H; H5D,DMBP, H5A,DMBP, H14a, H12a, H5C,DMBP, H6A,DMBP,
H5B,DMBP), 7.08 (m, 3 H; H5, H13a), 6.97 (d, 3J(H6D,DMBP,H5D,DMBP) =5.8 Hz,
1H; H6D,DMBP), 2.65 (s, 3 H; HMeA,DMBP), 2.58 (s, 3 H; HMeD,DMBP), 2.54 (s,
3H; HMeC,DMBP), 2.51 ppm (s, 3H; HMeB,DMBP); elemental analysis (%)
calcd for C57H48N7RuP3F18·H2O: C 49.43, H 3.64, N 7.08; found: C 49.66,
H 3.68, N 7.09; ES-MS: m/z : 1222.2 [M�PF6


�]+ , 538.6 [M�2PF6
�]2+ ,


310.9 [M�3PF6
�]3+ .


Complex [(dmbp)2Ru(bpy-(tph3
+)2)](PF6)4 (2-bpy): The synthetic


method is the same as the one reported for 1-bpy, using [(dmbp)2RuCl2]
(0.18 g, 0.333 mmol) in CH2Cl2 (4 mL) and [(H3TP+)2-bpy](BF4)2·H2O
(0.384 g, 0.4 mmol, 1.2 equiv) in CHCl3 (10 mL) to give the pure 2-bpy
compound as dark brown crystals (0.163 g, 26.4 %). The racemic mixture
(L + D) was not resolved. 1H NMR (250 MHz, CD3CN): d = 8.60 (d,
4J(H8b,H8a)=1.9 Hz, 2 H; H8b), 8.55 (d, 4J(H8a,H8b) =1.9 Hz, 2H; H8a),
8.32 (br s, 4H; H3A,DMBP, H3B,DMBP), 8.17 (d, 3J(H9(a+b),H10)=6.8 Hz, 4 H;
H9a, H9b), 7.75 (m, 10H; H10, H11, H3, H14b), 7.59–7.42 (m, 12H; H13b,
H12b, H6, H6B,DMBP), 7.31 (m, 4 H; H5A,DMBP, H14a), 7.20 (br d, 8 H; H12a, H5,
H5B,DMBP), 7.11 (t, 3J(H13a,H12a) � 3J(H13a,H14a)=7.6 Hz, 4H; H13a), 6.58 (d,
3J(H6A,DMBP,H5A,DMBP)=5.8 Hz, 2H; H6A,DMBP), 2.71 (s, 6H; HMeA,DMBP),
2.52 ppm (s, 6H; HMeB,DMBP); elemental analysis (%) calcd for
C80H64N8RuP4F24·2H2O: C 51.82, H 3.70, N 6.04; found: C 51.74, H 3.66,
N 6.01; ES-MS: m/z : 1673.1 [M�PF6


�]+ , 764.1 [M�2PF6
�]2+ , 461.1


[M�3PF6
�]3+ , 309.7 [M�4PF6


�]4+ .


Complex [(DMBP)2Ru(bpy-NO2)](PF6)2 (3-bpy): This complex was syn-
thesized and purified following a procedure adapted from the one de-
scribed for 0-bpy. To a solution of [(dmbp)2RuCl2] (0.23 g, 0.426 mmol) in


Chem. Eur. J. 2005, 11, 3711 – 3727 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3723


FULL PAPERPhotoinduced Processes



www.chemeurj.org





CH2Cl2 (5 mL), NO2-bpy (0.103 g, 0.511 mmol, 1.2 equiv) and EtOH
(45 mL) were added, and the mixture was heated to reflux for 20 h under
inert atmosphere (Ar). After the mixture had cooled, H2O (55 mL) and
an excess of NH4PF6 salt (0.350 g, 2.13 mmol, 5 equiv/Ru) were added,
whilst vigorously stirring, to precipitate the complex. The product was fil-
tered off, washed successively with H2O, EtOH, and Et2O, to give a dark
red/violet solid. The product was purified by column chromatography
over basic alumina by using an eluent of increasing polarity: EtOAc/
CH2Cl2 100:0 ! 0:100, then with a mixture of CH2Cl2/acetone 100:0 !
0:100. The final recrystallization was performed by slow diffusion of
Et2O in a concentrated acetonitrile solution of the complex, affording
pure 3-bpy as a dark red-violet microcrystalline solid (0.27 g, 65 %). The
racemic mixture (L + D) was not resolved. 1H NMR (250 MHz,
CD3CN): d = 9.12 (d, 4J(H3,H5)=2.0 Hz, 1H; H3), 8.73 (d, 3J(H3’,H4’) =


8.1 Hz, 1H; H3’), 8.39 (s, 4H; H3,DMBP), 8.12 (m, 2H; H6, H4’), 7.99 (dd,
3J(H5,H6)= 6.2 Hz, 4J(H5,H3) =2.2 Hz 1H; H5), 7.81 (d, 3J(H6’,H5’)=


5.3 Hz, 1H; H6’), 7.51 (m, 5H; H5’, H6,DMBP), 7.26 (m, 4H; H5,DMBP), 2.57
(s, 6 H; HMe,DMBP), 2.56 ppm (s, 6H; HMe,DMBP); elemental analysis (%)
calcd for C34H31N7O2RuP2F12·H2O: C 41.73, H 3.40, N 10.02; found: C
41.38, H 3.67, N 9.84; ES-MS: m/z : 816.0 [M�PF6


�]+, 335.7 [M�2PF6
�]2+.


Complex [(DMBP)2Ru(bpy-(NO2)2)](PF6)2 (4-bpy): The synthetic
method was the same as the one reported for 3-bpy, by using
[(dmbp)2RuCl2] (0.21 g, 0.389 mmol) in CH2Cl2 (5 mL) and (NO2)2-bpy
(0.115 g, 0.467 mmol, 1.2 equiv), to give the pure 4-bpy compound as
dark brown crystals (0.189 g, 47.5 %). The racemic mixture (L + D) was
not resolved. 1H NMR (250 MHz, CD3CN): d = 9.39 (d, 4J(H3,H5)=


2.1 Hz, 2 H; H3), 8.41 (s, 2H; H3,DMBP) + 8.40 (s, 2H; H3,DMBP), 8.18 (d,
3J(H6,H5)= 6.3 Hz, 2H; H6), 8.09 (dd, 3J(H5,H6)=6.3 Hz, 4J(H5,H3)=


2.2 Hz 2 H; H5), 7.50 (d, 3J(H6,DMBP,H5,DMBP) =5.8 Hz, 2H; H6,DMBP) +


7.46 (d, 3J(H6,DMBP,H5,DMBP) =5.8 Hz, 2 H; H6,DMBP), 7.33 (d,
3J(H5,DMBP,H6,DMBP)= 5.8 Hz, 2H; H5,DMBP) + 7.26 (d,
3J(H6,DMBP,H5,DMBP)= 5.6 Hz, 2H; H6,DMBP), 2.59 (s, 6H; HMe,DMBP),
2.56 ppm (s, 6 H; HMe,DMBP); elemental analysis (%) calcd for
C34H30N8O4RuP2F12·H2O: C 39.89, H 3.15, N 10.95; found: C 40.10, H
3.38, N 10.67; ES-MS: m/z : 861.0 [M�PF6


�]+ , 358.1 [M�2PF6
�]2+ .


X-ray Crystal structure determinations : Crystals of inorganic compounds
(1-bpy and 2-bpy) were grown by slow diffusion of diethyl ether into ace-
tonitrile solutions of the complexes whereas single crystals of A2-bpy
were obtained by slow evaporation of an acetonitrile solution of the or-
ganic ligand. Intensity data were collected for A2-bpy, 1-bpy and 2-bpy
on a Bruker-Nonius Kappa CCD diffractometer (MoKa, l=0.71069 �,
graphite monochromator) with sample-to-detector distances of 40 mm.
They covered the whole sphere of reciprocal space by rotating in phi
about 18. Frames were integrated and corrected for Lorentz and polariza-
tion effects using DENZO. The scaling as well as refinements of cell pa-
rameters were performed by SCALEPACK. The structures were solved
by direct methods and refined by full-matrix least squares based on F 2 by
using the SHELXTL-PLUS program. Hydrogen atoms were included in
calculated positions according to a riding model. No hydrogen atom was
introduced for solvent molecules in the structures of the two complexes.


CCDC-184 581 (1-bpy), -254 423 (2-bpy) and -254 422 (A2-bpy) 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


Crystal data for 1-bpy : (C57H48N7Ru)·3(PF6)·0.5(C4H10O), M =1404.07,
triclinic, P1̄, a=11.8592(1), b=15.5583(3), c=19.5193(4) �, a=


101.344(1), b =95.037(1), g=111.568(1)8, V=3232.7(2) �3, Z=2, 1calcd =


1.435 gcm�3, m =0.41 mm�1; T =293 K, 27858 observed reflections
(2qmax =528, R(int) = 0.07). Crystal dimensions: 0.38 � 0.28 � 0.25 mm. A
two-fold orientational disorder was evidenced for the 3 PF6 anions, their
major populations coefficients were refined to 0.842, 0.756 and 0.866, re-
spectively. Appropriate restraints were defined (s =0.03). Due to a pro-
nounced disorder, the populations of the diethyl oxide carbon atoms
were fixed to 0.5 or 0.25. Similarity, planarity, and bond lengths restraints
were applied to the complex (s =0.03). Anisotropic least-square refine-
ments were carried out for all non-hydrogen atoms, except for the minor
populations of the PF6 anions and for the carbon atoms of the Et2O mol-
ecule, which were refined isotropically. Refinements: R[F 2 > 2s(F 2)]=


0.0692, R (all data) =0.1892, wR2 (all data) = 0.1403, S =1.038 for 12 634
independent reflections, 2283 restraints and 852 parameters, largest peak/
hole 0.42/�0.29 e��3.


Crystal data for 2-bpy : (C80H64N8Ru)·4(PF6)·5(CH3CN)·1.5(H2O), M=


2032.49, triclinic, P1̄, a =14.8025(2), b=16.5875(2), c =20.5806(2) �, a=


69.724(1), b =78.565(1), g= 83.956(1)8 ; V=4642.5(16) �3, Z=2, 1calcd =


1.454 gcm�3, m= 0.335 mm�1, T= 140.0(5) K, 119 099 observed reflections
(2qmax =638, R(int) =0.054). Crystal dimensions: 0.22 � 0.12 � 0.08 mm.
Bond lengths (s =0.02), and similarity (s=0.04) restraints were applied
to the whole complex. The pyridine and phenyl rings were restrained to
C6h symmetry (s =0.2). Isotropic (s= 0.03), and bond lengths (s=0.03)
restraints were applied to the counter-anions and to the solvent mole-
cules. The fluorine atoms of two PF6 counter-anions are disordered, in
one case four, and in the other all six fluorine atoms are distributed over
two positions. All cocrystallized solvent molecules except one acetonitrile
molecule are disordered or have partial occupancy. It was also necessary
to define three water positions close to an acetonitrile to fit the electronic
density. Three acetonitrile and all water molecules were refined with iso-
tropic atomic displacement parameters. Refinements: R[F 2 > 2s(F 2)]=


0.088, R (all data) =0.118, wR2 (all data) =0.253, S=1.65 for 29 332 data,
3675 restraints and 1326 parameters. Final difference Fourier synthesis
shows two maxima (2.0 and 1.2 e ��3) close (0.66 and 0.78 �) to the posi-
tion of the Ru atom, similarly to the crystal structure of a previously re-
ported tetracationic bis-terpyridyl ruthenium complex P1A2/Ru.[10b] This
feature may indicate that the crystal contain a minor twin component.
The next maxima of residual electronic densities stand in the expected
range (<1 e��3).


Crystal data for A2-bpy : (C56H40N4)·2(BF4)·2(CH3CN)·1/8(H2O), M=


1026.65, triclinic, P1̄, a =14.9050(3), b=18.0678(3), c =20.8380(5) �, a=


110.465(1), b=89.874(2), g =101.083(2)8 ; V =5146.54(18) �3, Z =4,
1calcd =1.325 gcm�3, m =0.098 mm�1, T=150.0(5) K, 55 596 observed re-
flections (2qmax =508, R(int) =0.075). Crystal dimensions: 0.25 � 0.22 �
0.20 mm. The asymmetric unit is made up of two bis-acceptor ligands
that show weak geometrical dissimilarities. Among the four BF4 counter-
anions, all but one are disordered, whereas the four independent acetoni-
trile molecules are well ordered. An isolated maximum of electronic den-
sity was attributed to a water molecule with partial occupancy, its popula-
tion refine to 1=4. Similarity, planarity, and bond lengths restraints were
applied to the ligands (s=0.03), and to the counter-anions (s=0.02), ace-
tonitrile bond lengths were restrained to standard target values (s=


0.03). The positions of the nitrogen atoms on the bipyridine were unam-
biguously determined. Refinements: R[F 2 > 2s(F 2)]=0.092, R (all
data) =0.157, wR2 (all data) = 0.241, S=1.13 for 18 113 data, 2564 re-
straints and 1465 parameters, largest peak/hole 0.70/�0.51 e��3.


Electrochemical measurements : The electrochemical experiments were
carried out with a conventional three-electrodes cell (solution volume of
15 mL) and a PC-controlled potentiostat/galvanostat (Princeton Applied
Research Inc. model 263 A). The working electrode was a vitreous
carbon electrode from Radiometer-Tacussel exposing a geometrical area
of 0.071 cm2 and mounted in Teflon. The electrode was polished before
each experiment with 3 and 0.3 mm alumina pastes followed by extensive
rinsing with ultrapure Milli-Q water. Platinum wire was used as counter
electrode and saturated calomel electrode, SCE, as reference electrode.
Electrolytic solutions, acetonitrile containing tetrabutylammonium tetra-
fluoroborate 0.1m (TBABF4, Aldrich, + 99%) as supporting electrolyte,
were routinely deoxygenated by argon bubbling. All the potential values
are given versus the calomel saturated electrode SCE. Cyclic voltammet-
ric data were used to estimate formal potentials E1=2


as (Epa + Epc)/2,
where Epa and Epc are the anodic and cathodic peak potentials related to
the considered redox process.


Photophysical properties : The uncorrected emission spectra were ob-
tained with a Jobin Yvon Spex Fluorolog FL 111 spectrofluorimeter.
Emission quantum yields for argon-degassed acetonitrile solutions of the
complexes were determined relative to an acetonitrile solution of [Ru-
(bpy)3]


2+ by using Fem =6.2� 10�2 as a reference.[74] Excitation spectra
were corrected from the lamp spectrum. The optical density of each so-
lution was adjusted to 0.1 at the excitation wavelength.
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Excited state lifetimes were determined by laser flash spectroscopy.
Briefly, the nanosecond setup is based on an excimer laser (Lambda
Physik EMG 100, 308 nm pulses of duration 10 ns and energy 150 mJ),
which was used as excitation source. The detection system consisted of a
Jobin Yvon H25 monochromator, a Hamamatsu R955 photomultiplier
and a Le Croy 9362 digital oscilloscope. The laser intensity was attenuat-
ed to avoid biphotonic effects. The analysis was carried out within the
first millimeter of the sample excited by the laser pulse, using quartz cells
of 1 cm path length (room temperature exp.). The optical density of sam-
ples was adjusted to 0.8 at the excitation wavelength of the laser (lexc =


308 nm). All photophysical properties have been determined in acetoni-
trile (Aldrich, 99.5 %, spectrophotometric grade) at room temperature
and in butyronitrile (Aldrich, 99+ %) at 77 K. At low temperature, we
used cylindrical quartz cells and the solutions were cooled in a quartz
Dewar containing liquid nitrogen. Solutions were deaerated either by
bubbling with argon (room temperature exp.) or by vacuum degassing
with successive freeze-pump-thaw cycles (low temperature exp.).


Computational method : All calculations were carried out by using the
Gaussian code.[75] A hybrid Hartree–Fock/density functional model, here-
after PBE0, was used throughout.[76] In this functional, derived from the
PBE,[77] the ratio of HF/DFT exchange is fixed a priori to 1=4.


[78] A double
x quality LANL2 basis[79] and corresponding pseudo-potential[80] was used
for all calculations. Such a level of theory was proven to provide reliable
results both for thermochemical and spectroscopic properties.[28] No sym-
metry constraints were applied and, in the case of reduced systems, unre-
stricted calculations were performed and spin contamination, monitored
by the S 2 expectation value, was found to be negligible. Unless otherwise
specified the X-ray crystallographic structures were used and counter-
anions were not taken into account.


When referring to spin density, Mulliken spin distributions are consid-
ered.
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Palladium(0)-Catalyzed Tandem Cyclization of Allenenes: Direct
Construction of Tricyclic Heterocycles through Aromatic C�H Activation


Hiroaki Ohno,* Kumiko Miyamura, Tsuyoshi Mizutani, Yoichi Kadoh, Yusuke Takeoka,
Hisao Hamaguchi, and Tetsuaki Tanaka*[a]


Introduction


Palladium-catalyzed C�H activation of an aromatic group
has received considerable attention in recent years due to
the wide variety of reactions that afford condensed ring sys-
tems by using a nonfunctionalized aryl group.[1,2,3, 4] In partic-
ular, tandem carbon–carbon bond formations through this
process are useful in that complex molecules can be directly
obtained in a single operation. Although palladium-cata-
lyzed monocyclization onto an aryl ring forming two,[5]


three,[6] or four carbon–carbon bonds[7] in a one-pot manner
is well documented, the tandem reaction involving a bis-cyc-
lization process is extremely rare. Grigg and co-workers re-
ported that an aryl halide bearing a carbon–carbon multiple
bond and an additional aryl group undergoes bis or tris cyc-
lization when treated with a palladium(0) catalyst.[8] More
recently, palladium(0)-catalyzed tandem cyclization of
alkyne-substituted phenyl iodide with a terminal alkyne to
form condensed aromatic rings was also reported.[9] In con-


trast, to the best of our knowledge, tandem carbon–carbon
bond formation including C�H activation of aromatic rings
by use of allenic compounds is unknown.


Currently, transition-metal-catalyzed cyclizations of al-
lenes are becoming an attractive approach for the construc-
tion of heterocycles.[10] Cyclizations of allenes of type 1 with
a nucleophilic functionality in the presence of a palladium
catalyst to give 3 or 4 are well documented (Scheme 1).[11,12]


Recently, cyclizations of bisallenes on treatment with silyl-
stannane and palladium(0) were independently reported by
two research groups.[13] Palladium(ii)-catalyzed oxidative
cyclization of allene-substituted alkenes and palladium(0)-
catalyzed cyclization of allenes bearing an allyl ester moiety
were reported by B�ckvall et al.[14,15] Furthermore, we re-
cently reported a novel palladium(0)-catalyzed cyclization
of allenenes giving 2,3-cis-pyrrolidines or 3-azabicyclo-
[3.1.0]hexanes.[16] However, palladium(0)-catalyzed tandem


Abstract: Palladium(0)-catalyzed
tandem cyclization of allenenes is de-
scribed. Treatment of allenenes with an
aryl halide, potassium carbonate, and
catalytic [Pd(PPh3)4] in dioxane afford-
ed tri- or tetracyclic heterocycles in
moderate to good yields through inser-
tion of arylpalladium(ii) halide into the


allenic moiety, intramolecular carbo-
palladation, and aromatic C�H bond
activation. The substituent on the


olefin terminus has proven to be essen-
tial for the success of the tandem cycli-
zation. The reaction with heterocyclic
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Scheme 1. Palladium(0)-catalyzed cyclization of allenes (Nu=nucleo-
phile, X =halide).
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cyclizations of an allene that contains an additional multiple
bond have scarcely been investigated.[17] We expected that
allenene 5 could undergo a tandem cyclization of the type
shown in Scheme 1, through insertion of arylpalladium(ii)
halide into an allenic moiety (step 1), carbopalladation onto
a carbon–carbon double bond (step 2), and aromatic C�H
activation of the resulting palladium(ii) intermediate 7 (step
3). Herein we present a full account of our investigation
into the palladium(0)-catalyzed tandem cyclization of alle-
nenes.[18]


Results and Discussion


Synthesis of requisite allenenes for the palladium-catalyzed
tandem cyclization : With a view to synthesizing nitrogen
heterocycles, we prepared allenenes of type 10 by reaction
of (E)-cinnamyl bromide with known amino allenes of type
9 (Scheme 2), which, in turn, were easily obtained from (S)-


amino acids through the diethylzinc-mediated reductive syn-
thesis of amino allenes catalyzed by palladium(0).[19] The
corresponding isomer (Z)-10 a and dimethylated allenene 11
were similarly prepared by treatment of 9 a with (Z)-cin-
namyl bromide[20] or 4-bromo-2-methylbut-2-ene, respective-
ly. Reaction of amino allenes of type 9 with racemic 3-bro-
mocyclohexene followed by separation of the resulting dia-
stereomixtures afforded (cyclohexenyl)amino allene deriva-
tives of type 12 and 13 in moderate to good yields.[21]


Tandem cyclization of allenenes with iodobenzene deriva-
tives : We recently reported that treatment of amino allene
derivatives of type 14 bearing an allyl group on the nitrogen
atom with an aryl halide and potassium carbonate in the
presence of [Pd(PPh3)4] affords 2,3-cis-pyrrolidines of type
17 through carbocyclization on the double bond of 15 and
subsequent b-hydride elimination of the resulting alkylpalla-
dium intermediate 16 (Scheme 3).[16b] It is apparent that in-
hibition of the b-hydride elimination from 16 is essential for
the success of the tandem cyclization and the aromatic C�H
activation.


In an initial experiment, we investigated the reaction of
known allenene 18[16] bearing a methyl group on the double
bond instead of the eliminative hydrogen atom (Scheme 4).


Unfortunately, the reaction of 18 is extremely slow to afford
the desired cyclized product 19 in only a 5 % yield with re-
covery of the starting material. However, this result clearly
shows that inhibition of the b-hydride elimination does pro-
mote the desired tandem cyclization onto an aryl group
through C�H activation, although in a low yield.


We next investigated the cyclization of allenenes of type
10 with a phenyl substituent at the 3’-position, as the intro-
duction of a substituent at the olefin terminus might impede
the required arrangement of the palladium center relative to
the hydrogen atom for b-hydride elimination to occur.[22, 23]


To our delight, allenene 10 a reacted with iodobenzene, po-
tassium carbonate, and a catalytic amount of palladium(0)
in dioxane to give a separable diastereomeric mixture of the
benzoisoindole derivatives 20 a and 21 a in moderate yields
(41 and 10 %, respectively; Table 1, entry 1). This is the first
example of a successful palladium(0)-catalyzed tandem cyc-
lization of allenenes. Introduction of an electron-donating


Scheme 2. Synthesis of requisite allenenes (Mts =2,4,6-trimethylphenyl-
sulfonyl). [a] Determined by 1H NMR spectroscopy.


Scheme 3. Palladium(0)-catalyzed pyrrolidine formation through b-hy-
dride elimination.


Scheme 4. Palladium(0)-catalyzed tandem cyclization of 2’-methylated al-
lenene 18.
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substituent such as a methyl and methoxy group at the 4-po-
sition of iodobenzene increased the reaction rate and slight-
ly improved the yields of the tricyclic products (entries 2


and 3).[24] However, the reaction with 2-iodoanisole (entry 5)
gave lower yields of the desired benzoisoindoles 20 e (36 %)
and 21 e (2 %), presumably due to the steric hindrance of


Table 1. Palladium(0)-catalyzed tandem cyclization of allenenes with iodobenzene derivatives.[a]


Entry Substrate ArI t [h] Product (yield)


1 10 a PhI 7.5 20 a : R =H (41 %) 21 a : R =H (10 %)
2 10 a 4-MePhI 7 20 b : R =11-Me (37 %) 21 b : R =Me (18 %)
3 10 a 4-MeOPhI 3.5 20 c : R =11-OMe (43 %) 21 c : R =OMe (20 %)
4 10 a 3-MeOPhI 5 20 da : R =10-OMe (19 %) 21 da : R =10-OMe (trace)


20 db : R= 12-OMe (17 %) 21 db : R= 12-OMe (trace)
5 10 a 2-MeOPhI 10 20 e : R =13-OMe (36 %) 21 e : R =13-OMe (2 %)


6[b] 10 b PhI 29 22 a : R =H (21 %) 23 a : R =H (14 %)
7 10 b 4-MeOPhI 13 22 b : R =OMe (32 %) 23 b : R =OMe (36 %)


8 10 c PhI 23 24 (30 %) 25 (24 %)


9[b,c] 10 d PhI 6 26 (34 %) 27 (7 %)


10 10 e 4-MeOPhI 3 28 (34 %) 29 (31 %)


11 10 f PhI 30 30 (16 %) 31 (35 %)


12[b] 11 PhI 28 32 a : R =H (42 %)
13 11 4-MeOPhI 30 32 b : R =OMe (45 %)


[a] Unless otherwise stated, reactions were carried out with [Pd(PPh3)4] (10 mol %), ArI (2 equiv), and K2CO3 (2 equiv) in dioxane under reflux. [b] In-
creased amounts of ArI (4 equiv) and K2CO3 (4 equiv) were used. [c] Considerable amount of unidentified products were obtained.
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the 2-anisyl group. It should be noted that, as we expected,
the reaction with 3-iodoanisole (entry 4) yielded two regio-
isomeric products, 10- and 12-methoxy derivatives 20 da
(19 %) and 20 db (17 %), respectively.


Similarly, other N-cinnamylamino allenes 10 b and 10 c
(entries 6–8) in which the a substituent is smaller, also react-
ed to afford the expected tricyclic products 22–25, although
prolonged reaction times were required. When allenene 10 d
with a bulky tert-butyl group on the a position to the allenic
moiety was used, the corresponding benzoisoindoles 26 and
27 were obtained in a relatively lower combined yield
(41 %). Similar to allenene 10 a (entries 1–5), allenene 10 e
bearing a branched alkyl group (sec-butyl) is more reactive
and gives the desired tricyclic products 28 and 29 in good
yields (65 % combined yields, entry 10). A Boc group
(Boc = tert-butoxycarbonyl) can also be used as the nitro-
gen-protecting group (entry 11). Interestingly, 3,7-cis isomer
31 predominated over its trans isomer 30 (30/31=16:35), al-
though the exact reason is unclear. Substituents other than a
phenyl group at the olefin terminus can also promote the
tandem cyclization. Thus, reaction of the N-(3,3-dimethylal-
lyl)amino derivative 11 yielded the expected cyclized prod-
ucts of type 32 with geminal dimethyl substitution at C8 in a
stereoselective manner (entries 12 and 13).


The cyclized products were fully characterized by
1H NMR, 13C NMR, NOE, and COSY spectroscopic analy-
ses, and the structure of 21 a was also confirmed by HMQC
and HMBC analyses. The configuration of the cyclized prod-
ucts were determined by NOE analyses (see the Supporting
Information). Although the combined isolated yields are
moderate (35–68 %) due to the formation of some undesired
byproducts, such as compounds 58 and 59[25] (see the Experi-
mental Section), the yields of the desired tricycic com-
pounds are synthetically acceptable as three carbon–carbon
bonds are successively formed in a single operation.


Next, the reaction of (Z)-cinnamyl derivative, (Z)-10 a,
was investigated (Scheme 5). Exposure of 10 a to the identi-


cal reaction conditions for 7.5 h yielded 33 (26 %) and 20 a
(16 %). It should be mentioned that isomer 33 was not de-
tected in the reaction of (E)-10 a (Table 1, entry 1). The cyc-
lization of (Z)-10 a for a prolonged reaction time (15 h) gave
33 and 20 a in essentially the same product ratio (33/20 a=


1.4:1), which strongly suggests that the reaction is kinetically
controlled.


In order to examine the scope of the tandem cyclization
as a useful synthetic method of various polycyclic com-


pounds, we investigated the reaction of N-cyclohexenyl de-
rivatives of type 12 (Scheme 6). Treatment of 12 a under the


standard cyclization conditions led to the formation of the
desired tetracyclic compound 34 a in a 49 % yield as a single
isomer. The structure of 34 a was confirmed by NMR analy-
sis, including NOE and COSY experiments. It is worth
noting that three stereogenic centers are newly created with
complete stereoselectivity. In contrast, the reaction of 13 a
(Scheme 2), the corresponding C1’ epimer to 12 a, gave a
complex mixture of unidentified products when exposed to
identical cyclization conditions, presumably due to steric
reasons. Allenenes 12 b and 12 c were cyclized into tetracy-
clohexadecatriene derivatives 34 b and 34 c, respectively, also
in a stereoselective manner. These results clearly demon-
strate the utility of our tandem cyclization as a novel
method for the synthesis of complex heterocycles.


Stereoselectivity and mechanism of the tandem cyclization :
In all cases listed in Table 1, the stereochemistry of the first
cyclization (which dictates the relative configuration at C3
and C4 in the product) was the opposite of that observed in
the pyrrolidine formation. As we have already described,[16b]


the observed 2,3-cis selectivity in the pyrrolidination is at-
tributed to an unfavorable steric interaction between
pseudo-axial protons and the phenyl group in 35
(Scheme 7). Thus, the ring formation would proceed prefer-
entially from the more abundant conformers 37 and/or 38 to
yield cis-pyrrolidine 39 as the sole isolable isomer.


Scheme 5. Palladium(0)-catalyzed tandem cyclization of (Z)-10a (see
Scheme 1 for abbreviations).


Scheme 6. Palladium(0)-catalyzed tandem cyclization of 12. [a] A mixture
of 12b and 13b (1:1) was used. Yield of 34 (51 %) is based on 12 b (see
Scheme 1 for abbreviations).


Scheme 7. Stereoselectivity of the monocyclization (PG=protecting
group =SO2Ar).
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Although the exact reason for the opposite stereoselectiv-
ity at the C3 position in the tandem cyclization is not clear,
it is apparent that the substituent at the olefin terminus
plays an important role in the stereoselectivity of the first
cyclization, not only in the inhibition of the b-hydride elimi-
nation. If the first cyclization proceeded with the same ster-
eoselectivity as the pyrrolidine formation, tricyclic com-
pounds 44 or 45 would be obtained through intermediate 40
or 41 (Scheme 8). In sharp contrast to intermediate 37 in the


pyrrolidination (Scheme 7), the upper side of intermediate
40 is highly sterically hindered because of the existence of a
phenyl group on the double bond. Furthermore, if the first
cyclization proceeded through intermediate 41, the second
cyclization step might be hampered by the relatively long
distance between the reaction sites, as shown in 43. The 2,3-
cis configuration of the minor products generated by the b-
hydride elimination[25] also supports the theory of the poor
reactivity of the alkylpalladium intermediate of type 43
toward the second cyclization. Accordingly, predominant
formation of the two diastereomers 50 and 51 through 46
and 47 is understandable.


Three possible mechanistic pathways for the final C�H
activation are shown in Scheme 9: 1) Intramolecular oxida-
tive addition of an aromatic C�H bond to palladium(ii) to
form palladium(iv) intermediate 53,[1] which gives the ben-
zoisoindoles 50 and 51 on loss of HI and subsequent reduc-
tive elimination (path A); 2) Carbopalladation onto the aryl
group in 52 would give the palladium(ii) intermediate 54, in
which the b hydrogen has an anti configuration to the palla-
dium atom. In most cases, the subsequent b-hydride elimina-
tion proceeds with the syn stereochemistry.[23] Accordingly,
the rearomatization to 50/51 might proceed through a facile


stereomutation furnishing the required syn elimination,[26]


presumably by the h3–h1–h3 mechanism of the allylpalladi-
um(ii) species.[27] In addition, the anti elimination might be
one rationalization for the rearomatization of 54 (path B);[28]


3) Alternatively, electrophilic attack by the palladium(ii) in-
termediate 52 onto the aromatic carbon would give cationic
intermediate 55, deprotonation of which and subsequent re-
ductive elimination would afford 50 or 51 (path C).[2]


If path C is the major reaction pathway, an electron-do-
nating methoxy substituent on the 3-position of the aryl
halide would strongly promote the second cyclization by sta-
bilizing the cationic intermediate 55. However, the tandem
cyclization with 3- and 4-iodoanisole gave similar results
(Table 1, entries 4 and 5), which indicates that the cation-
stabilizing effect of the methoxy group is relatively unimpor-
tant and that path C will not be the major reaction pathway.
At the present stage of our understanding, it is difficult to
determine which is the most favorable reaction course in
this case, as well as in related reactions.[3]


Tandem cyclization of allenenes with heteroaryl halides : Fi-
nally, we investigated the direct synthesis of tri- or tetracy-
clic heterocycles by using the tandem cyclization with hetero-
aromatic halides. The results are summarized in Table 2.
The reaction of allenene 10 a with 2-bromothiophene yield-
ed tricyclic products 56 a and 57 a in 59 % combined isolated
yields (entry 1). The cyclization using 3-bromofuran afford-
ed tricyclic furan 56 b as a single isolable diastereomer
(entry 2). The relatively low yield (31%) is due to instability
of 56b. We next investigated the reaction with bicyclic hetero-
aryl halides such as 4-bromo-1-methylindole and 3-bromo-
benzothiophene and found that these halides are good part-
ners for the tandem cyclization of allenene 10 a (entries 3


Scheme 8. Stereoselectivity of the tandem cyclization.


Scheme 9. Possible reaction pathways for the C�H functionalization.
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and 4). In most cases using heteroaryl halides, the reaction
proceeded smoothly to give the desired products even with
aryl bromides, presumably due to the electron-rich nature of
these heteroaryl rings. This trend is in good agreement with
the results for electron-rich iodobenzene derivatives (see
Table 1). In contrast, our results suffered from lower reactiv-
ities of 2-bromopyridine and chloropyrazine in the reaction


with 10 a, affording the desired
products in lower yields (30–
42 %) with some undesired by-
products after a prolonged re-
action time (30 h). This prob-
lem has been overcome by
using 2-iodopyridine (entry 5)
and iodopyrazine (entry 6) to
give 56 e and 56 f, respectively,
in moderate yields (49 and
62 %, respectively).


Conclusion


In conclusion, we have devel-
oped a novel tandem-cycliza-
tion reaction of allenenes for
the synthesis of tri- and tetracy-
clic heterocycles. We found that
inhibition of the b-hydride
elimination of the monocyclized
alkylpalladium(ii) intermediate
by introducing a substituent on
the double bond efficiently pro-
motes the second cyclization
onto an aromatic ring. This
study demonstrates that alle-
nenes can undergo a tandem
cyclization involving C�H acti-
vation of benzene or heteroaro-
matic rings such as thiophene,
furan, and indole, in the pres-
ence of a palladium(0) catalyst.
The tandem cyclization forming
three carbon–carbon bonds is
synthetically useful in that com-
plex heterocyclic skeletons can
be constructed from readily
prepared allenenes.


Experimental Section


General methods : All reactions were
carried out under a positive pressure
of argon, and glassware and syringes
were dried in an electric oven at
100 8C prior to use. THF was distilled
from sodium benzophenone ketyl
under N2. Other solvents and reagents


were used without further purification. Melting points are uncorrected.
1H NMR spectra (270, 300, or 500 MHz) were recorded using CDCl3 as
solvent. Chemical shifts are reported in parts per million downfield from
internal Me4Si (s = singlet, d =doublet, dd= double doublet, ddd=dou-
blet of double doublet, t= triplet, m =multiplet). For flash chromatogra-
phy, silica gel 60 (230—400 mesh, Merck) was employed. Known com-
pounds 9 a,[19b] 9b,[16b] 9c,[19b] 9 d,[16b] 9 e,[16b] 9 f,[16b] 18,[16b] and (Z)-cinnamyl
bromide[20] were synthesized according to the literature.


