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… catalysis offer complementary
means to produce enantiopure
products. Incorporation of achiral,
biotinylated aminodiphosphine–
rhodium complexes in (strept)av-
idin, which fit to each other as a
hand in a glove, affords enantiose-
lective hydrogenation catalysts. A
combined chemogenetic procedure
that allows the optimization of the
activity and the selectivity of such
artificial metalloenzymes is de-
scribed in the Concept article by
T. R. Ward on page 3798 ff.
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Asymmetric Catalysis
The enantioselective synthesis of cyanohydrin O-phosphates
by using in situ generated bifunctional catalysts (R)- or (S)-
3,3’-bis(diethylaminomethyl)-1,1’-binaphthol–aluminium
chloride (binolam–AlCl) is reported by C. N�jera, J. M. Sa�
et al. on page 3849 ff; the reaction, which can be described
as an overall cyano-O-phosphorylation of aldehydes, has a
wide scope and applicability.


Metalloporphyrin Oxidation Catalysts
In their article on page 3899 ff, C.-M. Che and J.-L. Zhang
describe the characterization and reactivity of [RuIV(2,6-
Cl2tpp)Cl2] (2,6-Cl2tpp= meso-tetrakis(2,6-dichlorophenyl)-
porphyrinato dianion), which is an exceptionally active, ver-
satile, and robust metal catalyst toward 2,6-Cl2pyNO oxida-
tion of alkenes compared with other metalloporphyrin cata-
lysts.


Silicon-Containing Polyureas
J. R. Hwu and K. Y. King describe in their Full Paper on
page 3805 ff the synthesis of photodegradable polymers by
the insertion of photodegradable silane units into the skele-
tons of N-phenyl aromatic polyureas. The photodegradabil-
ity of these silicon-containing polymers in response to UV
light was 10 times higher than for similar polymers that
lacked the silyl unit.
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CORRIGENDUM


J. Roithov�, D. Schrçder,*
H. Schwarz . . . . . . . . . . . . . . . . . . . . . . . 628–638


Decomposition of Neutral, Singly, and
Doubly Protonated Benzoquinone in
the Gas Phase


Chem. Eur. J. , 2005, 11


DOI: 10.1002/chem.200400738


Unfortunately, the heat of formation of doubly protonated benzoquinone given in
this paper was calculated incorrectly. Thus, at the outset of the Results and Discus-
sion (p. 629) it should instead read DfH(2+)=6.34�0.10 eV and hence
PA(2+)= 2.9�0.3 eV is derived from the experimental data. While the agreement
between the experimental and calculated PA(2+) is thus somewhat worse (2.9 vs
3.6 eV), the general conclusions of the paper do not change. The authors apologise
for this regrettable error and appreciate Zdenek Dolejsek (J. Heyrovsky Institute,
Prague, CZ) for bringing it to their attention.
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Artificial Metalloenzymes for Enantioselective Catalysis Based on the
Noncovalent Incorporation of Organometallic Moieties in a Host Protein


Thomas R. Ward*[a]


Introduction


Traditionally, catalysis has been divided in three distinct cat-
egories: heterogeneous, homogeneous, and enzymatic catal-
ysis. Although all three disciplines have been successfully
used for enantioselective transformations, the last two have
found broader applications in the synthesis of high-added-
value enantiopure compounds.[1,2]


In the past thirty five years, metal-catalyzed enantioselec-
tive transformations have enjoyed significant growth as it


was recognized that these are amongst the most efficient
ways to produce enantiomerically pure compounds, culmi-
nating with the 2001 Nobel Prize in Chemistry awarded to
Knowles, Noyori, and Sharpless.[3–5] In recent years, organo-
catalysis has had an increasing success and impact.[6]


Despite all efforts, it remains very difficult to predict the
outcome of a metal-catalyzed enantioselective reaction.
Indeed, the differences in energy involved in the diastereo-
meric transition states leading to both enantiomers of a de-
sired product are too small to be reliably predicted or com-
puted. As a consequence, the number of efficient enantiose-
lective metal catalysts and the corresponding substrates re-
mains disappointingly modest.


To get round the difficulty of predicting the enantioselec-
tivity, combinatorial methodologies have been recently ap-
plied to the discovery and development of new enantioselec-
tive catalysts.[7,8] These studies have highlighted the fact that
many subtle experimental parameters (solvent, counterion,
added salts, etc.) often have a significant and unpredictable
influence on the enantioselectivity of a reaction. These weak
contacts between a catalyst and its “nonbonded” environ-
ment are commonly referred to as the second coordination
sphere.[9]


In contrast to organometallic catalysts, enzymes exquisite-
ly tailor both the first and second coordination spheres of
their active site to afford efficient and selective catalytic sys-
tems. This characteristic is very hard to achieve in homoge-
neous catalysis, in which the steric and electronic control is
mostly limited to the first coordination sphere of the metal.
It is instructive to note that, in bioinorganic chemistry, very
few model systems that faithfully reproduce a metallo-coen-
zyme�s first coordination sphere are as active and as selec-
tive as the true metalloenzyme in which both the first and
the second coordination sphere have been optimized by evo-
lution.[10]


Biocatalysis offers an attractive alternative to the synthe-
sis of enantiopure products.[2,11,12] In particular, the recent
implementation of directed evolution techniques (combined
with an efficient screening[13] or selection tool[14]) has over-
come some of the inherent limitations of enzymatic catalysis
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(e.g., giving access to both enantiomers of the product), thus
significantly expanding the scope of applications.[15–20] A
rough comparison of enzymatic and homogeneous catalysis
is presented in Table 1.


From the considerations outlined in Table 1, it appears
that enzymatic and homogeneous catalysis are, in many re-
spects, complementary. A catalyst which would combine the
best of both these kingdoms may appear as a perfect catalyt-
ic system!


With this goal in mind, artificial metalloenzymes that
combine an organometallic moiety embedded in a protein
environment have received increasing attention recently.[21]


In a biomimetic spirit, both the first and second coordina-
tion spheres may be optimized to produce versatile enantio-
selective catalysts. This novel approach offers several ap-
pealing features:


1) The possibility of dissociating the activity (primarily dic-
tated by the organometallic catalyst precursor) from the
selectivity (governed by the host protein).


2) The use of orthogonal diversity-generating procedures:
molecular biology for the protein optimization as well as
parallel synthesis for the organometallic fragment.


3) A novel approach to exploit weak interactions in enan-
tioselective catalysis.


To unambiguously localize the organometallic moiety
within the host protein, two complementary approaches can
be envisaged (Scheme 1): 1) covalent anchoring and 2)
supramolecular anchoring.


1) Covalent anchoring : Inspired by the early work of
Kaiser,[22] several groups have developed methods to co-
valently modify proteins by incorporating transition-
metal catalysts to yield hybrid catalytic systems with
promising properties. For this purpose, a protein with a
single accessible reactive amino acid residue (typically a
cysteine or a serine residue) is covalently coupled to an
organometallic moiety incorporating a complementary
reactive functionality.[21,23–25]


2) Supramolecular anchoring : To ensure the localization of
the organometallic moiety within the host protein, a
very strong noncovalent guest�host (i.e. , an inhibi-
tor�protein) couple should be selected. Since no chemi-
cal coupling step is required upon addition of the cata-
lyst precursor (which contains the inhibitor acting as
anchor) to the protein, the integrity of the organometal-
lic species is warranted.[26] Ideally, the host protein
should possess a deep binding pocket capable of accom-
modating an organometallic moiety. Furthermore, the af-
finity of the inhibitor for the protein should not be too
strongly affected upon coupling of the inhibitor to a
large organometallic moiety.


For supramolecular-anchoring purposes, the biotin–avidin
couple fulfils all of the above requirements. The association
constant of biotin for avidin is the highest known in nature
for a noncovalent interaction (Ka�1014


m
�1).[27] In addition


to the six hydrogen-bonding contacts between the protein
and the biotin�s bicyclic urea framework, the binding pocket
possesses four or five (for streptavidin and avidin, respec-
tively) aromatic residues that make up a deep hydrophobic
box, Figure 1[28,29] The biotin–avidin technology relies pri-
marily on the fact that derivatization of the valeric acid side
chain of biotin does not reduce significantly the affinity of
biotin for (strept)avidin (hereafter (strept)avidin refers to
either avidin or streptavidin).[27] In the biotin–avidin tech-
nology, however, a long spacer (C5 or longer) is usually in-
troduced between the biotin anchor and the conjugated
probe. Additional appealing aspects of the biotin–(strept)-
avidin system include: 1) both proteins have been expressed
in various organisms, 2) the proteins are very robust, and 3)
the proteins are easy to purify by affinity chromatography.


Inspired by Whitesides� and Chan�s early reports, we fo-
cused on artificial metalloenzymes based on biotin–avidin
technology for the hydrogenation of acetamidoacrylic
acid.[30,31]


Table 1. Comparison of typical features of enzymatic and homogeneous
catalysis.


Enzymatic
Catalysis


Homogeneous
Catalysis


reaction repertoire small large
turnover number large small
optimization genetic chemical
second coordination sphere well defined ill defined
substrate scope small large
enantiomers single enantiomer both enantiomers
reaction medium mostly aqueous mostly organic
catalyst recovery straightforward difficult


Scheme 1. Anchoring of an active catalyst within a host protein affords
artificial metalloenzymes for enantioselective catalysis. The host protein
displays high affinity for the anchor (triangle); introduction of a spacer
(rectangle) and variation of the ligand scaffold allows to chemically opti-
mize the selectivity of the hybrid catalyst. Site-directed mutagenesis
allows a genetic optimization of the performance of the artificial metal-
loenzyme.
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Artificial Metalloenzymes Based on Biotin–Avidin
Technology


Enantioselective hydrogenation : Two achiral aminodiphos-
phine ligand scaffolds 1 and 2 were selected for screening
purposes (Scheme 2). Upon coordination, the biotinylated
ligand Biot-1 forms an eight-membered ring, thus conferring
significant flexibility to the resulting chelate. In contrast, the
biotinylated ligand Biot-2 is more rigid upon chelation. Six-


membered aliphatic-ring diphosphine ligands are known to
perform poorly in enantioselective catalysis as they often
adopt pseudo-achiral chair conformations.[32, 33]


The first catalytic experiments were performed with com-
mercial egg-white avidin. The results were disappointing as
the enantiomeric excess (ee) did not exceed 39 % (S) when
Biot-1 was used (Scheme 2).[30] As the isoelectic point of
avidin is very high (pI=10.4), we suspected that, at neutral
pH, significant amounts of the cationic catalyst precursor
[Rh(Biot-1)(cod)]+ (cod= cyclooctadiene) may not be incor-
porated within the cationic host protein.