Table 2. Palladium(0)-catalyzed tandem cyclization of allenene 10 a with heteroaryl halides.[a]


Entry Substrate ArX t [h] Product (yield)


1 10a 8 56 a (47 %) 57 a (12 %)


2 10a 5 56 b (31 %) 57 b (trace)


3 10a 12 56 c (43 %) 57 c (6 %)


4 10a 6 56 d (45 %) 57 d (trace)


5[b] 10a 10 56 e (49 %)


6 10a 8 56 f (62 %)


[a] Unless otherwise stated, reactions were carried out with [Pd(PPh3)4] (10 mol %), ArI (2 equiv), and K2CO3


(2 equiv) in dioxane under reflux. [b] Increased amount of [Pd(PPh3)4] (20 mol %) was used.
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General procedure for the synthesis of allenenes


N-[(1S)-1-Isopropylbuta-2,3-dienyl]-2,4,6-trimethyl-N-[(E)-3-phenyl-2-
propenyl]phenylsulfonamide (10 a): A solution of 9 a (250 mg,
0.852 mmol) in DMF (2 mL) at 0 8C was added to a stirred suspension of
60% NaH (117 mg, 2.90 mmol) in DMF (3 mL), and the mixture was stir-
red for 10 min. (E)-Cinnamyl bromide (572 mg, 2.90 mmol) was added to
the mixture at 0 8C, and the mixture was stirred for 2 h at this tempera-
ture, followed by quenching with saturated NH4Cl (1 mL). All of this was
extracted with Et2O and the extract was washed with water and brine,
and dried over MgSO4. Concentration of the filtrate under reduced pres-
sure followed by flash column chromatography over silica gel with n-
hexane/EtOAc (40:1) gave allenene 10a as colorless crystals (372 mg,
99%). M.p. 73–74 8C; [a]22


D =++14.7 (c =0.075, CHCl3); 1H NMR
(300 MHz, CDCl3): d=0.92 (d, J=6.3 Hz, 3 H; CMe), 0.93 (d, J =6.3 Hz,
3H; CMe), 1.89–2.01 (m, 1H; Me2CH), 2.22 (s, 3 H; PhCH3), 2.63 (s, 6H;
2� PhCH3), 3.88–3.95 (m, 1 H; 1-H), 3.98 (dd, J =6.9, 1.5 Hz, 2H; 1’-
CH2), 4.71 (dd, J =6.9, 1.5 Hz, 2H; 4-CH2), 5.24 (dt, J =7.8, 6.9 Hz, 1 H;
2-H), 6.03 (dt, J =15.9, 6.9 Hz, 1 H; 2’-H), 6.34 (d, J =15.9 Hz, 1H; 3’-H),
6.88 (s, 2 H; Ph), 7.17–7.30 ppm (m, 5H; Ph); 13C NMR (75.5 MHz,
CDCl3): d= 20.1, 20.7, 20.8, 23.3 (2C), 30.5, 45.8, 63.2, 76.1, 88.9, 126.3
(2C), 126.9, 127.5, 128.4 (2C), 131.6, 131.9 (2C), 133.9, 136.5, 140.1 (2C),
142.2, 209.2 ppm; IR (KBr): ñ =1955 (C=C=C), 1322 (SO2N), 1155 cm�1


(SO2N); MS (FAB): m/z (%): 410 (24) [M++H], 366 (100); HRMS
(FAB): calcd for C25H32NO2S [M++H]: 410.2154; found: 410.2150.


N-[(1S)-1-Isobutylbuta-2,3-dienyl]-2,4,6-trimethyl-N-[(E)-3-phenyl-2-pro-
penyl]phenylsulfonamide (10 b): By using a procedure identical to that
described for the synthesis of 10 a, amino allene 9b (200 mg, 0.651 mmol)
was converted into allenene 10b (263 mg, 95 %). Colorless oil; [a]27


D =


�39.2 (c= 3.00, CHCl3); 1H NMR (500 MHz, CDCl3): d=0.74 (d, J=


6.1 Hz, 3H; CMe), 0.78 (d, J= 6.1 Hz, 3 H; CMe), 1.43–1.49 (m, 1H;
Me2CH), 1.56–1.61 (m, 2 H; Me2CHCH2), 2.23 (s, 3H; PhCH3), 2.63 (s,
6H; 2� PhCH3), 3.91 (dd, J=17.0, 6.7 Hz, 1H; 1’-CHH), 4.00 (dd, J=


17.0, 6.7 Hz, 1H; 1’-CHH), 4.31–4.35 (m, 1 H; 1-H), 4.73–4.80 (m, 2H; 4-
CH2), 5.29 (dt, J =6.1, 6.1 Hz, 1H; 2-H), 6.01 (dt, J =15.9, 6.7 Hz, 1H; 2’-
H), 6.33 (d, J =15.9 Hz, 1H; 3’-H), 6.90 (s, 2H; Ph), 7.05–7.29 ppm (m,
5H; Ph); 13C NMR (67.8 MHz, CDCl3): d=20.9, 22.1, 22.6, 23.1 (2C),
24.7, 41.6, 45.3, 53.5, 77.0, 90.5, 126.2 (2C), 127.0, 127.4, 128.3 (2C), 131.6,
131.8 (2C), 133.3, 136.5, 140.1 (2C), 142.3, 208.7 ppm; IR (KBr): ñ =1954
(C=C=C), 1319 (SO2N), 1153 cm�1 (SO2N); MS (FAB): m/z (%): 424
(14) [M++H], 117 (100); HRMS (FAB): calcd for C26H34NO2S [M++H]:
424.2310; found: 424.2308.


N-[(1S)-1-Benzylbuta-2,3-dienyl]-2,4,6-trimethyl-N-[(E)-3-phenyl-2-pro-
penyl]phenylsulfonamide (10 c): By using a procedure identical to that
described for the synthesis of 10 a, amino allene 9 c (250 mg, 0.732 mmol)
was converted into allenene 10c (338 mg, 99%). Colorless oil; [a]28


D =


�95.0 (c =1.38, CHCl3); 1H NMR (500 MHz, CDCl3): d=2.23 (s, 1H;
PhCH3), 2.64 (s, 6 H; 2� PhCH3), 2.96–3.05 (m, 2 H; PhCH2), 4.03–4.13
(m, 2H; 1’-CH2), 4.56–4.59 (m, 1H; 1-H), 4.77–4.79 (m, 2 H; 4-CH2), 5.35
(dt, J= 6.7, 6.7 Hz, 1H; 2-H), 6.07 (dt, J= 15.9, 6.7 Hz, 1H; 2’-H), 6.41
(d, J =15.9 Hz, 1H; 3’-H), 6.83 (s, 2H; Ph), 7.00–7.31 ppm (m, 10H; Ph);
13C NMR (67.8 MHz, CDCl3): d=20.9, 22.9 (2C), 39.2, 45.7, 56.9, 77.7,
90.0, 126.2, 126.3 (2C), 126.9, 127.5, 128.1 (2C), 128.4 (2C), 129.1 (2C),
131.9 (3C), 132.9, 136.5, 138.0, 140.3 (2C), 142.3, 209.0 ppm; IR (KBr):
ñ= 1954 (C=C=C), 1317 (SO2N), 1151 cm�1 (SO2N); MS (FAB): m/z
(%): 458 (14) [M++H], 117 (100); HRMS (FAB): calcd for C29H32NO2S
[M++H]: 458.2154; found: 458.2162.


N-[(1S)-1-(tert-Butyl)buta-2,3-dienyl]-2,4,6-trimethyl-N-[(E)-3-phenyl-2-
propenyl]phenylsulfonamide (10 d): By using a procedure identical to
that described for the synthesis of 10a, amino allene 9 d (200 mg,
0.651 mmol) was converted into allenene 10 d (227 mg, 82 %). Colorless
crystals; m.p. 86–88 8C; [a]21


D =++77.0 (c =0.865, CHCl3); 1H NMR
(270 MHz, CDCl3): d=1.01 (s, 9H; 3 � CMe), 2.16 (s, 3 H; PhCH3), 2.61
(s, 6H; 2 � PhCH3), 4.01 (dd, J =17.0, 7.1 Hz, 1H; 1’-CHH), 4.11 (dd, J=


17.0, 5.8 Hz, 1H; 1’-CHH), 4.27 (dt, J =8.9, 1.6 Hz, 1H; 1-H), 4.69 (dd,
J =6.8, 1.6 Hz, 2H; 4-CH2), 5.32 (dt, J =8.9, 6.8 Hz, 1H; 2-H), 5.92 (ddd,
J =16.0, 7.1, 5.8 Hz, 1 H; 2’-H), 6.83 (s, 2H; Ph), 7.09–7.27 ppm (m, 5 H;
Ph); 13C NMR (67.8 MHz, CDCl3): d =20.8, 23.5 (2C), 28.1 (2C), 37.3,
47.2, 65.9, 75.5, 86.6, 126.2 (2C), 126.9, 127.3, 128.2 (2C), 130.9, 131.8


(2C), 134.1, 136.4, 140.1 (2C), 142.1, 209.1 ppm; IR (KBr): ñ =1956 (C=


C=C), 1323, 1155 cm�1 (SO2N); MS (FAB): m/z (%): 366 (33) [M++H],
117 (100); HRMS (FAB): calcd for C26H34NO2S [M++H]: 424.2310;
found: 424.2319.


N-{(1S)-1-[(1S)-1-Methylpropyl]buta-2,3-dienyl}-2,4,6-trimethyl-N-[(E)-3-
phenyl-2-propenyl]phenylsulfonamide (10 e): By using a procedure iden-
tical to that described for the synthesis of 10a, amino allene 9e (100 mg,
0.325 mmol) was converted into allenene 10e (137 mg, 99%). Colorless
oil; [a]22


D =++2.49 (c=1.00, CHCl3); 1H NMR (500 MHz, CDCl3): d=0.79
(t, J =7.3 Hz, 3 H; CMe), 0.88 (d, J =6.1 Hz, 3 H; CMe), 0.90–0.91 (m,
1H; 2’’-CHH), 1.66–1.71 (m, 1 H; 1’’-H), 1.75–1.80 (m, 1 H; 2’’-CHH),
2.22 (s, 3 H; PhCH3), 2.62 (s, 6H; 2� PhCH3), 3.91–4.04 (m, 3 H; 1-H and
1’-CH2), 4.64–4.71 (m, 2 H; 4-CH2), 5.19 (ddd, J=7.4, 6.7, 6.7 Hz, 1H; 2-
H), 6.04 (ddd, J =15.9, 7.3, 7.3 Hz, 1 H; 2’-H), 6.34 (d, J=15.9 Hz, 1H; 3’-
H), 6.89 (s, 2 H; Ph), 7.19–7.29 ppm (m, 5H; Ph); 13C NMR (67.8 MHz,
CDCl3): d= 11.4, 16.7, 20.9, 23.4 (2C), 25.7, 37.1, 46.1, 62.1, 76.0, 88.6,
126.2 (2C), 126.8, 127.5, 128.3 (2C), 131.6, 131.9 (2C), 133.8, 136.4, 140.0
(2C), 142.2, 209.0 ppm; IR (KBr): ñ= 1952 (C=C=C), 1315 (SO2N),
1155 cm�1 (SO2N); MS (FAB): m/z (%): 424 (100) [M++H]; HRMS
(FAB): calcd for C26H34NO2S [M++H]: 424.2310; found: 424.2304.


N-[(1S)-1-Isopropylbuta-2,3-dienyl]-N-[(E)-3-phenyl-2-propenyl]-tert-bu-
tylcarbamate (10 f): By using a procedure identical to that described for
the synthesis of 10a, amino allene 9 f (100 mg, 0.473 mmol) was convert-
ed into allenene 10 f (124 mg, 80 %). Colorless oil; [a]26


D =�19.9 (c =1.31,
CHCl3); 1H NMR (300 MHz, CDCl3, 328 K): d=0.89–0.96 (m, 6 H; 2�
CMe), 1.44–1.49 (m, 9H; CMe3), 1.99–2.11 (m, 1H; Me2CH), 3.89–3.91
(m, 3 H; 1-H and 1’-CH2), 4.71 (dd, J=6.6, 1.5 Hz, 2H; 4-CH2), 5.26 (dd,
J =13.1, 6.6 Hz, 1H; 2-H), 6.14–6.24 (m, 1H; 2’-H), 6.42–6.48 (m, 1 H; 3’-
H), 7.17–7.34 ppm (m, 5H; Ph); 13C NMR (67.8 MHz, CDCl3, 328 K): d=


19.7, 20.6, 28.6 (3C), 30.9, 47.8, 62.9, 75.7, 79.7, 90.0, 126.2 (2C), 127.2,
127.3, 128.1 (2C), 131.4, 137.2, 155.4, 209.2 ppm; IR (KBr): ñ= 1955 (C=


C=C), 1693 cm�1 (C=O); MS (FAB): m/z (%): 328 (23) [M++H], 272
(100); HRMS (FAB): calcd for C21H30NO2 [M++H]: 328.2277; found:
328.2269.


N-[(1S)-1-(Isopropyl)buta-2,3-dienyl]-2,4,6-trimethyl-N-[(Z)-3-phenyl-2-
propenyl]phenylsulfonamide ((Z)-10 a): By using a procedure similar to
that described for the synthesis of 10 a, amino allene 9 a (200 mg,
0.682 mmol) was converted into, in the order of elution, (Z)-10a (107 mg,
39%) and (E)-10 a (18 mg, 6%), by use of (Z)-cinnamyl bromide
(268 mg, 1.36 mmol). Compound (Z)-10 a : Colorless oil; [a]25


D =�16.7
(c= 0.425, CHCl3); 1H NMR (300 MHz, CDCl3): d =0.82 (d, J =6.6 Hz,
3H; CMe), 0.87 (d, J =6.6 Hz, 3 H; CMe), 1.62–1.74 (m, 1 H; Me2CH),
2.30 (s, 3 H; PhCH3), 2.58 (s, 6 H; 2� PhCH3), 3.79–3.86 (m, 1H; 1-H),
4.07 (ddd, J =17.4, 6.0, 2.1 Hz, 1H; 1’-CHH), 4.21 (ddd, J =17.4, 6.0,
2.1 Hz, 1 H; 1’-CHH), 4.46 (ddd, J= 11.4, 6.6, 1.5 Hz, 1H; 4-CHH), 4.61
(ddd, J= 11.4, 6.6, 1.5 Hz, 1H; 4-CHH), 5.08 (ddd, J=6.6, 6.6, 6.6 Hz,
1H; 2-H), 5.67 (ddd, J =11.7, 6.0, 6.0 Hz, 1H; 2’-H), 6.34 (d, J =11.7 Hz,
1H; 3’-H), 6.91 (s, 2H; Ph), 7.12–7.36 ppm (m, 5H; Ph); 13C NMR
(75.5 MHz, CDCl3): d= 20.2, 20.6, 20.9, 23.3 (2C), 30.2, 41.4, 63.1, 76.0,
88.6, 127.1, 128.2 (2C), 128.8 (2C), 129.7, 130.2, 132.0 (2C), 133.6, 136.4,
140.1 (2C), 142.2, 209.2 ppm; IR (KBr): ñ=1956 (C=C=C), 1323 (SO2N),
1157 cm�1 (SO2N).


N-[(1S)-1-(2-Isopropyl)buta-2,3-dienyl]-2,4,6-trimethyl-N-(3-methyl-2-bu-
tenyl)phenylsulfonamide (11): By using a procedure similar to that de-
scribed for the synthesis of 10 a, amino allene 9 a (200 mg, 0.682 mmol)
was converted into allenene 11 (250 mg, 99%) by use of 4-bromo-2-
methylbut-2-ene. Colorless oil; [a]23


D =�20.4 (c =0.89, CHCl3); 1H NMR
(500 MHz, CDCl3): d=0.89 (d, J=6.1 Hz, 3 H; CMe), 0.90 (d, J =6.1 Hz,
3H; CMe), 1.58 (m, 6H; 2� CMe), 1.81–1.89 (m, 1 H; Me2CH), 2.28 (s,
3H; PhCH3), 2.61 (s, 6 H; 2 � PhCH3), 3.76–3.86 (m, 3H; 1-H and 1’-
CH2), 4.66–4.72 (m, 2 H; 4-CH2), 5.10 (t, J =6.7 Hz, 1H; 2’-H), 5.18 (dt,
J =6.7, 6.7 Hz, 1H; 2-H), 6.91 ppm (s, 2 H; Ph); 13C NMR (75.5 MHz,
CDCl3): d= 17.7, 20.1, 20.8, 20.9, 23.2 (2C), 25.6, 30.6, 41.6, 63.1, 75.9,
88.9, 122.0, 131.8 (2C), 133.4 (2C), 134.0, 140.1 (2C), 142.0, 209.1 ppm; IR
(KBr): ñ =1956 (C=C=C), 1323 (SO2N), 1155 cm�1 (SO2N); MS (FAB):
m/z (%): 362 (16) [M++H], 119 (100); HRMS (FAB): calcd for
C21H32NO2S [M++H]: 362.2154; found: 362.2134.
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N-[(1R)-Cyclohex-2-en-1-yl]-N-[(1R)-1-isopropylbuta-2,3-dienyl]-2,4,6-
trimethylphenylsulfonamide (12 a) and its [(1S)-cyclohex-2-en-1-yl]
isomer (13 a): By using a procedure similar to that described for the syn-
thesis of 10a, amino allene 9a (400 mg, 1.36 mmol) was converted into,
in the order of elution, 12 a (159 mg, 31%) and 13 a (178 mg, 35%) by
use of racemic 3-bromocyclohexene.


Compound 12a : Colorless oil; [a]24
D =�11.9 (c =2.75, CHCl3); 1H NMR


(500 MHz, CDCl3): d=0.80 (d, J=6.7 Hz, 3 H; CMe), 0.84 (d, J =6.7 Hz,
3H; CMe), 1.45–2.08 (m, 7 H; Me2CH, 4’-CH2, 5’-CH2, and 6’-CH2), 2.27
(s, 3 H; PhCH3), 2.64 (s, 6 H; 2 � PhCH3), 3.55 (dd, J =9.8, 9.2 Hz, 1H; 1-
H), 4.10 (m, 1 H; 1’-H), 4.66–4.74 (m, 2H; 4-CH2), 5.54 (dt, J =8.5,
6.7 Hz, 1 H; 2-H), 5.62 (d, J= 10.4 Hz, 1H; 2’-H), 5.69–5.72 (m, 1 H; 3’-
H), 6.91 ppm (s, 2H; Ph); 13C NMR (67.8 MHz, CDCl3): d=20.7, 21.0,
21.3, 23.0, 23.3 (2C), 24.6, 29.0, 31.6, 55.5, 64.1, 75.5, 90.5, 129.3, 130.2,
131.9 (2C), 134.1, 140.0 (2C), 142.1, 208.7 ppm; IR (KBr): ñ =1956 (C=


C=C), 1319 (SO2N), 1155 cm�1 (SO2N); MS (FAB): m/z (%): 374 (28)
[M++H], 119 (100); HRMS (FAB): calcd for C22H31NO2S [M++H]
374.2154; found: 374.2145.


Compound 13a : Colorless crystals; m.p. 63–65 8C; [a]25
D =�73.8 (c =2.94,


CHCl3); 1H NMR (500 MHz, CDCl3): d= 0.75 (d, J=6.7 Hz, 3H; CMe),
0.84 (d, J=6.7 Hz, 3 H; CMe), 1.49–2.32 (m, 7H; Me2CH, 4’-CH2, 5’-CH2,
and 6’-CH2), 2.29 (s, 3H; PhCH3), 2.68 (s, 6H; 2 � PhCH3), 3.38 (dd, J=


9.2, 9.2 Hz, 1H; 1-H), 3.98 (m, 1H; 1’-H), 4.73 (dd, J =11.0, 6.7 Hz, 1 H;
4-CHH), 4.77 (dd, J=11.0, 6.7 Hz, 1 H; 4-CHH), 5.53 (ddd, J=8.5, 6.7,
6.7 Hz, 1 H; 2-H), 5.73–5.75 (m, 1H; 3’-H), 5.95 (d, J=10.4 Hz, 1 H; 2’-
H), 6.95 ppm (s, 2H; Ph); 13C NMR (67.8 MHz, CDCl3): d =20.5, 21.0
(2C), 23.1, 23.3 (2C), 24.6, 29.7, 31.1, 55.6, 64.0, 75.6, 89.5, 129.0, 129.5,
131.8 (2C), 133.3, 140.4 (2C), 142.2, 209.0 ppm; IR (KBr): ñ =1956 (C=


C=C), 1317 (SO2N), 1155 cm�1 (SO2N); elemental analysis calcd (%) for
C22H31NO2S: C 70.74, H 8.36, N 3.75; found: C 70.70, H 8.31, N 3.75.


N-[(1R)-Cyclohex-2-en-1-yl]-N-[(1R)-1-isobutylbuta-2,3-dienyl]-2,4,6-tri-
methylphenylsulfonamide (12 b) and its [(1S)-cyclohex-2-en-1-yl] isomer
(13 b): By using a procedure similar to that described for the synthesis of
10a, amino allene 9 b (300 mg, 0.976 mmol) was converted into an insepa-
rable mixture of 12b and 13 b (1:1; 347 mg, 92 %) by use of racemic 3-
bromocyclohexene. Colorless oil; 1H NMR (300 MHz, CDCl3): d =0.71
(d, J =6.3 Hz, 3H; CMe), 0.72 (d, J =6.0 Hz, 3H; 3� CH), 1.81–2.05 (m,
6H; 6� CH), 2.29 (s, 3 H; PhCH3), 2.67 (s, 6H; 2� PhCH3), 3.86–3.93 (m,
1H; NCH), 3.98–4.01 (m, 1H; NCH), 4.74 (dd, J =6.9, 3.6 Hz, 2 H; 4-
CH2), 5.55 (dt, J =6.9, 6.9 Hz, 1 H; 2-H), 5.66–5.86 (m, 2H; 2� C=CH),
6.93 ppm (s, 2 H; Ph); 13C NMR (75.5 MHz, CDCl3): d =20.9, 21.1 (0.5C),
21.3 (0.5C), 22.5 (0.5C), 22.6 (0.5C), 22.90, 22.93, 23.0 (0.5C), 23.3 (0.5C),
24.5, 25.1 (0.5C), 25.4 (0.5C), 28.7 (0.5C), 29.3 (0.5C), 43.2 (0.5C), 43.6
(0.5C), 55.0 (0.5C), 55.2 (0.5C), 55.3 (0.5C), 55.5 (0.5C), 75.9 (0.5C), 76.0
(0.5C), 91.4 (0.5C), 91.8 (0.5C), 129.3 (0.5C), 129.4 (0.5C), 129.9 (0.5C),
130.6 (0.5C), 131.9 (2C), 133.3 (0.5C), 133.6 (0.5C), 140.4, 140.5, 142.37
(0.5C), 142.41 (0.5C), 208.5 (0.5C), 208.6 ppm (0.5C); IR (KBr): ñ =1953
(C=C=C), 1315 (SO2N), 1157 cm�1 (SO2N); MS (FAB): m/z (%): 388
(38) [M++H], 268 (100), 119 (100); HRMS (FAB): calcd for C23H34NO2S
[M++H]: 388.2310; found: 388.2308.


N-[(1R)-Cyclohex-2-en-1-yl]-N-{(1S)-1-[(1S)-1-methylpropyl]buta-2,3-
dienyl}-2,4,6-trimethylphenylsulfonamide (12 c) and its N-[(1S)-cyclohex-
2-en-1-yl] isomer (13 c): By using a procedure similar to that described
for the synthesis of 10a, amino allene 9 a (100 mg, 0.325 mmol) was con-
verted into, in the order of elution, 12c (23.4 mg, 19%) and 13 c
(28.4 mg, 23%) by use of racemic 3-bromocyclohexene.


Compound 12c : Colorless crystals; m.p. 76–78 8C (n-hexane/Et2O);
[a]23


D =++3.38 (c=0.87, CHCl3); 1H NMR (500 MHz, CDCl3): d=0.64 (t,
J =7.3 Hz, 3 H; CMe), 0.73–0.76 (m, 1 H; CH), 0.84 (d, J =6.7 Hz, 3 H;
CMe), 1.52–2.07 (m, 8 H; 8 � CH), 2.23 (s, 3H; PhCH3), 2.65 (s, 6H; 2�
PhCH3), 3.64 (dd, J= 9.8, 9.2 Hz, 1 H; 1-H), 4.19–4.22 (m, 1 H; 1’-H),
4.67–4.75 (m, 2 H; 4-CH2), 5.57–5.76 (m, 2 H; 2’-H and 3’-H), 5.73–5.77
(m, 1H; 2-H), 6.93 ppm (s, 2H; Ph); 13C NMR (67.8 MHz, CDCl3): d=


11.5, 17.0, 21.0, 23.0, 23.3 (2C), 24.7, 26.5, 29.2, 38.1, 56.0, 63.2, 75.2, 90.6,
129.8 (2C), 131.9 (2C), 134.6, 139.9 (2C), 142.0, 208.8 ppm; IR (KBr): ñ=


1956 (C=C=C), 1319 (SO2N), 1155 cm�1 (SO2N); MS (FAB): m/z (%):
388 (100) [M++H]; HRMS (FAB): calcd for C23H34NO2S [M++H]:
388.2310; found: 388.2328.


Compound 13c : Colorless oil; [a]25
D =�5.91 (c =1.11, CHCl3); 1H NMR


(500 MHz, CDCl3): d=0.60–0.68 (m, 1H; CH), 0.69 (d, J=6.1 Hz, 3H;
CMe), 0.83 (d, J =6.7 Hz, 3H; CMe), 1.42–2.26 (m, 8H; 8 � CH), 2.23 (s,
3H; PhCH3), 2.67 (s, 6 H; 2 � PhCH3), 3.50 (dd, J= 9.2, 9.2 Hz, 1H; 1-H),
4.00–4.05 (m, 1 H; 1’-H), 4.69–4.77 (m, 2H; 4-CH2), 5.52 (ddd, J =8.5, 6.7,
6.7 Hz, 1 H; 2-H), 5.72–5.77 (m, 1 H; CH=CH), 5.95 (d, J =10.4 Hz, 1 H;
CH=CH), 6.92 ppm (s, 2 H; Ph); 13C NMR (67.8 MHz, CDCl3): d=11.4,
16.7, 21.0, 23.1, 23.2 (2C), 24.6, 26.2, 29.6, 37.8, 55.8, 62.9, 75.4, 89.4,
129.1, 129.6, 131.8 (2C), 133.5, 140.4 (2C), 142.2, 209.1 ppm; IR (KBr):
ñ= 1956 (C=C=C), 1317 (SO2N), 1155 cm�1 (SO2N); MS (FAB): m/z
(%): 388 (100) [M++H]; HRMS (FAB): calcd for C23H34NO2S [M++H]:
388.2310; found: 388.2314.


(3R,4S,7R)-5-Aza-4-isopropyl-7-methyl-2-methylene-5-(2,4,6-trimethyl-
phenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene (19): A stirred
mixture of allenene 18 (50.0 mg, 0.144 mmol), [Pd(PPh3)4] (16.2 mg,
0.014 mmol), iodobenzene (0.065 mL, 0.584 mmol), and K2CO3 (80.7 mg,
0.584 mmol) in dioxane (3 mL) was heated under reflux for 36 h. Water
was added to the mixture, and it was extracted with Et2O. The extract
was washed with water and brine, and dried over MgSO4. The filtrate
was concentrated under reduced pressure to leave an oily residue, which
was purified by flash chromatography over silica gel with n-hexane/
EtOAc (50:1) to give 19 (2.8 mg, 5 %) and recovered starting material
(15.8 mg, 32 %). Compound 19 : Colorless oil; [a]23


D =�71.9 (c =0.69,
CHCl3); 1H NMR (500 MHz, CDCl3): d= 0.63 (d, J=7.3 Hz, 3H; CMe),
0.76 (d, J =6.7 Hz, 3H; CMe), 0.89 (s, 3H; CMe), 1.78–1.84 (m, 1 H;
Me2CH), 2.30 (s, 3H; PhCH3), 2.64 (d, J =9.2 Hz, 1 H; 3-H), 2.66 (s, 6 H;
2� PhCH3), 2.81 (d, J =15.9 Hz, 1H; 8-CHH), 2.90 (d, J =15.9 Hz, 1 H; 8-
CHH), 3.09 (d, J= 10.4 Hz, 1H; 6-CHH), 4.20 (d, J= 10.4 Hz, 1H; 6-
CHH), 4.32 (dd, J =9.2, 3.1 Hz, 1H; 4-H), 5.02 (d, J =1.8 Hz, 1 H; C=


CHH), 5.60 (d, J= 1.8 Hz, 1H; C=CHH), 6.93 (s, 2H; Ph), 7.13 (d, J =


7.3 Hz, 1H; Ph), 7.18–7.24 (m, 2 H; Ph), 7.57 ppm (dd, J =7.9, 1.2 Hz,
1H; Ph); 13C NMR (67.8 MHz, CDCl3): d= 17.4, 17.8, 19.2, 21.0, 23.1
(2C), 31.5, 41.1, 41.3, 52.0, 62.8, 63.9, 108.4, 124.9, 126.0, 128.0, 130.0,
131.8 (2C), 134.7, 136.1, 136.4, 138.7 (2C), 141.6, 142.5 ppm; IR (KBr):
ñ= 1324 (SO2N), 1147 cm�1 (SO2N); MS (FAB): m/z (%): 424 (100) [M+


+H]; HRMS (FAB): calcd for C26H34NO2S [M++H]: 424.2310; found:
424.2332.


General procedure for the palladium(0)-catalyzed tandem cyclization


(3S,4S,7R,8S)-5-Aza-4-isopropyl-2-methylene-8-phenyl-5-(2,4,6-trimethyl-
phenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene (20 a) and its
(3S,4S,7S,8S) isomer (21 a, Table 1, entry 1): A stirred mixture of allenene
10a (100 mg, 0.244 mmol), [Pd(PPh3)4] (27.7 mg, 0.024 mmol), iodoben-
zene (0.055 mL, 0.488 mmol), and K2CO3 (67.4 mg, 0.488 mmol) in diox-
ane (3 mL) was heated under reflux for 7.5 h. Water was added to the
mixture and it was extracted with Et2O. The extract was washed with
water and brine, and dried over MgSO4. The filtrate was concentrated
under reduced pressure to leave an oily residue, which was purified by
flash chromatography over silica gel with n-hexane/EtOAc (50:1) to give,
in the order of elution, 20a (48.4 mg, 41 %) and 21 a (12.4 mg, 10%).


Compound 20a : Colorless oil; [a]25
D =++ 12.0 (c= 1.33, CHCl3); 1H NMR


(500 MHz, CDCl3): d=0.90 (d, J=7.3 Hz, 3 H; CMe), 0.92 (d, J =7.3 Hz,
3H; CMe), 2.02–2.16 (m, 1 H; Me2CH), 2.26 (s, 3 H; PhCH3), 2.33–2.41
(m, 1H; 7-H), 2.53 (s, 6 H; 2 � PhCH3), 2.64–2.68 (m, 1H; 3-H), 2.77 (dd,
J =11.6, 11.6 Hz, 1H; 6-CHH), 3.47 (dd, J=11.6, 6.1 Hz, 1 H; 6-CHH),
3.88 (d, J= 11.6 Hz, 1 H; 8-H), 4.45 (dd, J =7.9, 4.3 Hz, 1H; 4-H), 5.11 (s,
1H; C=CHH), 5.57 (s, 1 H; C=CHH), 6.79–7.61 (m, 9H; Ph), 6.87 ppm
(s, 2H; Ph); 13C NMR (75.5 MHz, CDCl3): d= 17.3, 19.4, 20.9, 22.9 (2C),
32.6, 48.4, 51.5, 51.9, 53.2, 64.1, 106.0, 125.4, 126.5, 126.9, 128.1, 128.5
(2C), 128.7 (2C), 129.8, 131.9 (2C), 133.1, 136.7, 139.5, 140.1 (2C), 142.3,
143.9, 145.4 ppm; IR (KBr): ñ=1315 (SO2N), 1153 cm�1 (SO2N); MS
(FAB): m/z (%): 486 (100) [M++H]; HRMS (FAB): calcd for
C31H36NO2S [M++H]: 486.2467; found: 486.2471.


Compound 21a : Colorless crystals; [a]24
D =�1.05 (c =1.39, CHCl3);


1H NMR (500 MHz, CDCl3): d=0.81 (d, J =7.3 Hz, 3 H; CMe), 0.92 (d,
J =7.3 Hz, 3H; CMe), 2.00–2.04 (m, 1H; Me2CH), 2.28 (s, 3H; PhCH3),
2.52 (s, 6H; 2� PhCH3), 2.81 (ddd, J=12.8, 6.1, 6.1 Hz, 1H; 7-H), 3.07–
3.09 (m, 1 H; 3-H), 3.22 (dd, J=9.8, 6.1 Hz, 1 H; 6-CHH), 3.36 (dd, J=


9.8, 6.1 Hz, 1H; 6-CHH), 3.96–3.99 (m, 2H; 4-H and 8-H), 5.11 (s, 1 H;
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C=CHH), 5.58 (s, 1H; C=CHH), 6.86 (s, 2H; Ph), 7.01–7.50 ppm (m,
9H; Ph); 13C NMR (67.8 MHz, CDCl3): d=17.1, 19.8, 21.0, 23.2 (2C),
32.0, 44.1, 45.2, 46.2, 52.9, 72.1, 113.1, 125.0, 126.3, 126.9, 128.1, 128.4
(4C), 129.5, 131.7 (2C), 133.9, 134.8, 136.7, 139.4 (2C), 141.8, 143.7,
144.9 ppm; IR (KBr): ñ=1317 (SO2N), 1157 cm�1 (SO2N); MS (FAB):
m/z (%): 486 (70) [M++H], 442 (100); HRMS (FAB): calcd for
C31H36NO2S [M++H]: 486.2467; found: 486.2459.


(3S,4S,7R,8S)-5-Aza-4-isopropyl-11-methyl-2-methylene-8-phenyl-5-
(2,4,6-trimethylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene
(20 b) and its (3S,4S,7S,8S) isomer (21 b) (Table 1, entry 2): By using a
procedure similar to that described for the synthesis of 20a and 21 a, alle-
nene 10 a (80.0 mg, 0.195 mmol) was converted into, in the order of elu-
tion, 20 b (35.9 mg, 37 %) and 21b (18.0 mg, 18 %), by use of 4-iodo-
toluene.


Compound 20b : Colorless oil; [a]24
D =�6.03 (c =1.29, CHCl3); 1H NMR


(500 MHz, CDCl3): d=0.89 (d, J=7.3 Hz, 3 H; CMe), 0.91 (d, J =7.3 Hz,
3H; CMe), 1.99–2.06 (m, 1H; Me2CH), 2.17 (s, 3 H; PhCH3), 2.27 (s, 3H;
PhCH3), 2.34 (dddd, J= 11.6, 11.6, 11.0, 6.1 Hz, 1 H; 7-H), 2.53 (s, 6H; 2�
PhCH3), 2.60–2.65 (m, 1 H; 3-H), 2.75 (dd, J=11.6, 11.6 Hz, 1H; 6-
CHH), 3.44 (dd, J=11.6, 6.1 Hz, 1H; 6-CHH), 3.83 (d, J=11.0 Hz, 1H;
8-H), 4.43 (dd, J =7.9, 4.3 Hz, 1H; 4-H), 5.05 (d, J= 1.8 Hz, 1H; C=


CHH), 5.51 (d, J =1.8 Hz, 1H; C=CHH), 6.59 (s, 1H; Ph), 6.87 (s, 2 H;
Ph), 7.01 (d, J= 7.9 Hz, 1H; Ph), 7.06 (d, J =6.7 Hz, 2H; Ph), 7.22–7.29
(m, 3 H; Ph), 7.50 ppm (d, J =7.9 Hz, 1H; Ph); 13C NMR (67.8 MHz,
CDCl3): d= 17.4, 19.5, 21.0, 21.2, 23.0 (2C), 32.6, 48.5, 51.4, 52.0, 53.2,
64.2, 105.1, 125.2, 126.7, 127.4, 128.4 (2C), 128.6 (2C), 130.1, 131.8 (2C),
133.0, 134.0, 137.9, 139.2, 139.9 (2C), 142.2, 143.8, 145.1 ppm; IR (KBr):
ñ= 1315 (SO2N), 1153 cm�1 (SO2N); MS (FAB): m/z (%): 500 (98) [M+


+H], 456 (100); HRMS (FAB): calcd for C32H38NO2S [M++H]:
500.2623; found: 500.2635.


Compound 21b : Colorless oil; 1H NMR (500 MHz, CDCl3): d=0.79 (d,
J =6.7 Hz, 3 H; CMe), 0.90 (d, J=6.7 Hz, 3H; CMe), 1.96–2.02 (m, 1 H;
Me2CH), 2.22 (s, 3H; PhCH3), 2.28 (s, 3 H; PhCH3), 2.52 (s, 6 H; 2�
PhCH3), 2.76–2.81 (m, 1H; 7-H), 3.04–3.06 (m, 1H; 3-H), 3.21 (dd, J=


9.8, 6.7 Hz, 1H; 6-CHH), 3.36 (dd, J =9.8, 6.7 Hz, 1H; 6-CHH), 3.93 (d,
J =5.5 Hz, 1H; 8-H), 3.96 (dd, J =4.3, 4.3 Hz, 1H; 4-H), 5.04 (s, 1H; C=


CHH), 5.54 (s, 1 H; C=CHH), 6.68 (s, 1 H; Ph), 6.85 (s, 2 H; Ph), 7.03 (d,
J =6.7 Hz, 2H; Ph), 7.17–7.29 (m, 4 H; Ph), 7.39 ppm (d, J= 7.9 Hz, 1H;
Ph).


(3S,4S,7R,8S)-5-Aza-4-isopropyl-11-methoxy-2-methylene-8-phenyl-5-
(2,4,6-trimethylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene
(20 c) and its (3S,4S,7S,8S) isomer (21 c) (Table 1, entry 3): By using a
procedure similar to that described for the synthesis of 20a and 21 a, alle-
nene 10 a (80.0 mg, 0.195 mmol) was converted into, in the order of elu-
tion, 20c (43.8 mg, 43 %) and 21c (20.4 mg, 20 %), by use of 4-iodo-
anisole.