We thus turned to streptavidin, a structurally related pro-
tein (30% sequence homology) with a lower isoelectric
point (pI=6.2). To our delight, the hydrogenation of acet-
amidoacrylate in the presence of [Rh(Biot-1)(cod)]+�strep-
tavidin (1 mol %) proceeded quantitatively and with good
enantioselectivity (94 % ee (R)) (Scheme 2).[34] Combining
both acetamidoacrylic acid with acetamidocinnamic acid
substrates and the use of [Rh(Biot-1)(cod)]+�streptavidin
(in 0.1 m MES buffer at pH 5.5; MES=2-morpholinoethane-
sulfonic acid) yielded (R)-acetamidoalanine and (R)-acet-
amidophenylalanine in 94 % ee (quantitative and 85 % con-
version, respectively) in both cases.[35] This suggests that the
artificial metalloenzyme operates indiscriminately on both
substrates, irrespective of their size, reminiscent of homoge-
neous catalysts.


Introduction of an achiral amino acid spacer between the
biotin anchor and the {Rh(diphosphine)} moiety makes it
possible to chemically optimize the selectivity of the artifi-
cial metalloenzyme. For this purpose, five alkylaminoacids
(3n, n= 1–5) and three arylaminoacids (4q, q=ortho-, meta-
and para-) were combined with both ligand scaffolds 1 and 2
to afford a total of eighteen biotinylated ligands (including
the ligands Biot-1 and Biot-2, devoid of spacer). Screening
revealed that [Rh(Biot-31–2)(cod)]+�avidin affords acet-
amidoalanine in 80 % ee (S). This last result demonstrates
that both avidin and streptavidin are suitable host proteins
for the creation of artificial metalloenzymes.


The screening revealed that the pH as well as the nature
of the buffer have some influence on both the yield (�
10 %) and on the enantioselectivity (�5 %). Overall, avidin
performs best at neutral pH (0.1 m MOPS buffer; MOPS =


3-(N-morpholino)propanesulfonic acid), whereas streptavi-
din performs best at pH 4.0 (0.1 m acetate buffer), further
suggesting that the ionization state of the host protein has
little influence on the performance of the artificial metal-
loenzyme.


Chemogenetic optimization procedure : Having validated
the chemical optimization strategy, we next moved to the
genetic optimization of selectivity. For this purpose, four
streptavidin mutants (S112G, V47G, K80G, and P64G) were
expressed in multigram quantities in E. Coli,[36] purified, and
tested in combination with the eighteen above ligands.[37] In
all cases, a loop residue was substituted by a glycine residue,
thus imparting conformational freedom to the correspond-
ing loop.


Figure 1. The biotin–(strept)avidin complex as revealed by X-ray crystal-
lography. One monomer of the tetrameric (strept)avidin structure is de-
picted, emphasizing the eight-stranded b-barrel fold as well as the deep
binding pocket for biotin (ball and stick) in a) avidin (pdb refcode: 1avd)
and b) streptavidin (pdb refcode: 1swd). Close-up view of a biotin bind-
ing pocket in c) avidin and d) streptavidin. Biotin (ball and stick); polar
amino acid residues (green and yellow) interacting with biotin�s urea
functionality (green residues) and with the valeric acid (yellow residues);
aromatic residues forming the hydrophobic box are highlighted in orange
and red. This last tryptophan residue is supplied by an adjacent monomer
(gold loop), providing a lid to the hydrophobic box.


Scheme 2. Operating conditions and ligands used in conjunction with
(strept)avidin for the hydrogenation of N-acetamidodehydroaminoacids.
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1) Docking experiments suggest that residue S112
(Loop 7,8) lies close to the [Rh(Biot-1)]+ moiety upon
incorporation in streptavidin.


2) Removing a positively charged lysine residue in the vi-
cinity of the active site (K80, Loop 5,6) is expected to in-
fluence to position of the cationic rhodium moiety.


3) The main chain carbonyl group of V47 (Loop 3,4) dis-
plays a second coordination sphere contact with biotin:
it interacts with the critical S45, which, in turn, interacts
with one proton of the urea functionality of biotin.[29]


4) Removing the constraint imposed by a proline (P64,
Loop 4,5) residue may be subtly reflected in the remote
biotin binding site.


In addition to the streptavidin mutants described above, a
recombinant glycosylated form of avidin was expressed in
Pichia pastoris.[38] Four point mutations, K3E, K9D, R122A,
and R124A, as well as an additional E-A-E at its N-termi-
nus yielded an avidin mutant (r-GAvi) with a pI= 5.4. In
strong contrast to egg-white avidin, r-GAvi displays a very
narrow glycosylation pattern (primarily Man9-(GlcNAc)2,
Man=mannose, GlcNAc=N-acetylglucosamine).


The results of the screening experiments with acetamido-
acrylate as substrate are summarized using a fingerprint for
each matrix element (18 � 7 ligand–protein combinations) in
Figure 2:[39] the strawberry color codes for (S)-acetamidoala-
nine and the green color codes for the (R)-acetamidoala-
nine. The intensity of the color is proportional to the conver-
sion. Such a display format allows the qualitative rapid iden-
tification of the best ligand–protein combinations, as well as
general trends. Inspection of both S112G and V47G vectors


reveals that these two mutants are anticorrelated: the Biot-
1/S112G combination affords (R)-acetamidoalanine in
96 % ee, whereas the Biot-1/V47G matrix element affords
(R)-acetamidoalanine in only 26 % ee. The couples (Biot-
4ortho–2/S112G (57% ee (S)) and (Biot-4ortho–2/V47G
(44 % ee (R)) display the greatest degree of anticorrelation.


The conversions obtained using Biot-4para–2 in combina-
tion with streptavidin and its mutants are moderate (50–
70 %) in all but one case (K80G, quant. conversion), sug-
gesting that the catalytic moiety is not very accessible with
this ligand–spacer combination. Despite a lowered isolectric
point and its well-defined glycosylation pattern r-GAvi per-
forms more poorly than WT-Avi.


The above experiments demonstrate that the selectivity of
artificial metalloenzymes is amenable to a chemogenetic op-
timization procedure. Next, we analyzed the effect of the
protein environment on the activity of the hybrid catalyst.


Protein-accelerated catalysis : Both in the areas of homoge-
neous and heterogeneous catalysis, the concept of ligand ac-
celeration has proven valuable.[40,41] In ligand-accelerated
catalysis, the presence of a ligand increases the reaction rate
of a catalytic transformation, which proceeds even in the ab-
sence of added ligand. The same concept may apply for arti-
ficial metalloenzymes as a biotinylated catalyst precursor
(e.g. [Rh(Biot-1)(cod)]+) is active outside its host protein,
producing racemic material (Scheme 3). Assuming that both
competing catalytic cycles (within and without (strept)avi-
din, once all binding sites are saturated) proceed according
to the same mechanism, the ratio of the rates kcat�prot/kcat can
be estimated by incrementally varying the [Rh(Biot-1)-


(cod)]+/(strept)avidin ratio. For
example, in the presence of
eight equivalents [Rh(Biot-1)-
(cod)]+ versus (strept)avidin,
four equivalents (producing
acetamidoacrylate in 94 % ee
(R) for streptavidin and in
39 % ee (S) for avidin) are lo-
cated within the host protein
and four equivalents (producing
racemic material) are located
outside the host protein. As-
suming the same rates
(kcat�prot =kcat), the expected ee
for acetamidoacrylate is
(94+0)/2=47 % ee for strepta-
vidin and (39+0)/2=20 % ee for
avidin. The ee�s obtained with
eight equivalents biotinylated
catalyst are 75 % ee and 36 % ee
with streptavidin and with
avidin, respectively. Such an in-
crease of activity of the catalyst
within the protein cavity, re-
flected in the enantiomeric
excess of the product, suggests


Figure 2. Selectivity array (fingerprint) for the reduction of acetamidoacrylate using artificial metalloenzymes
based on the biotin-avidin technology.
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protein-accelerated catalysis.[42] A possible explanation for
this phenomenon may be the presence of a hydrophobic
binding pocket (Figure 1) leading to an accumulation of the
hydrophobic substrate within the host protein. This, in turn,
is reflected by an increase in the rate kcat�prot versus kcat. In
the close future, we plan to carry out a thorough kinetic
analysis on such systems. So far, such an analysis has been
hampered by the low solubility of the substrates, preventing
us from varying their concentration over a wide range to ex-
tract the precious kcat and KM parameters.


Outlook


Confronting the observations outlined herein with Table 1
reveals that the artificial metalloenzyme based on biotin–
avidin technology allies features that are reminiscent both
of the enzymatic and homogeneous catalysis.


1) The approach broadens the scope of application of en-
zymes. Incorporation of an active organometallic moiety


(which is compatible with
aqueous media) in a host
protein should ideally allow
us to perform reactions cat-
alyzed by artificial metal-
loenzymes that are unique
to the organometallic king-
dom.


2) The turnover number of the
hybrid catalysts is modest:
1 mol % rhodium is typically
used. This is due to traces of
oxygen that irreversibly
poison the rhodium–diphos-
phine moiety. The hybrid
catalyst can be readily sepa-
rated from the reaction mix-


ture by size-selective filtration. As the biotinylated cata-
lyst is noncovalently bound, a single denaturation–rena-
turation cycle restores biotin-binding activity, thus allow-
ing the protein to be recycled.


3) Chemical and genetic methodologies can be combined
to optimize both the activity and the selectivity of the ar-
tificial metalloenzymes. By using this procedure, both
enantiomers of the product can be obtained.


4) This approach allows us to dissociate the activity from
the selectivity of the hybrid catalyst. The activity is by-
and-large dictated by the biotinylated organometallic
fragment, whereas the selectivity is governed by the host
protein. We speculate that, upon incorporation in the
host protein, the rhodium-bound diphosphine ligand
(which exists as a racemic mixture of d and l conform-
ers) adopts an enantioenriched configuration that favors
the approach of one of the prochiral faces of the sub-
strate, Scheme 4.


Encouraged and stimulated by these findings, we are cur-
rently focusing on mechanistic and structural aspects of the


Scheme 3. The concept of protein-accelerated catalysis. The protein-embedded catalyst [Rh(Biot-1)(cod)]+


�(strept)avidin produces enantioenriched reduction product, while the protein-free catalyst [Rh(Biot-1)-
(cod)]+ affords racemic product.


Scheme 4. Upon incorporation in (strept)avidin (gray), the biotinylated chelate (black) adopts an enantioenriched configuration (either l or d) that, in
turn, determines which prochiral face of the substrate (bold) binds to the rhodium.


Chem. Eur. J. 2005, 11, 3798 – 3804 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3803


CONCEPTSArtificial Metalloenzymes



www.chemeurj.org





hydrogenation reaction. In addition, we are working on C�
C bond-forming reactions catalyzed by artificial metallo-
enzymes.
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Design, Synthesis, and Photodegradation of Silicon-Containing Polyureas


Jih Ru Hwu*[a, b] and Ke Yung King[a]


Introduction


Polyureas have been widely used during the past three deca-
des as industrial cast elastomers.[1–5] These materials are es-
sentially nondegradable and, consequently, their use in large
quantities can cause serious waste disposal problems. Pro-
tection of the global environment poses a major challenge
to chemists in the development of novel, degradable poly-
mers. Moreover, photodegradable polymers play a vital role
in the photolithography and microelectronics industries.[6–17]


These materials can be prepared by the addition of suitable
light-sensitive chromophores onto “normal” polymers. The
product can be used as a photoresistor in the fabrication of
integrated circuits. Recently, polyureas have been used as
negative resistance materials, and in an all-dry lithographic
process.[18–20] In response to environmental concerns, and the
demands of the modern electronics industry, we investigated
the synthesis of a novel type of silicon-containing, photode-
gradable polyurea (1).


Incorporation of a bis[(N,N’-diphenylureylene)methyl]si-
lane unit into polyureas allowed their photodegradability to


be improved dramatically, relative to traditional polyureas.
The degradation mechanism could involve an SET process;
the photofragmentation was attributed to the cleavage of
sC�Si bonds.


Results


Model study on the cleavage of an Si�C bond in b-silyl
ureas : We performed model studies on monomeric ureas
4 a–d to test the possibility of cleaving an Si�C bond in the
skeleton of polyureas 1. Preparation began with silicon-con-
taining halides 2 a–d, as shown in Scheme 1. In the first step,
a series of (anilinomethyl)silanes 3 a–d were synthesized in
68–76 % yields by reaction of silylmethyl halides 2 a–d with
aniline in toluene at 130 8C. Next, we treated these (anilino-
methyl)silanes with phenylisocyanate in CH2Cl2 at 25 8C.
The corresponding N,N’-diphenylurea adducts 4 a–d were
produced in 87–95 % yields.


In the second step, we irradiated silicon-containing urea
4 a in a mixture of CHCl3/CH3OH (9:1) with UV light (l>


300 nm) for 12 h (Scheme 2). Photodesilylation took place
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to give N,N’-diphenyl-N-methylurea (5) in 97 % yield. We
applied the identical conditions to substrates 4 b–d to inves-
tigate the effect of the substituents attached to the silicon
atom. The silicon atoms in these substrates contained one,
two, or three phenyl groups. Photolysis of 4 b–d for 12 h af-
forded the same product 5 in 54–84 % yields; a longer irradi-
ation time enabled a greater conversion to 5 (>85 %).


Performance of the same reaction from 4 a by replace-
ment of methanol with CD3OD gave N,N’-diphenyl-N-[D1]-
methylurea (6) in 95 % yield (Scheme 3). Furthermore, pho-


tolysis of 4 a in acetone afforded the solvent-incorporated
product 7 in 45 % yield.


To corroborate the importance of the chromophore, we
replaced the phenyl group with a cyclohexyl ring in the sub-
strate (8 a–c). These compounds were prepared by using the
same synthetic strategies as depicted in Scheme 1; N-(tri-
methylsilylmethyl)cyclohexylamine and cyclohexylisocya-
nate were used as the starting materials. Their photolytic re-
sults are shown in Scheme 4, in which desilylation products
9 a–c were isolated in 13–88 % yields. The yields were highly
dependent upon whether a chromophore exists in the sub-
strate.


Synthesis of silicon-containing polyureas : We designed a
means of synthesizing novel silicon-containing polyureas by
attaching the bis[(N,N’-diphenylureylene)methyl]silane units
to the main chain (1). Consequently, a novel dianilino com-
pound bis(anilinomethyl)dimethylsilane (11) was required,
and this was prepared (58 % yield) by the coupling of bis-
(chloromethyl)dimethylsilane (10) with excess aniline in tol-
uene at 130 8C (Scheme 5). This reaction also led to a by-
product 12 in 24 % yield through intramolecular cyclization.


Furthermore, we planned to compare the photodegrada-
bility of the silicon-containing and the non-silicon-containing
polymers. Thus, 2,2-dimethyl-N,N’-diphenyl-1,3-propanedi-
amine (14) was required, which did not contain a silyl unit.
This compound was obtained in 89 % yield by reduction of


Scheme 1. Synthesis of silyl-containing N,N’-diphenylureas 4 a–d.


Scheme 2. Photolysis of silyl-containing N,N’-diphenylureas 4 a–d, during
which photodesilylation occurred to give N,N’-diphenyl-N-methylurea
(5).


Scheme 3. Photolysis of silyl-containing N,N’-diphenylurea 4a to produce
the solvent-incorporated products 5–7.


Scheme 4. Photolysis of silyl-containing ureas 8 a–c, demonstrating the
importance of the chromophore.


Scheme 5. Synthesis of the silicon-containing monomer 11 and the non-
silicon-containing monomer 14.
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the corresponding bisamide 13 with lithium aluminum hy-
dride in THF (Scheme 5).


For the syntheses of polyureas, we added 4,4’-methylene-
bis(phenylisocyanate) (16) to a mixture of non-silicon di-
amine 15 and silyldiamine monomer 11 in sym-tetrachloro-
ethane at 100 8C (Scheme 6). The former was in a fixed


equivalent and the latter was present in various amounts.
Accordingly, polyureas 17 a–f with different percentages of
silicon-containing units were produced in 88–93 % yields. By
the same procedure, polymers 18 were synthesized in 91 %
yield by using the carbon analog 14 to replace silyldiamine
11. The molecular weights, polydispersity index, and glass
transition points (Tg) of these novel polymers (i.e. , 17 a–f
and 18) are listed in Table 1.


The IR spectra of the polyureas exhibited absorption
bands at 3425 cm�1 for the non-hydrogen-bonded N�H,
3345 cm�1 for the hydrogen-bonded N�H, 1677 cm�1 for the
C=O stretching vibration, and 1248 cm�1 for the Si�C
stretching vibration. These polyureas were found to be solu-
ble in organic solvents, such as chloroform, THF, DMF, and
DMSO.


Studies on photodegradability of silicon-containing poly-
ureas : We conducted photolysis of the novel polymers 17 a–


c and 18 in CHCl3/CH3OH (0.26 % w/v) at room tempera-
ture to investigate their degradability. A 450 W medium-
pressure mercury UV lamp and a Pyrex filter (l�300 nm)
were used to generate light with intensity of 26.5�
0.8 mWcm�2. Polymers 17 a, 17 b, and 17 c possessed 0, 6.3,
and 11.7 % of the silicon-containing unit, respectively; poly-
mers 18 possessed 8.4 % of the 2,2-dimethylpropane unit.


The results shown in Figure 1 indicate the average num-
bers of bonds broken ([(Mn)o/Mn]�1) in polymers 17 a–c and
18. The term (Mn)o represents the molecular weights of


these polyureas before their exposure to UV light; Mn rep-
resents their molecular weights after irradiation for a certain
period of time. The quantities of Mn were determined by
performing gel permeation chromatography (GPC) at vari-
ous time intervals. Polyureas 17 a and 18 were found to be
primarily resistant to photolysis. In contrast, silicon-contain-
ing polyureas 17 b and 17 c manifested great photodegrada-
bility.


Mechanistic studies on photodegradability of silicon-con-
taining ureas : To explore the mechanism of photodegrada-
tion of the novel silicon-containing polyureas, we investigat-
ed the photolytic behavior of monomers 19–21. The structur-
al features of these model molecules with low molecular
weights are similar to a segment in polyureas 17 b–f and 18.
Thus, we synthesized the monomers 19–21 (83–85% yields)
by reacting the corresponding dianilino compounds (1 equiv-
alent) with phenylisocyanate (2 equivalents) in CH2Cl2 at
25 8C (Scheme 7).


Photolysis of 19 in a mixture of CHCl3/CD3OD for 6.0 h
gave N,N’-diphenyl-N-[D1]-methylurea (6) in 85 % yield,
and the cyclic siloxanes 22 a–c as the byproducts in 76 %
yield (Scheme 8). In contrast, photolysis of the non-silicon-


Scheme 6. Copolymerization of monomers with 4,4’-methylenebis(pheny-
lisocyanate) in sym-tetrachloroethane at 100 8C.


Table 1. Physical properties of N-phenylated aromatic polyureas.


Polyureas % of Si- Mw Mn Ip
[c] Tg


monomer[a] [gmol�1][b] [gmol�1][b] [8C][d]


17a 0.00 49.200 25.900 1.9 125
17b 6.30 54.900 23.900 2.3 121
17c 11.7 52.100 21.700 2.4 118
17d 15.1 50.500 16.750 3.0 113
17e 16.3 40.610 13.100 3.1 108
17 f 20.5 28.600 8.150 3.5 104
18 8.40[e] 46.100 24.200 1.9 123


[a] Percentage of monomer 11 in polymers 17, determined by conducting
1H NMR spectroscopy. [b] Determined by performing gel permeation
chromatography. [c] Polydispersity index. [d] Determined by performing
differential scanning calorimetry at a heating rate of 10 8C min�1. [e] 2,2-
Dimethylpropane unit.


Figure 1. Average numbers of bonds broken ([(Mn)o/Mn]�1) as a function
of irradiation time using UV light of l�300 nm and intensity 26.5�
0.8 mW cm�2 at room temperature.
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containing compound 1,3-bis(N,N’-diphenylureylene)-2,2-di-
methylpropane (20) under the same conditions led to the re-
covery of almost all of the starting material (�95 % yield).
Furthermore, the monomer 21 was irradiated in CHCl3/
MeOH for 24 h to afford bis[N-(2-anilinophenyl)forma-
mide]-p-xylene (23) in 15 % yield only. Its 1H NMR spec-
trum exhibited a peak at d=9.96 ppm for the CHO proton;
its IR spectrum displayed absorption bands at 2836 and
2743 cm�1 for the aldehydic C�H stretching vibration, and
at 1692 cm�1 for the C=O stretching vibration.


Discussion


Factors influencing the photodegradability of the novel sili-
con-containing bisurea unit : The polymers 1 contain a novel
photodegradable unit, in which a silyl group joins two urea
functioinalities. The presence of a silicon atom was essential
for their photodegradability, as reflected by the results from
the photolysis of the model compound 19, a silicon-contain-
ing bisurea. As shown in Scheme 8, the outcomes were
found to be contrary to those from its carbon analog 20, in
which a carbon atom replaces the silicon atom in 19. Irradia-
tion of 19 in a mixture of CHCl3 and CD3OD produced
1.7 equivalents of duteriated urea 6. Upon solvolysis, both
of the Si�CH2N single bonds in the substrate 19 were
cleaved efficiently. The dimethylsilyl residues were then cy-
clized in situ to give cyclosiloxanes 22 a–c. On the other
hand, we found that the closely related bisurea 20 remained
inert to UV light.