Compound 20c : Colorless crystals; m.p. 185–187 8C; [a]23
D =�14.7 (c=


0.38, CHCl3); 1H NMR (500 MHz, CDCl3): d=0.90 (d, J= 7.3 Hz, 3 H;
CMe), 0.91 (d, J=7.3 Hz, 3H; CMe), 2.00–2.06 (m, 1 H; Me2CH), 2.27 (s,
3H; PhCH3), 2.36 (dddd, J =11.6, 11.6, 11.6, 6.1 Hz, 1 H; 7-H), 2.53 (s,
6H; 2 � PhCH3), 2.61–2.65 (m, 1H; 3-H), 2.75 (dd, J =11.6, 11.6 Hz, 1 H;
6-CHH), 3.44 (dd, J =11.6, 6.1 Hz, 1H; 6-CHH), 3.62 (s, 3H; OMe), 3.83
(d, J= 11.6 Hz, 1H; 8-H), 4.43 (dd, J =7.9, 4.3 Hz, 1H; 4-H), 5.00 (s, 1H;
C=CHH), 5.44 (s, 1H; C=CHH), 6.29 (d, J =2.4 Hz, 1H; Ph), 6.76 (dd,
J =9.2, 2.4 Hz, 1 H; Ph), 6.87 (s, 2 H; Ph), 7.06 (d, J =7.3 Hz, 2H; Ph),
7.21–7.28 (m, 3 H; Ph), 7.55 ppm (d, J=9.2 Hz, 1H; Ph); 13C NMR
(67.8 MHz, CDCl3): d= 17.4, 19.5, 21.0, 23.0 (2C), 32.6, 48.5, 51.6, 51.7,
53.2, 55.2, 64.1, 104.3, 112.4, 114.5, 126.5, 126.9, 128.4 (2C), 128.6 (2C),
129.6, 131.8 (2C), 132.9, 139.9 (2C), 140.9, 142.2, 143.4, 144.7, 159.2 ppm;
IR (KBr): ñ =1313 (SO2N), 1153 cm�1 (SO2N); MS (FAB): m/z (%): 516
(70) [M++H], 472 (100); HRMS (FAB): calcd C32H38NO3S [M++H]:
516.2572; found: 516.2572.


Compound 21c : Colorless oil; [a]22
D =�5.45 (c =1.05, CHCl3); 1H NMR


(500 MHz, CDCl3): d=0.80 (d, J=7.3 Hz, 3 H; CMe), 0.90 (d, J =7.3 Hz,
3H; CMe), 1.97–2.03 (m, 1H; Me2CH), 2.28 (s, 3 H; PhCH3), 2.53 (s, 6H;
2� PhCH3), 2.76–2.81 (m, 1H; 7-H), 3.02–3.05 (m, 1H; 3-H), 3.23 (dd,
J =9.8, 6.1 Hz, 1H; 6-CHH), 3.37 (dd, J =9.8, 6.7 Hz, 1H; 6-CHH), 3.69
(s, 3H; OMe), 3.94 (d, J =5.5 Hz, 1H; 8-H), 3.96 (dd, J =4.3, 4.3 Hz, 1H;


4-H), 5.00 (s, 1H; C=CHH), 5.47 (s, 1H; C=CHH), 6.38 (d, J =2.4 Hz,
1H; Ph), 6.77 (dd, J= 8.5, 2.4 Hz, 1 H; Ph), 6.86 (s, 2H; Ph), 7.03 (d, J=


7.3 Hz, 2 H; Ph), 7.17–7.26 (m, 3H; Ph), 7.44 ppm (d, J =8.5 Hz, 1 H;
Ph); 13C NMR (75.5 MHz, CDCl3): d=17.1, 19.6, 20.9, 23.1 (2C), 31.9,
44.0, 45.0, 46.4, 52.9, 55.2, 72.4, 111.2, 113.4, 114.1, 126.4, 126.5, 127.7,
128.5 (5C), 131.8 (2C), 134.1, 138.1, 139.6 (2C), 141.9, 143.7, 144.4 ppm;
IR (KBr): ñ =1315 (SO2N), 1155 cm�1 (SO2N); MS (FAB): m/z (%): 516
(53) [M++H], 136 (100); HRMS (FAB): calcd for C32H38NO3S [M++H]:
516.2572; found: 516.2571.


(3S,4S,7R,8S)-5-Aza-4-isopropyl-10-methoxy-2-methylene-8-phenyl-5-
(2,4,6-trimethylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene
(20 da) and (3S,4S,7R,8S)-5-aza-4-isopropyl-12-methoxy-2-methylene-8-
phenyl-5-(2,4,6-trimethylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-
1(9),10,12-triene (20 db) (Table 1, entry 4): By using a procedure similar
to that described for the synthesis of 20a and 21 a, allenene 10a (213 mg,
0.520 mmol) was converted into 20 da (50.0 mg, 19%) and 20 db (45.0 mg,
17%) by use of 3-iodoanisole.


Compound 20da : Colorless powder; m.p. 163–165 8C; [a]23
D =++6.70 (c=


1.035, CHCl3); 1H NMR (300 MHz, CDCl3): d=0.88 (d, J =6.2 Hz, 3 H;
CMe), 0.91 (d, J=6.9 Hz, 3H; CMe), 2.01–2.04 (m, 1 H; Me2CH), 2.27 (s,
3H; PhCH3), 2.27–2.40 (m, 1H; 7-H), 2.53 (s, 6 H; 2� PhCH3), 2.62–2.70
(m, 1 H; 3-H), 2.77 (dd, J=11.8, 11.8 Hz, 1 H; 6-CHH), 3.45 (dd, J =11.8,
6.2 Hz, 1H; 6-CHH), 3.81 (s, 3H; OMe), 3.82 (d, J =8.7 Hz, 1H; 8-H),
4.44 (dd, J=8.1, 4.4 Hz, 1H; 4-H), 5.12 (d, J= 1.2 Hz, 1H; C=CHH), 5.56
(d, J=1.2 Hz, 1 H; C=CHH), 6.70 (s, 2H; Ar), 6.88 (s, 2 H; Ar), 7.05 (d,
J =8.1 Hz, 2H; Ar), 7.11 (s, 1H; Ar), 7.22–7.30 ppm (m, 3 H; Ar);
13C NMR (75.5 MHz, CDCl3): d=17.2, 19.5, 20.9, 22.9 (2C), 32.5, 48.3,
50.8, 52.2, 53.1, 55.3, 64.0, 106.2, 109.7, 114.5, 126.8, 128.4 (2C), 128.7
(2C), 130.9, 131.9 (3C), 133.0, 137.8, 140.0 (2C), 142.4, 144.0, 145.4,
158.0 ppm; IR (KBr): ñ=1311 (SO2N), 1153 cm�1 (SO2N); MS (FAB):
m/z (%): 516 (86) [M++H], 472 (100); HRMS (FAB): calcd for
C32H38NO3S [M++H]: 516.2572; found: 516.2550.


Compound 20db : Colorless powder; m.p. 202–204 8C; [a]22
D =�27.5 (c=


1.01, CHCl3); 1H NMR (300 MHz, CDCl3): d=0.85 (d, J= 7.5 Hz, 3 H;
CMe), 0.88 (d, J=7.5 Hz, 3H; CMe), 1.99–2.18 (m, 2H; Me2CH and 7-
H), 2.27 (s, 3H; PhCH3), 2.49 (s, 6H; 2� PhCH3), 2.48–2.57 (m, 1 H; 3-
H), 2.85 (dd, J =11.8, 11.2 Hz, 1H; 6-CHH), 3.31 (s, 3H; OMe), 3.61 (dd,
J =11.8, 6.2 Hz, 1 H; 6-CHH), 3.91 (d, J= 10.6 Hz, 1 H; 8-H), 4.37 (dd,
J =8.1, 4.4 Hz, 1 H; 4-H), 5.10 (s, 1H; C=CHH), 5.57 (s, 1 H; C=CHH),
6.72 (dd, J =6.9, 2.5 Hz, 1H; Ar), 6.87 (s, 2H; Ar), 6.91 (d, J =6.9 Hz,
2H; Ar), 7.08–7.24 ppm (m, 5 H; Ar); 13C NMR (75.5 MHz, CDCl3): d=


16.8, 19.6, 20.9, 22.8 (2C), 32.3, 47.2, 47.3, 53.2, 53.3, 55.3, 63.5, 105.7,
111.3, 118.3, 125.5, 126.5 (2C), 127.6, 128.0 (2C), 128.2, 131.9 (2C), 133.0,
139.6, 140.0 (2C), 142.3, 146.0, 146.6, 158.1 ppm; IR (KBr): ñ =1313
(SO2N), 1153 cm�1 (SO2N); MS (FAB): m/z (%): 516 (99) [M++H], 472
(100); HRMS (FAB): calcd for C32H38NO3S [M++H]: 516.2572; found:
516.2567.


(3S,4S,7R,8S)-5-Aza-4-isopropyl-13-methoxy-2-methylene-8-phenyl-5-
(2,4,6-trimethylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene
(20 e), its (3S,4S,7S,8S) isomer (21 e) (Table 1, entry 5), and (2S,3S)-4-
[(Z)-benzylidene]-2-isopropyl-3-[1-(2-methoxyphenyl)vinyl]-1-(2,4,6-tri-
methylphenylsulfonyl)pyrrolidine (58):[25] By using a procedure similar to
that described for the synthesis of 20 a and 21a, allenene 10a (100 mg,
0.244 mmol) was converted into 20e (45.2 mg, 36%), 21 e (3 mg, 2 %),
and 58 (18.0 mg, 14 %) by use of 2-iodoanisole.


Compound 20e : Colorless powder; m.p. 221–222 8C; [a]23
D =++24.0 (c=


1.06, CHCl3); 1H NMR (300 MHz, CDCl3): d=0.86 (d, J= 6.9 Hz, 3 H;
CMe), 0.92 (d, J=7.5 Hz, 3H; CMe), 1.97–2.05 (m, 1 H; Me2CH), 2.27 (s,
3H; PhCH3), 2.27–2.41 (m, 1H; 7-H), 2.53 (s, 6 H; 2� PhCH3), 2.53–2.59
(m, 1 H; 3-H), 2.77 (dd, J=11.8, 11.2 Hz, 1 H; 6-CHH), 3.54 (dd, J =11.2,
5.6 Hz, 1H; 6-CHH), 3.85 (s, 3H; OMe), 3.88 (d, J =11.2 Hz, 1H; 8-H),
4.48 (dd, J =8.1, 3.8 Hz, 1H; 4-H), 5.46 (s, 1H; C=CHH), 6.04 (s, 1H; C=


CHH), 6.44 (d, J =7.5 Hz, 1 H; Ar), 6.78 (d, J =8.1 Hz, 1H; Ar), 6.88 (s,
2H; Ar), 7.00–7.07 (m, 3H; Ar), 7.19–7.29 ppm (m, 3H; Ar); 13C NMR
(75.5 MHz, CDCl3): d= 17.2, 19.5, 20.9, 22.9 (2C), 32.3, 49.5, 52.0, 52.2,
53.8, 55.6, 63.5, 109.3, 111.8, 122.6, 126.2, 126.7, 127.8, 128.4 (2C), 128.6
(2C), 131.9 (2C), 133.2, 139.7, 140.0 (2C), 141.7, 142.3, 144.6, 157.5 ppm;
IR (KBr): ñ =1309 (SO2N), 1153 cm�1 (SO2N); elemental analysis calcd
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(%) for C32H37NO3S: C 74.53, H 7.23, N 2.72; found: C 74.38, H 7.27, N
2.74.


Compound 58 : Colorless oil; [a]22
D =�102 (c =1.165, CHCl3); 1H NMR


(300 MHz, CDCl3): d=0.41 (d, J=6.9 Hz, 3 H; CMe), 0.68 (d, J =6.9 Hz,
3H; CMe), 1.62–1.70 (m, 1H; Me2CH), 2.30 (s, 3 H; PhCH3), 2.62 (s, 6H;
2� PhCH3), 3.59 (d, J =3.7 Hz, 1H; 2-H), 3.87 (s, 3H; OMe), 4.00 (s, 1 H;
3-H), 4.32 (d, J=15.0 Hz, 1 H; 5-CHH), 4.62 (d, J= 15.0 Hz, 1 H; 5-
CHH), 5.10 (s, 1H; C=CHH), 5.20 (s, 1 H; C=CHH), 6.49 (s, 1H; C=


CHPh), 6.87 (dd, J=8.1, 7.5 Hz, 2 H; Ar), 6.93 (s, 2H; Ar), 7.07 (d, J=


7.5 Hz, 1 H; Ar), 7.21–7.40 ppm (m, 6H; Ar); 13C NMR (75.5 MHz,
CDCl3): d= 16.3, 18.7, 20.9, 23.1 (2C), 32.2, 50.8, 51.4, 55.3, 67.4, 110.1,
115.2, 120.5, 125.5, 126.9, 128.2 (2C), 128.5 (2C), 128.9, 130.8, 131.7 (2C),
131.8, 133.5, 136.9, 139.8, 140.1 (2C), 142.3, 150.1, 156.0 ppm; IR (KBr):
ñ= 1319 (SO2N), 1151 cm�1 (SO2N); MS (FAB): m/z (%): 516 (97) [M+


+H], 472 (100); HRMS (FAB): calcd for C32H38NO3S [M++H]:
516.2572; found: 516.2584.


(3S,4S,7R,8S)-5-Aza-4-isobutyl-2-methylene-8-phenyl-5-(2,4,6-trimethyl-
phenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene (22 a) and its
(3S,4S,7S,8S) isomer (23 a) (Table 1, entry 6): By using a procedure iden-
tical to that described for the synthesis of 20a and 21 a, allenene 10b
(150 mg, 0.354 mmol) was converted into, in the order of elution, 22 a
(38.0 mg, 21%) and 23 a (25.0 mg, 14%).


Compound 22a : Colorless oil; [a]28
D =++ 14.9 (c= 1.22, CHCl3); 1H NMR


(500 MHz, CDCl3): d=0.82 (d, J=6.7 Hz, 3 H; CMe), 0.83 (d, J =6.7 Hz,
3H; CMe), 1.25–1.49 (m, 2H; Me2CHCH2), 1.68–1.74 (m, 1H; Me2CH),
2.27 (s, 3H; PhCH3), 2.34–2.43 (m, 1H; 7-H), 2.51–2.54 (m, 1H; 3-H),
2.55 (s, 6 H; 2� PhCH3), 2.87 (dd, J =12.2, 11.6 Hz, 1 H; 6-CHH), 3.55
(dd, J=12.2, 6.1 Hz, 1H; 6-CHH), 3.85 (d, J =11.0 Hz, 1H; 8-H), 4.38
(ddd, J =6.7, 6.7, 6.7 Hz, 1H; 4-H), 5.06 (d, J =1.8 Hz, 1H; C=CHH),
5.58 (d, J= 1.8 Hz, 1H; C=CHH), 6.77–7.64 (m, 9 H; Ph), 6.89 ppm (s,
2H; Ph); 13C NMR (75.5 MHz, CDCl3): d=20.9, 22.9 (2C), 23.2, 23.4,
24.2, 45.9, 51.4, 51.6, 52.2, 54.8, 59.1, 105.5, 125.1, 126.6, 126.9, 128.2,
128.6 (2C), 128.7 (2C), 129.8, 131.9 (2C), 133.3, 136.1, 139.5, 140.1 (2C),
142.3, 143.8, 144.7 ppm; IR (KBr): ñ =1313 (SO2N), 1153 cm�1 (SO2N);
MS (FAB): m/z (%): 500 (100) [M++H]; HRMS (FAB): calcd for
C32H38NO2S [M++H]: 500.2623; found: 500.2626.


Compound 23a : Colorless solid; [a]28
D =�5.78 (c=1.88, CHCl3);


1H NMR (500 MHz, CDCl3): d=0.77 (d, J =6.1 Hz, 3 H; CMe), 0.80 (d,
J =6.1 Hz, 3 H; CMe), 1.37–1.48 (m, 2H; Me2CHCH2), 1.57–1.62 (m, 1 H;
Me2CH), 2.27 (s, 3 H; PhCH3), 2.53 (s, 6 H; 2 � PhCH3), 2.82–2.87 (m, 1H;
7-H), 2.93–2.95 (m, 1H; 3-H), 3.10 (dd, J =9.8, 6.1 Hz, 1H; 6-CHH), 3.38
(dd, J =9.8, 6.7 Hz, 1H; 6-CHH), 3.97–4.02 (m, 2H; 4-H and 8-H), 5.13
(s, 1H; C=CHH), 5.65 (s, 1 H; C=CHH), 6.86 (s, 2 H; Ph), 6.87–7.55 ppm
(m, 9H; Ph); 13C NMR (67.8 MHz, CDCl3): d=21.0, 21.7, 23.2 (2C), 23.8,
25.4, 44.1 (2C), 46.3, 48.5, 51.2, 65.6, 112.8, 124.7, 126.4, 126.9, 128.1,
128.4 (2C), 129.7, 131.6 (4C), 133.7, 134.5, 136.5, 139.7 (2C), 141.9, 143.7,
143.8 ppm; IR (KBr): ñ=1315 (SO2N), 1157 cm�1 (SO2N); MS (FAB): m/
z (%): 500 (80) [M++H], 91 (100); HRMS (FAB): calcd for C32H38NO2S
[M++H]: 500.2623; found: 500.2621.


(3S,4S,7R,8S)-5-Aza-4-isobutyl-11-methoxy-2-methylene-8-phenyl-5-
(2,4,6-trimethylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene
(22 b) and its (3S,4S,7S,8S) isomer (23 b) (Table 1, entry 7): By using a
procedure identical to that described for the synthesis of 20a and 21 a, al-
lenene 10 b (122 mg, 0.288 mmol) was converted into, in the order of elu-
tion, 22 b (48.0 mg, 32 %) and 23b (54.7 mg, 36 %), by use of 4-iodo-
anisole.


Compound 22b : Colorless crystals; m.p. 145–148 8C (n-hexane/EtOAc);
[a]20


D =�0.92 (c=1.00, CHCl3); 1H NMR (500 MHz, CDCl3): d=0.76 (d,
J =6.1 Hz, 3 H; CMe), 0.79 (d, J=6.7 Hz, 3H; CMe), 1.35–1.45 (m, 2 H;
1’-CH2), 1.48–1.70 (m, 1H; 2’-H), 2.28 (s, 3H; PhCH3), 2.53 (s, 6H; 2�
PhCH3), 2.79–2.86 (m, 1H; 7-H), 2.88–2.92 (m, 1H; 3-H), 3.11 (dd, J=


9.8, 6.1 Hz, 1 H; 6-CHH), 3.38 (dd, J =9.8, 6.7 Hz, 1H; 6-CHH), 3.68 (s,
3H; OMe), 3.92–4.00 (m, 2H; 4-H and 8-H), 5.01 (s, 1 H; C=CHH), 5.54
(s, 1H; C=CHH), 6.38 (d, J =2.4 Hz, 1H; 10-H), 6.77 (dd, J =8.5, 2.4 Hz,
1H; 12-H), 6.87 (s, 2H; Ph), 7.03–7.04 (m, 2H; Ph), 7.17–7.26 (m, 3 H;
Ph), 7.49 ppm (d, J=8.5 Hz, 1 H; 13-H); 13C NMR (75.5 MHz, CDCl3):
d=20.9, 21.6, 23.0 (2C), 23.7, 25.3, 43.97, 44.00, 46.4, 48.4, 51.2, 55.1, 65.7,
110.8, 113.5, 114.2, 126.2, 126.5, 127.4, 128.5 (2C), 128.5 (2C), 131.7 (2C),


133.9, 138.0, 139.8 (2C), 142.0, 143.2, 143.8, 159.5 ppm; IR (KBr): ñ=


1313 (SO2N), 1155 cm�1 (SO2N); MS (FAB): m/z (%): 530 (100) [M+


+H]; HRMS (FAB): calcd for C33H40NO3S [M++H]: 530.2729; found:
530.2727.


Compound 23b : Colorless crystals; m.p. 163–165 8C (n-hexane/EtOAc);
[a]20


D =�11.3 (c=1.03, CHCl3); 1H NMR (500 MHz, CDCl3): d=0.82 (d,
J =6.7 Hz, 3 H; CMe), 0.84 (d, J=6.7 Hz, 3H; CMe), 1.38–1.50 (m, 2 H;
1’-CH2), 1.69–1.75 (m, 1H; 2’-H), 2.27 (s, 3H; PhCH3), 2.33–2.40 (m, 1 H;
7-H), 2.47–2.52 (m, 1 H; 3-H), 2.55 (s, 6 H; 2� PhCH3), 2.85 (dd, J =11.6,
11.6 Hz, 1H; 6-CHH), 3.52 (dd, J =11.6, 5.5 Hz, 1H; 6-CHH), 3.62 (s,
3H; OMe), 3.80 (d, J =11.0 Hz, 1H; 8-H), 4.37 (ddd, J =7.9, 6.1, 6.1 Hz,
1H; 4-H), 4.94 (s, 1 H; C=CHH), 5.44 (s, 1H; C=CHH), 6.28 (d, J=


2.4 Hz, 1H; 10-H), 6.76 (dd, J=8.5, 2.4 Hz, 1 H; 12-H), 6.89 (s, 2H; Ph),
7.06–7.07 (m, 2 H; Ph), 7.22–7.29 (m, 3 H; Ph), 7.57 ppm (d, J =8.5 Hz,
1H; 13-H); 13C NMR (67.8 MHz, CDCl3): d =21.0, 23.0 (2C), 23.3, 23.4,
24.3, 46.0, 51.3, 51.8, 52.2, 54.9, 55.2, 59.1, 103.6, 112.5, 114.5, 126.3, 126.9,
128.5 (2C), 128.6 (2C), 129.0, 131.8 (2C), 133.2, 140.0 (2C), 140.9, 142.2,
143.4, 144.1, 159.3 ppm; IR (KBr): ñ =1319 (SO2N), 1155 cm�1 (SO2N);
MS (FAB): m/z (%): 530 (87) [M++H], 472 (100); HRMS (FAB): calcd
for C33H40NO3S [M++H]: 530.2729; found: 530.2736.


(3S,4S,7R,8S)-5-Aza-4-benzyl-2-methylene-8-phenyl-5-(2,4,6-trimethyl-
phenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene (24) and its
(3S,4S,7S,8S) isomer (25) (Table 1, entry 8): By using a procedure identi-
cal to that described for the synthesis of 20a and 21 a, allenene 10 c
(150 mg, 0.328 mmol) was converted into, in the order of elution, 24
(52.6 mg, 30%) and 25 (42.7 mg, 24%).


Compound 24 : Colorless oil; [a]28
D =++32.7 (c =2.00, CHCl3); 1H NMR


(500 MHz, CDCl3): d=2.22–2.32 (m, 1 H; 7-H), 2.29 (s, 3H; PhCH3),
2.56–2.65 (m, 1 H; 3-H), 2.62 (s, 6 H; 2 � PhCH3), 2.70 (dd, J =11.6,
11.6 Hz, 1H; 6-CHH), 2.88 (dd, J=13.4, 6.7 Hz, 1 H; Ph�CHH), 2.95
(dd, J=13.4, 6.1 Hz, 1H; Ph�CHH), 3.63 (dd, J= 11.6, 6.1 Hz, 1 H; 6-
CHH), 3.70 (d, J=11.0 Hz, 1 H; 8-H), 4.51–4.54 (m, 1 H; 4-H), 4.58 (d,
J =1.8 Hz, 1 H; C=CHH), 5.38 (d, J =1.8 Hz, 1H; C=CHH), 6.71–
7.54 ppm (m, 16 H; Ph); 13C NMR (75.5 MHz, CDCl3): d=20.9, 23.2
(2C), 40.6, 50.9, 51.2, 51.6, 52.7, 61.7, 106.1, 125.0, 126.5 (2C), 126.9,
128.1, 128.3 (2C), 128.5 (2C), 128.7 (2C), 129.8, 130.0 (2C), 132.1 (2C),
133.5, 135.7, 137.0, 139.3, 139.9 (2C), 142.6, 143.4, 143.7 ppm; IR (KBr):
ñ= 1311 (SO2N), 1151 cm�1 (SO2N); MS (FAB): m/z (%): 534 (20) [M+


+H], 136 (100); HRMS (FAB): calcd for C35H36NO2S [M++H]: 534.2467;
found: 534.2470.


Compound 25 : Colorless oil; [a]28
D =++6.35 (c =1.81, CHCl3); 1H NMR


(500 MHz, CDCl3): d=2.28 (s, 3 H; PhCH3), 2.57 (s, 6H; 2� PhCH3),
2.70–2.77 (m, 2H; Ph�CHH and 7-H), 2.97–2.99 (m, 1 H; 3-H), 3.07 (dd,
J =14.0, 3.7 Hz, 1H; Ph�CHH), 3.11 (dd, J=9.8, 6.1 Hz, 1 H; 6-CHH),
3.34 (dd, J =9.8, 6.7 Hz, 1H; 6-CHH), 3.92 (d, J=6.1 Hz, 1H; 8-H), 4.25
(ddd, J =7.9, 3.7, 3.7 Hz, 1H; 4-H), 4.61 (d, J =1.2 Hz, 1H; C=CHH),
5.43 (s, 1H; C=CHH), 6.65–7.44 ppm (m, 16 H; Ph); 13C NMR
(75.5 MHz, CDCl3): d= 20.9, 23.2 (2C), 40.7, 43.6, 45.9, 46.2, 51.7, 68.3,
113.0, 124.8, 126.4 (2C), 127.0, 128.1, 128.4 (4C), 128.5 (2C), 129.6 (2C),
129.7, 131.9 (2C), 133.7, 134.4, 136.5, 137.9, 139.8 (2C), 142.2, 143.0,
143.7 ppm; IR (KBr): ñ=1317 (SO2N), 1155 cm�1 (SO2N); MS (FAB):
m/z (%): 534 (70) [M++H], 442 (100); HRMS (FAB): calcd for
C35H36NO2S [M++H]: 534.2467; found: 534.2457.


(3S,4R,7R,8S)-5-Aza-4-(tert-butyl)-2-methylene-8-phenyl-5-(2,4,6-trime-
thylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene (26) and its
(3S,4R,7S,8S) isomer (27) (Table 1, entry 9): By using a procedure identi-
cal to that described for the synthesis of 20a and 21a, allenene 10d
(45.0 mg, 0.106 mmol) was converted into, in the order of elution, 26
(18.0 mg, 34%) and 27 (3.6 mg, 7%).


Compound 26 : Colorless oil; [a]23
D =++31.9 (c =1.62, CHCl3); 1H NMR


(500 MHz, CDCl3): d =0.97 (s, 3H; CMe3), 2.24 (s, 3H; PhCH3), 2.24–
2.34 (m, 1H; 7-H), 2.50 (s, 6 H; 2 � PhCH3), 2.69 (dd, J= 12.2, 7.3 Hz, 1 H;
3-H), 2.75 (dd, J =12.2, 12.2 Hz, 1 H; 6-CHH), 3.30 (dd, J =12.2, 6.1 Hz,
1H; 6-CHH), 3.87 (d, J =11.6 Hz, 1 H; 8-H), 4.40 (d, J=7.3 Hz, 1H; 4-
H), 5.19 (s, 1H; C=CHH), 5.61 (s, 1H; C=CHH), 6.79 (d, J =7.9 Hz, 1 H;
Ph), 6.82 (s, 2 H; Ph), 6.97–6.98 (m, 2 H; Ph), 7.10 (t, J=7.3 Hz, 1H; Ph),
7.18–7.25 (m, 4 H; Ph), 7.62 ppm (d, J=7.9 Hz, 1H; Ph); 13C NMR
(75.5 MHz, CDCl3): d =20.9, 23.3 (2C), 27.2 (3C), 36,4, 50.0, 51.5, 52.0,
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53.5, 68.1, 105.9, 125.6, 126.5, 126.8, 128.0, 128.5 (2C), 128.6 (2C), 129.9,
131.9 (2C), 133.0, 137.0, 139.6, 140.1 (2C), 142.2, 143.9, 145.4 ppm; IR
(KBr): ñ=1309 (SO2N), 1155 cm�1 (SO2N); MS (FAB): m/z (%): 500
(100) [M++H]; HRMS (FAB): calcd for C32H38NO2S [M++H]: 500.2623;
found: 500.2591.


Compound 27: Colorless oil; 1H NMR (500 MHz, CDCl3): d=0.93 (s,
3H; CMe3), 2.26 (s, 3 H; PhCH3), 2.48 (s, 6 H; 2 � PhCH3), 2.99–3.05 (m,
1H; 7-H), 3.19 (dd, J =11.0, 6.1 Hz, 1H; 6-CHH), 3.22–3.24 (m, 1H; 3-
H), 3.37 (dd, J =11.0, 8.5 Hz, 1 H; 6-CHH), 3.80 (d, J =6.7 Hz, 1H; 8-H),
4.14 (s, 1 H; 4-H), 5.22 (s, 1H; C=CHH), 5.58 (s, 1 H; C=CHH), 6.75 (d,
J =7.3 Hz, 1H; Ph), 6.81 (s, 2 H; Ph), 6.95 (d, J=7.9 Hz, 2 H; Ph), 7.10 (t,
J =7.3 Hz, 1H; Ph), 7.19–7.26 (m, 4 H; Ph), 7.47 ppm (d, J= 7.9 Hz, 1H;
Ph).


(3S,4S,7R,8S)-5-Aza-11-methoxy-2-methylene-4-[(1S)-1-methylpropyl]-8-
phenyl-5-(2,4,6-trimethylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-
1(9),10,12-triene (28) and its (3S,4S,7S,8S) isomer (29) (Table 1,
entry 10): By using a procedure identical to that described for the synthe-
sis of 20a and 21 a, allenene 10e (141 mg, 0.332 mmol) was converted
into, in the order of elution, 28 (60.4 mg, 34%) and 29 (53.9 mg, 31%),
by use of 4-iodoanisole.


Compound 28 : Colorless crystals; m.p. 105–108 8C (n-hexane/Et2O);
[a]19


D =++13.3 (c=0.95, CHCl3); 1H NMR (500 MHz, CDCl3): d= 0.76 (d,
J =6.7 Hz, 3H; CMe), 0.79 (t, J =7.3 Hz, 3 H; CMe), 1.10–1.17 (m, 1 H;
2’-CHH), 1.36–1.42 (m, 1 H; 2’-CHH), 1.59–1.63 (m, 1H; 1’-H), 2.28 (s,
3H; PhCH3), 2.54 (s, 6H; 2 � PhCH3), 2.74–2.79 (m, 1H; 7-H), 3.05 (dd,
J =6.1, 5.5 Hz, 1H; 3-H), 3.32–3.40 (m, 2 H; 6-CH2), 3.69 (s, 3 H; OMe),
3.98 (d, J= 6.1 Hz, 1H; 8-H), 4.02 (dd, J=5.5, 3.7 Hz, 1H; 4-H), 4.98 (s,
1H; C=CHH), 5.45 (s, 1 H; C=CHH), 6.39 (d, J =2.4 Hz, 1 H; 10-H), 6.77
(dd, J =8.5, 2.4 Hz, 1H; 12-H), 6.87 (s, 2 H; Ph), 7.04–7.07 (m, 2H; Ph),
7.18–7.26 (m, 3H; Ph), 7.45 ppm (d, J= 8.5 Hz, 1H; 13-H); 13C NMR
(67.8 MHz, CDCl3): d= 12.5, 14.2, 21.0, 23.1 (2C), 27.0, 38.9, 44.5, 45.5,
46.5, 53.2, 55.2, 70.3, 111.3, 113.4, 114.1, 126.3, 126.4, 127.5, 128.4 (2C),
128.5 (2C), 131.6 (2C), 134.2, 138.1, 139.4 (2C), 141.8, 143.9, 144.3,
159.4 ppm; IR (KBr): ñ=1317 (SO2N), 1155 cm�1 (SO2N); MS (FAB):
m/z (%): 530 (46) [M++H], 472 (100); HRMS (FAB): calcd for
C33H40NO3S [M++H]: 530.2729; found: 530.2715.


Compound 29 : Colorless crystals; m.p. 167–169 8C (n-hexane/Et2O);
[a]22


D =�7.47 (c=1.15, CHCl3); 1H NMR (500 MHz, CDCl3): d =0.84 (t,
J =7.3 Hz, 3 H; CMe), 0.86 (d, J=6.7 Hz, 3H; CMe), 0.98–1.08 (m, 1 H;
2’-CHH), 1.47–1.56 (m, 1 H; 2’-CHH), 1.69–1.72 (m, 1H; 1’-H), 2.27 (s,
3H; PhCH3), 2.32–2.41 (m, 1H; 7-H), 2.54 (s, 6H; 2 � PhCH3), 2.64 (dd,
J =12.2, 7.9 Hz, 1H; 3-H), 2.77 (dd, J=12.2, 11.6 Hz, 1H; 6-CHH), 3.47
(dd, J= 11.6, 6.1 Hz, 1 H; 6-CHH), 3.62 (s, 3 H; OMe), 3.84 (d, J =


12.2 Hz, 1H; 8-H), 4.44 (dd, J=7.9, 4.3 Hz, 1H; 4-H), 5.01 (s, 1 H; C=


CHH), 5.41 (s, 1H; C=CHH), 6.29 (d, J=1.8 Hz, 1 H; 10-H), 6.76 (dd,
J =9.2, 1.8 Hz, 1 H; 12-H), 6.88 (s, 2H; Ph), 7.05–7.07 (m, 2H; Ph), 7.21–
7.28 (m, 3H; Ph), 7.53 ppm (d, J= 9.2 Hz, 1 H; 13-H); 13C NMR
(67.8 MHz, CDCl3): d= 12.4, 14.0, 21.0, 23.0 (2C), 26.4, 39.8, 48.5, 51.7,
52.1, 53.1, 55.2, 63.6, 104.2, 112.4, 114.5, 126.6, 126.9, 128.4 (2C), 128.6
(2C), 129.8, 131.8 (2C), 132.9, 140.0 (2C), 140.9, 142.3, 143.5, 145.0,
159.2 ppm; IR (KBr): ñ=1309 (SO2N), 1151 cm�1 (SO2N); MS (FAB):
m/z (%): 530 (87) [M++H], 472 (100); HRMS (FAB): calcd for
C33H40NO3S [M++H]: 530.2729; found: 530.2736.


(3S,4S,7R,8S)-5-Aza-5-(tert-butoxycarbonyl)-4-isopropyl-2-methylene-8-
phenyltricyclo[7.4.0.03,7]trideca-1(9),10,12-triene (30) and its
(3S,4S,7S,8S) isomer (31) (Table 1, entry 11): By using a procedure iden-
tical to that described for the synthesis of 20a and 21a, allenene 10 f
(45.2 mg, 0.138 mmol) was converted into, in the order of elution, 30
(8.7 mg, 16%) and 31 (19.4 mg, 35%).


Compound 30 : Colorless oil; [a]24
D =�17.9 (c=1.40, CHCl3); 1H NMR


(500 MHz, CDCl3, 328 K): d=0.93 (d, J=6.6 Hz, 3 H; CMe), 0.95 (d, J =


6.9 Hz, 3 H; CMe), 1.36 (s, 9H; CMe3), 1.97–2.09 (br s, 1 H; Me2CH),
2.81–2.90 (m, 1H; 7-H), 2.99–3.01 (m, 1H; 3-H), 3.28–3.29 (br s, 1 H; 6-
CHH), 3.40 (dd, J=11.4, 7.5 Hz, 1H; 6-CHH), 3.75–3.77 (br s, 1 H; 4-H),
3.93 (d, J =4.5 Hz, 1H; 8-H), 5.10 (s, 1 H; C=CHH), 5.56 (s, 1H; C=


CHH), 6.96 (d, J=7.2 Hz, 1H; Ph), 7.05 (d, J=6.9 Hz, 2H; Ph), 7.14–
7.28 (m, 5H; Ph), 7.54 ppm (dd, J= 7.5, 1.2 Hz, 1 H; Ph); 13C NMR
(75.5 MHz, CDCl3, 328 K): d=18.9, 19.3, 28.5 (3C), 31.8, 44.1, 47.5, 51.5,


71.1, 77.1, 79.1, 112.3, 125.0, 126.4, 127.1, 128.2, 128.4 (2C), 128.5 (2C),
129.9, 135.8, 137.0, 144.3, 145.8, 155.0 ppm; IR (KBr): ñ=1691 cm�1 (C=


O); MS (FAB): m/z (%): 404 (8) [M++H], 348 (100); HRMS (FAB):
calcd for C27H34NO2 [M++H]: 404.2590; found: 404.2607.


Compound 31: Colorless oil; [a]24
D =�7.14 (c =1.47, CHCl3); 1H NMR


(500 MHz, CDCl3, 333 K): d=0.92 (d, J=6.9 Hz, 3 H; CMe), 0.95 (d, J =


6.9 Hz, 3 H; CMe), 1.40–1.44 (m, 9 H; CMe3), 2.12–2.20 (m, 1 H; 7-H),
2.40–2.66 (br s, 2 H; Me2CH and 3-H), 2.90 (dd, J =11.1, 11.1 Hz, 1H; 6-
CHH), 3.60–3.80 (br s, 1 H; 6-CHH), 3.98 (d, J =11.1 Hz, 1H; 8-H), 4.13–
4.21 (br s, 1 H; 4-H), 5.08 (s, 1H; C=CHH), 5.55 (d, J= 1.8 Hz, 1H; C=


CHH), 6.81 (d, J =7.5 Hz, 1 H; Ph), 7.08–7.30 (m, 7 H; Ph), 7.59–
7.61 ppm (m, 1H; Ph); 13C NMR (67.8 MHz, CDCl3, 333 K): d =17.5,
19.4, 28.7 (3C), 29.8, 48.7, 51.3, 52.1, 62.4, 77.2, 79.4, 105.5, 125.3, 126.4,
126.8, 128.0, 128.6 (4C), 130.0, 137.0, 139.7, 144.4, 146.3, 154.5 ppm; IR
(KBr): ñ=1693 cm�1 (C=O); MS (FAB): m/z (%): 404 (6) [M++H], 348
(100); HRMS (FAB): calcd for C27H34NO2 [M++H]: 404.2590; found:
404.2590.


(3S,4S,7S)-5-Aza-4-isopropyl-8,8-dimethyl-2-methylene-5-(2,4,6-trimethyl-
phenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene (32 a) (Table 1,
entry 12): By using a procedure identical to that described for the synthe-
sis of 20a and 21 a, allenene 11 (40.0 mg, 0.110 mmol) was converted into
32a (20.1 mg, 42 %). Colorless oil; [a]22


D =�42.9 (c =2.86, CHCl3);
1H NMR (500 MHz, CDCl3): d=0.88 (d, J =6.7 Hz, 3 H; CMe), 0.88 (d,
J =6.7 Hz, 3 H; CMe), 1.21 (s, 3H; CMe), 1.34 (s, 3 H; CMe), 2.04–2.17
(m, 2 H; Me2CH and 7-H), 2.30 (s, 3 H; PhCH3), 2.69 (s, 6 H; 2� PhCH3),
2.67–2.71 (m, 1 H; 3-H), 2.96 (dd, J =11.6, 11.6 Hz, 1 H; 6-CHH), 3.72
(dd, J =11.6, 6.7 Hz, 1H; 6-CHH), 4.41 (dd, J=7.3, 4.3 Hz, 1 H; 4-H),
5.06 (d, J =1.8 Hz, 1 H; C=CHH), 5.47 (d, J =1.8 Hz, 1H; C=CHH), 6.96
(s, 2 H; Ph), 7.16–7.19 (m, 1 H; Ph), 7.26–7.29 (m, 1H; Ph), 7.33–7.35 (m,
1H; Ph), 7.52–7.54 ppm (m, 1 H; Ph); 13C NMR (75.5 MHz, CDCl3): d=


17.3, 19.4, 20.9, 23.1 (2C), 25.2, 30.2, 32.8, 37.1, 43.2, 49.2, 53.6, 63.9,
105.4, 125.6, 126.2, 126.6, 128.4, 131.9 (2C), 133.3, 135.2, 140.1 (2C),
142.4, 145.7, 146.4 ppm; IR (KBr): ñ =1315 (SO2N), 1153 cm�1 (SO2N);
MS (FAB): m/z (%): 438 (100) [M++H]; HRMS (FAB): calcd for
C27H36NO2S [M++H]: 438.2467; found: 438.2468.


(3S,4S,7S)-5-Aza-4-isopropyl-11-methoxy-8,8-dimethyl-2-methylene-5-
(2,4,6-trimethylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene
(32 b) (Table 1, entry 13): By using a procedure identical to that de-
scribed for the synthesis of 20 a and 21 a, allenene 11 (50.0 mg,
0.138 mmol) was converted into 32 b (29.0 mg, 45%) by use of 4-iodoani-
sole. Colorless oil; [a]20


D =�49.2 (c =0.92, CHCl3); 1H NMR (500 MHz,
CDCl3): d=0.876 (d, J =6.7 Hz, 3 H; CMe), 0.882 (d, J =6.7 Hz, 3 H;
CMe), 1.20 (s, 3 H; CMe), 1.32 (s, 3H; CMe), 2.02–2.15 (m, 2H; Me2CH
and 7-H), 2.30 (s, 3 H; PhCH3), 2.64–2.71 (m, 1 H; 3-H), 2.69 (s, 6 H; 2�
PhCH3), 2.95 (dd, J=11.6, 11.6 Hz, 1H; 6-CHH), 3.70 (dd, J =11.6,
6.7 Hz, 1H; 6-CHH), 3.81 (s, 3H; OMe), 4.39 (dd, J =7.3, 4.3 Hz, 1H; 4-
H), 4.94 (d, J=1.2 Hz, 1H; C=CHH), 5.34 (d, J=1.8 Hz, 1H; C=CHH),
6.75 (dd, J=8.5, 2.4 Hz, 1H; Ph), 6.85 (d, J= 2.4 Hz, 1H; Ph), 6.96 (s,
2H; Ph), 7.48 ppm (d, J =8.5 Hz, 1 H; Ph); 13C NMR (75.5 MHz, CDCl3):
d=17.4, 19.3, 20.9, 23.1 (2C), 25.1, 30.2, 32.9, 37.2, 43.3, 49.2, 53.5, 55.3,
63.9, 103.7, 111.8, 111.9, 126.8, 128.2, 131.9 (2C), 133.3, 140.1 (2C), 142.4,
145.8, 147.3, 159.7 ppm; IR (KBr): ñ =1367 (NSO2), 1153 cm�1 (NSO2);
MS (FAB): m/z (%): 468 (80) [M++H], 424 (100); HRMS (FAB): calcd
for C28H38NO3S [M++H]: 468.2572; found: 468.2580.


(3S,4S,7R,8R)-5-Aza-4-isopropyl-2-methylene-8-phenyl-5-(2,4,6-trime-
thylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene (33): By
using a procedure identical to that described for the synthesis of 20 a and
21a, allenene (Z)-10a (50.0 mg, 0.122 mmol) was converted into, in the
order of elution, 20 a (9.3 mg, 16%) and 33 (15.2 mg, 26%).


Compound 33 : Colorless oil; 1H NMR (500 MHz, CDCl3): d=0.53 (d,
J =6.7 Hz, 3 H; CMe), 0.74 (d, J=6.7 Hz, 3H; CMe), 1.86–1.92 (m, 1 H;
Me2CH), 2.20 (dd, J=12.2, 11.6 Hz, 1 H; 6-CHH), 2.29 (s, 3H; PhCH3),
2.49–2.56 (m, 1 H; 7-H), 2.63 (s, 6 H; 2 � PhCH3), 2.79 (dd, J =12.8,
7.3 Hz, 1 H; 3-H), 3.61 (dd, J =11.6, 6.1 Hz, 1H; 6-CHH), 4.31 (dd, J=


7.3, 4.3 Hz, 1H; 4-H), 4.45 (d, J= 5.5 Hz, 1H; 8-H), 5.12 (d, J =1.8 Hz,
1H; C=CHH), 5.62 (d, J =1.8 Hz, 1H; C=CHH), 6.90 (d, J=6.7 Hz, 2 H;
Ph), 6.93 (s, 2 H; Ph), 6.98 (d, J=7.3 Hz, 1H; Ph), 7.17–7.25 (m, 5H; Ph),
7.70 ppm (d, J =7.3 Hz, 1 H; Ph); 13C NMR (67.8 MHz, CDCl3): d=17.3,


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3728 – 37413738


H. Ohno, T. Tanaka et al.



www.chemeurj.org





19.2, 21.1, 23.1 (2C), 32.9, 41.2, 46.5, 46.7, 51.0, 63.5, 106.4, 125.0, 126.6,
126.7, 128.0 (2C), 128.3, 129.8 (2C), 131.0, 131.8 (2C), 133.1, 136.3, 138.2,
140.0 (2C), 141.0, 142.3, 144.9 ppm; IR (KBr): ñ=1315 (SO2N),
1153 cm�1 (SO2N).


(1S,9S,10S,12R,16R)-11-Aza-10-isopropyl-8-methylene-11-(2,4,6-trimeth-
ylphenylsulfonyl)tetracyclo[7.6.1.02,7.012,16]hexadeca-2(3),4,6-triene (34 a):
By using a procedure identical to that described for the synthesis of 20a
and 21 a, allenene 12a (80 mg, 0.214 mmol) was converted into 34 a
(47.0 mg, 49 %). Colorless solid; [a]28


D =�12.9 (c=1.59, CHCl3); 1H NMR
(500 MHz, CDCl3): d=1.01 (d, J=6.7 Hz, 3 H; CMe), 1.03 (d, J =6.7 Hz,
3H; CMe), 1.19–1.40 (m, 3 H; 3 � CH), 1.47–1.48 (m, 1 H; CH), 1.65–1.68
(m, 1 H; CH), 1.88–1.91 (m, 1H; CH), 2.17–2.22 (m, 1H; Me2CH), 2.31
(s, 3 H; PhCH3), 2.31–2.36 (m, 1H; 16-H), 2.70 (s, 6 H; 2� PhCH3), 2.84
(dd, J=13.4, 8.5, Hz, 1H; 9-H), 3.01 (ddd, J=11.6, 6.1, 6.1 Hz, 1H; 1-H),
3.67 (ddd J =13.4, 6.7, 6.7 Hz, 1 H; 12-H), 4.35 (dd, J=8.5, 4.9 Hz, 1 H;
10-H), 5.11 (d, J=1.8 Hz, 1H; C=CHH), 5.41 (d, J= 1.8 Hz, 1 H; C=


CHH), 6.95 (s, 2H; Ph), 7.13–7.52 ppm (m, 4H; Ph); 13C NMR
(67.8 MHz, CDCl3): d =18.7, 21.1 (2C), 23.2 (2C), 23.8, 28.5, 30.7, 32.7,
38.9, 40.9, 45.9, 58.7, 64.8, 107.1, 125.6, 126.2, 127.9, 128.7, 131.8 (3C),
132.6, 136.1, 140.3 (2C), 142.4, 146.8 ppm; IR (KBr): ñ= 1306 (SO2N),
1149 cm�1 (SO2N); MS (FAB): m/z (%): 450 (100) [M++H]; HRMS
(FAB): calcd for C28H36NO2S [M++H]: 450.2467; found: 450.2470.


(1S,9S,10S,12R,16R)-11-Aza-10-isobutyl-8-methylene-11-(2,4,6-trimethyl-
phenylsulfonyl)tetracyclo[7.6.1.02,7.012,16]hexadeca-2(3),4,6-triene (34 b):
By using a procedure identical to that described for the synthesis of 20a
and 21a, a diastereomixture of allenene 12b and 13b (1:1; 80 mg,
0.206 mmol) was converted into 34b (24.3 mg, 51% based on 12 b). Col-
orless oil; [a]24


D =�6.02 (c=1.40, CHCl3); 1H NMR (500 MHz, CDCl3):
d=0.83 (d, J =6.7 Hz, 3H; CMe), 0.88 (d, J =6.7 Hz, 3H; CMe), 1.20–
1.38 (m, 3 H; 3 � CH), 1.46–1.69 (m, 4 H; 4� CH), 1.81–1.90 (m, 2H; 2�
CH), 2.32 (s, 3H; PhCH3), 2.35–2.40 (m, 1H; 16-H), 2.71 (s, 6H; 2�
PhCH3), 2.74–2.78 (m, 1 H; 9-H), 3.04 (ddd, J= 11.6, 6.1, 5.5 Hz, 1H; 1-
H), 3.76–3.80 (m, 1H; 12-H), 4.24 (ddd, J =11.0, 11.0, 4.8 Hz, 1 H; 10-H),
5.02 (d, J =1.8 Hz, 1 H; C=CHH), 5.44 (d, J =1.8 Hz, 1H; C=CHH), 6.96
(s, 2H; Ph), 7.14 (d, J =7.3 Hz, 1 H; Ph), 7.18 (dd, J=7.3, 7.3 Hz, 1H;
Ph), 7.23 (dd, J =7.3, 7.3 Hz, 1 H; Ph), 7.56 ppm (d, J=7.3 Hz, 1 H; Ph);
13C NMR (75.5 MHz, CDCl3): d=21.0, 22.8, 23.1 (2C), 23.7, 23.8, 24.5,
29.0, 30.3, 38.8, 45.8, 46.9, 48.8, 58.3, 58.6, 105.7, 125.4, 126.4, 128.1, 129.0,
131.9 (3C), 132.5, 135.3, 140.6 (2C), 142.6, 146.3 ppm; IR (KBr): ñ =1301
(SO2N), 1157 cm�1 (SO2N); MS (FAB): m/z (%): 464 (100) [M++H];
HRMS (FAB): calcd for C29H38NO2S [M++H]: 464.2623; found:
464.2612.


(1S,9S,10S,12R,16R)-11-Aza-8-methylene-10-[(1S)-1-methylpropyl]-5-
(2,4,6-trimethylphenylsulfonyl)tetracyclo[7.6.1.02,7.012,16]hexadeca-2(3),4,6-
triene (34 c): By using a procedure identical to that described for the syn-
thesis of 20a and 21 a, allenene 12c (39.3 mg, 0.101 mmol) was converted
into 34c (28.4 mg, 61 %). Colorless oil ; [a]24


D =�17.2 (c=0.72, CHCl3);
1H NMR (500 MHz, CDCl3): d =0.88 (t, J =7.3 Hz, 3H; CMe), 0.97 (d,
J =6.7 Hz, 3H; CMe), 1.02–1.68 (m, 7H; 7 � CH), 1.86–1.91 (m, 2H;
CH2), 2.31 (s, 3 H; PhCH3), 2.32–2.37 (m, 1H; 16-H), 2.70 (s, 6 H; 2�
PhCH3), 2.82–2.87 (m, 1 H; 9-H), 2.99–3.04 (m, 1 H; 1-H), 3.70 (ddd, J=


11.6, 5.5, 5.5 Hz, 1H; 12-H), 4.35 (dd, J= 8.5, 4.3 Hz, 1H; 10-H), 5.11 (s,
1H; C=CHH), 5.38 (s, 1H; C=CHH), 6.95 (s, 2 H; Ph), 7.13–7.26 (m, 3 H;
Ph), 7.49 ppm (d, J= 7.3 Hz, 1 H; Ph); 13C NMR (67.8 MHz, CDCl3): d=


12.6, 14.6, 21.0, 23.1 (2C), 23.7, 27.4, 28.6, 30.8, 38.8, 39.4, 40.8, 46.0, 58.4,
64.4, 107.1, 125.5, 126.1, 127.8, 128.5, 131.7 (3C), 136.2, 140.1, 140.2 (2C),
142.3, 146.9 ppm; IR (KBr): ñ=1307 (SO2N), 1151 cm�1 (SO2N); MS
(FAB): m/z (%): 464 (100) [M++H]; HRMS (FAB): calcd for
C29H38NO2S [M++H]: 464.2623; found: 464.2622.


(1S,8S,9R,12S)-11-Aza-12-isopropyl-2-methylene-8-phenyl-4-thia-11-
(2,4,6-trimethylphenylsulfonyl)tricyclo[7.3.0.03,7]dodeca-3(7),5-diene
(56 a) and its (1S,8S,9S,12S) isomer (57 a) (Table 2, entry 1): By using a
procedure similar to that described for the synthesis of 20a and 21 a, alle-
nene 10 a (155 mg, 0.378 mmol) was converted into 56a (88.1 mg, 47%)
and 57 a (23.0 mg, 12%) by use of 2-bromothiophene.


Compound 56a : Colorless oil; [a]25
D =++ 7.63 (c= 1.04, CHCl3); 1H NMR


(300 MHz, CDCl3): d =0.94 (d, J=6.9 Hz, 6H; 2� CMe), 1.99–2.04 (m,
1H; Me2CH), 2.26 (s, 3 H; PhCH3), 2.52 (s, 6 H; 2 � PhCH3), 2.52–2.60 (m,


1H; 9-H), 2.74–2.82 (m, 2H; 1-H and 10-CHH), 3.39 (dd, J =11.8,
5.6 Hz, 1H; 10-CHH), 3.75 (d, J =11.2 Hz, 1H; 8-H), 4.38 (dd, J =8.1,
4.4 Hz, 1 H; 12-H), 4.93 (s, 1 H; C=CHH), 5.35 (s, 1H; C=CHH), 6.38 (d,
J =5.0 Hz, 1 H; Ar), 6.87 (s, 2H; Ar), 7.01 (d, J=5.0 Hz, 1H; Ar), 7.08
(d, J=7.5 Hz, 2 H; Ar), 7.23–7.30 ppm (m, 3 H; Ar); 13C NMR
(75.5 MHz, CDCl3): d= 18.0, 19.0, 20.9, 22.9 (2C), 33.0, 48.4, 49.4, 52.1,
52.4, 64.0, 105.4, 124.0, 127.1, 127.8 (2C), 127.9, 128.6 (2C), 131.9 (2C),
132.9, 138.8, 140.1 (2C), 140.4, 141.2, 142.4 ppm (2C); IR (KBr): ñ =1313
(SO2N), 1151 cm�1 (SO2N); MS (FAB): m/z (%): 492 (58) [M++H], 307
(100); HRMS (FAB): calcd for C29H34NO2S2 [M++H]: 492.2031; found:
492.2061.


Compound 57a : Pale-yellow oil; [a]23
D =++ 7.83 (c =1.06, CHCl3);


1H NMR (300 MHz, CDCl3): d=0.71 (d, J =6.9 Hz, 3 H; CMe), 0.86 (d,
J =6.9 Hz, 3H; CMe), 1.92–1.99 (m, 1H; Me2CH), 2.29 (s, 3H; PhCH3),
2.60 (s, 6H; 2� PhCH3), 2.89–3.07 (m, 1H; 9-H), 3.11 (dd, J= 6.9, 6.2 Hz,
1H; 1-H), 3.25 (dd, J=10.0, 5.0 Hz, 1H; 10-CHH), 3.79 (dd, J =10.0,
3.7 Hz, 1 H; 10-CHH), 4.01–4.05 (m, 2H; 8-H and 12-H), 4.98 (s, 1 H; C=


CHH), 5.46 (s, 1H; C=CHH), 6.43 (d, J =5.0 Hz, 1 H; Ar), 6.91 (s, 2 H;
Ar), 7.04 (d, J =5.0 Hz, 1 H; Ar), 7.15–7.18 (m, 2H; Ar), 7.18–7.30 ppm
(m, 3 H; Ar); 13C NMR (75.5 MHz, CDCl3): d =17.8, 18.6, 20.9, 22.9 (2C),
30.9, 42.3, 45.9, 46.8, 53.4, 69.4, 110.7, 124.2, 126.7, 128.6 (3C), 128.7 (2C),
131.8 (2C), 135.4, 135.5, 138.3, 138.8, 139.3 (2C), 142.0, 144.1 ppm; IR
(KBr): ñ=1315 (SO2N), 1155 cm�1 (SO2N); MS (FAB): m/z (%): 492
(100) [M++H]; HRMS (FAB): calcd for C29H34NO2S2 [M++H]:
492.2031; found: 492.2037.


(1S,2S,9S,10S)-11-Aza-10-isopropyl-8-methylene-4-oxa-2-phenyl-11-
(2,4,6-trimethylphenylsulfonyl)tricyclo[7.3.0.03,7]dodeca-3(7),5-diene
(56 b) (Table 2, entry 2): By using a procedure similar to that described
for the synthesis of 20 a and 21 a, allenene 10a (158 mg, 0.386 mmol) was
converted into 56b (56.3 mg, 31 %) by use of 3-bromofuran. Colorless
oil; [a]20


D =++24.2 (c=1.04, CHCl3); 1H NMR (300 MHz, CDCl3): d=0.94
(d, J= 7.5 Hz, 6H; 2 � CMe), 1.96–2.05 (m, 1 H; Me2CH), 2.27 (s, 3 H;
PhCH3), 2.41–2.53 (m, 1H; 1-H), 2.51 (s, 6 H; 2 � PhCH3), 2.51–2.74 (m,
1H; 9-H), 2.82 (dd, J =12.5, 11.8 Hz, 1 H; 12-CHH), 3.44 (dd, J =11.8,
5.6 Hz, 1H; 12-CHH), 3.86 (d, J =10.6 Hz, 1H; 2-H), 4.37 (dd, J =8.1,
4.4 Hz, 1 H; 10-H), 4.92 (s, 1 H; C=CHH), 5.21 (s, 1H; C=CHH), 6.49 (d,
J =1.9 Hz, 1H; Ar), 6.87 (s, 2H; Ar), 7.04 (d, J =8.1 Hz, 2H; Ar), 7.22–
7.30 ppm (m, 4H; Ar); 13C NMR (75.5 MHz, CDCl3): d =18.2, 18.9, 20.9,
22.9 (2C), 33.0, 46.5, 49.4, 51.7, 52.4, 63.6, 105.1, 106.9, 122.8, 127.4, 127.7
(2C), 128.7 (2C), 131.9 (2C), 132.9, 138.5, 139.4, 140.2 (2C), 142.4, 142.9,
152.9 ppm; IR (KBr): ñ=1313 (SO2N), 1151 cm�1 (SO2N); MS (FAB):
m/z (%): 476 (96) [M++H], 432 (100); HRMS (FAB): calcd for
C29H34NO3S [M++H]: 476.2259; found: 476.2253.


(10S,11R,14S,15S)-5,13-Diaza-14-isopropyl-5-methyl-16-methylene-10-
phenyl-13-(2,4,6-trimethylphenylsulfonyl)tetracyclo[7.7.0.02,6.011,15]hexa-
deca-1(9),2(6),3,7-tetraene (56 c) and its (10S,11S,14S,15S) isomer (57 c)
(Table 2, entry 3): By using a procedure similar to that described for the
synthesis of 20a and 21 a, allenene 10 a (150 mg, 0.366 mmol) was con-
verted into 56 c (84.3 mg, 43 %) and 57 c (12.2 mg, 6 %) by use of 4-
bromo-1-methylindole.


Compound 56c : Colorless powder; m.p. 223–225 8C; [a]20
D =++65.3 (c=


1.005, CHCl3); 1H NMR (300 MHz, CDCl3): d=0.87 (d, J =6.9 Hz, 3 H;
CMe), 0.95 (d, J=6.9 Hz, 3H; CMe), 2.03–2.08 (m, 1 H; Me2CH), 2.27 (s,
3H; PhCH3), 2.37–2.46 (m, 1H; 11-H), 2.54 (s, 6H; 2 � PhCH3), 2.73 (dd,
J =11.8, 8.7 Hz, 1H; 15-H), 2.84 (dd, J =11.8, 11.2 Hz, 1 H; 12-CHH),
3.57 (dd, J =11.8, 6.2 Hz, 1 H; 12-CHH), 3.75 (s, 3H; CMe), 4.00 (d, J=


10.6 Hz, 1H; 10-H), 4.52 (dd, J=8.7, 4.4 Hz, 1H; 14-H), 5.43 (s, 1H; C=


CHH), 5.84 (s, 1 H; C=CHH), 6.68 (d, J =8.1 Hz, 1 H; Ar), 6.83 (d, J=


3.1 Hz, 1 H; Ar), 6.88 (s, 2H; Ar), 7.07–7.11 (m, 4H; Ar), 7.21–7.27 ppm
(m, 3 H; Ar); 13C NMR (75.5 MHz, CDCl3): d =16.8, 19.7, 20.9, 22.9 (2C),
32.3, 32.9, 48.8, 51.6, 53.5, 53.6, 63.5, 101.3, 108.6, 109.3, 123.7, 125.2,
126.6, 128.5 (2C), 128.6 (2C), 129.1, 130.0, 130.7, 131.9 (2C), 133.3, 135.8,
140.0 (2C), 142.2, 145.1, 145.4 ppm; IR (KBr): ñ=1311 (SO2N),
1151 cm�1 (SO2N); MS (FAB): m/z (%): 539 (100) [M++H]; HRMS
(FAB): calcd for C34H39N2O2S [M++H]: 539.2732; found: 539.2744.


Compound 57c : Pale-yellow powder; m.p. 194–196 8C; [a]25
D =�15.7 (c =


0.735, CHCl3); 1H NMR (300 MHz, CDCl3): d=0.84 (d, J =6.9 Hz, 3 H;
CMe), 0.95 (d, J=6.9 Hz, 3H; CMe), 2.04–2.13 (m, 1 H; Me2CH), 2.23 (s,
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3H; PhCH3), 2.44 (s, 6H; 2� PhCH3), 2.86–2.90 (m, 1 H; 11-H), 3.12–3.22
(m, 2H; 12-CHH and 15-H), 3.44 (dd, J=10.0, 6.9 Hz, 1H; 12-CHH),
3.79 (s, 3H; NMe), 3.98–4.03 (m, 2 H; 10-H and 14-H), 5.34 (s, 1 H; C=


CHH), 5.79 (s, 1 H; C=CHH), 6.74 (s, 2 H; Ar), 6.70–6.90 (m, 2 H; Ar),
7.00–7.28 ppm (m, 7 H; Ar); 13C NMR (75.5 MHz, CDCl3): d=16.5, 19.8,
20.9, 23.1 (2C), 32.0, 32.9, 45.7, 45.8, 47.1, 53.3, 72.1, 101.3, 109.2, 114.7,
123.6, 125.2, 126.1, 127.2, 127.5, 128.3 (2C), 128.5 (2C), 129.0, 131.6 (2C),
134.0, 136.2, 139.5 (2C), 141.5, 144.5, 144.9 ppm; IR (KBr): ñ =1317
(SO2N), 1153 cm�1 (SO2N); MS (FAB): m/z (%): 539 (100) [M++H];
HRMS (FAB): calcd for C34H39N2O2S [M++H]: 539.2732; found:
539.2744.


(10S,11S,14S,15S)-13-Aza-14-isopropyl-16-methylene-10-phenyl-8-thia-13-
(2,4,6-trimethylphenylsulfonyl)tetracyclo[7.7.0.02,7.011,15]hexadeca-
1(9),2(7),3,5-tetraene (56 d) (Table 2, entry 4): By using a procedure simi-
lar to that described for the synthesis of 20a and 21a, allenene 10a
(150 mg, 0.366 mmol) was converted into 56 d (90.0 mg, 45%) by use of
3-bromobenzothiophene. Colorless powder; m.p. 201–202 8C; [a]25


D =


+75.8 (c =1.015, CHCl3); 1H NMR (300 MHz, CDCl3): d =0.92 (d, J=


6.9 Hz, 3H; CMe), 0.97 (d, J= 7.5 Hz, 3 H; CMe), 2.03–2.10 (m, 1H;
Me2CH), 2.28 (s, 3 H; PhCH3), 2.56 (s, 6 H; 2 � PhCH3), 2.62–2.73 (m, 1H;
11-H), 2.80–2.89 (m, 2H; 12-CHH and 15-H), 3.55 (dd, J =11.8, 5.6 Hz,
1H; 12-CHH), 4.05 (d, J =10.6 Hz, 1H; 10-H), 4.52 (dd, J= 8.1, 4.4 Hz,
1H; 14-H), 5.38 (s, 1 H; C=CHH), 5.77 (s, 1H; C=CHH), 6.90 (s, 2 H;
Ar), 7.17–7.22 (m, 2H; Ar), 7.28–7.33 (m, 4H; Ar), 7.38 (m, 1H; Ar),
7.68 (d, J=8.1 Hz, 1H; Ar), 8.10 ppm (d, J =8.1 Hz, 1 H; Ar); 13C NMR
(75.5 MHz, CDCl3): d= 17.3, 19.4, 20.9, 22.9 (2C), 32.6, 49.3, 49.8, 52.6,
53.2, 62.9, 107.6, 122.7, 122.9, 124.2, 124.5, 127.7, 127.9 (2C), 128.8 (2C),
131.9 (2C), 132.2, 133.0, 136.7, 140.1 (2C), 140.3, 140.9, 142.1, 142.5,
145.0 ppm; IR (KBr): ñ=1313 (SO2N), 1151 cm�1 (SO2N); MS (FAB):
m/z (%): 542 (55) [M++H], 136 (100); HRMS (FAB): calcd
C33H36NO2S2 [M++H]: 542.2187; found: 542.2205.


(2S,3R,6S,7S)-5,10-Diaza-6-isopropyl-8-methylene-2-phenyl-5-(2,4,6-tri-
methylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene (56 e)
and (2S,3S)-4-[(Z)-benzylidene]-2-isopropyl-3-[1-(2-pyridyl)vinyl]-1-
(2,4,6-trimethylphenylsulfonyl)pyrrolidine (59) (Table 2, entry 5): By
using a procedure similar to that described for the synthesis of 20 a and
21a, allenene 10a (100 mg, 0.244 mmol) was converted into 56 e (57.8 mg,
49%) and 59 (12.5 mg, 11%) by use of 2-iodopyridine.


Compound 56e : Colorless oil; [a]26
D =++41.7 (c =1.04, CHCl3); 1H NMR


(300 MHz, CDCl3): d=0.91 (d, J=6.9 Hz, 3 H; CMe), 0.94 (d, J =7.5 Hz,
3H; CMe), 2.00–2.07 (m, 1 H; Me2CH), 2.27 (s, 3 H; PhCH3), 2.40–2.54
(m, 1 H; 3-H), 2.54 (s, 6 H; 2� PhCH3), 2.60 (m, 1 H; 7-H), 2.77 (dd, J=


11.8, 11.8 Hz, 1H; 4-CHH), 3.46 (dd, J= 11.8, 5.6 Hz, 1H; 4-CHH), 3.88
(d, J= 11.2 Hz, 1H; 2-H), 4.46 (dd, J =8.1, 4.5 Hz, 1H; 6-H), 5.29 (s, 1H;
C=CHH), 6.34 (s, 1H; C=CHH), 6.89 (s, 2 H; Ar), 7.01–7.10 (m, 4 H;
Ar), 7.12–7.31 (m, 3 H; Ar), 8.46 ppm (d, J=3.7 Hz, 1 H; Ar); 13C NMR
(75.5 MHz, CDCl3): d= 17.5, 19.3, 20.9, 22.9 (2C), 32.6, 48.2, 50.1, 50.6,
52.8, 64.6, 110.6, 122.7, 127.3, 128.4 (2C), 128.9 (2C), 131.9 (2C), 132.9,
134.6, 137.7, 140.1 (2C), 142.4, 142.5, 144.5, 147.7, 153.1 ppm; IR (KBr):
ñ= 1315 (SO2N), 1153 cm�1 (SO2N); MS (FAB): m/z (%): 487 (100) [M+


+H]; HRMS (FAB): calcd for C30H35N2O2S [M++H]: 487.2419; found:
487.2407.


Compound 59 : Colorless oil; 1H NMR (300 MHz, CDCl3): d=0.67 (d,
J =7.5 Hz, 3 H; CMe), 0.79 (d, J=6.9 Hz, 3H; CMe), 1.71–1.85 (m, 1 H;
Me2CH), 2.29 (s, 3H; CMe), 2.54 (s, 6 H; 2� CMe), 3.59 (d, J =4.5 Hz,
1H; 2-H), 4.30 (d, J =15.0 Hz, 1 H; 5-CHH), 4.43 (s, 1 H; 3-H), 4.64 (d,
J =15.0 Hz, 1 H; 5-CHH), 5.28 (s, 1H; C=CHH), 5.56 (s, 1H; C=CHH),
6.52 (s, 1H; C=CHPh), 6.90 (s, 2 H; Ar), 6.93 (m, 1H; Ar), 7.17–7.27 (m,
3H; Ar), 7.37 (m, 2H; Ar), 7.49 (d, J=8.1 Hz, 1H; Ar), 7.65 (t, J =


6.5 Hz, 1 H; Ar), 8.57 ppm (d, J =3.0 Hz, 1 H; Ar).


(3S,4S,7S,8S)-5,10,13-Triaza-4-isopropyl-2-methylene-8-phenyl-5-(2,4,6-
trimethylphenylsulfonyl)tricyclo[7.4.0.03,7]trideca-1(9),10,12-triene (56 f)
(Table 2, entry 6): By using a procedure similar to that described for the
synthesis of 20a and 21 a, allenene 10 a (150 mg, 0.366 mmol) was con-
verted into 56 f (110 mg, 62%) by use of iodopyrazine. Colorless oil;
[a]24


D =++85.3 (c =1.035, CHCl3); 1H NMR (300 MHz, CDCl3): d =0.94 (d,
J =6.9 Hz, 3 H; CMe), 0.95 (d, J=6.9 Hz, 3H; CMe), 2.03–2.10 (m, 1 H;
Me2CH), 2.28 (s, 3 H; PhCH3), 2.54 (s, 6 H; 2 � PhCH3), 2.50–2.58 (m, 1H;


7-H), 2.70–2.78 (m, 1H; 3-H), 2.81 (dd, J= 11.8, 11.8 Hz, 1 H; 6-CHH),
3.48 (dd, J =11.8, 5.6 Hz, 1H; 6-CHH), 4.06 (d, J =11.2 Hz, 1H; 8-H),
4.48 (dd, J=8.1, 4.4 Hz, 1H; 4-H), 5.39 (d, J= 1.9 Hz, 1H; C=CHH), 6.39
(d, J =1.9 Hz, 1 H; C=CHH), 6.89 (s, 2H; Ar), 7.01 (d, J =8.1 Hz, 2H;
Ar), 7.24–7.30 (m, 3H; Ar), 8.38 (d, J= 1.9 Hz, 1H; Ar), 8.40 ppm (d, J =


1.9 Hz, 1H; Ar); 13C NMR (75.5 MHz, CDCl3): d =17.6, 19.3, 20.9, 22.8
(2C), 32.7, 47.7, 50.2, 52.7 (2C), 64.3, 112.4, 127.2, 128.4 (2C), 128.8 (2C),
131.9 (2C), 132.7, 140.2 (2C), 141.7, 142.2, 142.6, 142.8, 143.6, 148.9,
153.6 ppm; IR (KBr): ñ=1315 (SO2N), 1151 cm�1 (SO2N); MS (FAB):
m/z (%): 488 (41) [M++H], 307 (100); HRMS (FAB): calcd for
C29H34N3O2S [M++H]: 488.2372; found: 488.2353.
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Design of Organic Semiconductors: Tuning the Electronic Properties of p-
Conjugated Oligothiophenes with the 3,4-Ethylenedioxythiophene (EDOT)
Building Block


Mathieu Turbiez,[a] Pierre Fr�re,*[a] Magali Allain,[b] Christine Videlot,[c]


Jçrg Ackermann,[d] and Jean Roncali*[a]


Introduction


Thiophene-based p-conjugated oligomers are subject to in-
tensive work focused on their use as organic semiconductors
in devices such as thin-film organic field-effect transistors
(OFET),[1] electroluminescent diodes (OLED),[2] and photo-
voltaic cells.[3]


Although each type of device requires the optimization of
specific properties such as oxidation and reduction potential,
absorption and emission spectrum, or luminescence efficien-
cy, in all cases the final output performance of the device
strongly depends on the charge-transport efficiency of the
active material.


The intrinsic conductivity of organic semiconductors
based on p-conjugated structures depends on the concentra-
tion and mobility of the charge carriers. Besides intermolec-
ular factors which determine the transfer integral between
neighboring molecules,[4] the electronic structure of the con-
jugated system also plays a key role in the final performance
of the corresponding semiconductor. In fact, quantities such
as ionization potential, electron affinity, and band gap,


Abstract: Hybrid oligothiophenes
based on a various combinations of
thiophene and 3,4-ethylenedioxythio-
phene (EDOT) groups have been syn-
thesized. UV/Vis absorption spectra
show that the number and relative po-
sitions of the EDOT groups consider-
ably affect the width of the HOMO–
LUMO gap and the rigidity of the con-
jugated system. Analysis of the crystal-
lographic structure of two hybrid qua-
terthiophenes confirms that insertion
of two adjacent EDOT units in the
middle of the molecule leads to a self-
rigidification of the conjugated systems


by intramolecular S···O interactions.
Cyclic voltammetry data shows that the
first oxidation potential of the oligo-
mers decreases with increasing chain
length and increasing number of
EDOT groups for a given chain length.
Electrochemical studies and theoretical
calculations show that the positions of
the EDOT units in the conjugated


chain control the potential difference
(DEp) between the first and second oxi-
dation steps. Moving the EDOT groups
from the outer to the inner positions of
the conjugated system increases DEp.
Theoretical calculations confirm that
this phenomenon reflects an increase
of the intramolecular coulombic repul-
sion between positive charges in the di-
cation. A thin-film field-effect transis-
tor was fabricated by vacuum sublima-
tion of a pentamer with alternating
thiophene–EDOT structure, and the
hole mobility was determined.
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which control the injection of
holes and/or electrons in the
material and the thermal popu-
lation of the conduction band
at ambient temperature,
depend on the HOMO and
LUMO energy levels of the ele-
mental conjugated unit and on
their difference.[5]


We have shown already that
besides its strong electron-
donor properties,[6] 3,4-ethyl-
enedioxythiophene (EDOT)
can give rise to noncovalent in-
tramolecular interactions with
adjacent thiophenic units and
thus induce self-rigidification of
the p-conjugated system in
which it is incorporated.[7–9] Al-
though this property has been
applied to the design of low-
band-gap polymers,[7] push–pull
NLO-phores,[8] and extended
tetrathiafulvalene analogues,[9]


the use of EDOT as building
block in p-conjugated oligo-
mers potentially usable as or-
ganic semiconductors has not
been considered so far.