To investigate which bonds were cleaved by UV light, we
performed control experiments, as shown in Scheme 3. Re-
sults from the conversions of 4 a!5 and 4 a!6 indicate that
the sSi�CH2N bond was broken in silicon-containing urea 4 a.
The trimethylsilyl group can be replaced by either the acidic
proton in methanol or the deuterium atom in CD3OD. This
proton or deuterium atom, however, did not come from the
C�H of chloroform or the C�D of CD3OD.


The �C(=O)NR(CH2SiMe3) moiety exists in both photo-
decomposable urea 4 a and N-[(trimethylsilyl)methyl]phthal-
imide; the former was developed by us and the latter was
reported by Mariano and co-workers,[21] who irradiated N-
[(trimethylsilyl)methyl]phthalimide to give novel azometh-
ine ylides by single-electron transfer (SET) from sC�Si to pC=O,
which was followed by a silyl group migration. Thus, cleav-
age of a sC�Si bond occurs in [(trimethylsilyl)methyl]-
phthalimide. Our results from the reaction of 4 a+acetone!
7 indicate that the entire process included photodesilylation
and a 1,2-addition, which is consistent with the case of sili-
con-containing phthalimides. Thus, an azomethine ylide is
probably generated as the intermediate.


We found that variation in the substituents on the silicon
atom affected photodegradability of silicon-containing ureas
(Scheme 2). Irradiation of ureas 4 a–d in CHCl3/MeOH for
12 h gave N,N’-diphenyl-N-methylurea (5) as the exclusive
product, along with recovered starting materials. Among
4 a–d, the trimethyl analog 4 a gave the highest yield (97 %)
of the desilylated product. The yields decreased gradually as
the methyl groups on the silicon atom were replaced by
phenyl groups. The lowest yield was 54 % for 4 d, which
bears an SiPh3 group. This could be due to the steric effect
that obstructed the desilylation process.


Photolysis of silicon-containing urea 8 c gave the corre-
sponding desilylated urea 9 c in only 13 % yield (Scheme 4).
The poor photodegradability of 8 c may be due to its lack of
a chromophore. For a substrate bearing only one phenyl
ring at the nitrogen atom on either side of the carbonyl
groups (e.g., 8 a and 8 b), the photodegradability was im-
proved significantly to 72–88 % yields. By having two phenyl


Scheme 7. Synthesis of the model molecules 19–21 with low molecular
weights, which are similar to a segment in polyureas.


Scheme 8. Mechanistic studies on the photodegradability of silicon-con-
taining ureas 19–21. S.M.= starting material.
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groups, substrate 4 a gave the photodesilylation product (5)
in an almost quantitative yield (97 %). Thus, the presence of
a chromophore in the photodegradation unit of polyureas 1
is essential.


Comparison of photodegradability of various polyureas : We
were able to incorporate the photodegradable unit
�[HNC(=O)NPhCH2SiMe2CH2NPhC(=O)NH]� into poly-
ureas 17 b–f in different amounts (6.3–20.5 %). These poly-
ureas originated from dianilino-p-xylene (15) and 4,4’-meth-
ylenebis(phenylisocyanate) (16, Scheme 6). The photode-
gradability of the novel silicon-containing polymers (e.g.,
17 b and 17 c) was compared with that of the parent polyur-
eas 17 a, as well as the analogous carbon-containing polyur-
eas 18. The degradability is reflected by the average number
of bonds broken ([(Mn)o/Mn]�1) in different time intervals.


The results shown in Figure 1 indicate that the non-sili-
con-containing polymers 17 a and 18 exhibited very low pho-
todegradability. These polymers possessed the skeleton of
the parent polyurea either alone or with the partial 1,3-
bis(N,N’-diphenylureylene)-2,2-dimethylpropane unit. We
calculated the degradability to be 7.3 % for 18, based on the
ratio of the average numbers of bonds broken to the
number of their degradable units (Table 2). In sharp con-


trast, the degradability reached up to 70.7 and 73.6 % for sil-
icon-containing polyureas 17 b and 17 c, respectively. These
results confirm our rationale that the photodegradability is
attributable to the bis[(N,N’-diphenylureylene)methyl]silane
unit. It can increase the degradability to as much as
10.1 times higher than that of the polymers lacking this silyl
unit (73.6 % compared to 7.3 %).


Photodegradation pathway of silicon-containing polyureas :
In view of the results of photolysis shown in Schemes 2, 3,
and 8, we envisioned a plausible pathway for the degrada-
tion of the silicon-containing polyureas 1. As shown in
Scheme 9, the monomer bis(ureylenemethyl)dimethylsilane
19 is used to represent the segment �[HNC(=O)NPhCH2Si-
Me2CH2NPhC(=O)NH]� in polyureas 1. Upon irradiation
with UV light, (bisureylene)silane 19 gives diradical 25
through a single-electron transfer from sC�Si to pC=O. A silyl


group then transfers from a carbon atom to an oxide center
in intermediate 24.[21] A canonical form of diradical 25 is
azomethine ylide 26, which can trap a deuterium atom from
the solvent CD3OD. Upon solvolysis, deuteriated urea 6 is
generated along with siloxide 27. At this stage, the first Si�
CH2N bond in 19 is cleaved.


Under photolytic conditions, silicon-containing urea 27
can be converted to azomethine ylide 28 by the same mech-
anism as for the process of 19!24!25 and 26 (Scheme 9).
Trapping of a deuterium atom from CD3OD by 28 would
occur again to give the second equivalent of deuteriated
urea 6, along with [D6](dimethoxy)dimethylsilane 29. Conse-
quently, the second Si�CH2N bond in 19 is also cleaved.
Meanwhile, cyclization to 29 gives a mixture of cyclosilox-
anes 22 a–c.[22]


We found that the parent, non-silicon-containing poly-
ureas 17 a possessed limited photodegradability (Figure 1).
The results of the third reaction in Scheme 8 suggest a
reason for this. Upon irradiation with UV light for 24 h, bis-
urea 21 underwent photochemical rearrangement to give
bisamide 23 in a modest yield (15 %). The ureido N�C(=O)
single bond therein was found to be broken, which probably
also occurred in polyureas 17 a during their photodegrada-
tion.


Table 2. Results of photodegradation of polyureas 17a–c and 18 upon ir-
radiation for 4 h.[a]


Polyureas Average number of Number of Efficiency
bonds broken[b] degradable units[c] [%][d]


17a 0.38 0 –
17b 1.98 2.80 70.7
17c 3.49 4.74 73.6
18 0.28 3.82 7.3


[a] Polyureas in CHCl3/MeOH were irradiated at room temperature
under nitrogen by using UV light of l�300 nm, 450 W, and intensity
26.5�0.8 mW cm�2. [b] [(Mn)o/Mn]�1. [c] Calculated from (Mn/Mm)�(%
of Si-containing monomer), in which the term Mm represents the average
molecular weight of monomers. [d] Reflected by the (average number of
bonds broken)/(number of degradable units).


Scheme 9. A plausible mechanism of the photodegradation of silicon-con-
taining polyureas.
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Conclusion


The silicon-containing moiety �[HNC(=O)NPhCH2Si-
Me2CH2 NPhC(=O)NH]� was developed as a novel and ef-
ficient photodegradable unit in polyureas. Copolymerization
of 4,4’-methylenebis(phenylisocyanate) (16) with dianilino-
p-xylene (15) in the presence of various amounts of bis(ani-
linomethyl)dimethylsilane (11) gave silicon-containing poly-
ureas (17 b–f). All of these novel polymers were found to
have high degradability upon UV irradiation. In contrast,
the parent non-silicon-containing polyureas 17 a and the
analogous carbon-containing polyureas 18 exhibited very
low photodegradability.


The results of our mechanistic studies indicate that both
of the sSi�CH2N bonds in the �[HNC(=O)PhNCH2�SiMe2�
CH2NPhC(=O)NH]� unit were cleaved by a sequential
process that includes single-electron transfer, silyl group mi-
gration, and solvolysis.


Experimental Section


General : All reactions were carried out using oven-dried glassware
(120 8C) under an atmosphere of nitrogen, unless indicated otherwise.
Photolytic experiments were performed at room temperature by using a
medium-pressure mercury lamp (450 W) from Hanovia. The light intensi-
ty was measured by using a PowerMax� 5200 laser power meter.


(Bromomethyl)diphenylmethylsilane (2 c), (bromomethyl)triphenylsilane
(2d), dianilino-p-xylene (15), 2,2-dimethyl-N,N’-diphenyl malonamide
(13), and N-(trimethylsilylmethyl) cyclohexylamine were prepared ac-
cording to literature methods.[23–27] The experimental details for com-
pounds 6, 11, and 19 will be reported elsewhere. The spectroscopic data
and melting points of silicon-containing products 3 a–d,[28, 29] 4a–d, and
8a–c are listed in Table 3.


Analytical thin layer chromatography (TLC) was performed by using
precoated plates (silica gel 60 F-254), purchased from Merck. Mixtures of
ethyl acetate and hexanes were used as eluants. Gas chromatographic
analyses were performed by using a Hewlett–Packard 5890 Series II in-
strument, equipped with a 25 m cross-linked methyl silicone gum capilla-
ry column (0.32 mm internal diameter). Nitrogen gas was used as a carri-
er gas and the flow rate was kept constant at 14.0 mL min�1. The reten-
tion time tR was measured under the following conditions: injector tem-
perature 260 8C, initial temperature for the column 70 8C, duration 2 min,
increment rate 15 8C min�1, and final temperature for the column 280 8C.
Gas chromatography and low resolution mass spectral analyses were per-
formed by using a Hewlett–Packard 5890 Series II instrument, equipped
with a Hewlett–Packard 5971A Mass Selective Detector and a capillary
HP-1 column. Purification by gravity column chromatography was per-
formed using Merck Reagents Silica Gel 60 (particle size 0.063–
0.200 mm, 70–230 mesh ASTM).


Molecular weights of all synthesized polymers were determined by per-
forming GPC on the basis of polystyrene standards. Three columns
packed with 103, 104, and 105 �-styragel, respectively, were arranged in
sequence onto a Hewlett–Packard 1050 series HPLC instrument, equip-
ped with ultraviolet and refractive index detectors. The flow rate was
kept at 1.0 mL min�1 for a sample containing the synthesized polymers
(0.26 mg mL�1) in THF at 45 8C. The thermal properties of all synthesized
polymers were analyzed by using Seiko SSC 5000, DSC 200, and
TGA 300 instruments, with increments of 10 8C min�1.