The EDOT dimer[10] and
trimer[11] were reported some
years ago. More recently,
EDOT oligomers end-capped
with mesitylthio,[12a] phenyl,[12b]


or hexyl chains[12c] have been
synthesized. However, until now chain length has been limit-
ed to the tetramer because of the instability of longer
oligomers. A possible way to circumvent this obstacle is the
synthesis of more stable hybrid EDOT–thiophene oligo-
mers.[13]


Here we describe the synthesis of new series of hybrid
EDOT–thiophene oligomers in which the number and/or
position of the EDOT groups have been systematically
varied (Scheme 1). The structure and electronic properties
of these various series of oligomers were analyzed by X-ray
diffraction, optical and electrochemical techniques, and the-
oretical calculations. The results are discussed with regard to
the influence of the number and positions of the EDOT
groups in the structure and electronic properties of the p-
conjugated system. On the basis of some conclusions of
these investigations, a first prototype OFET based on a pen-
tamer with an alternating T–E structure was fabricated and
characterized.


Results and Discussion


Synthesis : All oligomers were constructed from a few build-
ing blocks, the synthesis of which is presented in Scheme 2.
EDOT (1) was converted to mono- and distannyl derivatives
1 b and 1 c by treatment with nBuLi then Bu3SnCl. These
stannyl compounds were then subjected to Stille coupling
with 2-bromothiophene or 2-bromo-5-hexylthiophene to
give dimers 2 a and 3 a and trimer 4 a in 33–73 % yield.
Treatment of 4 a with two equivalents of N-bromosuccini-
mide (NBS) afforded dibromo derivative 4 b in 82 % yield.
Bis-EDOT 5 a was obtained by oxidative coupling of the
lithiated derivative of 1 in the presence of CuCl2.


[10a,14] Addi-
tion of a slight excess of bromohexane to the monolithiated
derivative of 5 a led to a mixture of the desired 2-hexyl-bis-
EDOT 6 a with 5 a and the disubstituted compound. This
phenomenon, already observed on application of the same
procedure to 1, which led to a mixture of 2-n-hexyl- (7 a),
2,5-di-n-hexyl-, and unsubstituted EDOT, was interpreted
by proton exchange between the lithiated and monosubsti-
tuted derivatives.[12c] Compound 7 a was isolated by distilla-
tion under reduced pressure, while 6 a was separated by


Scheme 1. Structures of the hybrid oligomers (E=EDOT, T= thiophene).
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column chromatography on silica gel because of its instabili-
ty at high temperature.


All target oligomers were then assembled by Stille cou-
pling in the presence of a palladium catalyst (Scheme 3). To
this end, compounds 2 a, 3 a, 5 a, 6 a, and 7 a were converted
to the corresponding monostannyl derivatives 2 b, 3 b, 5 b,
6 b, and 7 b, respectively, and to the distannyl compound 5 c
for bis-EDOT 5 a. All these reagents were quickly used
after flash chromatography.


Because of the instability of mono- or dibromo-EDOT
and bis-EDOT,[15] these compounds were avoided as much
as possible, and most of the Stille coupling reactions in-
volved mono- or distannyl-EDOT and di-EDOT and mono-
or dibromo derivatives of the thiophenic building blocks,
namely, mono-, bi-, or terthiophene (Scheme 3). Thus,
TEET was prepared in 56 % yield by coupling distannyl de-
rivative 5 c with a slight excess of 2-hexyl-5-bromothiophene.
Similarly, ETTE was obtained in 70 % yield by coupling of
7 b with 5,5’-dibromo-2,2’-bithiophene.


The synthesis of the alternating tetramer ETET involved
first coupling of 2 b with 2-hexyl-5-bromothiophene to
afford trimer 8 a in 55 % yield. This compound was then
converted to bromo derivative 8 b with NBS in chloroform
(28 % yield). A second Stille coupling between stannyl com-
pound 7 b and 8 b gave the target compound ETET in 10 %


yield. The low yields of the last
two steps are due to the low sta-
bility of 8 b, which undergoes
rapid degradation at room tem-
perature.


The pentamer ETTTE was
prepared in 40 % yield by a two-
fold Stille reaction between 7 b
and dibromoterthiophene. Simi-
larly, alternating ETETE was
obtained in 47 % yield by cou-
pling 7 b with dibromo trimer
4 b. TETET and TEEET were
synthesized by coupling 3 b with
dibromothiophene (9) or dibro-
mo-EDOT. TETET and TEEET
were obtained in 62 and 21 %
yield, respectively. The low yield
for TEEET was due to instabili-
ty of dibromo-EDOT. Pentamer
EETEE was obtained in 20 %
yield by coupling the stannyl de-
rivative 5 c with 9. It is notewor-
thy that attempts to replace di-
bromothiophene by dibromo-
EDOT in order to obtain penta-
EDOT led only to degradation
products, and thus end-capped
tetra-EDOTs remain until now
the longest known EDOT oligo-
mers.[12b,c] Finally, coupling 3 b
with 4 b gave the heptamer TE-


TETET, which is the longest EDOT-containing conjugated
oligomer known to date. Unfortunately, due to its very low
solubility, this compound could not be completely purified.


Crystallographic structures : The crystallographic structures
of single crystals of tetramers ETTE and TEET obtained by
slow evaporation of chloroform/ethanol solutions were ana-
lyzed by X-ray diffraction. The conformations adopted by
ETTE and TEET reveal significant differences in the orien-
tation of the sulfur atoms of the two median adjacent thio-
phenes (anti or syn). TEET crystallizes in the monoclinic
space group P21/n and the structure is defined by a half mol-
ecule due to an inversion center (Figure 1, top). The four
thiophene rings adopt an anti conformation. The median di-
EDOT block has a fully planar geometry, and the distance
between the sulfur atom and the oxygen atom of the adja-
cent EDOT ring is considerably shorter than the sum of the
van der Waals radii of sulfur and oxygen (2.91 versus
3.35 �). This short distance indicates noncovalent intramo-
lecular interactions which rigidify the central part of the
molecule. Sulfur–oxygen interactions are also observed be-
tween the end thiophenes and the neighboring EDOT rings.
However, the S···O distances (3.10 �) are slightly larger
than those observed for the median EDOT groups. This
result and the 138 dihedral angle between the terminal thio-


Scheme 2. Synthesis of the building blocks. a) nBuLi then Bu3SnCl; b) nBuLi then CuCl2; c) nBuLi then n-bro-
mohexane; d) [Pd(PPh3)4]; e) NBS/DMF.
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phene and EDOT show that S···O interactions are weaker
than between the two median EDOT units.


As shown in Figure 1 (bottom), the molecules stack along
two axes at an angle of 608. In each column the molecules
overlap with superposition of two thiophene rings with inter-
molecular distances of 3.98 �.


ETTE crystallizes in the triclinic space group P1̄ and the
structure is defined by an independent molecule (Figure 2).
Although the terminal EDOT units are in anti conformation


stabilized by two S···O interactions (d= 3.02, 2.96 �) the
two median thiophene rings have a syn orientation with a
dihedral angle significantly larger than that between the end
EDOT groups and the adjacent thiophenes (12 versus 58, re-
spectively). The molecules stack along the b axis with over-
lap limited to the terminal EDOT rings and intermolecular
distances of 3.5 � (Figure 2, bottom).


The crystal structures of the two compounds show that in
both cases the EDOT blocks strongly affect the geometry of
the p-conjugated system through intramolecular S···O inter-
actions. This effect is particularly intense when two EDOT
groups are adjacent. On the other hand, the quite different
molecular organizations found in the two crystal structures
show that the EDOT unit significantly affects intermolecular
interactions. In this regard, the cofacial overlap of EDOT
groups observed in the ETTE crystal could represent a posi-
tive factor for high hole mobility.


Very thin single crystals of pentamer TETET were also
obtained. Although the quality of the crystals did not allow
full structural resolution due to the imprecise positioning of
the alkyl carbon atoms, all atoms of the p-conjugated chain
are well positioned and show that the five thiophene rings
adopt a fully planar all-anti conformation.


Optical properties : Electronic absorption and fluorescence
emission spectra of the oligomers were investigated in di-
chloromethane, and the results are listed in Table 1. The
data for tetrathiophene (4T)[16] and tetra-EDOT (4E) end-
capped with n-hexyl chains are also included for compari-
son.[12c]


Scheme 3. Synthesis of the oligomers a) [Pd(PPh3)4]; b) NBS/DMF.


Figure 1. Crystal structure of TEET. Top: molecular structure. Bottom:
packing mode. S···O and S···S intra- and intermolecular interactions are
represented by dotted lines.


Figure 2. Crystal structure of ETTE. Top: molecular structure. Bottom:
packing mode. S···O and S···S intra- and intermolecular interactions are
represented by dotted lines.
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Figure 3 compares the UV/Vis absorption and emission
spectra of ETTE and TEET to those of the pure thiophene
(4T) or EDOT (4E) tetramers. As expected, increasing the
number of EDOT groups in the chain produces a red shift
of lmax and hence a narrowing of the HOMO–LUMO gap
(Table 1). Figure 3 shows that 4T exhibits a broad and struc-
tureless spectrum due to the rotational freedom of the thio-
phene rings, while the spectrum of 4E displays a well re-
solved vibronic fine structure characteristic of rigid conju-
gated systems. The quasiconstant energy spacing between
the three maxima (1300–1400 cm�1) is consistent with a C=C


stretching mode in the heteroaromatic moieties, strongly
coupled to the electronic structure.[17] Between the two lim-
iting cases of 4T and 4E, the spectrum of ETTE shows that
replacement of the two terminal thiophenes by EDOT units
results in the emergence of a discernible fine structure. This
fine structure becomes better resolved when the conjugated
chain contains alternating EDOT–thiophene sequences
(ETET, see Figure 4 below) or a central bi-EDOT group
(TEET). This result confirms, in agreement with the crystal-
lographic data, that intramolecular S···O interactions are
maximized when EDOT groups are adjacent. As can be
seen in Figure 3, all oligomers have rather similar fluores-
cence emission spectra with well-resolved vibronic fine
structure. This similarity can be explained by the fact that,
contrary to the ground state, for all compounds the first sin-
glet excited state is expected to adopt a quinonoid planar
rigid geometry. On the other hand, the decrease in the
Stockes shift observed when the number of EDOT groups
in the conjugated chain increases, suggests a lesser degree of
structural reorganization between the ground state and the
first excited state. This is consistent with a more rigid
ground state due to S···O interactions.


Similar effects are observed for the pentamers, and com-
parison of the spectra of pentamers containing two EDOT
groups (ETTTE and TETET; not shown) shows that
moving the two EDOT groups towards the middle of the
conjugated chain enhances the resolution of the vibronic
fine structure and causes a red shift of lmax from 445 to


452 nm. Similarly, the spectra of
pentamers containing three
EDOT groups reveal better re-
solved fine structure for
TEEET than for the alternating
ETETE although the two mole-
cules have practically the same
lmax (455 nm). Again, the fluo-
rescence emission spectra
reveal a smaller Stokes shift for
TEEET than for ETETE, con-
sistent with less structural reor-
ganization on photoexcitation
due to a more rigid ground-
state geometry.


As expected, the pentamer
containing four EDOT units
EETEE has the most red shift-
ed lmax (462 nm) and smallest
HOMO–LUMO gap of the
series.


These various results show
that incorporation of EDOT
units in nTs allows modulation
of the geometry and HOMO–
LUMO gap of the conjugated
systems by means of a synergis-
tic combination of electronic
and self-rigidification effects.


Table 1. Optical spectroscopic data of oligomers in CH2Cl2.


Compound lmax [nm][a] lem [nm][b] F[c]


4T[d] 402 462, 492 17.4
ETTE 422 476, 503 18.0
ETET 425 474, 504 14.8
TEET 424 466, 497 12.8
4E[e] 430 471, 502 13.3
ETTTE 445 508, 539 24.7
TETET 452 503, 537 28.0
TEEET 454 502, 537 18.0
ETETE 455 509, 542 26.5
EETEE 462 513, 545 26.0
TETETET 488 – –


[a] Wavelength absorption maxima, 10�5
m in CH2Cl2. [b] Fluorescence


emission band, 10�6
m in CH2Cl2. [c] Fluorescence quantum yield deter-


mined using perylene as standard. [d] From reference [16]. [e] From ref-
erence [12c].


Figure 3. Normalized absorption and emission spectra of tetramers 4T, ETTE, TEET, and 4E in CH2Cl2.
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However the latter effect strongly depends on the position
of the EDOT groups in the chain; the maximum effect is
observed for adjacent EDOT blocks in the middle of the
conjugated structure. Thus, a regular alternation of thio-
phene and EDOT rings can represent a good trade-off for
improving p-electronic delocalization by spreading the self-
structuring effect of the EDOT group over the whole oligo-
thiophene chain. This conclusion is supported by the absorp-
tion spectra of oligomers based on a regular alternating
thiophene–EDOT structure, which show that lengthening of
the conjugated chain from four to seven rings produces a
steady red shift of the spectrum without alteration of the
fine structure (Figure 4). This result confirms that the self-rig-
idification associated with intramolecular S···O interactions
can have a coherence length of at least seven thiophene
units.


Theoretical calculations : To analyze in more detail the influ-
ence of EDOT on the electronic properties of hybrid oligo-
thiophenes, theoretical calculations were performed at the
ab initio density functional level with the Gaussian98 pack-
age.[18] Becke�s three-parameter gradient-corrected function-
al (B3LYP) with a polarized 6-31G* basis was used for full
geometry optimization of the tetramers. The n-hexyl sub-
stituents were not considered to limit computation time. The
calculated HOMO and LUMO levels are gathered in
Table 2. Although TEET and TETE (see Supporting Infor-
mation) show a fully planar conformation, a slight dihedral
angle of 138 is observed for the central bithiophene unit of
ETTE. Coplanarity of the EDOT units with the adjacent
thiophene rings is associated with short intramolecular S···O
distances (ca. 3.1 �), slightly larger than those found in the
X-ray structures of TEET and ETTE. The calculations for a
syn orientation of the central bithiophene of ETTE leads
also to a dihedral angle of 13–158, which is very close to that
observed in the crystal structure (Figure 2). By contrast, for
TEET in a syn orientation the dihedral angle between the
EDOT units is strongly increased to 308. The LUMO energy
level is constant for the three isomers (�1.58 eV), whereas
the HOMO level is higher when the EDOT groups occupy


the inner positions of the conjugated chain. Consequently,
TEET has a smaller HOMO–LUMO gap DE than ETTE.
As expected, the DE values for all hybrid oligomers lie be-
tween those of the two limiting cases 4T and 4E.


The molecular orbital analysis of TEET shows that the
oxygen atoms have a small contribution of the atomic orbi-
tal coefficient to the HOMO level, which indicates a possi-
ble mesomeric effect of the ether group (see Supporting In-
formation). In contrast, for ETTE no contribution of the ex-
ternal O atoms or adjacent C atoms is observed. For the al-
ternating ETET, only the inner O atom of the terminal
EDOT group makes some contribution to the HOMO level.
Calculated data for the pentamers show that, as expected,
DE decreases with increasing number of EDOT units. How-
ever, here again the position of the EDOT groups has a de-
cisive effect. Thus, whereas the largest DE value of 2.79 eV
is observed for ETTTE with two external EDOT units,
TETET and ETETE show the same gap (2.70 eV) despite
the presence of a third EDOT group in the latter case. The
effect of this additional EDOT unit is a 0.10 eV shift of both
the HOMO and LUMO levels. Comparison of the data for
ETETE and TEEET shows that regrouping the three
EDOT groups in the middle of the molecule produces a fur-
ther decrease in DE with a larger shift of the HOMO level
than for the LUMO. Finally, introduction of a fourth EDOT
group leads to a further increase in the HOMO but has no
effect on DE due to the parallel shift of the LUMO. This
latter result appears particularly demonstrative of the key
role played by the position of the EDOT groups in the con-
trol of the electronic properties.


Electrochemical properties : The electrochemical properties
of the various oligomers were analyzed by cyclic voltamme-
try in dichloromethane with Bu4NPF6 as supporting electro-
lyte. The data are summarized in Table 3. The CV of all
oligomers shows two reversible one-electron processes cor-
responding to the successive formation of the radical cation
and dication (Figure 5). As expected, for both series pro-
gressive replacement of thiophene by EDOT in the conju-
gated system leads to a negative shift of the first anodic
peak potential Ep1 due to the donor effect of EDOT. For all
oligomers Ep1 values are in excellent agreement with the cal-
culated HOMO levels (Table 2). Comparison of the data


Figure 4. UV/Vis absorption spectra of alternating oligomers ETET,
TETET, and TETETET in CH2Cl2.


Table 2. HOMO/LUMO energy levels and gap DE calculated by DFT
method (B3LYP/6-31G*).


HOMO [eV] LUMO [eV] DE [eV]


4T �5.00 �1.87 3.13
ETTE �4.59 �1.58 3.01
ETET �4.53 �1.58 2.95
TEET �4.50 �1.58 2.92
4E �4.17 �1.29 2.88
ETTTE �4.54 �1.75 2.79
TETET �4.45 �1.75 2.70
ETETE �4.35 �1.65 2.70
TEEET �4.27 �1.61 2.66
EETEE �4.18 �1.51 2.67
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within each series shows that the position of the EDOT
group strongly affects the Ep1 value. For the tetramers the
lowest Ep1 value of 0.48 V is found when the EDOT groups
are at the inner positions (TEET; cf. 0.57 V for ETTE). As
expected, both Ep1 values lie between those of the two limit-
ing cases 4T and 4E (Ep1 =0.85 and 0.22 V, respectively).
The same trend is observed in the pentamer series, and com-
parison of the data for ETTTE and TETET reveals a
100 mV negative shift of Ep1 for the latter. Similarly Ep1 un-
dergoes a 70 mV negative shift when the three EDOT
groups of ETETE are gathered in the middle of the mole-
cule in TEEET. As expected, introduction of an additional
EDOT group (EETEE) leads to a further decrease of Ep1 to


0.31 V. As can be seen in Table 3 and Figure 5, the potential
difference between the first and second oxidation DEp =


Ep2�Ep1 shows a marked dependence on the position of the
EDOT units in the chain. For both series of oligomers,
moving the EDOT units from the outer to the inner posi-
tions of the p-conjugated chain produces a marked increase
of DEp, for example, 140 mV between ETTE and TEET,
100 mV between ETTTE and TETET, and 90 mV between
ETETE and TEEET (Table 3). The difference DEp reflects
the coulombic repulsion between positive charges in the di-
cationic state. On this basis, the above results show that the
coulombic repulsion (and hence the difficulty to stabilize
the dication) increases when the EDOT units move to the
inner part of the p-conjugated chain. Such a behavior, al-
ready observed for conjugated systems based on EDOT or
bis-EDOT[9,12a] can be attributed to localization and stabili-
zation of the positive charges on the EDOT-rich part of the
structure. It is noteworthy that DEp decreases by 40 mV be-
tween TEET and 4E. This results shows that the more ho-
mogeneous electronic distribution in a purely EDOT-based
conjugated system allows better delocalization of the posi-
tive charges of the dication than in the hybrid TEET.


To gain a deeper insight into the effect of EDOT on the
charge distribution of the dication, optimization of the dicat-
ions of 4T, ETTE, TEET, and 4E was performed. Calcula-
tions were done with the same B3LYP functional as for neu-
tral states and also with the U-B3LYP method by consider-
ing singlet and triplet states, respectively. As expected for
short oligomers, the dications have higher bipolaron than
biradical character with total singlet–triplet state energy dif-
ferences of about 14 kcal. For the singlet state of each mole-
cule, geometric optimization with U-B3LYP led to fully
identical results to those obtained with the restricted func-
tional.


Oligomers were considered in the all-anti conformation
and hexyl groups were not included. In each case, the struc-
ture was found to be fully planar. The net charges for the
thiophene or EDOT units, calculated by summing the Mul-
liken charges of the atoms forming the rings,[19] are listed in
Table 4. For homogeneous 4T and 4E, the global charge is
rather evenly distributed over the whole conjugated system
with a slight excess DQ on the terminal rings. Quite differ-
ent results are obtained for the hybrid systems. Thus, ETTE
has a larger excess of charge on the terminal rings than 4T
and 4E, while for TEET the excess charge is located on the
central di-EDOT block. These results, which agree well with
the DEp values in Table 3, further support a preferential lo-


Table 3. Cyclic voltammetric data[a] for oligomers.


Compound Ep1 [V] Ep2 [V] DEp [mV]


4T[b] 0.85 1.14 290
ETTE 0.57 0.84 270
ETET 0.56 0.90 340
TEET 0.48 0.92 440
4E[b] 0.22 0.62 400
ETTTE 0.60 0.80 200
TETET 0.50 0.80 300
ETETE 0.44 0.69 250
TEEET 0.37 0.71 340
EETEE 0.31 0.59 280


[a] 10�4
m in 0.1m Bu4NPF6/CH2Cl2, scan rate 100 mV s�1, reference AgCl/


Ag. [b] From reference [12c].


Figure 5. Cyclic voltammograms of the oligomers (10�4
m) in 0.10 m


Bu4NPF6/CH2Cl2, scan rate 100 mV s�1. Top: ETTE and TEET; bottom:
ETTTE and TETET.


Table 4. Mulliken net charges for the thiophene and EDOT units calcu-
lated at the B3LYP/6-31G* level for tetramers. DQ corresponds to the
difference between the charges of terminal and central rings.


Terminal rings Central rings DQ


4T 0.56 0.44 +0.12
ETTE 0.61 0.39 +0.22
TEET 0.48 0.52 �0.04
4E 0.54 0.46 +0.08
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calization of the positive charge on the EDOT-rich part of
the hybrid p-conjugated chains.


Oxidation of nTs to the cation radical and dication results
in a transition from an aromatic to a quinonoid structure
with inversion of the single and double bonds (Scheme 4).


In fact, such a quinonoid structure has been observed in
crystals of dication salts of tetra- and hexathiophene.[20] The
differences dl between the bond lengths of the neutral and
dication states (using the same base for optimization) allow
the geometrical changes of the conjugated chain associated
with the formation of the dication to be visualized. Figure 6


shows the variation jdl j for each bond for ETTE and
TEET (see Scheme 4 for bond numbering). For ETTE the
largest changes involve bonds 3–5 and 11–13, indicating that
the charges are essentially localized at the ends of the mole-
cule. In contrast, for TEET the largest differences are ob-
served for bonds 7–9, in agreement with preferential charge
localization in the middle of the molecule. Furthermore,
comparison of the C�O bond lengths in the neutral and di-
cationic ETTE shows that whereas the outer C�O bond
lengths remain unchanged (1.345 �) the decrease of the
length of the inner C�O bond to 1.328 � suggests that the
(�C=O+�) mesomeric form (Scheme 4) contributes to de-
localization of the positive charges. A similar effect is ob-


served for the TEET dication, in which the inner C�O bond
lengths (1.334 �) are shorter than the outer ones (1.344 �).


Field-effect thin-film transistor : The analysis of the hybrid
oligomers as active materials in devices such as OFETs or
solar cells requires a considerable effort in device elabora-
tion and characterization which largely exceeds the scope of
this article. However, to get a first insight into the potential
of these compounds as semiconductors, a field-effect transis-
tor was fabricated with TETET as active material. This com-
pound was selected on the basis of its alternating TE struc-
ture, which is expected to lead to a rather homogeneous
electronic distribution of its all-anti planar conformation
with close packing of the molecules in the solid state.


Figure 7 shows the UV/Vis absorption spectrum of
TETET in solution and as a thin film sublimed onto glass
under high vacuum. As discussed above, the solution spec-


trum shows a fine structure with a maximum at 452 nm. The
solid-state spectrum has a small band at 510 nm correspond-
ing to the 0–0 transition and an intense new transition at
390 nm. Such behavior, already observed for oligothio-
phenes[21] and oligothienylenevinylenes,[22] has been attribut-
ed to exciton interactions between adjacent molecules in a
close-packed arrangement. As already discussed for nTs the
coupling between transition dipoles of molecules at non-
equivalent sites leads to Davydov splitting of the singlet ex-
cited state.[23]


The OFET was built with n-doped silicon as gate and ther-
mally grown SiO2 as dielectric. After sublimation of the or-
ganic semiconductor, gold source and drain electrodes were
grown by sublimation on top of the organic film through a
mask, leading to a channel of 50 mm length and 1 mm width.
Figure 8 shows an AFM image of the TETET film deposited
on the Si/SiO2 substrate kept at a temperature of 80 8C. The
film is composed of crystalline terraces organized layer by
layer parallel to the substrate surface. The AFM cross-sec-


Scheme 4. Structure and bond numbering of dications ETTE2+ and
TEET2+ .


Figure 6. Difference jdl j [�] between the optimized bond lengths
(B3LYP/6-31G*) of the neutral and dication species.


Figure 7. Electronic absorption spectrum of TETET. Dashed line: 10�5
m


in CH2Cl2. Solid line: thin film sublimed onto glass (thickness 80 nm).
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tion analysis of the molecular terraces revealed an average
step size of 2.6 nm. Comparison of the height of the terraces
with the estimated length of the TETET molecule (3.5 nm)
suggests that the molecules are tilted at an angle of about
428 to the normal to the surface.


The FETs exhibit drain current Id characteristics with
well-defined linear and saturation regimes. The amplifica-
tion mode of Id takes place when negative gate voltage Vg


increases, as expected for a p-type organic semiconductor
(Figure 9). A field effect mobility mFE of 6 �10�4 cm2 V�1 s�1


was calculated from both linear and saturation current re-
gimes with classical equations. The limited amount of mate-
rial available did not allow any attempt to optimize the
device performances. Therefore, these preliminary results
should be considered as a bottom limit, and it seems likely
that devices based on this compound have a substantial po-
tential for improvement. Although still modest, the perform-


ances of this first device shows
that hybrid T–E conjugated sys-
tems can function as organic
semiconductors. Detailed inves-
tigations of the relationships
between molecular structure
and solid-state electronic prop-
erties and the potential of this
new class of hybrid conjugated
structures as organic semicon-
ductors in devices such as
OFETs and solar cells are un-
derway.


Conclusion


Various series of hybrid oligo-
thiophenes based on different


combinations of thiophene and EDOT rings have been syn-
thesized and characterized. The analysis of the relationships
between the structure and the electronic properties of these
oligomers by X-ray diffraction, optical and electrochemical
techniques, and theoretical calculations shows that the self-
rigidifying effect associated with noncovalent intramolecular
S···O interactions observed for the tetrameric model system
also occurs in longer EDOT-containing oligomers. For alter-
nating EDOT–thiophene systems, these interactions contrib-
ute to stabilize a planar anti conformation of the thiophene
rings with a coherence length extending up to the heptamer
stage.


Experimental and theoretical results show that appropri-
ate combination of this self-structuring effect with the
strong electron-donor properties of the EDOT group allows
a fine-tuning of the electronic properties of the neutral and
charged states of hybrid oligothiophenes.


Although these various sets of results can have important
implications for future use of EDOT-based functional p-
conjugated systems as organic semiconductors, they also un-
derline the difficulty of investigating structure–properties re-
lationships in this class of oligomers due to the complexity
of the interplay of intra- and interchain effects.


Nevertheless, the encouraging preliminary results ob-
tained on the first OFET based on an EDOT-containing
oligothiophene confirm the potential of this new class of or-
ganic semiconductors for device applications. The realization
of OFETs and solar cells based on these novel materials is
now underway and will be reported in future publications.


Experimental Section


General : NMR spectra were recorded with a Bruker Avance DRX 500
(1H, 500.13 MHz and 13C, 125.75 MHz) or a Jeol GSX 270WB (1H,
270 MHz) instrument. Chemical shifts are given in ppm relative to TMS.
MALDI-TOF MS spectra were recorded on Bruker Biflex-III apparatus,
equipped with a 337 nm N2 laser. The high-resolution mass spectra
(HRMS), obtained by electronic impact (EI), fast atom bombardment


Figure 8. AFM picture of TETET vacuum-evaporated onto Si/SiO2 substrate kept at a controlled temperature
of 80 8C.


Figure 9. Drain current versus drain voltage characteristic for various
source-gate voltages of an FET based on TETET.
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(FAB), or electrospray (ESI), were recorded on a double-focusing mass
spectrometer Jeol JMS 700 with magneto-electrostatic analyzers. UV/Vis
spectra were recorded on a Lambda 19 instrument.


The solvents were purified and/or dried according to the usual protocols.
EDOT (1) was purchased from Bayer and was distilled under low pres-
sure before use. Column chromatographic purifications were carried out
on Merck silica gel Si 60 (40–63 mm). Melting points are uncorrected. El-
emental analysis were performed by the Service Central d�Analyses du
CNRS (Vernaison, France).


Cyclic voltammetry was performed in dichloromethane purchased from
SDS (HPLC grade). Tetrabutylammonium hexafluorophosphate (0.1 or
0.2m as supporting electrolyte) was purchased from Acros and used with-
out purification. Solutions were deaerated by nitrogen bubbling prior to
all experiments, which were run under a nitrogen atmosphere. Experi-
ments were done in a one-compartment cell equipped with a platinum
working microelectrode (1 1 mm) and a platinum wire counterelectrode.
An Ag/AgCl electrode, checked against the ferrocene/ferricinium couple
(Fc/Fc+) before and after each experiment, was used as reference. Elec-
trochemical experiments were carried out with a PAR 273 potentiostat
with positive feedback compensation.


The synthetic procedures for the intermediate compounds are described
in the Supporting Information.


General procedure for Stille coupling


Preparation of the stannyl derivatives : nBuLi (2.5 or 1.6m in hexane) was
added dropwise to a solution containing the thiophene derivative dis-
solved in dry THF under inert atmosphere (N2). The mixture was stirred
for 1 h at the addition temperature. Then tributyltin chloride was added
dropwise and the mixture was stirred at the same temperature for 30 min
before allowing it to warm to room temperature. After dilution with di-
ethyl ether, the organic phase was successively washed with a saturated
solution of NaHCO3 then with water. After drying over MgSO4, the sol-
vent was evaporated and the product was used without further purifica-
tion in the following reactions.


Coupling reaction : The stannyl derivative, the brominated derivative, and
the catalyst (5 % [Pd(PPh3)4]) were refluxed in dry toluene (50 mL) for
12 h under inert atmosphere (N2). After concentration, the residue was
dissolved in CH2Cl2. The organic phase was washed twice with a saturat-
ed solution of NaHCO3 then with water. After drying over MgSO4 and
evaporation of solvent, the product was purified by the appropriate
method.


3,4,3’’’,4’’’-Bis(ethylenedioxy)-5,5’’’-dihexyl-2,2’:5’,2’’:5’’,2’’’-quaterthio-
phene (ETTE): Stannyl derivative 7b was prepared from 7a. Stille cou-
pling was done according to the general procedure by using 5,5’-dibro-
mo-2,2’-bithiophene (860 mg, 2.65 mmol), 7b (6.62 mmol, 2.5 equiv), and
[Pd(PPh3)4] (300 mg). The product was purified by chromatography on
silica gel (CH2Cl2/ether petroleum (EP) 1/1) to give ETTE as an orange
solid (920 mg, 56%).


ETTE : M.p. 126 8C; 1H NMR (CDCl3): d=0.89 (t, 3J =6.9 Hz, 6H), 1.34
(m, 12 H), 1.6 (m, 4 H), 2.64 (t, 3J=7.6 Hz, 4H), 4.23 (m, 4H), 4.33 (m,
4H), 7.01 (d, 3J=3.8 Hz, 2H), 7.03 ppm (d, 3J =3.8 Hz, 2 H); 13C NMR
(CDCl3): d =14.05, 22.54, 25.71, 28.75, 30.32, 31.50, 64.47, 65.09, 107.92,
116.44, 122.44, 123.03, 133.72, 134.94, 137.37, 137.52 ppm; HRMS calcu-
lated for C32H38O4S4: 614.1653; found: 614.1642; elemental analysis calcd
(%) for C32H38O4S4: C 62.50, H 6.23, O 10.41, S 20.86; found: C 62.29, H
6.10, O 10.51, S 20.59.


3’,4’,3’’,4’’-Bis(ethylenedioxy)-5,5’’’-dihexyl-2,2’:5’,2’’:5’’,2’’’-quaterthio-
phene (TEET): Distannyl derivative 5c was prepared from 5a by using
two equivalents of nBuLi and a slight excess of Bu3SnCl. Stille coupling
was done according to the general procedure by using 2-bromo-5-hex-
ylthiophene (11.75 mmol, 1.5 equiv) 5c (4.7 mmol), and [Pd(PPh3)4]
(500 mg). The product was purified by chromatography on silica gel
(CH2Cl2/EP 1/1) to give TEET as an orange solid (1.41 g, 56%).


TEET: M.p. 150 8C; 1H NMR (CDCl3): d=0.88 (t, 3J= 6.9 Hz, 6H), 1.34
(m, 12 H), 1.67 (m, 4 H), 2.79 (t, 3J =7.4 Hz, 4 H), 4.38 (m, 8 H), 6.68 (d,
3J=3.5 Hz, 2H), 7.03 ppm (d, 3J =3.5 Hz, 2 H); 13C NMR (CDCl3): d=


14.07, 22.56, 28.77, 30.11, 31.56, 31.61, 64.93, 65.03, 106.95, 110.65, 122.28,
124.16, 132.13, 136.48, 136.91, 144.57 ppm; HRMS calculated for


C32H38O4S4: 614.1653; found: 614.1652; elemental analysis calcd (%) for
C32H38O4S4: C 62.50, H 6.23, O 10.41; found: C 62.76, H 6.11, O 10.45.


3,4,3’’,4’’-Bis(ethylenedioxy)-5,5’’’-dihexyl-2,2’:5’,2’’:5’’,2’’’-quaterthiophene
(TETE): Stille coupling was done according to the general procedure by
using 7 b (1.70 mmol), 8 b (500 mg, 0.65 mmol), and [Pd(PPh3)4] (80 mg).
The product was purified by chromatography on silica gel (CH2Cl2/EP 2/
1) to give TETE as an orange solid (80 mg, 10%).


TETE : M.p. 98 8C; 1H NMR (CDCl3): d =0.89 (m, 6H), 1.32 (m, 12 H),
1.65 (m, 4 H), 2.63 (t, 3J =7.5 Hz, 2H), 2.79 (t, 3J=7.5 Hz, 2 H), 4.23 (m,
2H), 4.32 (m, 2H), 4.38 (s, 4 H), 6.68 (d, 3J=3.5 Hz, 1H), 7.00–7.10 ppm
(m, 3H); MS (MALDI) calcd for C32H38O4S4: 614.17; found: 614.04; ele-
mental analysis calcd (%) for C32H38O4S4: C 62.50, H 6.23, O 10.41;
found: C 62.35, H 6.10, O 10.52.


3,4,3’’’’,4’’’’-Bis(ethylenedioxy)-5,5’’’’-dihexyl-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-quin-
quithiophene (ETTTE): Stille coupling was done according to the gener-
al procedure by using 7 b (1.05 mmol), dibromoterthiophene (200 mg,
0.49 mmol), and [Pd(PPh3)4] (60 mg). The product was purified by chro-
matography on silica gel (CH2Cl2/EP 1/1) to give ETTTE as an orange
solid (30 mg, 18%).


ETTTE : M.p. 131 8C; 1H NMR (CDCl3): d=0.9 (t, 3J=6.8 Hz, 6H), 1.33
(m, 12 H), 1.60 (m, 4H), 2.64 (t, 3J =7.4 Hz, 4 H), 4.24 (m, 4H), 4.33 (m,
4H), 7.00–7.06 ppm (m, 6H); MS (MALDI-TOF) calcd for C36H40O4S5:
696.15; found: 696.04; elemental analysis calcd (%) for C36H40O4S5: C
62.03, H 5.78, O 9.18, S 23.00; found: C 61.74, H 5.79, O 8.97, S 22.88.


3’,4’,3’’’,4’’’-Bis(ethylenedioxy)-5,5’’’’-dihexyl-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-quin-
quithiophene (TETET): Stannyl derivative 3b was prepared from 3 a.
Stille coupling was done according to the general procedure by using 3 b
(1.83 mmol), 2,5-dibromothiophene (200 mg, 0.85 mmol), and [Pd(PPh3)4]
(100 mg). The product was purified by chromatography on silica gel
(CH2Cl2/EP 2/1) and then recrystallized from CHCl3/absolute ethanol to
give TETET as an orange solid (355 mg, 62%).


TETET: M.p. 188 8C; 1H NMR (CDCl3): d =0.9 (t, 3J=6.8 Hz, 6H), 1.34
(m, 12 H), 1.68 (m, 4 H), 2.79 (t, 3J =7.5 Hz, 4 H), 4.39 (m, 8 H), 6.69 (d,
3J=3.5 Hz, 2 H), 7.03 (d, 3J =3.5 Hz, 2H), 7.12 ppm (s, 2 H); 13C NMR
(CDCl3): d =14.07, 22.56, 28.76, 30.10, 31.55, 31.56, 64.90, 64.97, 109.10,
109.95, 122.64, 122.79, 124.23, 131.77, 132.84, 136.92, 137.42, 144.93 ppm;
HRSM calcd for C36H40O4S5: 696.1530; found: 696.1531; elemental analy-
sis calcd (%) for C36H40O4S5: C 62.03, H 5.78, O 9.18, S 23.00; found: C
61.97, H 5.68, O 8.71, S 23.46.