Preparation of (anilinomethyl)silanes 3a–d : Aniline (5 equiv) was added
to a solution containing a haloalkylsilane (2a–d, 764 mg–1.49 g, 1 equiv)
in toluene (10 mL) After the reaction mixture was stirred at 130 8C for
12 h, it was quenched with water (2.0 mL) at 25 8C, neutralized with


aqueous HCl (1.0 n), and extracted with Et2O (3 � 10 mL). The combined
organic layers were washed with saturated aqueous NaCl (5.0 mL), dried
over MgSO4 (s), filtered, and concentrated under reduced pressure. The
residue was purified by performing column chromatography with silica
gel to give the desired (anilinomethyl)silanes 3a–d in 68–76 % yields, as a
yellow oil or white solids with purity >99.5 %, as determined by con-
ducting GC.


Preparation of N,N’-diphenyl-N-(silylmethyl)ureas 4a–d : Phenylisocya-
nate (1 equiv) was added to a solution containing an (anilinomethyl)si-
lane (3 a–d, 103.2–523.6 mg, 1 equiv) in CH2Cl2 (10 mL). After the reac-
tion mixture was stirred at 25 8C for 4.0 h, it was quenched with water
(2.0 mL) at 25 8C, and extracted with Et2O (3 � 10 mL). The combined or-
ganic layers were washed with saturated aqueous NaCl (5.0 mL), dried
over MgSO4 (s), filtered, and concentrated under reduced pressure. The
residue was purified by performing column chromatography with silica
gel to provide the desired N,N’-diphenylureas 4a–d in 87–95 % yields, as
white solids with purity >99.5 %.


Standard procedure 1 for the photolysis of N,N’-diphenyl-N-[(trimethylsi-
lyl)methyl]ureas 4 a–d : A solution containing 4a–d in CDCl3/MeOH,
CHCl3/CD3OD, or acetone was irradiated with UV light by using a
medium-pressure mercury lamp (450 W) equipped with a Pyrex glass
filter, at room temperature under nitrogen for 12 h. After the solution
was concentrated under reduced pressure, the residue was purified by
performing column chromatography with silica gel to provide the desired
products.


N,N’-Diphenyl-N-methylurea (5):[30] The standard procedure 1 was fol-
lowed by using urea 4 a (31.2 mg, 0.105 mmol) in CDCl3/MeOH (9:1,
1.0 mL). After the reaction mixture was formed, the residue was purified
by performing column chromatography (20 % EtOAc in hexanes as
eluant). N-Methylurea 5 (23.1 mg, 0.102 mmol) was obtained in 97%
yield as white solids. M.p. 103–104 8C (published m.p. 102–103 8C[30]);
TLC Rf : 0.60 (20 % EtOAc in hexanes as eluant); 1H NMR (CDCl3,
400 MHz): d=3.32 (s, 3 H; NCH3), 6.22 (s, 1 H; NH), 6.96 (t, J =7.3 Hz,
1H; 1 � ArH), 7.20–7.38 (m, 7H; 7� ArH), 7.46 ppm (t, J =7.4 Hz, 2 H;
2� ArH); 13C NMR (CDCl3, 75 MHz): d=37.01 (NCH3), 119.15, 122.81,
127.40, 127.83, 128.71, 130.30, 138.78, 142.85, 154.35 ppm (C=O); IR
(neat) 3282 (m, N-H), 3042 (w), 1649 (s, C=O), 1594 (m), 1493 (s, Ph),
1363 (m), 1242 (m), 1135 (w), 908 (w), 754 (m), 697 cm�1 (m); MS m/z
(relative intensity): 226 (56) [M+], 134 (30), 107 (100), 91 (6), 77 (45), 65
(9), 51 (10).


Identical reaction conditions were applied to the substrates 4b–d. The
same photolytic product 5 was obtained in 84, 77, and 54 % yields, re-
spectively.


N,N’-Diphenyl-N-(2-hydroxy-2-methylpropyl)urea (7): The standard pro-
cedure 1 was followed by using urea 4 a (51.6 mg, 0.173 mmol) and ace-
tone (2.0 mL). After the reaction mixture was formed, the residue was
purified by performing column chromatography (10 % EtOAc in hexanes
as eluant). N-(2-Hydroxy-2-methylpropyl)urea 7 (22.1 mg, 0.0778 mmol)
was obtained in 45 % yield as yellow solids. M.p. (recrystallized from eth-
anol) 145–146 8C; TLC Rf : 0.42 (20 % EtOAc in hexanes as eluant);
1H NMR (CDCl3, 400 MHz): d=1.23 (s, 6H; 2� CH3), 3.78 (s, 2H;
CH2N), 4.95 (s, 1 H; OH), 6.46 (s, 1 H; NH), 6.98–7.01 (m, 1H; 1� ArH),
7.19–7.45 (m, 7H; 7� ArH), 7.48 ppm (m, 2H; 2� ArH); 13C NMR
(CDCl3, 75 MHz): d =27.80, 62.37, 71.86, 119.69, 123.38, 127.91, 128.74,
129.21, 130.37, 138.18, 143.22, 156.81 ppm (C =O); IR (neat) 3253 (br,
OH), 3060 (w), 2974 (m), 1642 (s, C=O), 1594 (s), 1496 (s, Ph), 1371
(m), 1235 (s), 1167 (s), 978 (m), 748 (m), 697 cm�1 (s); MS m/z (relative
intensity): 284 (1) [M+], 226 (63), 183 (13), 150 (5), 134 (6), 119 (5), 106
(100), 93 (17), 77 (27), 59 (9); HRMS m/z : calcd for C17H20O2N2:
284.1525; found: 284.1521; elemental analysis calcd (%) for C17H20O2N2:
C 71.79, H 7.09, N 9.86; found: C 71.76, H 7.08, N 9.82.


Preparation of N-[(trimethylsilyl)methyl]ureas 8 a–c : Cyclohexylisocya-
nate or phenylisocyanate (11 equiv) was added to a solution containing
3a or N-(trimethylsilylmethyl)cyclohexylamine (108.6–203.6 mg, 1 equiv)
in CH2Cl2 (10 mL). The reaction mixture was stirred under nitrogen at
25 8C for 4.0 h, then quenched with water (2.0 mL) at 25 8C, and extracted
with Et2O (3 � 20 mL). The combined organic layers were washed with
saturated aqueous NaCl (5.0 mL), dried over MgSO4 (s), filtered, and
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concentrated under reduced pressure. The residue was purified by per-
forming column chromatography (20 % EtOAc in hexanes as eluant) to
give the desired pure 8 a–c in 89–91 % yields as white solids with purity
>99.5 %.


N’-Cyclohexyl-N-methyl-N-phenylurea (9 a): A solution of urea 8a
(78.6 mg, 0.259 mmol) in CHCl3/MeOH (9:1, 5.0 mL) was irradiated with
UV light by using a medium-pressure mercury lamp (450 W) equipped
with a Pyrex glass filter, at room temperature under nitrogen for 12 h.
The resultant solution was concentrated under reduced pressure to give a
residue that was purified by performing column chromatography (10 %
EtOAc in hexanes as eluant). N-Methylurea 9 a (52.9 mg, 0.228 mmol)
was obtained in 88 % yield as white solids. M.p. (recrystallized from hex-
anes) 112–113 8C; TLC Rf : 0.58 (30 % EtOAc in hexanes as eluant);


1H NMR (CDCl3, 400 MHz): d =0.87–1.82 (m, 10 H; 5 � CH2), 3.18 (s,
3H; CH3), 3.54–3.60 (m, 1H; CHN), 4.14 (d, J =7.2 Hz, 1H; NH), 7.12–
7.24 (m, 3 H; 3� ArH), 7.34 ppm (t, J=8.0 Hz, 2 H; 2 � ArH); 13C NMR
(CDCl3, 75 MHz): d =24.64, 25.36, 33.40, 36.79, 49.08, 126.81, 126.96,
129.71, 143.47, 156.36 ppm (C=O); IR (neat) 3343 (s, N-H), 2931 (s),
1650 (s, C =O), 1596 (s), 1443 (s), 1343 (s), 1117 (m), 1072 (m), 891 (w),
758 (m), 700 cm�1 (s); MS m/z (relative intensity): 232 (10) [M+], 149
(8), 107 (100), 91 (8), 77 (36), 55 (10); HRMS calcd for C14H20ON2:
232.1576; found: 232.1571; elemental analysis calcd (%) for C14H20ON2:
C 72.38, H 8.68, N 12.06; found: C 72.33, H 8.64, N 12.09.


N-Cyclohexyl-N-methyl-N’-phenylurea (9 b):[31] A solution of urea 8 b
(68.3 mg, 0.225 mmol) in CHCl3/MeOH (9:1, 5.0 mL) was irradiated with
UV light by using a medium-pressure mercury lamp (450 W) equipped


Table 3. Spectroscopic data of silicon-containing compounds 3a–d, 4a–d, and 8 a–c.


M.p. 1H NMR 13C NMR UV IR HRMS
[8C] (CDCl3, 400 MHz) (CDCl3, 75 MHz) (CHCl3) [cm�1] [calcd/


(hexanes) d [ppm] d [ppm] lmax


[nm] (e)
found]


3 a – 0.15 (s, 9H; Si(CH3)3), 2.50 (s, 2H; CH2N), 3.38
(br, 1H; NH), 6.64–6.67 (m, 3 H; 3� ArH), 7.19


(dd, J =8.0, 7.2 Hz, 2 H; 2 � ArH)


�2.83 (Si(CH3)3), 33.37 (CH2N), 112.26,
116.84, 128.97, 150.36


– 3418 (m, N-H),
1250 (s, Si-CH3)


–


3b – 0.48 (s, 6H; Si(CH3)2), 2.81 (s, 2H; CH2N), 3.43
(br, 1 H; NH), 6.70 (d, J= 8.4 Hz, 2H; 2� ArH),


6.76 (t, J =7.2 Hz, 1 H; 1 � ArH), 7.24 (t, J=


7.2 Hz, 2H; 2� ArH), 7.46–7.48 (m, 3H; 3�
ArH), 7.65 (m, 2H; 2 � ArH)


�3.98 (Si(CH3)2), 32.48 (CH2N), 112.45,
117.05, 128.05, 129.02, 129.54, 133.74,


136.50, 150.26


– 3412 (m, N-H),
1250 (s, Si-CH3),
1113 (m, Si-Ph)


–


3c – 0.78 (s, 3 H; SiCH3), 3.13 (s, 2 H; CH2N), 3.61
(br, 1 H; NH), 6.74 (d, J= 8.8 Hz, 2H; 2� ArH),


6.80 (t, J =8.4 Hz, 1 H; 1 � ArH), 7.27 (t, J=


8.4 Hz, 2H; 2� ArH), 7.46–7.69 (m, 6H; 6�
ArH), 7.71 (m, 4H; 4 � ArH)


�5.04 (SiCH3), 31.27 (CH2N), 112.55,
117.22, 128.15, 129.07, 129.83, 134.62,


137.38, 150.13


– 3409 (m, N-H),
1254 (s, Si-CH3),
1114 (s, Si-Ph)


303.1443/
303.1448


3d 151–152 3.30 (s, 2 H; CH2N), 3.63 (br, 1H; NH), 6.64–
6.76 (m, 3 H; 3� ArH), 7.18 (dd, J =8.2, 7.4 Hz,
2H; 2 � ArH), 7.37–7.47 (m, 9H; 9 � ArH), 7.62


(d, J =7.5 Hz, 6 H; 6 � ArH)


37.23 (CH2N), 119.18, 122.87, 127.43,
127.86, 128.78, 130.32, 138.78, 142.85


– 3392 (m, N-H),
1111 (s, Si-Ph)


365.1599/
365.1597


4 a 110–111 0.038 (s, 9H; Si(CH3)3), 3.34 (s, 2H; CH2N),
6.18 (s, 1 H; NH), 6.97 (t, J =7.2 Hz, 1H; 1�
ArH), 7.18–7.26 (m, 4H; 4� ArH), 7.31–7.36


(m, 3H; 3� ArH), 7.43–7.47 (m, 2H; 2� ArH)


�1.70 (Si(CH3)3), 41.39 (CH2N), 119.01,
122.56, 127.72, 127.98, 128.73, 130.15,


139.04, 143.15, 154.15 (C=O)


247
(6388)


3266 (m, N-H),
1644 (s, C =O),
1248 (s, Si-CH3)


298.1501/
298.1508


4b 79–80 0.26 (s, 6H; Si(CH3)2), 3.55 (s, 2H; CH2N), 6.11
(s, 1 H; NH), 6.85 (t, J =7.4 Hz, 1 H; 1 � ArH),


7.12–7.36 (m, 12H; 12� ArH), 7.45 (d, J=


8.0 Hz, 2 H; 2 � ArH)


�3.04 (Si(CH3)2), 40.77 (CH2N), 111.09,
119.10, 122.62, 127.70, 128.01, 128.74,
129.02, 130.03, 133.71, 137.82, 138.99,


142.85, 154.19 (C= O)


248
(11 598)


3305 (m, N-H),
1645 (s, C =O),


1255 (m, Si-CH3),
1113 (s, Si-Ph)


360.1657/
360.1646


4c 87–88 0.42 (s, 3 H; SiCH3), 3.83 (s, 2 H; CH2N), 5.99
(s, 1 H; NH), 6.88–6.91 (m, 3H; 3� ArH), 7.11–


7.25 (m, 13 H; 13� ArH), 7.39 (d, J =5.6 Hz,
4H; 4� ArH)


�4.33 (SiCH3), 39.08 (CH2N), 119.27,
122.71, 127.78, 128.20, 128.72, 129.30,
129.93, 129.98, 134.56, 135.64, 138.90,


142.33, 154.25 (C= O)


248
(12 164)


3333 (m, N-H),
1674 (s, C =O),


1246 (m, Si-CH3),
1112 (s, Si-Ph)


422.1814/
422.1810


4d 93–94 4.26 (s, 2H; CH2N), 6.03 (s, 1 H; NH), 6.89–6.91
(m, 3H; 3� ArH), 7.11–7.35 (m, 16H; 16�


ArH), 7.45 (d, J =7.5 Hz, 6H; 6 � ArH)


38.25 (CH2N), 119.39, 122.73, 127.79,
128.26, 128.70, 129.47, 129.51, 129.95,


133.88, 135.77, 138.90, 142.24, 154.18 (C=


O)


249
(14 550)


3275 (m, N-H),
1667 (s, C =O),
1108 (s, Si-Ph)


484.1970/
484.1964


8 a 67–68 0.090 (s, 9H; Si(CH3)3), 0.85–1.83 (m, 10 H; 5 �
CH2), 3.21 (s, 2H; CH2N), 3.53–3.61 (m, 1H;


CHN), 4.12 (d, J =8.2 Hz, 1 H; NH), 7.17–7.25
(m, 3H; 3� ArH), 7.35 (t, J= 8.0 Hz, 2H; 2�


ArH)


�1.64 (Si(CH3)3), 24.78, 25.49, 33.59, 41.25,
49.22, 126.84, 127.74, 129.71, 143.99, 156.50


(C=O)


262
(3913)


3308 (s, N-H), 1631
(s, C =O), 1258 (s,


Si-CH3)


304.1971/
304.1967


8b 83–84 0.12 (s, 9H; Si(CH3)3), 1.05–1.81 (m, 10 H; 5 �
CH2), 2.64 (s, 2H; CH2N), 3.97–4.09 (m, 1H;
CHN), 6.12 (s, 1 H; NH), 6.97 (t, J =7.6 Hz,


1H; 1 � ArH), 7.25 (dd, J =8.4, 7.6 Hz, 2H; 2�
ArH), 7.34 (d, J =8.4 Hz, 2H; 2 � ArH)


�1.27 (Si(CH3)3), 25.31, 25.67, 30.85, 33.24,
55.13, 119.28, 122.25, 128.67, 139.35, 154.95


(C=O)


259
(3887)


3350 (s, N-H), 1651
(s, C =O), 1248 (s,


Si-CH3)


304.1971/
304.1977


8c 122–123 0.057 (s, 9H; Si(CH3)3), 0.98–1.36 (m, 10 H; 5 �
CH2), 1.57–1.98 (m, 10H; 5� CH2), 2.46 (s, 2H;
CH2N), 3.52–3.65 (m, 1H; CHN), 3.78–3.89 (m,


1H; CHN), 3.96 (d, J =8.0 Hz, 1 H; NH)


0.96 (Si(CH3)3), 25.17, 25.54, 25.71, 25.90,
30.96, 32.82, 34.20, 49.48, 54.94, 157.12


(C=O)


– 3303 (m, N-H),
1612 (s, C =O),
1245 (s, Si-CH3)


310.2440/
310.2436
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with a Pyrex glass filter, at room temperature under nitrogen for 12 h.
The resultant solution was concentrated under reduced pressure to give a
residue that was purified by performing column chromatography (10 %
EtOAc in hexanes as eluant). N-Methylurea 9b (37.6 mg, 0.162 mmol)
was obtained in 72% yield as white solids. M.p. 195–196 8C (published
m.p. 195–197 8C[31]); TLC Rf : 0.68 (30 % EtOAc in hexanes as eluant);
1H NMR (CDCl3, 400 MHz): d =1.04–1.82 (m, 10 H; 5 � CH2), 2.84 (s,
3H; CH3), 4.02–4.14 (m, 1 H; CHN), 6.38–6.42 (br, 1H; NH), 6.99 (t, J=


7.6 Hz, 1 H; ArH), 7.26 (t, J=7.6 Hz, 2 H; 2 � ArH), 7.38 ppm (d, J=


8.4 Hz, 2H; 2 � ArH); 13C NMR (CDCl3, 75 MHz): d=25.49, 25.72, 28.48,
30.48, 54.04, 119.79, 122.71, 128.71, 139.33, 155.17 ppm (C=O); IR (neat)
3302 (s, N-H), 2929 (s), 2853 (s), 1638 (s, C=O), 1594 (s), 1527 (s), 1441
(s), 1322 (m), 1168 (m), 879 (m), 753 (m), 697 cm�1 (m); MS m/z (relative
intensity): 232 (16) [M+], 140 (12), 120 (8), 112 (100), 97 (9), 77 (15), 55
(25).


N,N’-Dicyclohexyl-N-methylurea (9 c):[32] A solution of urea 8c (88.5 mg,
0.285 mmol) in CHCl3/MeOH (9:1, 5.0 mL) was irradiated with UV light
by using a medium-pressure mercury lamp (450 W) equipped with a
Pyrex glass filter, at room temperature under nitrogen for 12 h. The re-
sultant solution was concentrated under reduced pressure to give a resi-
due that was purified by performing column chromatography (10 %
EtOAc in hexanes as eluant). N-Methylurea 9c (8.8 mg, 0.037 mmol) was
obtained in 13% yield as white solids. M.p. 106–107 8C (published m.p.
106–109 8C[32]); TLC Rf : 0.70 (30 % EtOAc in hexanes as eluant);
1H NMR (CDCl3, 400 MHz): d =0.99–1.41 (m, 10 H; 5 � CH2), 1.51–1.96
(m, 10 H; 5� CH2), 2.63 (s, 3H; CH3), 3.47–3.62 (m, 1 H; CHN), 3.86–3.97
(m, 1 H; CHN), 4.08–4.21 ppm (br, 1H; NH); 13C NMR (CDCl3,
75 MHz): d=25.02, 25.54, 25.64, 25.75, 28.02, 30.45, 34.02, 49.29, 53.61,
157.20 ppm (C=O); IR (neat) 3303 (m, N-H), 2925 (m), 2851 (m), 1619
(s, C=O), 1537 (s), 1453 (s), 1391 (s), 1223 (s), 1038 (s), 893 (s), 744 (m),
629 cm�1 (w); MS m/z (relative intensity): 238 (23) [M+], 155 (8), 112
(100), 97(13), 83 (9).


2,2-Dimethyl-N,N’-diphenyl-1,3-propanediamine (14): Lithium aluminum
hydride (53.4 mg, 1.41 mmol) was added to a solution of diamide 13
(158.7 mg, 0.5628 mmol, 1 equiv) in THF (20 mL). The reaction mixture
was heated at reflux under nitrogen for 16 h, then quenched with saturat-
ed aqueous Na2SO4 (5.0 mL) at 0 8C, and extracted with Et2O (3 �
20 mL). The combined organic layers were washed with saturated aque-
ous NaCl (5.0 mL), dried over MgSO4 (s), filtered, and concentrated
under reduced pressure. The residue was purified by performing column
chromatography (10 % EtOAc in hexanes as eluant). Diamine 14
(127.2 mg, 0.5008 mmol) was obtained in 89 % yield as yellow solids. M.p.
(recrystallized from ethanol) 80–81 8C; GC tR: 11.47 min; TLC Rf : 0.71
(20 % EtOAc in hexanes as eluant); 1H NMR (CDCl3, 400 MHz): d=


1.09 (s, 6 H; 2 � CH3), 3.07 (s, 4 H; 2 � CH2N), 3.79 (br, 2H; 2� NH), 6.63
(d, J =8.2 Hz, 4H; 4� ArH), 6.70 (t, J =7.4 Hz, 2 H; 2� ArH), 7.17 ppm
(dd, J =8.2, 7.4 Hz, 4 H; 4� ArH); 13C NMR (CDCl3, 75 MHz): d=24.15,
35.54, 52.92 (CH2N), 112.89, 117.29, 129.14, 148.71 ppm; IR (neat) 3295
(m, N-H), 3057 (w), 2956 (m), 1603 (s), 1495 (s, Ph), 1303 (m), 1187 (m),
1068 (m), 877 (m), 754 (s), 693 cm�1 (s); MS m/z (relative intensity): 254
(60) [M+], 146 (36), 132 (10), 119 (8), 106 (100), 93 (95), 77 (43); HRMS
calcd for C17H22N2: 254.1783; found: 254.1780; elemental analysis calcd
(%) for C17H22N2: C 80.26, H 8.72, N 11.02; found: C 80.22, H 8.68, N
10.97.