5,5’’’’-Dihexyl-3’,4’,3’’,4’’,3’’’,4’’’-tris(ethylenedioxy)-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-
quinquithiophene (TEEET): Stille coupling was done according to the
general procedure by using 3 b (2.86 mmol), 2,5-dibromo-3,4ethylene-
dioxythiophene (400 mg, 1.33 mmol), and [Pd(PPh3)4] (160 mg). The
product was purified by chromatography on silica gel (CH2Cl2/EP 1/1,
1% Et3N) to give TEEET as a red solid (210 mg, 21%).


TEEET: M.p. 212 8C; 1H NMR (CDCl3): d =0.89 (t, 3J=6.4 Hz), 1.32 (m,
12H), 1.68 (m, 4H), 2.79 (t, 3J= 7.5 Hz, 4H), 4.4 (m, 12H), 6.67 (d, 3J=


3.4 Hz, 2 H), 7.03 ppm (d, 3J= 3.4 Hz, 2H); HRMS calcd for C38H42O6S5:
754.1585; found: 754.1548; elemental analysis calcd (%) for C38H42O6S5:
C 60.45, H 5.61, O 12.71, S 21.23; found: C 60.21, H 5.70, O 12.99, S
21.13.


5,5’’’’-Dihexyl-3,4,3’’,4’’,3’’’’,4’’’’-tris(ethylenedioxy)-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-
quinquithiophene (ETETE): Stille coupling was done according to the
general procedure by using 4b (600 mg, 1.29 mmol), 7 b (2.8 mmol), and
[Pd(PPh3)4] (150 mg). The product was purified by chromatography on
silica gel (CH2Cl2/EP 1/1) to give ETETE as a red solid (490 mg, 47%).
ETETE : M.p. 214 8C; 1H NMR (CDCl3): d =0.89 (t, 3J=6.8 Hz, 6H),
1.32 (m, 12 H), 1.61 (m, 4 H), 2.63 (t, 3J =7.4 Hz, 4H), 4.2 (m, 4H), 4.32
(m, 4H), 4.39 (s, 4H), 7.05 (d, 3J=3.8 Hz, 2H), 7.09 ppm (d, 3J =3.8 Hz,
2H); 13C NMR (CDCl3): d=14.09, 22.57, 25.74, 28.79, 30.36, 31.53, 64.51,
64.96, 65.11, 108.13, 109.55, 116.27, 122.05, 122.83, 132.03, 133.71, 137.28
(2), 137.56 ppm; HRMS calculated for C38H42O6S5: 754.1585; found:
754.1574; elemental analysis calculated (%) for C38H42O6S5: C 60.45, H
5.61, O 12.71, S 21.23; found: C 60.22, H 5.65, O 13.28, S 21.08.


5,5’’’’-Dihexyl-3,4,3’,4’3’’’,4’’’,3’’’’,4’’’’-tetrakis(ethylenedioxy)-
2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-quinquithiophene (EETEE): Stannyl derivative 5b
was prepared from 5a. Stille coupling was done according to the general
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procedure by using 5 b (0.94 mmol), 2,5-dibromothiophene (106 mg,
0.44 mmol), and [Pd(PPh3)4] (25 mg). The product was purified by chro-
matography on silica gel (CH2Cl2/EP 1/1, Et3N 1 %) to give EETEE as a
red solid (70 mg, 20%).


EETEE : M.p. 225 8C; 1H NMR (CDCl3): d=0.88 (t, 3J=6.8 Hz, 6H),
1.31 (m, 12 H), 1.6 (m, 4 H), 2.64 (t, 3J =7 Hz, 4 H), 4.23 (m, 4 H), 4.32
(m, 4H), 4.38 (s, 8H), 7.11 (s, 2 H); Solubility was too low to measure the
13C NMR spectrum. HRMS calculated for C40H44O8S5: 812.16397; found:
812.1635.


5,5’’’’’’-Dihexyl-3,4,3’’’,4’’’,3’’’’’’,4’’’’’’-tris(ethylenedioxy)-2,2’:5’,2’’:5’’,2’’’
:5’’’,2’’’’ :5’’’’,2’’’’’,5’’’’’,2’’’’’’-septithiophene (TETETET): Stille coupling was
done according to the general procedure by using 4 b (450 mg,
0.97 mmol), 3b (2.08 mmol), and [Pd(PPh3)4] (120 mg). The product was
purified by Soxhlet extraction with diethyl ether to remove impurities
and then acetone to obtain ETETETE as a red powder (120 mg, 14%).
The poor solubilty of the product prevented NMR spectroscopy. M.p.>
300 8C; MS (MALDI-TOF) calculated for C46H46O6S7: 918.14; found:
918.00.


X ray structures : Data were collected at 293 K on an Enraf-Nonius
MACH3 four-circle diffractometer for ETTE and on a STOE-IPDS dif-
fractometer for TEET, both equipped with a graphite monochromator
utilizing MoKa radiation (l=0.71073 �). The structures were solved by
direct methods (SIR) and refined on F by full-matrix least-squares tech-
niques using MolEN package programs for ETTE and by full-matrix
least-squares methods on F2 with SHELXL97 for TEET.


Crystal data and structure refinement for ETTE : C16H19O2S2, Mr =307.43,
yellow prism, 1.00 � 0.31 � 0.12 mm, triclinic, P1̄, a =12.316(1), b=


12.264(2), c =12.556(1) �, a=67.95(1), b =68.025(8), g=67.804(9)8, V=


1566.7(3) �3, Z =2, T =294 K, 1calcd =1.30 gcm�3, 5795 reflections collect-
ed in the range q=2.5–25.08, 5519 independent reflections, of which 1490
with I>3 s(I) converged to R=0.097 and wR2=0.131 with 201 parame-
ters, GOF =2.435. S and O atoms were refined anisotropically, and H
atoms were included in the calculation without refinement.


Crystal data and structure refinement for TEET: C16H19O2S2, Mr =307.43,
yellow plate, 0.46 � 0.40 � 0.03 mm, monoclinic, P21/n, a=12.835(2), b=


8.6701(8), c =15.097(2) �, b=113.67(2)8, V =1538.7(3) �3, Z=4, T=


293 K, 1calcd =1.327 g cm�3, 11 740 reflections collected in the range q=


1.8–25.88, 2868 independent reflections, of which 1400 with I>2s(I) con-
verged to R= 0.054 and wR2=0.112 with 181 parameters, GOF=0.836.
All non-H atoms were refined anisotropically, and the H atoms were in-
cluded in the calculation without refinement. Absorption was corrected
by the multiscan technique.


CCDC-252647 and CCDC-252648 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.
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Introduction


There have been numerous studies on the syntheses of cova-
lently linked porphyrin arrays with a variety of linkers;
these investigations inevitably require elaborate and time-
consuming work.[1–8] The overall structures of porphyrin
arrays hitherto prepared, however, are still remote from
those of natural light-harvesting systems, mainly due to a
lack of fine control of synthetic capabilities. As a supple-
mentary route, a synthetic strategy that utilizes supramolec-
ular chemistry has been envisaged, because it provides ver-
satility in molecular networking in multidimensional space
to increase the efficiency in light harvesting and electronic
communication.[9–15] In this way, it becomes possible to pre-
pare self-assembled porphyrin arrays in circular arrange-
ments,[10d,e] which are closer mimics of light-harvesting com-
plexes 1 and 2 (LH1 and LH2) in nature.[16]


In this context, we have developed cyclic porphyrin arrays
in which five or six slipped cofacial zinc(ii)–diporphyrin
complexes, constructed by the complementary coordination
of imidazolyl to zinc with a stability constant of the order of
1011


m
�1, are connected together through 1,3-phenylene link-


ages (Scheme 1). In a previous communication, we reported
the formation of self-assembled cyclic hexamer and penta-
mer of an imidazolyl-substituted gable porphyrin.[10d] To fur-


Abstract: The excitation-energy-hop-
ping (EEH) times within two-dimen-
sional cyclic zinc(ii)–porphyrin arrays 5
and 6, which were prepared by inter-
molecular coordination and ring-clos-
ing metathesis reaction of olefins, were
deduced by modeling the EEH process
based on the anisotropy depolarization
as well as the exciton–exciton annihila-
tion dynamics. Assuming the number


of energy-hopping sites N=5 and 6,
the two different experimental observ-
ables, that is, anisotropy depolarization
and exciton–excition annihilation


times, consistently give the EEH times
of 8.0�0.5 and 5.3�0.6 ps through the
1,3-phenylene linkages of 5 and 6, re-
spectively. Accordingly, the self-assem-
bled cyclic porphyrin arrays have
proven to be well-defined two-dimen-
sional models for natural light-harvest-
ing complexes.
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ther increase the stability, the macrocycles were covalently
fixed by olefin metathesis reactions of the coordination
pairs affording the detection of molecular-ion peaks corre-
sponding to 5-mer 5 and 6-mer 6 in MALDI-TOF mass
measurements (Scheme 1).[17] The fixation is further expect-
ed to be useful for the photophysical measurements without
scrambling even in coordinating solvent such as pyridine,[9]


which generally dissociates the coordination to reduce the
macrocycles into the monomeric units. Besides the circular
arrangement, complexes 5 and 6 are especially well suited as
models for LH1 and B850 in the LH2, because the close
slipped cofacial dimeric arrangements along with regular
separations are similar to the overall structures.[16–18]


As a model for LH1 and LH2 complexes, it is indispens-
able to understand interchromophoric interactions, such as
exciton coupling and energy migration processes.[6g,9b,9c] To
reveal the excitation-energy-hopping (EEH) phenomena oc-


curring in 5 and 6, the polariza-
tion changes between the
ground and excited states have
been examined by means of
fluorescence anisotropy and
femtosecond transient absorp-
tion anisotropy (TAA). While
the nanosecond time-resolved
fluorescence anisotropy pro-
vides relevant information on
the rotational diffusion motion
of molecules in solution, femto-
second TAA measurements
give direct evidence about the
EEH, because the initial locali-
zation of the excitations in
weakly coupled multichromo-
phores gives rise to a rapid
change in depolarization as the
excitation energy is transferred.
The observed exciton–exciton
annihilation process is also as-
sociated with the EEH, because
this process can be considered
as an incoherent energy-hop-
ping process from the excited
donor to the proximal excited
acceptor.[6g,9c] Based on both
anisotropy depolarization and
exciton–exciton annihilation
processes, we were able to
quantify the EEH times for the
cyclic arrays 5 and 6.


Results


Construction of cyclic porphy-
rin arrays 5 and 6 : The synthet-
ic procedures for the prepara-


tion of the samples were previously reported.[17] The imida-
zolyl-substituted gable porphyrin 4 with allyloxypropyl sub-
stituents at the meso-positions was synthesized from 5-(3-
formylphenyl)-15-imidazolylporphyrin, which was synthe-
sized by the reaction of N-methylimidazole-2-carbaldehyde
(1 equiv), allyloxypropyldipyrromethane (2 equiv), and mo-
noprotected isophtalaldehyde (1 equiv) with CF3CO2H
(TFA, 3 equiv) followed by chloranil oxidation. The isola-
tion was performed by SiO2 column chromatography and re-
cycling GPC-HPLC to afford pure freebase 4 in 17 % yield.
GPC analysis of the mixture obtained after zinc insertion
showed a broad molecular weight distribution. The self-as-
sembled arrays were dissociated to smaller oligomers by dis-
solving in CHCl3/methanol [first in 5 mm of CHCl3/metha-
nol=7:3 (v/v) and then further diluted by adding methanol
to make a 3.5 mm solution of CHCl3/methanol= 1:1 (v/v)],
and then the solvent was evaporated slowly at 25�1 8C.


Scheme 1. Molecular structures of cofacially linked zinc(ii)–diporphyrin 1, 1,3-phenylene-linked zinc(ii)–dipor-
phyrin 2, 1,3-phenylene-linked zinc(ii)–tetraporphyrin 3, 1,3-phenylene-linked freebase diporphyrin 4, and 1,3-
phenylene-linked cyclic zinc(ii)–pophyrin arrays 5 and 6.
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This reorganization process under high dilution conditions
allowed the selective formation of 5-mer and 6-mer. After
reorganization the mixture was subjected to the metathesis
reaction by Grubbs catalyst to afford covalently linked
cyclic 5-mer 5 and 6-mer 6 as evidenced by MALDI-TOF
mass measurements. Scheme 1 illustrates the structures of
these compounds along with reference porphyrins employed
in our measurements.


Steady-state absorption, fluorescence, and fluorescence exci-
tation anisotropy : Figure 1 shows the absorption and fluo-


rescence spectra of two reference zinc(ii)–diporphyrins (1, 2)
and the two cyclic zinc(ii)–porphyrin arrays 5 and 6 ; to pre-
vent self assembly complex 2 was dissolved in pyridine[9] to
give pyridine-coordinated 2, whereas the others complexes
were dissolved in toluene. The peak positions are summar-
ized in Table 1. The absorption spectra of 5 and 6 are char-
acteristic of cofacially self-assembled zinc(ii)–diporphyrin 1,
exhibiting the Soret bands (S0–S2) that are split due to exci-
tonic dipole–dipole coupling[10d,17, 19] between zinc(ii)–por-
phyrin monomers. In 5 and 6, the splitting in the Soret
bands is larger than that of 1 and a new band appears at
425 nm, indicating additional dipole couplings between units
of 1 through the 1,3-phenylene linkage, as also seen in the
splitting in the Soret bands of 2 and 3 (see the Supporting


Information). These exciton couplings consequently indicate
Fçrster-type incoherent energy-hopping processes within
and between units of 1. The splitting of 6 (2119 cm�1) is
slightly larger than that of 5 (2019 cm�1), indicating relative-
ly larger exciton interactions in the case of 6. The Soret
bands of 5 and 6 show negligible differences on changing
the solvent, implying that pyridine cannot disturb the robust
cyclic structures of 5 and 6, which are formed by zinc(ii)–
imidazole coordination and the ring-closing metathesis reac-
tion with an olefinic alkyl chain (Figure 1, inset). The fluo-
rescence spectra of 5 and 6 exhibit two peaks at 627 and
682 nm, which are also similar to those found for 1. Thus
the absorption and fluorescence spectra of 5 and 6 are
mainly determined by electronic interaction between two
zinc(ii)–porphyrin monomers within the units of 1.


The steady-state fluorescence excitation anisotropy spec-
tra monitored at 625 nm are displayed for complexes 1 and
2, and arrrays 5 and 6 (Figure 2). The fluorescence excita-
tion anisotropy measurement gives information about the
angle difference between absorption and emission dipoles as
well as the EEH process.[9c,19] Complexes 1 and 2 display the
profiles exhibiting slightly negative anisotropy in the high-
energy Soret band and positive anisotropies in the low-
energy Soret and Q bands. The negative anisotropy in the
high-energy Soret band indicates EEH process occurring be-
tween zinc(ii)–porphyrin monomers of 1 and 2, with respect
to the positive anisotropy[20] in the entire Soret band of
zinc(ii)–porphyrin monomer. Arrays 5 and 6 exhibit larger
negative anisotropies in the high-energy Soret band and
smaller positive anisotropies in the low-energy Soret and Q
bands, accordingly indicating efficient EEHs within and be-
tween units of 1. The excitation energy transfer between the
same molecular units with different orientations generally
gives rise to smaller fluorescence excitation anisotropy, re-
sulting in new depolarization channels.[9c]


Fluorescence lifetime and fluorescence anisotropy decay :
The time-resolved fluorescence decays of 1, 2, 5, and 6 were
measured (see the Supporting Information), and their fitted
fluorescence lifetimes are listed in Table 2. The fluorescence
decay profiles exhibit single exponential decays, and their
lifetimes are all similar, except for a slightly shorter fluores-
cence lifetime for 2. These results indicate that the excited
S1 states are also governed by the electronic state formed by
the cofacial interactions within units of 1. In addition, the
long S1 state lifetimes reflect an avoidance of energy-sinks
in 5 and 6, which is an important requirement in the EEH


process.
The fluorescence anisotropy


decay profiles of 1, 2, 5, and 6
were also measured (see the
Supporting Information), for
which the excitation of the
high-energy Soret band, that is,
lex = 410 nm, was employed.
The fitted decay parameters are
listed again in Table 2. The


Figure 1. Steady-state absorption and fluorescence spectra of 1, 2, 5, and
6 recorded in toluene except for 2, which was recorded in pyridine. Inset
compares the absorption spectra of 5 measured in toluene and pyridine.
The fluorescence spectra were obtained with the 410 nm excitation, for
which the excitation wavelength dependence was negligible.


Table 1. Band maxima in absorption and fluorescence spectra of samples 1, 2, 5, and 6.[a]


Absorption [nm] Fluorescence [nm][c]


Soret (high)[b] Soret (low) Q(1,0) Q(0,0) Q(0,0) Q(0,1)


1 414 439 554, 566, 574 619 626 684
2 426 442 567 613 621 672
5 410(s), 425(w) 447 555, 567, 575 621 626.5 682
6 410(s), 425(w) 449 555, 567, 575 622 627 682


[a] The solvents used were pyridine for 2 and toluene for the others. [b] The nomenclature s and w in paren-
theses indicates strong and weak. [c] An excitation wavelength of 410 nm was used.
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fluorescence anisotropy decay times are associated with the
molecular volumes, indicating that the anisotropy decay
originates from the molecular rotational diffusion motion in
solution (see the Supporting Information). The fluorescence
anisotropy decay time significantly increases in the forma-
tion of 5 and 6, reflecting much increased molecular vol-
umes relative to their constituent unit of 1. In addition, com-
plex 2 has a relatively slow rotational diffusion time in the
strongly coordinating and viscous solvent pyridine. As listed
in Table 2, the fluorescence anisotropy decays consistently
revealing negative amplitudes, in agreement with the nega-
tive anisotropies in the high-energy Soret bands of the
steady-state fluorescence excitation anisotropy spectra
(Figure 2).


Femtosecond transient absorp-
tion and transient absorption
anisotropy: To explore the fast
excitation-energy migrations in
5 and 6, both femtosecond tran-
sient absorption (TA), which in-
cludes pump-power dependence
and transient absorption aniso-
tropy (TAA) decays, were mea-
sured (Figures 4 and 5). The Q-
band excitation, that is, lpump =


575 nm, was employed to avoid
an involvement of S2!S1 relax-
ation in the porphyrin. The TA
and TAA decays of 1 and 2
were also measured as referen-
ces (Figures 3 and 4a inset). It
should be noted that 1 and 2
reveal no power dependence on
the TA decay profile, with only
slow decay components that are
in agreement with the slow S1


state lifetimes found in the
TCSPC (time-correlated single-
photon counting) measure-
ments, that is, 2.33 and 1.82 ns
for 1 and 2, respectively
(Table 3). In contrast, 1 and 2
show relatively fast anisotropy
decay profiles in the time
region of a few picoseconds, in-
dicating fast depolarization
channels, presumably due to
the EEH between zinc(ii)–por-
phyrin monomers (Figure 3).
While the TAA decay of 1
shows only single decay compo-
nent with a time constant of
~200 fs, that of 2 is fitted with
two decay components, where-
by the fast anisotropy decay
component is similar to that of
1. Because the Bx and By equi-


librium process inside zinc(ii)–porphyrin monomers pro-
ceeds on the timescale of ~200 fs,[21] the fast t1 component
comes from both the dipole equilibrium of the zinc(ii)–por-
phyrin monomer and the EEH between the zinc(ii)–por-
phyrin monomers through the cofacial linkage of 1, while
the slow t2 component results from the EEH between
zinc(ii)–porphyrin monomers through the 1,3-phenylene
linkage of 2. Since the diporphyrin 2 does not have the cofa-
cial unit, only the Bx and By equilibrium process contributes
to the fast decay component. For comparison, the tetrameric
porphyrin 3, which has both the cofacial unit and the 1,3-
phenylene linker, was measured (Figure 3, bottom). In this
case, the decay curve can also be fitted with two compo-
nents of 230 fs and 4.6 ps, which are almost the same as


Figure 2. Steady-state fluorescence excitation anisotropy spectra of 1, 2, 5, and 6 recorded in toluene, except
for 2, which was recorded in pyridine. The polarized excitation spectra (EVV and EVH) were measured at the
emission wavelength 625 nm, and then the anisotropy spectra were calculated.
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those of 2. On the other hand, the rinf value of 0.05 for 3 is
smaller than that of 0.09 for 2, indicating that the Bx–By


equilibrium and the EEHs within and between units of 1 si-
multaneously occur in 3. The details of measurement and
analysis of 3 are described in the Supporting Information.


The TA decays of 5 and 6 are very sensitive to the pump
power. When the pump power is increased, the contribu-
tions of relatively fast t1 and t2 components are enhanced,
with respect to those of slowest t3 ones (Figures 4a, 5a, and
Table 3). The pump-power dependence on the TA decay is a
strong indication of S1–S1 exciton–exciton annihilation, be-
cause the intense excitation or high density of photons may
generate two or more excitons in one cyclic array, then the
recombination between the excitons gives rise to a fast deac-
tivation channel.[22,23] Figures 4a and 5a indicate that the ex-
citon–exciton annihilation of 5 and 6 is due to the exciton–
exciton recombination between units of 1 rather than
zinc(ii)–porphyrin monomers, because this process does not
occur in 1. The exciton–exciton annihilation process implies
a Fçrster-type energy transfer from the excited donor to the
nearest excited acceptor, resulting in a doubly excited ac-
ceptor state, which then quickly relaxes to the singly excited
state.[22, 23]


Arrays 5 and 6 have relatively fast TAA decays in the
time region of a few picoseconds, reflecting the fast depo-
larizations arising from the energy migration (Figures 4c and
5c). It is evident that the rinf value of 0.22 in 1 decreases to
0.07 in 5 and further to 0.02 in 6, reflecting additional depo-
larization channels[20] due to the energy migration along the
entire cyclic arrays. In view of energy-hopping dynamics, the
fast t1 TAA decay of 5 and 6 is due to the depolarization
process inside units of 1, because a similar time constant of
~200 fs was observed in 1. On the other hand, the slow t2


components are responsible for the EEHs through the 1,3-
phenylene linkages of 5 and 6, because the similar time con-
stant of 4.7 ps was observed in 2 (Figures 3, 4c, and 5c). It
should be noted that there is a discrepancy between the


TAA decay times and the exciton–exciton annihilation
times in both 5 and 6. In multichromophore systems, howev-
er, neither exciton–exciton annihilation nor anisotropy de-
polarization time directly represents the EEH time between
the energy-hopping sites, because they do not occur in a
single donor–acceptor pair. The EEH time can only be cal-
culated by simulating the EEH process by using these two
observables simultaneously.


Table 2. Fitted fluorescence lifetimes and anisotropy decay parameters of
samples 1, 2, 5, and 6.[a]


Fitted fluorescence lifetime[b] Anisotropy decay parameters[d]


t [ns][c] r0
[e] F [ns][e]


1 2.33�0.01 (100 %) �0.10�0.01 0.43�0.02
2 1.82�0.02 (100 %) �0.04�0.01 1.72�0.02
5 2.18�0.01 (100 %) �0.13�0.01 2.22�0.02
6 2.19�0.01 (100 %) �0.12�0.01 2.84�0.02


[a] The solvents used were pyridine for 2 and toluene for the others; the
excitation wavelength, 410 nm, was applied to all experiments. [b] The
fluorescence lifetimes of the samples were obtained by averaging the
fitted single fluorescence lifetimes at several emission wavelengths.
[c] Obtained from the relation I(t)= Aexp(�t/t), in which I(t) is the time-
dependent fluorescence intensity, A the amplitude (noted in parentheses
as the percentage), and t the fitted fluorescence lifetime; the c2 values of
the fittings were maintained as 1.0–1.3. [d] The fluorescence anisotropy
decays were monitored at lem =625 nm. [e] Obtained from the relation
r(t)= r0 exp(�t/F), in which r(t) is the time-dependent fluorescence aniso-
tropy [r(t)= (Ik(t)�GI?(t))/(Ik(t)+2GI?(t)], r0 the initial anisotropy
value, and F the fitted anisotropy decay time.


Figure 3. Transient absorption anisotropy decay profiles of 1 in toluene, 2
in pyridine, and 3 in dimethylformamide (DMF), in which the polarized
transient absorption decays for parallel (VV) and perpendicular (HV)
orientations between pump and probe beams are included in each panel.
Insets show the deconvolution fitted anisotropy decay parameters with a
train of 150 fs pump pulse. The pump and probe wavelengths are 575 and
490 nm, which are the Q-band pump and induced-absorption probe, re-
spectively.
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Discussion


Excitonic dipole–dipole interaction : The absorption spectra
of 5 and 6 can be qualitatively explained in terms of exciton
coupling theory.[24] The Soret band of the porphyrin has two
perpendicular transition dipole moments By and Bz that are
degenerate. In the cofacial zinc(ii)–diporpyrin 1, two transi-
tion dipole moments By are coupled as a J-aggregate to give
rise to the red-shifted Soret band, and Bz are coupled as an
H-aggregate to give rise to the blue-shifted Soret band, re-
spectively (Scheme 2, left). In addition, the Soret band is
further split through the 1,3-phenylene linkage of 5 and 6.
The dipole moments of 5 and 6 consist of the dipole mo-
ments parallel (By) and perpendicular (Bz) to the long axis
of the cyclic arrays. These dipole moments are coupled in a
similar manner to that of 1. For the By components, the in-
phase arrangement of transition dipoles is attractive and
leads to a lowering of energy, and the out-of-phase arrange-
ment of transition dipoles is repulsive and causes an in-
crease in energy (Scheme 2, right). In contrast, for the Bz


components, the in-phase arrangement of transition dipoles
is repulsive and leads to an increase in energy, whereas the
dipole–dipole interaction between out-of-phase arrange-
ments should be cancelled (Scheme 2, right). The Soret
band splitting of 6 is larger than that of 5 by 100 cm�1, indi-
cating that the exciton interaction in 6 is slightly larger than
that in 5.


EEH time through 1,3-phenylene linkage of 2 and 3 : The
EEH process of 2 and 3 is reversible between porphyrin
units, which is conceived as a simple equilibrium as shown
in Equation (1) in which P represents the porphyrin unit, k1


Table 3. Transient absorption decay parameters for samples 1, 2, 5, and
6.[a]


Fitted decay times [ps][b]


Pump power
[mW]


t1 t2 t3


1 1.0 2330 (100 %)
0.5 2330 (100 %)
0.2 2330 (100 %)


2 1.0 1820 (100 %)
0.5 1820 (100 %)
0.2 1820 (100 %)


5 1.0 1.33 (23 %) 8.30 (22 %) 2180 (55 %)
0.5 1.15 (18 %) 8.25 (20 %) 2180 (62 %)
0.2 1.23 (12 %) 8.25 (15 %) 2180 (73 %)


6 1.0 1.50 (29 %) 8.30 (21 %) 2190 (50 %)
0.5 1.50 (20 %) 8.27 (17 %) 2190 (63 %)
0.2 1.50 (20 %) 8.27 (06 %) 2190 (74 %)


[a] The pump and probe wavelengths are 575 and 490 nm, and the sol-
vents used were pyridine for 2 and toluene for the others. [b] Obtained
from the relation DOD(t)=A1 exp(�t/t1)+A2 exp(�t/t2)+A3 exp(�t/t3),
in which DOD(t) is the transient absorption intensity, A the amplitude
(noted in parentheses as the normalized percentage, that is, [Ai/
(A1+A2+A3)] � 100), and t the fitted decay time.


Figure 4. a) Transient absorption decay profiles of 5, which include pump
power dependence, whereby the pump and probe wavelengths are 575
and 490 nm, that is, the Q-band pump and induced-absorption probe
(inset shows the transient absorption decay profiles of 1 that include
pump power dependence). b) Polarized transient absorption decays of 5
for parallel (VV) and perpendicular (VH) orientations between pump
and probe beams. c) Transient absorption anisotropy decay profiles of 5,
for which the pump and probe wavelengths are 575 and 490 nm; the inset
shows the deconvolution fitted anisotropy decay parameters. The solvent
used was toluene.
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and k�1 are forward and reverse reaction rate constants, re-
spectively, which correspond to the EEH times.


P* þ PG
k1


k�1


HPþ P* ð1Þ


Because the EEH time through the 1,3-phenylene linkage
corresponds to the slow t2 TAA decay component, the re-
laxation time of the above Scheme can be defined by Equa-
tion (2)


t2 ¼
1


k1 þ k�1
ð2Þ


From Equation (2), the EEH rate constants through the
1,3-phenylene linkage are determined as 1.06 � 1011 s�1


((9.4 ps)�1) with t2 = 4.7 ps for 2 and 1.09 � 1011 s�1


((9.2 ps)�1) with t2 =4.6 ps for 3.


Excitation-energy migration within 5 and 6 : We have exam-
ined the EEH processes of 5 and 6 by using the exciton–ex-
citon annihilation and anisotropy depolarization. When Fçr-
ster-type energy-transfer model is employed by assuming a
migration-limited character of exciton–exciton annihilation
and a random-walk formalism of anisotropy decay, the EEH
time can be deduced from the analytical depolarization and
exciton–exciton annihilation times through Equations (3)
and (4) in which N is the number of excitation energy hop-
ping sites, a is the angle between the neighboring transition
dipoles, tannihilation is the slowest exciton–exciton annihilation
time, and thopping is the inverse of the nearest neighbor
energy-hopping rate.[22]


tdepolarization ¼
thopping


4ðl�cos2ð2p=NÞÞ ¼
thopping


4ðl�cos2aÞ ð3Þ


tannihilation ¼
N2�l


24
thopping


ð4Þ


Figure 5. a) Transient absorption decay profiles of 6 that include pump
power dependence, for which the pump and probe wavelengths are 575
and 490 nm, that is, the Q-band pump and induced-absorption probe.
b) Polarized transient absorption decays of 6 for parallel (VV) and per-
pendicular (VH) orientations between pump and probe beams. c) Tran-
sient absorption anisotropy decay profiles of 6, for which the pump and
probe wavelengths are 575 and 490 nm; the inset shows the deconvolu-
tion fitted anisotropy decay parameters. The solvent used was toluene.


Scheme 2. Excitonic dipole–dipole coupling within 5 and 6.
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Equation (3) is understood by considering that the depo-
larization is complete when the transition dipole migrates
through 908 and how many hops are required for one cycle
of this rotation. On the other hand, Equation (4) assumes
that the exciton–exciton annihilation reflects the migration-
limited exciton–exciton recombination process along the
cyclic array and how many hops are required for this recom-
bination to be accomplished.


The EEH times within 5 and 6 are calculated by using the
exciton–exciton annihilation and anisotropy decay times,
given in Table 3 and Figures 4 and 5. Because arrays 5 and 6
consist of five and six cofacial zinc(ii)–diporphyrin units of
1, the numbers of hopping sites should be N= 5 and 6, re-
spectively. Introducing N=5 and a =728 to Equations (3)
and (4) results in the thopping =3.62 �tdepolarization and thopping =


tannihilation for 5.[22] Similarly, introducing N= 6 and a =608
leads to thopping =3.00�tdepolarization and thopping =0.686�tannihilation


for 6.[22] As consequence, the EEH times between the adja-
cent cofacial zinc(ii)–diporphyrin units through the 1,3-phen-
ylene linkage are calculated to be 7.6 ps for 5 and 4.9 ps for
6 with the anisotropy decay times of 2.11 and 1.62 ps, given
in Figures 4c and 5c, respectively. In a different approach,
by using the slowest exciton–exciton annihilation decay
times of ~8.3 ps for 5 and 6, as given in Table 3, the EEH
times were evaluated to be 8.3 ps for 5 and 5.7 ps for 6. It is
worth noting that the two different experimental observa-
bles, exciton–exciton annihilation and anisotropy depolariza-
tion, result in consistent EEH times (8.0�0.5 ps and 5.3�
0.6 ps) within small error ranges. The excitation-energy mi-
gration process, thus, is well described by the Fçrster-type
incoherent energy-hopping model, assuming the well-ar-
ranged cyclic systems of 5 and 6.


Interesting is that 5 and 6 have faster EEH times (8.0 and
5.3 ps) than the ~9 ps of linear porphyrin arrays 2 and 3,
and that 6 has a faster EEH time than 5. The accelerated
hopping rate in the cyclic porphyrin arrays is rationalized in
terms of a rigid geometry of 5 and 6, in which the well-ar-
ranged and fixed porphyrin units have an advantage in
dipole–dipole resonance with respect to the porphyrin units
in random motion in the linear complexes 2 and 3. The ac-
celerated hopping rate of 6 relative to that of 5 can be ac-
counted for in terms of different dipole coupling strength
between cofacial zinc(ii)–diporphyrin units observed as a
larger splitting of the Soret band of 6 (2119 cm�1) than that
of 5 (2019 cm�1). Another possible consideration is the tran-
sient orientation or fluctuation caused by twist (or rotation-
al) motions of units of 1 with respect to the m-phenylene
group. Adjacent units of 1 may twist in the opposite direc-
tion to each other, whereby the meso-substituted phenylene
groups in the encountering positions twist against the por-
phyrin plane in reverse direction. In the case of 6, which has
an even number of units of 1, alternating disrotatory motion
between adjacent units allows closer approaches to coplanar
orientation over the molecule to facilitate the delocalization
of excitation and the energy transfer rate of 6. In contrast,
array 5, with an odd number of units of 1, does not permit
the coplanar conformation over the molecule and the deloc-


alization may be limited within dimer, leading to the rela-
tively slow energy-transfer rate similar to 2 and 3. It would
be interesting to consider such a difference in even–odd
number of constituent units in future studies as a working
hypothesis.


Conclusion


We have investigated the excitation-energy migration pro-
cess within two dimensional cyclic porphyrin arrays 5 and 6,
which have been prepared by the intermolecular coordina-
tion and ring-closing metathesis reactions of meso-olefinic
substituents. Both exciton–exciton annihilation and anisotro-
py depolarization describe well the energy migration process
among the cofacially linked zinc(ii)–diporphyrin units of 1 in
5 and 6. Assuming the number of energy-hopping sites is
N=5 and 6, the two different experimental observables con-
sistently give the EEH times of 8.0�0.5 and 5.3�0.6 ps
through the 1,3-phenylene linkages of 5 and 6, respectively.
The obtained EEH times of 5 and 6 are faster than those of
the linear porphyrin arrays 2 or 3, because of a well-ar-
ranged and fixed circular geometry of the pigments. The
faster EEH time of 6 relative to that of 5 is rationalized by
considering the different dipole–dipole coupling strength as
observed in the steady-state absorption spectra, as well as
the differences in transient orientation between 5 and 6 aris-
ing from the even and odd number of cofacial diporphyrin
units in 5 and 6. Overall, the investigation on the excitation-
energy migration process of 5 and 6 affords a well-defined
molecular model for the complicated excitation-energy mi-
gration process occurring in natural light-harvesting systems.