Standard procedure 2 for the synthesis of polyureas 17 by addition of di-
anilino compounds to diisocyanate : 4,4’-Methylenebis(phenylisocyanate)
(16) (0.10–0.40 equiv)) was added to a solution of anilinomethylsilane 11
and dianilino-p-xylene (15) (0.60–0.90 equiv) in sym-tetrachloroethane
(1.8 mL) and the reaction mixture was stirred under nitrogen at 100 8C
for 12 h. The resultant viscous solution of polymers was diluted with sym-
tetrachloroethane (5.0 mL) and poured into MeOH (80 mL) to give a
precipitate, which was redissolved in chloroform (5.0 mL). This precipita-
tion procedure was repeated twice. The precipitate was dried over phos-
phorous pentoxide under reduced pressure at room temperature for 24 h
to provide the desired polyureas 17.


Poly[bis(anilinomethyl)dimethylsilane-co-dianilino-p-xylene-co-4,4’-meth-
ylenebis(phenylisocyanate)] (17 b) from bis(anilinomethyl)dimethylsilane
(11, 0.1 equiv): The standard procedure 2 was followed by using anilino-


methylsilane 11 (50.5 mg, 0.187 mmol, 0.1 equiv), dianilino-p-xylene (15,
483.8 mg, 1.680 mmol, 0.9 equiv), sym-tetrachloroethane (1.8 mL), and
isocyanate 16 (467.2 mg, 1.867 mmol, 1 equiv). After purification, 17b
(911.4 mg, 1.698 mmol) was obtained in 91% yield as white elastomers,
which were soluble in THF and chloroform. Data for 17 b : 1H NMR
(CDCl3, 400 MHz): d=0.017 (s, 6 H; Si(CH3)2, 6 %), 3.27 (s, 4H; 2�
SiCH2N, 6%), 3.77 (s, 4H; 2� ArCH2Ar), 4.84 (s, 4 H; 2� NCH2Ar), 6.07
(s, 4 H; 4� NH), 6.95–7.38 ppm (br m, 40H; 40 � ArH); IR (neat) 3425
(m, NH), 3345 (m, NH), 3008 (m), 2921 (w), 1677 (s, C=O), 1593 (s),
1514 (s), 1411 (s), 1309 (s), 1248 (m, Si-CH3), 1019 (m), 811 (m), 756 (s),
701 cm�1 (s); UV/Vis (CHCl3): lmax, (e)= 249 nm (241); Mw 5.49 � 104; Mn


2.39 � 104; Tg 121 8C.


Poly[bis(anilinomethyl)dimethylsilane-co-dianilino-p-xylene-co-4,4’-meth-
ylenebis(phenylisocyanate)] (17 c) from bis(anilinomethyl)dimethylsilane
(11, 0.2 equiv): The standard procedure 2 was followed by using anilino-
methylsilane 11 (121.8 mg, 0.451 mmol, 0.2 equiv), dianilino-p-xylene (15,
519.0 mg, 1.802 mmol, 0.8 equiv), sym-tetrachloroethane (2.1 mL), and
isocyanate 16 (563.8 mg, 2.253 mmol, 1 equiv). After purification, 17 c
(1.08 g, 2.02 mmol) was obtained in 90 % yield as white elastomers:
1H NMR (CDCl3, 400 MHz): d=0.017 (s, 6 H; Si(CH3)2, 12 %), 3.28 (s,
4H; 2� SiCH2N, 12 %), 3.77 (s, 4 H; 2 � ArCH2Ar), 4.85 (s, 4H; 2�
NCH2Ar), 6.08 (s, 4 H; 4� NH), 6.96–7.40 ppm (br m, 40 H; 40� ArH); IR
(neat) 3426 (m, NH), 3345 (m, NH), 3007 (m), 2922 (w), 1679 (s, C =O),
1593 (s), 1518 (s), 1411 (s), 1308 (s), 1251 (m, Si-CH3), 1023 (m), 814 (m),
758 cm�1 (s); UV/Vis (CHCl3): lmax, (e)=251 nm (243); Mw 5.21 � 104; Mn


2.17 � 104; Tg 118 8C.


Poly[bis(anilinomethyl)dimethylsilane-co-dianilino-p-xylene-co-4,4’-meth-
ylenebis(phenylisocyanate)] (17 d) from bis(anilinomethyl)dimethylsilane
(11, 0.3 equiv): The standard procedure 2 was followed by using anilino-
methylsilane 11 (101.4 mg, 0.376 mmol, 0.3 equiv), dianilino-p-xylene (15,
252.6 mg, 0.877 mmol, 0.7 equiv), sym-tetrachloroethane (1.8 mL), and
isocyanate 16 (313.6 mg, 1.253 mmol, 1 equiv). After purification, 17d
(607.5 mg, 1.135 mmol) was obtained in 91% yield as white elastomers:
1H NMR (CDCl3, 400 MHz): d=0.019 (s, 6 H; Si(CH3)2, 15 %), 3.29 (s,
4H; 2� SiCH2N, 15 %), 3.77 (s, 4 H; 2 � ArCH2Ar), 4.86 (s, 4H; 2�
NCH2Ar), 6.07 (s, 4 H; 4� NH), 6.95–7.42 ppm (br m, 40 H; 40� ArH); IR
(neat) 3428 (m, NH), 3348 (m, NH), 3009 (m), 2921 (w), 1677 (s, C =O),
1594 (s), 1518 (s), 1413 (s), 1310 (s), 1255 (m, Si-CH3), 1026 (m), 818 (m),
762 cm�1 (s); UV/Vis (CHCl3): lmax, (e)=250 nm (244); Mw 5.05 � 104; Mn


1.68 � 104; Tg 113 8C.


Poly[bis(anilinomethyl)dimethylsilane-co-dianilino-p-xylene-co-4,4’-meth-
ylenebis(phenylisocyanate)] (17 e) from bis(anilinomethyl)dimethylsilane
(11, 0.35 equiv): The standard procedure 2 was followed by using anilino-
methylsilane 11 (101.0 mg, 0.374 mmol, 0.35 equiv), dianilino-p-xylene
(15, 200.2 mg, 0.695 mmol, 0.65 equiv), sym-tetrachloroethane (1.8 mL),
and isocyanate 16 (267.5 mg, 1.069 mmol, 1 equiv). After purification,
17e (511.8 mg, 0.9565 mmol) was obtained in 90% yield as white elasto-
mers: 1H NMR (CDCl3, 400 MHz): d =0.017 (s, 6 H; Si(CH3)2, 16%),
3.28 (s, 4H; 2� SiCH2N, 16%), 3.77 (s, 4H; 2� ArCH2Ar), 4.84 (s, 4 H;
2� NCH2Ar), 6.09 (s, 4H; 4 � NH), 6.96–7.41 ppm (br m, 40 H; 40� ArH);
IR (neat) 3425 (m, NH), 3348 (m, NH), 3006 (m), 2922 (w), 1678 (s, C=


O), 1591 (s), 1519 (s), 1411 (s), 1309 (s), 1253 (m, Si-CH3), 1020 (m), 816
(m), 758 cm�1 (s); UV/Vis (CHCl3): lmax, (e)=249 nm (245); Mw 4.06 �
104; Mn 1.31 � 104; Tg 108 8C.


Poly[bis(anilinomethyl)dimethylsilane-co-dianilino-p-xylene-co-4,4’-meth-
ylenebis(phenylisocyanate)] (17 f) from bis(anilinomethyl)dimethylsilane
(11, 0.4 equiv): The standard procedure 2 was followed by using anilino-
methylsilane 11 (137.6 mg, 0.510 mmol, 0.4 equiv), dianilino-p-xylene (15,
220.3 mg, 0.765 mmol, 0.6 equiv), sym-tetrachloroethane (1.8 mL), and
isocyanate 16 (319.1 mg, 1.275 mmol, 1 equiv). After purification, 17 f
(595.8 mg, 1.115 mmol) was obtained in 88% yield as white elastomers:
1H NMR (CDCl3, 400 MHz): d=0.018 (s, 6 H; Si(CH3)2, 21 %), 3.28 (s,
4H; 2� SiCH2N, 21 %), 3.78 (s, 4 H; 2 � ArCH2Ar), 4.85 (s, 4H; 2�
NCH2Ar), 6.07 (s, 4 H; 4� NH), 6.98–7.42 ppm (br m, 40 H; 40� ArH); IR
(neat) 3422 (m, NH), 3341 (m, NH), 3010 (m), 2924 (w), 1677 (s, C =O),
1590 (s), 1516 (s), 1412 (s), 1307 (s), 1254 (m, Si-CH3), 1025 (m), 820 (m),
756 cm�1 (s); UV/Vis (CHCl3): lmax, (e)=249 nm (246); Mw 2.86 � 104; Mn


8.15 � 103; Tg 104 8C.
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Poly[2,2-dimethyl-N,N’-diphenyl-1,3-propanediamine-co-dianilino-p-
xylene-co-4,4’-methylenebis(phenylisocyanate)] (18) from 2,2-dimethyl-
N,N’-diphenyl-1,3-propanediamine (14, 0.1 equiv): The standard proce-
dure 2 was followed by using diamine 14 (30.5 mg, 0.120 mmol,
0.1 equiv), dianilino-p-xylene (15, 311.6 mg, 1.082 mmol, 0.9 equiv), sym-
tetrachloroethane (1.2 mL), and isocyanate 16 (300.9 mg, 1.202 mmol,
1 equiv). After purification, 18 (585.1 mg, 1.093 mmol) was obtained in
91% yield as white elastomers: 1H NMR (CDCl3, 400 MHz): d=0.81 (s,
6H; 2 �CH3, 8 %), 3.79 (s, 8 H; 2� NCH2C + 2� ArCH2Ar), 4.86 (s, 4 H;
2� NCH2Ar), 6.09 (s, 4H; 4 � NH), 6.97–7.40 ppm (br m, 40 H; 40� ArH);
IR (neat) 3422 (m, NH), 3347 (m, NH), 3010 (m), 2922 (w), 1676 (s, C=


O), 1594 (s), 1520 (s), 1415 (s), 1308 (s), 1028 (m), 821 (m), 756 cm�1 (s);
Mw 4.61 � 104; Mn 2.42 � 104; Tg 123 8C.