Experimental Section


Steady-state spectra : The samples were prepared in approximately micro-
molar concentrations in toluene or pyridine. All the solvents (~99.9 %
purity) were purchased from Merck Chemical Co. (HPLC grade). Ab-
sorption spectra were obtained with a Shimadzu model 1601 UV spec-
trometer, and steady-state fluorescence and fluorescence excitation spec-
tra were measured by a Hitachi model F-4500 fluorescence spectropho-
tometer at room temperature. Steady-state fluorescence excitation aniso-
tropy spectra were obtained by changing the fluorescence detection po-
larization either parallel or perpendicular to the polarization of the
excitation light. The excitation anisotropy spectra then were calculated
by using Equation (5) in which EVV (or EVH) is the fluorescence excita-
tion spectrum when the excitation light is vertically polarized and only
the vertically (or horizontally) polarized portion of fluorescence is detect-
ed, that is, the first and second subscripts represent excitation and detec-
tion polarization, respectively. The factor G is defined by IVV/IVH, which
is equal to the ratio of the sensitivities of the detection system for verti-
cally and horizontally polarized light.


r ¼ EVV�GEVH


EVV þ 2 GEVH
ð5Þ


Time-resolved fluorescence decay : A picosecond time-resolved time-cor-
related single-photon-counting system was used for the fluorescence
decay and fluorescence anisotropy decay measurements. The system has
been described in previous reports.[6g, 9b,19]
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Femtosecond TA and TAA decay : A dual-beam femtosecond time-re-
solved transient absorption spectrometer that included an IR-OPA (infra-
red optical parametric amplification) pump and white light continuum
probe was employed for TA and TAA measurements. The system has
also been described in previous reports.[6g,9b, 19]
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Structure–Property Correlations in Solid Solutions of (CuI)8P12�xAsx,
2.4�x�6.6


Buddhimathie Jayasekera,[a] Stephanie L. Brock,*[a] Andy Y. H. Lo,[b]


Robert W. Schurko,[b] and Gholam-Abbas Nazri[b]


Introduction


The copper–pnicogen–halides represent a relatively small
class of compounds featuring infinite chains of phosphorus
surrounded by CuI halide.[1] The number of existing phases
in this distinctive class of compounds is extremely small, and
hitherto only Cu-P-X (X=Br, I) compounds have been re-
ported. These can be categorized into two classes, neutral
((CuI)8P12,


[2] (CuI)2P14,
[3] and (CuI)3P12


[4]) and anionic
(Cu3P15I2


[5] and Cu12P20Br10
[6]) based on the charge on the


chains of phosphorus.[7] The former have CuI weakly associ-
ated with the neutral pnicogen chains and are known to
demonstrate predominantly CuI ionic conductivity. In con-
trast, the latter have strong electrostatic interactions be-
tween copper ions and negatively charged phosphorus
atoms that hinder the mobility of CuI ions, resulting in pre-
dominantly electronic conductivity.[7] Among the Cu-P-X
compounds, (CuI)8P12, the most cuprous iodide-rich neutral
phosphorus phase, has shown the best ionic conductivity to
date: s= 1.90 �10�3 Scm�1 at 186 8C for a single crystal.[8]


However, it is several orders of magnitude less than that of
the best copper ion conductor known thus far,
Rb4Cu16I7Cl13,


[9] (s=0.34 S cm�1 at room temperature).
We sought to examine whether copper ion conductivity


could be improved by tuning the pnicogen–copper interac-
tion, specifically by incorporating larger, more polarizable
pnicogens (As, Sb). Although the logical end products
(CuI)8As12 and (CuI)8Sb12 do not appear to be stable, we dis-
covered that solid solutions of P/As chains could be pre-
pared and a new compound, (CuI)8P7.2As4.8, in which 40 %
of P is substituted by As, has been reported.[10] This com-
pound is isostructural to its parent compound, (CuI)8P12,
consisting of alternating Pn8 cages and Pn4 planar squares


Abstract: A series of P/As mixed pnic-
ogen phases of composition
(CuI)8P12�xAsx, in which x=2.4, 4.2,
4.8, 5.4, and 6.6, have been synthesized
and characterized by X-ray single crys-
tal and powder diffraction, solid-state
NMR spectroscopy, thermal gravimet-
ric analysis, and impedance spectrosco-
py. These materials are isostructural to
(CuI)8P12 and consist of neutral, tubu-
lar P/As mixed pnicogen chains associ-
ated with CuI and I� ions. The As is
distributed throughout the pnicogen
chains; however, the “roof” sites of the
[P8] cage show preferred occupation


by As relative to the other sites. Ac-
cordingly, the change in cell volume is
not a linear function of the As incorpo-
ration. Solid-state 31P NMR spectrosco-
py of the 40 % As incorporated sample
are consistent with the X-ray structural
model, with extensive broadening due
to 31P–75As coupling and site disorder,
and a change in the chemical shifts of
the resonances due to the As substitu-


tion into the lattice. The degree of
copper ion site disorder, probed by
single-crystal X-ray diffraction, increas-
es with increasing As content. Al-
though very little change is observed in
the copper ionic conductivity of poly-
crystalline samples, which ranges from
1.8–5.1 � 10�6 Scm�1 for (CuI)8P12�xAsx,
x=0, 4.2, 5.4; a single crystal (x=4.8)
measured along the needle axis has a
conductivity of 1.7 � 10�3 Scm�1 at
128 8C. This represents an order of
magnitude improvement in conductivi-
ty over (CuI)8P12 at the same tempera-
ture.
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(Pn= P/As) to produce 1
1([Pn8]Pn4(4)[) polymeric tubes


(according to nomenclature proposed by Bçcker and
H�ser[11]). These 1D chains have a close similarity to the
units found in Hittorf�s violet modification of phosphorus[12]


(2
1([P8]P2[P9]P2[), Figure 1), but are surrounded by CuI and


iodide ions. Recently, it has been shown that the pnicogen
chains in both (CuI)8P12 and (CuI)8P7.2As4.8 can effectively
be liberated from the CuI host by treatment with aqueous
potassium cyanide, producing novel allotropes of phospho-
rus and binary P–As, respectively.[13,14]


Although each pnicogen position in (CuI)8P7.2As4.8 has
shared occupancy of both P and As, the “roof” positions in
the [Pn8] cages (indicated by * in Figure 1) appear to be As
rich, suggesting that these are not true solid solutions, but
that there are preferred sites for As within the structure.
Furthermore, the CuI lattice in the 40 % As phase shows in-
creased disorder relative to the parent compound, suggest-
ing that As substitution may lead to augmented copper ion
conductivity. Accordingly, we sought to prepare a series of
compounds (CuI)8P12�xAsx, over the solid-solution range
12>x>0, in order to assess the extent to which As can be
incorporated, the degree of As ordering in the pnicogen
chain, and the change in CuI ion conductivity upon As sub-
stitution. Herein we report a series of five P/As mixed pnic-
ogen compounds with 20–55 % As incorporation:
(CuI)8P12�xAsx, in which x=2.4, 4.2, 4.8, 5.4, and 6.6; and
provide comparisons of their structural and physicochemical
properties, with the intention of addressing the questions
posed above.


Results and Discussion


Synthesis and composition of mixed pnicogen compounds—
probing the limits of As incorporation : The ability to syn-
thesize P/As mixed pnicogen compounds with As up to
40 %[10] led us to question just how much As can in fact be
substituted for P in (CuI)8P12; accordingly, syntheses of
(CuI)8P12�xAsx phases with As content up to 90 % were car-
ried out using conventional high-temperature ampoule tech-


niques. Stoichiometric amounts of CuI, red P, and elemental
As were ground together, pressed into a pellet, placed in an
alumina boat, and heated at 550 8C for two weeks in an
evacuated fused silica jacket. The targeted stoichiometries
were (CuI)8P10.8As1.2 (10 % As), (CuI)8P9.6As2.4 (20 % As),
(CuI)8P7.8As4.2 (35 % As), (CuI)8P7.2As4.8 (40 % As),
(CuI)8P6.6As5.4 (45 % As), (CuI)8P5.4As6.6 (55 % As),
(CuI)8P4.8As7.2 (60 % As), and (CuI)8P1.2As10.8 (90 % As).


During the reactions, vapor-phase transport occurred, re-
sulting in well-formed crystals at the colder parts of the am-
poule. To facilitate transport, the pellet (reactants) was
placed nearest to the thermocouple to generate a tempera-
ture gradient of approximately 40 8C. In most of the reac-
tions, the pellet residue was also covered with crystals. The
crystals are dark with a metallic luster and form as flat nee-
dles, similar to those of (CuI)8P12. It was difficult to produce
a substantial amount of transported crystals from the low
As compositions (10 % and 20 % As) even upon recrystalli-
zation. On the other hand, the major product of the 40 %
and 45 % As reactions is bundles of crystals, formed after a
two-week heating cycle. There is also a rough correlation of
crystal size with the degree of As incorporation; small crys-
tals, about 1–3 mm in length, form for 10 % and 20 % As
compositions, whereas fairly long crystals, approximately 3–
10 mm, are obtained from the 40 % and 45 % As stoichi-
ometries.


Powder X-ray diffraction (PXRD) of the ground products
revealed the presence of elemental As in 60 % and 90 % As
compositions, whereas no elemental As was detected for
compositions with a lower percentage of As. To verify the
compositional region at which phase separation occurs, reac-
tions with 55 % and 60 % As were repeated, and again, sig-
nals of elemental As were detected by PXRD only in the
60 % As composition. This suggests that the solubility of As
in the mixed pnicogen polymer is exceeded in the region be-
tween 55 and 60 % As. Thus, despite the fact that neutral
tubular polymers are unknown for As, and that no pure ar-
senic phase isostructural to (CuI)8P12 exists, high amounts of
As can be stabilized within the chains in the presence of
phosphorus.


The PXRD patterns of ground crystals for compositions
up to and including 55 % As feature narrow peaks of full-
width at half maximum height (FWHM)~0.18, suggesting
the presence of a single-phase material, with a pattern simi-
lar to that of (CuI)8P12. As expected, the peaks are shifted
towards higher d spacings relative to the parent compound
(Figure 2). The residual pellet has a similar pattern to that
for the crystals, along with peaks corresponding to CuI.
Energy dispersive spectroscopy (EDS) on single crystals
imaged in the scanning electron microscope (SEM) indicat-
ed the presence of Cu, P, As, and I,[15] thus implying that the
compound is a quaternary phase. Quantification of As incor-
poration in crystals of 20 %, 35 %, 40 %, 45 %, and 55 % As
samples was achieved by inductively coupled plasma-mass
spectrometry (ICP-MS) and the data are presented in
Table 1. In each case, the observed P/As ratio in the product
closely mirrors the preparation composition.


Figure 1. Structure of polyphosphorus chains: Top: a fragment from Hit-
torf�s phosphorus; Bottom: a fragment of phosphorus chain from
(CuI)8P12 . The “roof” positions are noted with *.
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The cell parameters of all the compounds were refined
from PXRD patterns by using Si as an internal standard
(Table 2). The lattice parameters obtained are nearly identi-
cal to those found by single-crystal studies for both
(CuI)8P9.6As2.4 (20 % As, Table 3) and (CuI)8P7.2As4.8 (40 %
As).[10] The shift of the PXRD patterns of the mixed pnico-
gen phases towards higher d spacing relative to the parent
compound (Figure 2) is consistent with an increase in unit
cell dimensions upon the substitution of phosphorus with
the larger arsenic atoms (Table 2). Together with the narrow
peak widths observed in XRD, these data suggest that the
compositions can be reproducibly targeted, and there is a
narrow phase dispersion among crystals obtained from a
single reaction.


Structure analysis for (CuI)8P9.6As2.4 : In order to address
trends in pnicogen and copper distributions as a function of


As incorporation, a single crystal corresponding to 20 % As
was selected for analysis (Table 3). The 20 % As compound
(Figure 3) is isostructural to the parent phase, as well as the
previously determined 40 % As compound,[2,10] and contains
eight Cu, eight I, and twelve pnicogen atoms in its asymmet-
ric unit. While the eight I positions are fully occupied, the
copper sublattice consists of multiple partially occupied
sites. Thus, within a unit cell, the 32 Cu atoms are distribut-


ed over 72 identified Cu posi-
tions, in contrast to 60 positions
reported for (CuI)8P12, and 92
positions reported for
(CuI)8P7.2As4.8 (Table 4). Similar
to what was observed in the
40 % As structure, all the pnico-
gen positions are shared by P
and As, with the highest pro-
portions of As in the “roof” P7
and P10 positions, suggesting
clear site preferences for As in
the mixed pnicogen chains
(Tables 4 and 5). The degree of
As occupation is also reflected
in the P/As–P/As bond lengths,
with longer distances observed
for higher average occupancies,
similar to what was found for
40 % As:[10] P/As7–10=


2.479(4) � (average As occu-


Figure 2. The PXRD patterns of parent (bottom) and 40% As (top) com-
pounds.


Table 1. ICP-MS results obtained for different P/As mixed phases.


Target Cu P As Formula based
compound ICP-MS ICP-MS ICP-MS on P,As analyses


[ppm] [ppm] [ppm]


(CuI)8P9.6As2.4 (20 % As) 35.5(35) 20.0(20) 13.8(14) (Cu1.01I)8P9.36As2.64
[a]


(CuI)8P7.8As4.2 (35 % As) ND 31.0(30) 35.0(30) (CuI)8P8.16As3.84


(CuI)8P7.2As4.8 (40 % As) 43.0(40) 19.0(20) 32.0(30) (Cu0.98I)8P7.08As4.92
[a]


(CuI)8P6.6As5.4 (45 % As) ND 19.0(20) 39.0(40) (CuI)8P6.49As5.51


(CuI)8P5.4As6.6 (55 % As) ND 13.1(13) 39.4(40) (CuI)8P5.36As6.64


[a] Cu content was experimentally determined only for 20 % and 40 % As samples. ND=not determined.


Table 2. Unit cell parameters[a] and cell volumes of mixed pnicogen compounds.


Compound a [�] b [�] c [�] b [8] V [�3]


(CuI)8P9.6As2.4 (20 % As) 15.314(6) 13.062(3) 15.300(8) 115.76(2) 2756.4
(CuI)8P7.8As4.2 (35 % As) 15.435(4) 13.201(2) 15.405(5) 115.44(1) 2834.4
(CuI)8P7.2As4.8 (40 % As) 15.466(7) 13.205(2) 15.420(7) 115.39(3) 2845.1
(CuI)8P6.6As5.4 (45 % As) 15.468(7) 13.222(5) 15.417(9) 115.40(3) 2848.2
(CuI)8P5.4As6.6 (55 % As) 15.525(9) 13.214(3) 15.454(9) 115.46(4) 2862.5


[a] Cell parameters obtained from PXRD refinement with an internal silicon standard.


Table 3. Crystal data and structure refinement parameters for
(CuI)8P9.6As2.4.


formula (CuI)8P8.7As3.3


Mr 510.12 g
radiation MoKa


l [�] 0.71073
crystal system monoclinic
space group P21/c
a [�] 15.309(3)
b [�] 13.057(3)
c [�] 15.305(3)
a [8] 90.0
b [8] 115.75(3)
g [8] 90.0
V [�3] 2755.4(10)
Z 16
dcalcd [M gm�3] 4.919
m [mm�1] 19.669
F(000) 3581
crystal size [mm] 0.14 � 0.06 � 0.04
q range [8] 1.48–28.5
hkl range 0�h�20, �17�k�0, �20� l�18
absorption correction semi-empirical
reflections collected 20266
unique reflections 6774
R(int) 0.07
parameters 344
R 0.0659
Rw 0.1852
GOF 1.10
largest peak/hole [e ��3] 2.676/�1.928
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pancy: 0.53), P/As2–3=2.203(8) � (average As occupancy:
0.16). The positions P/As11 and P/As12 in the P4 planar ring
have the next highest occupancy of As within the polymer:
0.318(10) and 0.327(11), respectively. Each P/As atom is
bonded to three other neighboring P/As atoms and one or
two Cu atoms. In contrast to what was seen in the 40 % As
structure, there are no Cu positions outside a reasonable
bonding distance to the pnicogens and the average Cu–P/As
bond lengh is 2.18(7) �. The Cu atoms are associated with


one P/As and three I atoms and adopt a distorted tetrahe-
dral geometry.


Investigating the structure of the polymer chain by solid-
state NMR spectroscopy and X-ray powder diffraction : To
gain further insight into the local structure within the pnico-
gen chains, solid-state 31P NMR spectroscopy was utilized.
Solid-state 31P magic angle spinning (MAS) NMR experi-
ments conducted upon (CuI)8P12 and (CuI)8P7.2As4.8 at high
spinning speeds (nrot between 26 and 29 kHz) yielded mark-
edly different spectra (Figure 4a and b). The 31P MAS NMR
spectrum of (CuI)8P12 (Figure 4a) is almost identical to spec-
tra of (CuI)8P12 recently reported by Eckert and co-work-
ers.[16] Fine structure is observed, indicative of a complex J
coupling network between the 31P nuclei. In addition, the
fast MAS essentially removes most of the line broadening


arising from homonuclear dipo-
lar coupling. This spectrum
arises from 12 magnetically dis-
tinct 31P nuclei, whose prelimi-
nary assignments were made by
Eckert et al. using several two-
dimensional NMR experiments
and quantitative chemical shift
comparisons.[16]


The 31P MAS NMR spectrum
of (CuI)8P7.2As4.8 (Figure 4b)
bears little resemblance to the


spectra of (CuI)8P12. The peaks are substantially broadened
and shifted, with none of the resonances matching any of
those found in spectra of (CuI)8P12, suggesting the local
phosphorus environment has changed (Figure 4c, d). There
are sharp resonances visible at d= 5.3 and �14.2 ppm that
likely correspond to some sort of impurity phase (indicated
by the daggers in Figure 4b), possibly some sort of phos-
phate or phosphite, which are known to have chemical shifts
in this region.[16,17] The broadening and shifting of the 31P
resonances is the result of several factors, including 1) indi-
rect spin–spin coupling (J coupling) between 31P and 75As
nuclei (75As is a quadrupolar nucleus with a nuclear spin of
3/2); 2) residual dipolar coupling between 31P and 75As
nuclei, which cannot be removed by MAS;[18] and 3) scalar
relaxation of the second kind of the 31P nucleus (resulting
from J coupling to 75As). All three of these factors have
been observed to drastically alter 31P powder patterns for
spin pairs involving half-integer quadrupolar nuclei, result-
ing in fine structure, line broadening, and apparent shifts in
the centre of gravity of the powder patterns.[19,20] In addition,
each phosphorus site will have three nearest neighbours in
the first coordination sphere, which may consist of P and As
atoms in ratios of 3:0, 2:1, 1:2 and 0:3, with the 2:1 and 1:2
ratios being the most common. This, in combination with ad-
ditional site variability in the second coordination sphere,
means that each phosphorus site will have a broadened reso-
nance resulting from a distribution of chemical shifts.[21]


Spin–spin coupling from multiple 31P and/or 75As nuclei fur-
ther convolute the 31P NMR spectra; however, additional


Figure 3. A portion of the crystal structure of (CuI)8P9.6As2.4 with the
numbered copper sites bound to the P/As mixed polymer. The dark non-
bonded atoms represent the iodine atoms closest to copper. Some of the
iodine atoms have been omitted to permit visualization of all copper
sites. More detailed illustrations of the parent structure can be found in
references [1, 2].


Table 4. Comparison of selected structural properties of (CuI)8P12, 20% As, and 40 % As compounds.


Structural property (CuI)8P12


(parent)
(CuI)8P9.6As2.4


(20 % As)
(CuI)8P7.2As4.8


(40 % As)[10]


no. of Cu positions in unit cell 60 72 92
range of Cu occupancies 0.15(1)-0.97(1) 0.040(10)-0.842(11) 0.057(14)-0.778(13)
As occupancies at 7 and 10 NA[a] 0.617(9)/0.444(8) 0.736(11)/0.647(11)
bond length at P/As7–10 [�] 2.306(8) 2.478(4) 2.524(4)
range of Cu�Pn distances [�] 2.17(2)-2.32(2) 2.049(6)-2.317(9) 2.031(7)-2.341(17)


[a] NA=Not applicable.


Table 5. Site occupancy factors (SOFs)[a] for P/As and Cu atoms of
(CuI)8P9.6As2.


Atom Occupancy Atom Occupancy


P/As1 0.83/0.173(10) P/As7 0.38/0.616(10)
P/As2 0.75/0.253(10) P/As8 0.71/0.287(11)
P/As3 0.93/0.072(10) P/As9 0.81/0.194(9)
P/As4 0.75/0.247(10) P/As10 0.56/0.444(11)
P/As5 0.79/0.202(10) P/As11 0.68/0.318(10)
P/As6 0.83/0.166(10) P/As12 0.67/0.327(11)


Cu1 0.781(11) Cu10 0.644(12)
Cu2 0.467(14) Cu11 0.818(13)
Cu3 0.567(12) Cu12 0.628(12)
Cu4 0.621(11) Cu13 0.338(12)
Cu5 0.164(14) Cu14 0.195(17)
Cu6 0.179(13) Cu15 0.204(16)
Cu7 0.846(12) Cu16 0.077(15)
Cu8 0.690(13) Cu17 0.040(10)
Cu9 0.562(11) Cu18 0.193(16)


[a] The SOF is equal to 1 for a fully occupied position. Iodine sites were
fully occupied.
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coupling from 65Cu can be neglected in this instance, as
there is no evidence of dipolar coupling between 31P/75As
and copper in these materials (see below) or between 65Cu
and 31P in (CuI)8P12.


[16]


To obtain a simulation of the 31P MAS NMR spectrum of
(CuI)8P7.2As4.8, the assignments of the resonances in
(CuI)8P12 should first be considered. In Table 6 a comparison
is made between the assignments of Eckert and co-workers,
and our assignments, which differ only slightly. From high to
low frequency, there are 12 resonances arranged to form six
distinct spectral regions, which integrate as 5:1:1:1:1:3 (Fig-
ure 4a). The high-frequency 31P resonances are assigned to
the sites in the “roof” positions (P7, P10), as well as directly
bound sites, P3, P9, P6 and P5 (Figure 1b). Eckert et al. uti-
lized radio frequency driven dipolar recoupling (RFDR)
and total through-bond correlation spectroscopy (R-
TOBSY) augmented with R30(6)(14) pulse symmetry to
assign the resonances at d=71.1 and 49.4 ppm to P1 and P4,
respectively, and the remaining sites are assigned as listed in
Table 6. We propose a slightly alternative assignment based
on 31P fast MAS correlation spectroscopy with TPPI scheme
(tppi-COSY) NMR spectra acquired in our laboratory
(Figure 5). The resonances at d=71.1 and 49.4 ppm are as-
signed to P2 and P8, respectively, and the terminal P1, P4
and P11, P12 pairs are assigned to the low-frequency shifts
as noted in Table 6. Cross peaks indicating direct connectivi-
ty are observed for most directly bound phosphorus pairs;


Figure 4. 31P fast MAS NMR spectra of a) (CuI)8P12 (nrot =28 kHz) and b) (CuI)8P7.2As4.8 (nrot =26 kHz) acquired at 9.4 T. Asterisks denote spinning side-
bands and daggers denote possible impurities. Expanded isotropic region of the 31P MAS NMR spectra of c) (CuI)8P12 and d) (CuI)8P7.2As4.8. Dotted and
dashed lines are used for comparison of peak positions in (CuI)8P12 and (CuI)8P7.2As4.8, respectively. Experimental (top), simulated (middle) and decon-
voluted (bottom) 31P MAS NMR spectra of e) (CuI)8P12 and f) (CuI)8P7.2As4.8.


Table 6. Assignments of phosphorus sites for 31P MAS NMR spectra of
(CuI)8P12 and (CuI)8P7.2As4.8.


(CuI)8P12 P site assignments
ref. [16] This work diso [ppm]


P3, P9, P7,
P10, P6


P9
P7
P10
P3
P6


113.2
108.7
108.7
107.7
103.2


P5 P5 93.3
P1 P2 71.1
P4 P8 49.4
P2 P12 22.7
P11 P4 14.0
P8 P1 8.9
P12 P11 5.2


(CuI)8P7.2As4.8 P site assignments
This work diso [ppm] FWHH [Hz]


P7, P10 122
117


5000
5000


P3, P9,
P5, P6,
P2, P8


87
84
82
80
80
76


5000
5500
5000
5500
5250
6000


P1, P4,
P11, P12


10
�4
�18
30


6000
5000
5000
6000
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however, cross peaks are not observed between P7 and P10,
due to overlap with diagonal peaks. In addition, intense
cross peaks do not result from couplings between P11 and
P12, or P1 and P4, possibly due to the different nature of
the spin systems at these sites (e.g., P1 is coupled to two P4
nuclei and one P3 nucleus). A simulated one-dimensional
spectrum based on these assignments is presented as the
middle trace of Figure 4 e. Only chemical shifts are taken
into account, while fine structure resulting from J coupling
is neglected, though roughly accounted for by peak broad-
ening on the order of 500 to 700 Hz at full-width-at-half-
height (FWHH). Complex spin-system analysis is prohibited
by overlapping peaks and broadened resonances.


Based on our assignments for (CuI)8P12, the 31P fast MAS
NMR spectra of (CuI)8P7.2As4.8 are simulated by using the
following assumptions:


1) Fine structure resulting from J coupling and residual di-
polar coupling will not be observed, due to both rapid
scalar relaxation of the second kind at the phosphorus
nucleus and spin–spin coupling from multiple sites. As a
result, individual spin–spin interactions are not consid-
ered.


2) Chemical shift dispersions result from variable substitu-
tion of P and As sites in the first and second coordina-
tion spheres, serving to further broaden the individual
resonances.


To approximate these effects, peaks with FWHH ranging
from 5000 to 6000 Hz are utilized. The relative integrated


areas of the peaks utilized in
the simulations are obtained
from the site occupancies re-
ported previously.[10] Aside
from broadening of peak widths
and chemical shift distributions,
the average 31P chemical shifts
change due to As substitution.
In Figure 6a, the simulation
uses the same chemical shifts as
found in the 31P NMR spectra
of (CuI)8P12, and the appropri-
ate site weightings, producing a
spectrum that is completely dif-
ferent from the experimental
spectrum. In Figure 6b, new
chemical shift assignments are
made for all twelve sites, but
the sites are unweighted (equal
integrated intensities), amount-
ing to three major spectral re-
gions with integrated intensities
of 2:6:4 from high to low fre-
quency. This simulated spec-
trum resembles the experimen-
tal data, but further agreement
can be obtained by using the


appropriate phosphorus-site weightings determined from
single-crystal X-ray diffraction (Figure 6c).[10] A full listing
of assignments is shown in Table 6 and detailed simulations


Figure 5. 31P tppi-COSY MAS NMR spectrum of (CuI)8P12 acquired with nrot = 27 kHz. The vertical spectral
scale is ca. 0.9–1.0 % of the maximum height, processed with complete phasing of the direct and indirect di-
mensions.


Figure 6. Experimental (black, solid) and simulated (gray, dashed) 31P
MAS NMR spectra of (CuI)8P7.2As4.8 : a) simulation using the same chem-
ical shifts as (CuI)8P12; b) simulation using modified chemical shifts and
equal peak intensities; c) simulation using modified chemical shifts and
weighted peak intensities. Chemical shifts are listed in Table 6, weightings
are described in ref. [10].
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showing spectral contributions from individual sites are
shown in Figure 4f.


A true solid solution[22] (random distribution) would result
in a linear relationship of unit cell volume with respect to
the amount of As, consistent with the three-dimensional in-
terpretation of Vegard�s Law.[23,24] A graph of unit cell
volume versus percentage of As is presented in Figure 7.


Overall, the correlation is nonlinear, with a rapid increase in
cell volume from the parent to 35 % As, followed by a grad-
ual increase from 35 % to 55 % As. The lack of linearity
(i.e., deviation from Vegard�s Law) is fully consistent with
the preferred site occupation of As in the pnicogen chains
noted in the single-crystal studies for the 20 and 40 % struc-
tures. The 31P NMR data are not inconsistent with this anal-
ysis. Although the resolution of the 31P NMR spectra for the
40 % As mixed pnicogen compound is poor due the large
distribution of chemical shifts, relaxation, and spin–spin cou-
pling effects, the simulation based upon the X-ray single-
crystal model does show a marginally better fit than that ob-
tained by a random distribution of As throughout the chain.


Hçnle and von Schnering and have likewise reported site
preferences for arsenic in some polypnicogen phases. For
Hittorf�s modification of phosphorus (Figure 1a) they found
that about 5 % As can be adopted into the structure, and
the As is situated uniquely at one of the two equivalent
“roof” sites in the [P8] cage.[25] The selective site occupation
was attributed to a release in strain within the polymer, pre-
dicted by modeling. Indeed, crystallization of Hittorf�s phos-
phorus was reported to be easier in the presence of As, con-
sistent with increased stability of the mixed pnicogen
phase.[25] As indicated here, we also see strong site prefer-
ence for the “roof” positions within the analogous [Pn8]
cages of (CuI)8P12�xAsx, although we are able to substitute
far more As into this structure than is reported for Hittorf�s
phosphorus. Likewise, we find that crystal growth is more
facile (as evidenced by the number and size of crystals ach-
ieved in the transport reactions) when As is included in the
reaction. Thus, our results are consistent with the strain ar-


guments postulated by von Schnering. However, a more
recent and detailed theoretical analysis by Bçcker and
H�ser indicates that the structure of Hittorf�s phosphorus is
essentially strain free.[11] Among the small clusters calculated
for the formula P8, the highly symmetric fused 5-ring struc-
ture P8(0) is the lowest in energy.[11] Additionally, Baudler,
has reported a number of molecular analogues that feature
the P8(0) unit in question, arguing against significant
strain.[26] The origin of the preferred site occupation remains
unclear, but may be due to subtle bonding preferences. We
speculate that the extent of transport growth may be a func-
tion of differences in the volatilization/condensation of the
precursors and products upon As incorporation, as de-
scribed below.


Influence of As on thermal stability : To gain some insight
into the decomposition mechanism, stability, and volatility
of the products, thermal gravimetric analyses (TGA) were
conducted under a dynamic atmosphere of N2 from ambient
temperature to 800 8C. For the 40 % As compound, an initial
weight loss was observed at 439 8C (Table 7), which levels


off significantly around 475 8C, corresponding to a loss of
about 30 %. PXRD patterns of (CuI)8P7.2As4.8 heated in a
flow furnace at 450 8C under an inert atmosphere revealed
the presence of a combination of CuI and unreacted mixed
pnicogen phase. This suggests that this first weight loss is
likely due to decomposition of (CuI)8P7.2As4.8 to CuI and
volatile P/As; that is, under flow conditions in an open
system decomposition begins at approximately 440 8C. The
predicted weight loss for the 40 % As phase losing volatile
pnicogen is 27.7 %, very close to what we see (~30 %). Sub-
sequent weight losses are observed up to about 750 8C, at
which point ~90 % of the initial weight has been lost. The
PXRD pattern taken on a sample heated up to 800 8C shows
CuI as the only product. Since CuI melts near 600 8C, the
latter weight loss is attributed to volatilization of CuI (which
may be incomplete, due to the timescale of the study).
Therefore, we presume that the pnicogens are lost first, fol-
lowed by the volatilization of CuI, although these processes
may be competitive with volatilization of the quaternary
phase. There is no systematic relationship between the de-
composition temperature (first weight loss onset) and the
composition (Table 7); however, all of the mixed pnicogen
phases demonstrate higher decomposition temperatures
than the pure phosphorus parent compound.


Figure 7. Plot of unit cell volume as a function of arsenic content for
(CuI)8P12�xAsx, in which x=0, 2.4, 4.2, 4.8, 5.4, and 6.6.


Table 7. The temperatures of initial weight loss (onset) for parent and
mixed pnicogen compounds.


Compound T (decomp) [8C]


(CuI)8P12 342
(CuI)8P9.6As2.4 (20 % As) 405
(CuI)8P7.8As4.2 (35 % As) 406
(CuI)8P7.2As4.8 (40 % As) 439
(CuI)8P6.6As5.4 (45 % As) 402
(CuI)8P5.4As6.6 (55 % As) 417
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From these analyses, it is not clear if the “roof” position
preference of As has any contribution to the thermal stabili-
ty of these materials relative to the parent compound. Since
the decomposition products are necessarily different in each
case, and have unknown enthalpies, the relative energies of
the various phases cannot be quantitatively assessed. How-
ever, we note that an apparent lower volatility of the prod-
ucts that incorporate As (which could be predicted based on
formula weight alone) is consistent with the growth of more/
larger crystals for these phases relative to the all-phosphorus
phase.


Copper disorder and ionic conductivity : The trend in copper
disorder in these phases can be ascertained by evaluation of
the number of copper positions in the single-crystal struc-
tures (Table 4). Among the 18 Cu positions in the asymmet-
ric unit of the 20 % As compound, 15 positions can be exact-
ly matched with the parent compound. On the other hand,
all the 18 positions in the 20 % As structure can be found in
the 40 % As compound, although there are an additional
five copper positions. These five copper positions have con-
siderably longer bond lengths to the pnicogen chains
(2.83(7) to 2.99(8) �, relative to 2.03–2.34 � for the other
Cu�Pn distances in the structure) and represent ~7 % of the
copper in the structure.[10] The increased number of copper
positions suggests a decreased thermodynamic site prefer-
ence, whereas the presence of copper sites outside a normal
bond length to the pnicogen chain suggests weaker Cu�Pn
interactions. Hence, increasing CuI ion conductivity may be
anticipated with increasing As incorporation.


The 65Cu MAS NMR spectrum of (CuI)8P7.2As4.8 consists
of a large isotropic peak centered at d=�3 ppm flanked by
spinning sidebands, and a low intensity side peak at d=


�21 ppm (Figure 8). Fixed Cu positions result in 65Cu NMR
spectra with distinct second-order line shapes, and have fur-
ther effects on the 31P MAS NMR spectra;[27] however the
peak at d=�3 ppm has a FWHH of about 1300 Hz and ex-
hibits no second-order quadrupolar line shape, which is con-


sistent with the fast ionic motion of the CuI ions in this com-
pound. Similar 65Cu NMR spectra have been measured for
(CuI)8P12, in which the CuI ions are also mobile.[16] It is not
possible to evaluate the relative conductivities by this tech-
nique without performing temperature-dependent studies.
Therefore, impedance spectroscopy was utilized to quantify
the effect of As incorporation on the ionic conductivity in
these compounds.


The complex plane plots (Nyquist plots) of 35 % As, 45 %
As, and (CuI)8P12 polycrystalline pellet samples (30 8C) are
presented in Figure 9. The inclined spike (Warburg element)
arising at low frequency is attributed to charge build up at
the blocking electrode, and is characteristic of an ionic con-
ducting material (ions cannot pass through the sample–elec-
trode interface). The high-frequency arcs consist of two
overlapping arcs of similar capacitance attributed to bulk
(or intragranular), and grain-boundary (or intergranular) re-
gions of the sample. These regions are responsible for the
intrinsic (sb) and grain-boundary (sgb) conductivity, respec-
tively; the total conductivity (st) is calculated from the inter-
section of the Warburg element with the low-frequency arc
at the real axis. In contrast, the bulk and grain-boundary
contributions in (CuI)8P12 are resolved as two discernable
arcs with capacitances that differ by five orders of magni-
tude (Figure 9). The disparity in capacitance values for the
grain-boundary contributions can be attributed to the rela-
tive polarizabilities of P and As. The lower polarizability of
P in the parent compound results in a greater degree of
charge accumulation at the grain boundaries upon applica-
tion of a potential field, and thus (CuI)8P12 has a higher
grain-boundary capacitance. In contrast, the more polariz-
able As results in electronically leaky grain boundaries with
decreased capacitive behavior.[28–30]


According to the impedance data at 30 8C, the bulk and
the total conductivities of all the samples are of the same
order of magnitude, regardless of As content (Figure 9). The
total conductivity at 30 8C for the parent material, extracted
from the literature,[8] is estimated to be 1.5 � 10�6 S cm�1,
which is smaller than the value of 5.1 � 10�6 Scm�1 obtained
in this work. This difference is likely an effect of disparities
in the grain-boundary structure from sample to sample. Ad-
ditionally, variable-temperature measurements on a 40 % As
sample (Supporting Information) revealed Arrhenius-type
behavior and calculated activation energies of 0.44 eV and
0.40 eV for bulk and grain-boundary conductivities, respec-
tively, similar to the corresponding activation energy report-
ed for (CuI)8P12 (0.45 eV).[8]


Although the bulk values (sb) obtained here might be
considered to be an intrinsic measure of the material con-
ductivity, preferred orientation effects are likely to have a
profound influence on the copper ion conductive pathways.
It has been established from single-crystal studies on
(CuI)8P12 that the ionic conducting pathway is along the axis
of the pnicogen chains, which coincides with the long axis of
the needle crystals.[8] In pressed pellets, these needles are
likely to be oriented perpendicular to the electrodes, due to
gravitational settling and applied pressure, resulting in


Figure 8. 65Cu MAS NMR spectra collected at 9.4 T at spinning speeds of
a) 23 kHz and b) 20 kHz. The inset shows an expansion of the isotropic
central transition.
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values that are not representative of the optimal conductivi-
ties. Indeed, a decrease in conductivity of about 30 % is ob-
served in polycrystalline samples of (CuI)8P12 relative to
single crystals measured along the needle axis.[8] Hence, no
definitive conclusions about the relative differences in con-
ductivity as a function of As incorporation can be made
based on polycrystalline samples. Accordingly, a single-crys-
tal impedance spectroscopy study on the 40 % mixed pnico-


gen phase has been performed to assess the conductivity
along the needle axis and provide a meaningful comparison
to (CuI)8P12.


An impedance plane plot for a single crystal of
(CuI)8P7.2As4.8 (40 % As) at 128 8C with the electrodes ap-
plied perpendicular to the needle axis is shown in Figure 10.


An almost semicircular response, corresponding to bulk
sample, is prominent. A remarkably high conductivity of
1.7 � 10�3 Scm�1 is obtained along the needle axis, compara-
ble to values obtained for single crystals of (CuI)8P12 at
much higher temperatures (1.9 �10�3 S cm�1 at 186 8C),[8] and
roughly an order of magnitude greater than the single-crys-
tal conductivity for (CuI)8P12 at similar temperatures (ca. 3 �
10�4 S cm�1 at 130 8C, estimated from an Arrhenius plot, ref-
erence [8]). This suggests a significant improvement in con-
ductivity, at least along the needle axis, upon As incorpora-
tion. The influence of preferred orientation effects in poly-
crystalline pellets is evident in the corresponding bulk con-
ductivity value obtained for a polycrystalline 40 % As
sample at 124 8C, 8.4 � 10�4 S cm�1.


Conclusion


In an exploration of heavier pnicogen analogues of
(CuI)8P12, we were successful in synthesizing a series of neu-
tral P/As mixed pnicogen analogues with As incorporation
of up to 55 %. These phases are isostructural to (CuI)8P12, as
evidenced by X-ray crystallography and 31P solid-state NMR
spectroscopy, and X-ray diffraction studies further indicate
that the arsenic has a strong site preference for the “roof”
positions in the pnicogen polymer. The As substitution in
(CuI)8P12 results in an increase in the thermal degradation
temperature for the material, and an increase in copper-ion
disorder. The latter is manifested as an increased conductivi-
ty in (CuI)8P7.2As4.8 (40 % As) relative to (CuI)8P12, when
measured along the needle axis of single crystals. However,


Figure 9. The complex plane impedance plots of a) 35 % As, b) 45% As,
and c) (CuI)8P12 polycrystalline pellet samples at 30 8C.


Figure 10. The complex plane plot of a single crystal of (CuI)8P7.2As4.8


(40 % As) at 128 8C.
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in polycrystalline samples, very little conductivity difference
is observed as a function of As content, ascribed to a more
convoluted pathway for conduction that arises from crystal-
lite orientation effects within the pressed pellets.


Experimental Section


Solid-state synthesis : The mixed pnicogen compounds (CuI)8P12�xAsx, in
which x =2.4, 4.2, 4.8, 5.4, and 6.6, were synthesized from stoichiometric
combinations of CuI (Aldrich 99.999 %), red P (Strem 99%), and pow-
dered As (Alfa Aesar 99.999 %). The reagents were ground together,
pressed into a pellet, and heated at 550 8C for two weeks in evacuated
fused-silica tubes of 13 mm inner diameter and about 80 mm length. The
sample pellets were kept at the hot end of the ampoule, nearest to the
thermocouple, to facilitate transport of crystals to the cool end. For reac-
tions that produced only small amounts of transported crystals, the prod-
ucts (pellet and crystals) were reground and reheated for an additional
two weeks in order to produce a second batch of crystals (recrystalliza-
tion). All analyses on powders were performed on ground single crystals.
In cases in which CuI was observed (as a white deposit) on the crystals
under the light microscope, the crystals were sonicated in CH3CN first to
wash away impurities. Likewise, if the presence of CuI was detected by
PXRD in ground samples, the powdered sample was stirred in CH3CN
overnight to dissolve CuI. Overall yields (based on powder X-ray diffrac-
tion) ranged from 80–100 %. Yields of crystals were high when large As
concentrations were employed (up to 75 % of the sample as crystals for
40% As inclusion) and lower for small concentrations (less than 25% of
the sample as crystals for 20% As inclusion).


X-ray single-crystal structure analysis : A single-crystal structure analysis
was performed on a sample prepared from a 20% As, 80% P reaction
(Table 2). A single crystal of dimensions 0.14 � 0.06 � 0.04 mm3 was
mounted on a piece of glass fiber with epoxy resin, and data were collect-
ed from a Bruker P4/CCD single-crystal diffractometer with MoKa radia-
tion (l=0.71073 �). The structure solution and refinement were per-
formed using the SHELXTL package of crystallographic programs
(Bruker Analytical, Inc.).


The structure solution software recommended a tetragonal or orthorhom-
bic unit cell ; however, since twinning similar to that observed in
(CuI)8P12 was suspected[2] the lower symmetry monoclinic option (P21/c)
was chosen. The function TWIN was used in the structure refinement to
account for a/c exchange due to twinning. The structure modeling for the
20% As compound was performed as follows: from the difference map
eight I atoms were found in similar positions to those reported for the
parent compound (most intense set of peaks). Since a careful analysis of
the frames data (30 s per frame) revealed no suggestion of superstruc-
ture, P and As were presumed to be occupying the same sites. The next
set of peaks with appreciable electron density were assigned to P and As
as shared occupancies summing to 1.0. The percent occupancies of As re-
fined to 27.5 % instead of the expected 20 %, but fixing of the sum of oc-
cupancies to equal 20 % did not result in a substantial change in the R
value; however, some of the displacement parameters were poorly be-
haved. The As occupancy was left unconstrained in the final solution.


The remaining peaks found to be within reasonable bond lengths to P/As
and/or I were assigned to Cu sites ranging from a 4 (minimum) to 85 %
occupation. After assignment of 18 independent Cu positions, attempts
to satisfy remaining peaks in the difference map with partially occupied
copper sites resulted in sites that were too close to P/As positions to be
real and were thus discarded. Without restraint, the Cu occupancies sum
to 7.41 (i.e., 1.85 Cu atoms out of 2.0 expected). These occupancies were
constrained to sum to 8.0 (consistent with the concentration of copper
obtained by elemental analysis, Table 1) without any significant change in
R value. When all the atoms (Cu, P, As, I) were allowed to refine aniso-
tropically, reasonable values were obtained for all positions except Cu7,
Cu8, Cu10, Cu16, Cu17, and Cu18. Hence, these were left isotropic. The
occupancy of the Cu17 position was difficult to refine freely and there-
fore was fixed to a reasonable occupancy value. The structure refined


with 37.7 % twinning to an R value of 6.59 %. Further details of the crys-
tal structure investigation can be obtained from the Fachinformationszen-
trum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany, (fax:
(+49)7247–808–666; e-mail : crysdata@fiz.karlsruhe.de) on quoting the
depository number CSD-414237.


Powder X-ray diffraction (PXRD): Products consisting of transported
material and the remaining residue of the pellets from each reaction
were separated and ground to carry out PXRD studies. A Rigaku D Max
RU 200B instrument with voltage and current of 40 kV and 100 mA, re-
spectively, was used to collect PXRD patterns. The powdered samples
were dusted onto double-sided sticky tape attached to an aluminum
holder, or a thin layer of petroleum wax coated on a quartz (0001) low
background holder. Unit cell refinement was performed on data collected
from long scans (ca. 1.5 h) referenced to an internal silicon standard. The
peaks were refined with the program CELREF V3 using least-squares
methods and discarding only peaks of <3% relative intensity.


Inductively coupled plasma-mass spectrometry analysis (ICP-MS): Sam-
ples for chemical analyses were prepared by dissolving about 20 mg of
the powdered crystals in 10–15 mL of conc. HNO3 and diluting to
100.0 mL with distilled water in a volumetric flask. P and As ratios were
determined for all the samples, and Cu amounts were determined for the
20% and 40% As samples (Table 1) on which single-crystal studies were
performed.


Solid-state NMR spectroscopy : Solid-state 31P and 65Cu MAS NMR ex-
periments were conducted on (CuI)8P12 and (CuI)8P7.2As4.8 using a Varian
Infinity Plus 9.4 T NMR spectrometer operating at n0(


31P)=161.8 MHz
and n0(


65Cu) =113.5 MHz. Varian/Chemagnetics 2.5 mm HX MAS and
4 mm HXY triple-resonance probes were used. All samples were ground
into fine powders and tightly packed into 2.5 mm and 4 mm o.d. zirconi-
um oxide rotors. Spectra were acquired using both a conventional Bloch
decay pulse sequence and a rotor-synchronized Hahn-echo pulse se-
quence of the form [(p/2)x-t1-(p)y-t2-acquire]. Phosphorus chemical shifts
were referenced to 85% H3PO4 with diso(


31P)=0 ppm. Relevant acquisi-
tion parameters include a 908 pulse width of 1.6 ms (n1 =160 kHz) and
calibrated recycle times of 15 s. Samples were spun between 17 kHz and
26 kHz and from 768 to 1600 transients were collected per experiment.
31P-75As transfer of populations in double resonance (TRAPDOR) NMR
experiments[31] utilized an rf field of about 72 kHz on the 75As channel,
but were unsuccessful in indirectly resolving the 75As quadrupolar cou-
pling constants (likely due to very large 75As quadrupolar coupling con-
stants and inconvenient relaxation characteristics). Copper chemical
shifts were referenced to solid CuCl (diso(


65Cu) =0 ppm). For rotor-
synchronized 65Cu MAS NMR experiments, the central-transition selec-
tive 90o pulse width was 2.0 ms (with n1(


65Cu) =125 kHz) and the calibrat-
ed recycle time was 0.2 s. Samples were spun at 20.0 kHz and 23.7 kHz
and the number of transients collected ranged from 32000 to 220 000.


Two-dimensional 31P NMR experiments were conducted upon (CuI)8P12


employing the conventional COSY pulse sequence, as well as the tppi-
COSY sequence.[32] The 2.5 HX fast MAS probe was used for these ex-
periments, with the sample spun at 27 kHz. The 908 pulse width was set
to 1.40 and 1.95 ms for COSY and tppi-COSY NMR experiments, respec-
tively. Spectral widths in the COSY and tppi-COSY were 100 kHz and
200 kHz, respectively. 32 (COSY) and 16 (tppi-COSY) transients were
collected for the direct dimension, and 256 and 512 increments were col-
lected for the indirect dimension.


Spectra were simulated by using the line-fitting routine in the NUTS soft-
ware package (Acorn NMR). A simplex routine was used to accurately
fit the spectra, allowing flexibility in the frequency, line width, and Lor-
entzian/Gaussian character, while keeping the, a priori, integrated inten-
sity of the peaks constant.


Thermogravimetric analysis : Thermogravimetric analyses were per-
formed on a Pyris 1 TGA instrument. Samples were analyzed in ceramic
pans at a heating rate of 2 8C min�1 to 500 8C and 10 8C min�1 from 500–
800 8C in a dynamic N2 atmosphere. The open-system ensures that volati-
lization of products will drive equilibria forward, and is therefore not rep-
resentative of thermal treatments conducted in sealed ampoules. The
slow initial rate was employed to quantify the onset for the first weight
loss and this was used to assign the relative stability of the compounds to
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thermal decomposition. The small quantity of residue that was obtained
from the 40% As sample after being heated to 800 8C, was analyzed by
powder X-ray diffraction. To determine the products after the first
weight loss, X-ray diffraction data were acquired on a 40% As sample
previously heated to 450 8C under a flow of argon.


Conductivity measurements : The ionic conductivity properties for poly-
crystalline samples of the parent, and the 35 % As, 40% As, and 45% As
phases were studied using impedance spectroscopy (IS). Polycrystalline
samples of 35% As, 45% As, and (CuI)8P12 were sieved in order to pro-
duce uniform grain sizes, thereby permitting reasonable comparison of
data from different preparations. The samples were made by cold press-
ing the powdered material in a 0.625 cm die with an applied pressure of
about 4.5 metric tons. The exact thickness of the pellets was measured
with a Vernier micrometer (all were =1 mm). Opposite sides of the pel-
lets were sputter coated with gold electrodes and each pellet was then
loaded into a pressure cell with flat Ni electrodes on both sides. The
sample was placed in an oven and was continuously flushed with argon
gas during the measurements in order to avoid oxidation of the samples.


The sample for single-crystal impedance measurements was prepared by
embedding a long (ca. 4 mm) needle crystal in an epoxy matrix, allowing
the epoxy resin to harden, and cutting it into a pellet of about 1.5 mm
thickness with exposed crystal faces. The cross-sectional area of the crys-
tal faces was measured and then sputter coated with gold electrodes. The
impedance measurements were conducted as described for the polycrys-
talline sample.


A Solartron 1260 Impedance/Gain-Phase Analyzer was used to take the
IS measurements at an applied voltage of 100 mV and a frequency range
of 30 mHz to 1 MHz. For the sieved polycrystalline samples of 35 % As,
45% As, and (CuI)8P12 the impedance data were acquired at 30 8C. Varia-
ble-temperature IS measurements were taken for a nonsieved polycrys-
talline sample of 40 % As in the temperature range 30 to 124 8C. Single-
crystal studies of the 40 % As sample were conducted only above 120 8C,
as the small cross-sectional area of the needles resulted in resistance
values outside the range of the instrument at lower temperatures. The
complex impedance curves were analyzed using the ZView program to
determine the corresponding equivalent circuits and compute the bulk
and grain-boundary conductivities.
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Introduction


Since the discovery of carbon nanotubes,[1,2] considerable at-
tention has been directed towards nanotubular structures on
account of their unique physicochemical and electronic
properties, and also because of their potential applications
in various fields, such as electronics, optics, catalysis, energy
storage, and biological systems.[3–9] Recently, the number of
studies on organic nanotubes (ONTs) has increased, howev-
er, most of these have focussed on nanotubes of polymers,
such as polypyrrole, polyaniline, poly(methyl methacrylate)
(PMMA), and polystyrene.[10–12] Although research concern-
ing organic nanotubes of low molecular weight active com-
pounds is still in its infancy, several systems have been de-
veloped by employing the self-assembly and template-based
methods.[13–20] In organic molecular crystals, the electronic
and optical properties are fundamentally different from
those of inorganic crystals, due to the weak intermolecular
interactions of the van der Waals type or the hydrogen


bond.[21, 22] This may result in phenomena that contrast to
those of strongly bonded nanotubes of metals and semicon-
ductors. According to earlier work, organic nanoparticles ex-
hibit size-dependent optical properties that arise from, for
example, the aggregation effect, surface effect, or the in-
creased intermolecular interactions induced by the change
of lattice.[21–23] Molecules within tubular structures may be
arranged differently from those in particles, which might
also account for some unusual properties. The size effect of
organic nanotubes is, therefore, of great interest.


b-Diketones have always been of interest to inorganic, or-
ganic, and physical chemists, due to their isomeric keto–enol
interconversion, which is fundamental to many organic syn-
thetic pathways, biochemical processes, and enzymatic
mechanisms.[24, 25] One such molecule is dibenzoylmethane
(DBM, Scheme 1), a UV absorber and photostablizer widely


used in the protection of polymer materials, and a conven-
tional chelate to detect trace metal ions by fluorescence
measurement. In addition, due to its oral bioavailability and
low toxicity, DBM is biologically relevant as a chemopre-
ventative blocking agent in the treatment of breast cancer,
and has the potential to reverse ischemic diseases by induc-


Keywords: enols · fluorescence ·
isomers · nanotubes · template
synthesis


Abstract: Organic nanotubes of various diameters were fabricated from the iso-
meric molecule dibenzoylmethane (DBM) by using an immersing technique with
ordered porous alumina membrane as the template. The ratio of the enol isomers
of DBM increased as the diameters of the nanotubes decreased. In addition, al-
though almost no fluorescence could be detected for the DBM monomer, a strik-
ing enhancement in the fluorescence emission intensity of the nanotubes was ob-
served as the diameters decreased. This is due to the increased ratio of the enol
isomers.
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Scheme 1. Equilibrium showing the keto–enol isomerism of DBM mole-
cules.
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ing angiogenesis in vivo.[26–28] Here, we describe the size-de-
pendent properties of DBM nanotubes of different diame-
ters, synthesized by using the immersing technique with
porous alumina membrane as the template. The ratio of the
enol isomers increased as the diameters of the nanotubes
decreased. Preferential orientations of DBM molecules in
the nanotubular structures were detected. In addition, the
nanotubes exhibited enhanced photoluminescence as their
diameter decreased, whereby the DBM monomer was
almost nonfluorescent.


Results and Discussion


Use of the simple immersing technique with porous alumina
membrane as the template is a facile route to the fabrication
of organic nanotubes.[18,29] The diameter, length, and wall
thickness of the nanotubes can be well controlled by the
choice of template. We prepared DBM nanotubes by repeat-
edly immersing the porous alumina membrane into the
nearly saturated diethyl ether solution of DBM, and then
evaporating the solvent at intervals. The typical top-view
images of the DBM nanotubes after complete removal of
the template (Figure 1a–c) reveal that the nanotubes are ar-


ranged in a continuous, parallel, and well-ordered manner,
with uniform diameters and wall thicknesses. The low mag-
nification image (Figure 1c) indicates clearly that the diame-
ters and lengths of the nanotubes correspond well with the
diameter of the membrane pores and the thickness of the
template used and no tubes grew from the surface of the
template. DBM nanotubes of different sizes were prepared
by using alumina template with different pore diameters.
The field emission scanning electron microscope (FESEM)


images in Figure 1a and b show nanotubes of diameters 100
and 200 nm, respectively, as a representative sample. By
imaging different regions of the materials, the nanotubes
were determined to be hollow throughout their entire
length, with uniform wall thickness. As shown in the cross-
sectional image (Figure 1d), the open tips of the tubes were
clearly displayed. By bending the template and then etching
away aluminum oxide with aqueous sodium hydroxide,
some tubes were slightly tilted and broken in the middle to
show the open tips. It is proposed that the capillary effect is
favorable for the nucleation and growth of the nanotubes in
the inner surface of the pores of the membrane, based on
the “layer-by-layer” mechanism.[18,29]


X-ray diffraction (XRD) measurements were recorded to
probe the internal structure of the nanotubes (Figure 2), and
to give information about their possible stoichometry. The


diffraction peaks of DBM nanotubes and DBM powder are
clearly distinguishable and can be perfectly indexed to the
orthorhombic crystal structure of DBM (JCPDS card
No.32–1641). Specifically, in the spectra of DBM nanotubes
with different diameters, there is a very sharp diffraction
peak at 2q= 16.48, corresponding to the (200) plane of the
orthorhombic DBM, and all other diffraction peaks are
either very weak or undetectable. This result indicates that
DBM molecules prefer to arrange themselves within the
nanotubes along the (200) plane.


The DBM molecule is a typical b-diketone that can exist
as a keto isomer, and as enol isomers with and without in-
tramolecular hydrogen bonds (Scheme 1). To characterize
further the state of the molecules in the nanotubes, the opti-
mized geometry of the different isomers of DBM was deter-
mined (Figure 3). The energies of the keto isomer and the
enol isomer without intramolecular hydrogen bonding
(enol-n) are 7.2 and 17.7 kcal mol�1 greater, respectively,
than that of the enol isomer with the intramolecular hydro-
gen bond (enol-hb). The enol-hb isomer is probably domi-
nant in an isolated system, and both the keto and enol-hb


Figure 1. FESEM images of the DBM nanotubes prepared after the com-
plete removal of the template by alkaline treatment: typical top view of
nanotubes with diameters of a) 100 nm and b) 200 nm; c) low magnifica-
tion of nanotubes with diameters of 200 nm; d) cross-sectional view of
nanotubes with diameters of 200 nm.


Figure 2. XRD patterns of DBM nanotubes with diameters of 20, 100,
and 200 nm, and that of DBM powder.
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isomers can be expected in the condensed phase. Based on
this assumption, a series of dimer structures of DBM mole-
cules were optimized. Four representative dimers are shown
in Figure 3d–g; the enol-hb dimer in the p-p stacking mode
(enol-hb-pi), the enol-hb dimer in the hydrogen-bonding
mode (enol-hb-hb), and the keto and enol-hb dimers in two
different, mutual positions: with (enol-hb-keto-2) and with-
out (enol-hb-keto-1) the face-to-face arrangement of oxygen
atoms. Notably, the enol-n isomer is unlikely to exist in the
dimer system, because the geometry optimization always
favors the enol-hb isomer at the end of minimization. The
energies of the dimeric structures of enol-hb-keto-1, enol-
hb-keto-2, and enol-hb-hb are 3.88, 5.97, and 15.7 kcal mol�1


higher, respectively, than that of the enol-hb-pi dimer, which
has the lowest energy.


Raman spectra were recorded to help elucidate the inter-
nal structure of the nanotubes (Figure 4). The characteristic
peaks of DBM molecules[30–32] were observed at around
3000, 1600, 1500, 1450, and 1260 cm�1 in both the nanotubes
and the powder, which confirms the composition of the
nanotubes. The spectra of DBM nanotubes resemble that of
the powder, except for the peaks in the region of ~1200–


1380 cm�1. In the case of the powder, the predominant peak
is the one centered at 1287 cm�1, whereas the spectra of
DBM nanotubes show two distinguishable peaks centered at
approximately 1290 and 1329 cm�1. In addition, the intensity
of the new peak at 1329 cm�1 increased as the sizes of the
nanotubes decreased. This new peak is probably an indica-
tor of the structural differences between the nanotubes and
the powder, as well as the size-dependent character of the
nanotubes.


The Raman spectra of the keto isomer, the enol isomers,
and the proposed dimers of DBM (see Figure 3) were calcu-
lated to help explain the experimental results (Figure 5).
Comparison of the spectra of the enol isomers with (DBM-
enol-hb) and without (DBM-enol-n) intramolecular hydro-
gen bonds shows that the wag-motion of the OH group at
1326 cm�1 seems to be related to the existence of hydrogen
bonding (Figure 5a). From the calculated Raman spectra of
the four dimers (Figure 3d–g), the existence of the enol-hb-
hb dimer (Figure 3e), which should show a characteristic
peak at 2858 cm�1 (Figure 5b) corresponding to the hydro-
gen-bonding network OH···OH···O, could be excluded in
both the nanotubes and powder of DBM, due to its absence
in experimental observations (Figure 4). There is no signifi-
cant difference among the calculated Raman spectra of the
enol-hb-pi dimer, the enol-hb monomer, and the enol-hb-
keto dimer. Based on the experimental results, the enol-hb
isomer in the face-to-face stacking manner, and the mixtures
of the enol-hb and keto isomers are the possible compo-
nents of the nanotubes. The distinctly increased intensity of
the peak at around 1329 cm�1 may be related to the incre-
mental hydrogen bonding, attributable to the decreasing
size of the nanotubes.


The X-ray photoelectron spectroscopy (XPS) spectra in
Figure 6 show the C1s peaks for the DBM nanotubes of di-
ameters 20, 100, and 200 nm, and that of the DBM powder.
The main asymmetric peaks are all centered at around
284.6 eV, with a long tail extending to the higher energy
region of the spectra. The peaks can be well fitted by three


Figure 3. Structures of DBM: a) keto isomer; b) enol isomer with intra-
molecular hydrogen bonding; c) enol isomer without intramolecular hy-
drogen bonding; d) enol-hb dimer in the p-p stacking mode (face-to-
face); e) enol-hb dimer in the hydrogen-bonging stacking mode
(shoulder-to-shoulder); f) keto and enol-hb dimer without the face-to-
face arrangement of oxygen atoms; and g) keto and enol-hb dimer with
the face-to-face arrangement of oxygen atoms.


Figure 4. Raman spectra of DBM nanotubes with diameters of 20, 100,
and 200 nm, and that of DBM powder.
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peaks representing C�C (C=C) (284.6 eV), C�O (286.4 eV),
and C=O (288.7 eV), respectively.[33–34]


Calculated XPS spectra of the enol-hb and keto mono-
mers and dimers are shown in Figure 7. The spectra of the
monomers show two distinct spectral features; a strong peak
from carbon bonds on the phenyl ring, and a weak peak
from either C=O or C�OH bonds. The two peaks of the
enol-hb isomer are located at 284.8 and 286.7 eV, which are
in close agreement with the corresponding experimental
spectral features. The C=O bond of the keto monomer con-
tributes a weak spectral feature at around 287.3 eV, which is
about 1.4 eV lower than that of the C=O bond observed ex-
perimentally (288.7 eV, Figure 6). This difference is greater
than the accuracy of the DFT method used for calculating
XPS spectra.[35–36] Such a large deviation is probably induced
by the intermolecular interactions in the nanotubes. To test
this assumption, the C1s binding energies of two dimers were
calculated (Figure 7). Although the interaction between the
keto and enol-hb monomers has no effect on the C1s binding


energy of the enol-hb dimer, it clearly affects that of the
keto dimer. The interaction results in the broadening of the
C1s peak of the C=O bond. Thus, it appears that the C=O
bonds are quite sensitive to their surroundings, although the
binding energies for the models adopted in Figure 7 are not
in good agreement with the experimental results. However,
it is clear that the ratio between the weak peaks of C=O
(keto) at 288.7 eV and C�O (enol-hb) at 286.4 eV is related
to the content of different isomers. From the XPS spectra,
the ratios of the peaks of C�O to C=O were calculated to
be 3.1, 2.6, and 2.2 for the 20, 100, and 200 nm DBM nano-
tubes, respectively, and 1.6 for the DBM powder. In other
words, the ratio of the enol isomers increases as the diame-
ters of the nanotubes decreases.


Although the DBM monomer is almost nonfluorescent,
the DBM nanotubes showed enhanced fluorescence emis-
sions (Figure 8). For the nanotubes with diameters of 20,
100, and 200 nm, the photoluminescence intensities were
6.4, 3.2, and 1.3 times that of the powder, respectively. Such
a striking enhancement of the photoluminescence of the
powder and nanotubes compared to that of the monomer
may be attributable to the aggregation effect, surface effect,
or the increased intermolecular interaction induced by the
lattice change in the nanotubes. The clear bathochromic
shifts in the emissions of the nanotubes and powder com-
pared to that of the dilute solution suggest the formation of
face-to-face excimers in the nanotubes and powder. The fur-
ther bathochromic shift of the nanotubes compared to that
of the powder shows that there should be a slight difference
between them in the degree of aggregation. The enhanced
planarity and rigidity of the molecules resulting from the in-
tramolecular hydrogen bonds in the enol-hb isomer, espe-
cially those in the p-p stacking manner, will be profitable to
the aggregation-induced emission process.[37–38] Thus, as their
diameters decrease, the nanotubes exhibit enhanced emis-
sion due to the increased ratio of enol isomers. The intermo-
lecular hydrogen bonding among the enol and keto isomers
may also contribute to the size-dependent emission.


Conclusion


We have successfully fabricated DBM nanotubes of differ-
ent sizes by using the immersing technique with porous alu-
mina membrane as the template. DBM molecules oriented
preferentially along the (200) plane of the crystal, and the
ratio of enol isomers increased as the size of the nanotubes
decreased. Furthermore, the smaller the diameter of the
DBM nanotubes, the greater the fluorescence emissions ob-
served, with DBM almost nonfluorescent in the monomer
state. These results should help to progress the study of
functional organic nanotubes that have potential applica-
tions in fields such as optical devices, sensors, and biotech-
nology.


Figure 5. Calculated Raman spectra of: a) DBM monomers in different
isomers of keto and enol with and without intramolecular hydrogen
bonds; b) DBM dimers of enol-keto-1 (keto and enol-hb dimer without
the face-to-face arrangement of oxygen atoms), enol-keto-2 (keto and
enol-hb dimer with the face-to-face arrangement of oxygen atoms), enol-
hb-hb (dimer of enol-hb in the shoulder-to-shoulder stacking mode), and
enol-hb-pi (dimer of enol-hb in the face-to-face stacking mode).
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Experimental Section


Materials : Dibenzoylmethane (DBM, +99%) was purchased from
ACROS and was used without further purification. Purified water was
obtained by passing distilled water through a Milli-Q water purification
system (Millipore), and had a resistivity of 18.2 mW·cm�1. The commer-
cially available membrane filter (Whatman, Anodisc 13) with quoted
pore diameters of 20, 100, and 200 nm was used as the template.


Methods : The DBM nanotubes were prepared by using the immersing
technique with porous alumina membrane as the template as follows.


Porous alumina templates were ultrasonically treated with solvents of dif-
ferent polarity (water, ethanol, acetone, for 15 min, and diethyl ether for
5 min), followed by annealing at 100 8C for 1 h. The purpose of the treat-
ment was to eliminate the bubbles in the pores of the membrane and to
improve wetting of the membrane by the DBM solution. The pretreated
template was then immersed in the nearly saturated solution of DBM in
diethyl ether for about 2 min, then removed to allow the solvent to air-
dry completely. The above procedure was repeated for 20 cycles. Finally,
the surface layer of the template was removed by polishing it with
1500 grid sandpaper to enable further characterization and detection.


The morphologies and sizes of the nanotubes were observed by using a
field emission scanning electron microscope (FESEM, JSM-6700F,
JEOL) operating at an accelerating voltage of 3 kV. Specimens for
FESEM were prepared as follows. After removing the surface layer of


Figure 6. C1s XPS spectra of DBM nanotubes with diameters of a) 20 nm, b) 100 nm, and c) 200 nm. d) XPS spectra of the powder.


Figure 7. Calculated XPS spectra of different DBM isomers and their
dimers.


Figure 8. Photoluminescence spectra of (c) DBM nanotubes with di-
ameters of 20, 100, and 200 nm; (g) DBM powder; and (b) a
chloroform solution of DBM (2.6 � 10�4


m) with multiplying treatment.
The excitation wavelength was 344 nm.
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the template, the sample was fixed to a piece of copper tape and soaked
in 6 m aqueous NaOH for 1 h to remove the alumina template complete-
ly. It was then rinsed carefully with purified water several times. The tape
was then attached to an FESEM stub, and was then sputtered with a
layer of platinum by using a current of 5 mA and a pressure of 3 mmHg,
to prevent charging during SEM imaging.


X-ray diffraction (XRD) measurements were performed by using a
Rigaku X-Ray Diffractometer (D/max-2400) with an X-ray source of
CuKa (l =1.5406 �) at 40 kV and 120 mA, at a scan rate of 0.028 (2q) per
0.12 s. The Raman spectra were recorded in the backscattering geometry
by using a Renishaw-2000 Raman spectrometer with the 514.5 nm line of
an Ar ion laser as the excitation source. To avoid destroying the structure
of the nanotubes, a low laser power of 5 mW was used. XPS spectra were
recorded by using an ESCALab 200i-XL spectrometer (VG Scientific).
The photoluminescence (PL) spectra were measured by using a Hitachi
F-4500 fluorescence spectrophotometer with excitation and emission slits
of 5/5 nm.


The geometries of the DBM molecules were optimized at a hybrid densi-
ty functional B3 LYP level with a 6–31G(d,p) basis set. All Raman spec-
tra were calculated at the same level as those for geometry by using the
Gaussian 98 program.[39] The XPS spectra of DBM molecules were calcu-
lated by using gradient correct density functional theory (DFT), as imple-
mented in the DeMon code.[40] The PD86 correlation functional by
Perdew and Wang[41] and the exchange functional of Becke[42] were used
to calculate the ionization potentials (IP) of all carbon atoms, for which
the difference in energy between the ground state and the core hole state
is computed. We have used the igloo-iii triple zeta basis of Kutzelnigg,
Fleischer, and Schindler[43] to describe the core-excited carbon atoms,
and four-electron effective core potentials (ECP) for the remaining
carbon atoms. The rest elements are described by a 6–31G(d,p) basis set.


Acknowledgements


This work was supported by the National Natural Science Foundation of
China (No.50221201, 90301010, 20373077, 20471062), the Chinese Acade-
my of Sciences, and the National Research Fund for Fundamental Key
Projects No.973. Y.L. acknowledges the support of the Swedish Research
Council (VR).


[1] A. Oberlin, M. Endo, T. Koyama, J. Cryst. Growth 1976, 32, 335–349.
[2] S. Iijima, Nature 1991, 354, 56.
[3] J. Hu, T. W. Odom, C. M. Lieber, Acc. Chem. Res. 1999, 32, 435.
[4] G. Che, B. B. Lakshmi, E. R. Fisher, C. R. Martin, Nature 1998, 393, 346.
[5] K. B. Jirage, J. C. Hulteen, C. R. Martin, Science 1997, 278, 655.
[6] S. B. Lee, D. T. Mitchell, L. Trofin, T. K. Nevanen, H. Sçderlund,


C. R. Martin, Science 2002, 296, 2198.
[7] P. G. Collins, A. Zettl, H. Bando, A. Thess, R. E. Smalley, Science


1997, 278, 100.
[8] D. T. Mitchell, S. B. Lee, L. Trofin, N. Li, T. K. Nevanen, H. Sçder-


lund, C. R. Martin, J. Am. Chem. Soc. 2002, 124, 11864.
[9] Y. Xia, P. Yang, Y. Sun, Y. Wu, B. Mayers, B. Gates, Y. Yin, F. Kim,


H. Yan, Adv. Mater. 2003, 15, 353.
[10] C. R. Martin, Science 1994, 266, 1961.
[11] C. J�r�me, S. Demoustier-Champagne, R. Legras, R. J�r�me, Chem.


Eur. J. 2000, 6, 3089.
[12] M. Steinhart, J. H. Wendorff, A. Greiner, R. B. Wehrspohn, K.


Nielsch, J. Schilling, J. Choi, U. Gçsele, Science 2002, 296, 1997.
[13] M. R. Ghadiri, J. R. Granja, R. A. Milligan, D. E. McRee, N. Khaza-


novich, Nature 1993, 366, 324.
[14] M. R. Ghadiri, J. R. Granja, L. K. Buehler, Nature 1994, 369, 301.
[15] J. M. Schnur, Science 1993, 262, 1669.
[16] A. Harada, J. Li, M. Kamachi, Nature 1993, 364, 516.
[17] D. T. Bong, T. D. Clark, J. R. Granja, M. R. Ghadiri, Angew. Chem.


2001, 113, 1016; Angew. Chem. Int. Ed. 2001, 40, 988.


[18] L. Y. Zhao, W. S. Yang, Y. Ma, J. N. Yao, Y. L. Li, H. B. Liu, Chem.
Commun. 2003, 2442.


[19] K. Lu, J. Jacob, P. Thiyagarajan, V. P. Conticello, D. G. Lynn, J. Am.
Chem. Soc. 2003, 125, 6391.


[20] J. H. Jung, S.-H. Lee, J. S. Yoo, K. Yoshida, T. Shimizu, S. Shinkai,
Chem. Eur. J. 2003, 9, 5307.


[21] H. B. Fu, J. N. Yao, J. Am. Chem. Soc. 2001, 123, 1434.
[22] H. B. Fu, B. H. Loo, D. B. Xiao, R. M. Xie, X. H. Ji, J. N. Yao, B. W.


Zhang, L. Q. Zhang, Angew. Chem. 2002, 114, 1004; Angew. Chem.
Int. Ed. 2002, 41, 961.


[23] D. B. Xiao, L. Xi, W. S. Yang, H. B. Fu, Z. G. Shuai, Y. Fang, J. N.
Yao, J. Am. Chem. Soc. 2003, 125, 6740.


[24] J. Emsley, Struct. Bonding (Berlin) 1984, 57, 147.
[25] G. Gilli, F. Bellucci, V. Ferretti, V. Bertolasi, J. Am. Chem. Soc.


1989, 111, 1023.
[26] K. Singletary, C. MacDonald, M. Iovinelli, C. Fisher, M. Wallig, Car-


cinogenesis 1998, 19, 1039.
[27] N. J. Mabjeesh, M. T. Willard, W. B. Harris, H. Y. Sun, R. Wang, H.


Zhong, J. N. Umbreit, J. W. Simons, Biochem. Biophys. Res.
Commun. 2003, 303, 279.


[28] M. T. Huang, Y. R. Lou, J. G. Xie, W. Ma, Y. P. Lu, P. Yen, B. T.
Zhu, H. Newmark, C. T. Ho, Carcinogenesis 1998, 19, 1697.


[29] H. Liu, Y. Li, L. Jiang, H. Luo, S. Xiao, H. Fang, H. Li, D. Zhu, D.
Yu, J. Xu, B. Xiang, J. Am. Chem. Soc. 2002, 124, 13 370.


[30] R. S. Rasmussen, D. D. Tunnicliff, R. R. Brattain, J. Am. Chem. Soc.
1949, 71, 1068.


[31] F. T. Wall, W. F. Claussen, J. Am. Chem. Soc. 1939, 61, 2812.
[32] N. B. Colthup, L. H. Daly, S. E. Wiberley, Introduction to Infrared


and Raman Spectroscopy, Academic Press, 1964, pp. 245.
[33] C. D. Wagner, W. M. Riggs, L. E. Davis, J. F. Moulder, G. E. Muilen-


berg, Handbook of X-ray Photoelectron Spectroscopy, Perkin–Elmer
Coorporation, Minnesota (USA), 1978.


[34] H. Pan, L. Liu, Z. X. Guo, L. Dai, F. Zhang, D. Zhu, R. Czerw,
D. L. Carroll, Nano Lett. 2003, 3, 29.


[35] G. Cavigliasso, D. P. Chong, J. Chem. Phys. 1999, 111, 9485.
[36] L. Triguero, O. Plashkevych, L. G. M. Pettersson, H. �gren, J. Elec-


tron Spectrosc. Relat. Phenom. 1999, 104, 195.
[37] S. Y. Ryu, S. Kim, J. Seo, Y.-W. Kim, O.-H. Kwon, D.-J. Jang, S. Y.


Park, Chem. Commun. 2004, 1, 70.
[38] J. Chen, C. C. W. Law, J. W. Y. Lam, Y. Dong, S. M. F. Lo, I. D. Wil-


liams, D. Zhu, B. Z. Tang, Chem. Mater. 2003, 15, 1535.
[39] Gaussian 98 (Revision A.9), M. J. Frisch, G. W. Trucks, H. B. Schle-


gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W.
Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle,
J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 1998.


[40] DEMON-KS Version 4.0, M. E. Casida, C. Daul, A. Goursot, A.
Koester, L. G. M. Pettersson, E. Proynov, A. St-Amant, D. R. Sala-
hub principal authors, H. Duarte, N. Godbout, J. Guan, C. Jamorski,
M. Leboeuf, V. Malkin, O. Malkina, M. Nyberg, L. Pedocchi, F. Sim,
L. Triguero, A. Vela contributing authors, deMon Software, 1997.


[41] J. P. Perdew, Y. Wang, Phys. Rev. B 1986, 33, 8822.
[42] A. D. Becke, Phys. Rev. A 1988, 38, 3098.
[43] W. Kutzelnigg, U. Fleischer, M. Schindler, NMR Basic Principles


and Progress, Volume 23, Springer, Heidelberg, 1990.


Received: December 9, 2004
Published online: April 13, 2005


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3773 – 37783778


J. Yao et al.



www.chemeurj.org