Photolysis of polyureas : A solution containing a single type of polymer
(i.e., 17a–c and 18 ; 26.0 mg) in CHCl3/MeOH (9:1, 10 mL) was irradiated
with UV light by using a medium-pressure mercury lamp (450 W) equip-
ped with a Pyrex glass filter, at room temperature under nitrogen. After
photolysis, the molecular weights of degraded polyureas were determined
by performing GPC at different time intervals. The results are summar-
ized in Figure 1.


Standard procedure 3 for the preparation of bis(N,N’-diphenylureylene)
compounds 20 and 21: Phenylisocyanate (2 equiv) was added to a so-
lution containing a diamine (1 equiv) in CH2Cl2 (20 mL). After the reac-
tion mixture was stirred at 25 8C for 4.0 h, it was quenched with water
(5.0 mL) at 25 8C, and extracted with Et2O (3 � 20 mL). The combined or-
ganic layers were washed with saturated aqueous NaCl (5.0 mL), dried
over MgSO4 (s), filtered, and concentrated under reduced pressure. The
residue was purified by performing column chromatography with silica
gel to provide the desired bis(N,N’-diphenylureylene) compounds.


1,3-Bis(N,N’-diphenylureylene)-2,2-dimethylpropane (20): The standard
procedure 3 was followed by using diamine 14 (58.6 mg, 0.231 mmol,
1 equiv) and phenylisocyanate (55.0 mg, 0.462 mmol, 2 equiv). After the
reaction mixture was formed, the residue was purified by performing
column chromatography (20 % EtOAc in hexanes as eluant). Bisurea 20
(96.4 mg, 0.196 mmol) was obtained in 85% yield as white solids. M.p.
(recrystallized from hexanes) 196–197 8C; TLC Rf : 0.62 (30 % EtOAc in
hexanes as eluant); 1H NMR (CDCl3, 400 MHz): d=0.81 (s, 6H; 2�
CH3), 3.79 (s, 4H; 2� CH2N), 6.25 (s, 2H; 2� NH), 6.95–6.97 (m, 2H; 2�
ArH), 7.17–7.48 ppm (m, 18 H; 18� ArH); 13C NMR (CDCl3, 75 MHz):
d=24.71 (CH3), 40.11 (CH2N), 57.99, 119.40, 122.85, 127.71, 128.53,
128.71, 130.19, 138.75, 143.33, 154.90 ppm (C=O); IR (neat) 3312 (s, N-
H), 2963 (w), 1661 (s, C=O), 1592 (s), 1513 (s), 1313 (m), 1164 (s), 1077
(w), 890 (m), 759 (s), 695 cm�1 (s); UV/Vis (CHCl3) lmax, nm (e): 250
(23116), 228 (21553); MS m/z (relative intensity): 492 (5) [M+], 477 (8),
267 (100), 164 (18), 148 (25), 135 (25), 106 (31), 93 (12), 77 (29); HRMS
calcd for C31H32O2N4: 492.2525; found: 492.2521; elemental analysis calcd
(%) for C31H32O2N4: C 75.57, H 6.55, N 11.38; found: C 75.52, H 6.53, N
11.35.


Bis(N,N’-diphenylureylene)-p-xylene (21): The standard procedure 3 was
followed by using dianilino-p-xylene (15, 124.2 mg, 0.4313 mmol, 1 equiv)
and phenylisocyanate (102.8 mg, 0.8630 mmol, 2 equiv). After the reac-
tion mixture was formed, the residue was purified by performing column
chromatography (30 % EtOAc in hexanes as eluant). Bisurea 21
(192.8 mg, 0.3665 mmol) was obtained in 85% yield as white solids. M.p.
(recrystallized from hexanes) 198–199 8C; TLC Rf : 0.28 (30 % EtOAc in
hexanes as eluant); 1H NMR (CDCl3, 400 MHz): d=4.97 (s, 4H; 2�
CH2N), 6.22 (s, 2 H; 2� NH), 7.08–7.48 ppm (m, 24 H; 24� ArH);
13C NMR (CDCl3, 75 MHz): d=52.77 (CH2N), 119.29, 122.95, 128.23,
128.57, 128.73, 128.86, 130.15, 137.22, 138.75, 141.03, 154.29 ppm (C=O);
IR (neat) 3327 (s, N-H), 2930 (w), 1681 (s, C =O), 1595 (s), 1495 (s, Ph),
1443 (m), 1313 (s), 1215 (s), 1021 (m), 752 (s), 693 cm�1 (s); UV/Vis
(CHCl3) lmax, nm (e): 250 (26835), 226 (26 330); MS m/z (relative intensi-
ty): 526 (2) [M+], 407 (62), 315 (21), 288 (49), 196 (100), 181 (10), 119
(53), 104 (70), 91 (76), 77 (48); HRMS calcd for C34H30O2N4: 526.2369;
found: 526.2363; elemental analysis calcd (%) for C34H30O2N4: C 77.53,
H 5.75, N 10.64; found: C 77.50, H 5.72, N 10.61.


Bis[N-(2-anilinophenyl)formamide]-p-xylene (23): A solution of bisurea
21 (32.4 mg, 0.0616 mmol) in CHCl3/CH3OH (9:1, 2.0 mL) was irradiated


with UV light by using a medium-pressure mercury lamp (450 W) equip-
ped with a Pyrex glass filter, at room temperature under nitrogen for
24 h. The resultant solution was concentrated under reduced pressure to
give a residue that was purified by performing column chromatography
(10 % EtOAc in hexanes as eluant). Bisamide 23 (4.86 mg, 9.24 mmol)
was obtained in 15 % yield as yellow solids. M.p. (recrystallized from hex-
anes) 135–136 8C; TLC Rf : 0.31 (20 % EtOAc in hexanes as eluant);
1H NMR (CDCl3, 400 MHz): d= 4.99 (s, 4 H; 2� CH2N), 6.21 (s, 2H; 2�
NH), 6.99 (t, J =7.4 Hz, 1 H; 1 � ArH), 7.18–7.46 (m, 19H; 19� ArH),
7.79 (d, J=8.0 Hz, 2 H; 2� ArH), 9.96 ppm (s, 2H; 2 � CHO); 13C NMR
(CDCl3, 75 MHz): d =53.06, 119.43, 120.78, 123.27, 123.94, 128.45, 128.91,
129.20, 129.96, 130.44, 138.46, 140.89, 145.24, 191.94 ppm (C=O); IR
(neat) 3327 (m, NH), 3062 (w), 2924 (m), 2836 (m), 2743 (m), 1692 (s,
C=O), 1595 (s), 1495 (s, Ph), 1441 (m), 1238 (m), 1110 (w), 753 (m),
698 cm�1 (s); MS m/z (relative intensity): 526 (2) [M+], 407 (2), 301 (4),
225 (5), 211 (100), 182 (16), 119 (25), 106 (48), 91 (94), 77(42), 65 (36);
HRMS calcd for C34H30O2N4: 526.2369; found: 526.2364; elemental anal-
ysis calcd (%) for C34H30O2N4: C 77.53, H 5.75, N 10.64, found: C 77.49,
H 5.72, N 10.61.
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A New Pyridine-2,6-bis(oxazoline) for Efficient and Flexible Lanthanide-
Based Catalysts of Enantioselective Reactions with 3-Alkenoyl-2-
oxazolidinones


Giovanni Desimoni,* Giuseppe Faita, Matilde Guala, Anna Laurenti, and
Mariella Mella[a]


Introduction


The formation of carbon–carbon bonds through asymmetric
catalytic processes has attracted a great deal of interest and
the art of organic synthesis has progressed impressively. In
general, the catalysts consist of a cation coordinating an op-
tically active organic ligand and the complex must have at
least one free binding site to coordinate one reagent, pro-
moting the formation of the reactive complex involved in
the catalytic cycle.


The ideal ligand should offer some advantages: it should
be easily prepared, cheap, resistant under the reaction con-
ditions and very selective for a large number of processes,
hence very flexible. The ideal ligand has not yet been dis-


covered (and probably never will), but pyridine-2,6-bis(oxa-
zolines) (pybox) provide efficient catalysts for such a variety
of processes that a search in this field is certainly attractive.[1]


The reaction between (1S,2S)-2-amino-1-phenylpropane-
1,3-diol (1) and dimethyl pyridine-2,6-dicarboximidate (2)
has several of the advantages described above, and if the hy-
droxy group involved in the oxazoline formation is in the 1-
position, the resulting pybox will have a phenyl group in po-
sition 5’, which has been found to be very useful in the de-
velopment of efficient catalysts of the Mukaiyama–Michael
(MM)[2] and Diels–Alder (DA)[3,4] reactions of alkenoyl-1,3-
oxazolidinones. The residual CH2OH groups in the 4’-posi-
tion could interfere in the formation of the reactive complex
that involves the nitrogen atoms of the pybox, the cation
and the reagent, but a suitable protection of the hydroxy
groups should both avoid this and increase the shielding
effect exerted by the substituent at the 4’-position.


Following the protocol reported by Aggarwal[5] for the
preparation of the analogous box from dimethylmalonyldini-
trile and 1, M�ller and Bol�a[6] and Reiser and co-workers[7]


synthesised the desired 5-aryl-4-hydroxymethylpybox in a
regioselective manner and in good yields starting from the
corresponding p-nitrophenyl and p-methylthiophenyl (thio-
micamine) analogues of 1 (Scheme 1). These ligands were
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tested in the addition of diethylzinc to benzaldehyde and cy-
clohexenone[7] and, after silylation with several trialkylsilyl
chlorides, in the intramolecular CuII-catalysed cyclopropana-
tion reaction, but the enantioselectivity was always disap-
pointing.


Despite these unpleasant precedents, a test of the cata-
lysts based on silylated pybox derived from 1 was planned.


Results


Pybox 4 was synthesised by refluxing 1 and 2 in chloroben-
zene to give 3, which was isolated and silylated with iPr3SiCl
and imidazole (Scheme 1) to give 4 in good yield on a multi-
gram scale. Compound 4 was the ligand used for the forma-
tion of the complexes with eight lanthanide triflates, taking
into account the specific affinity of pybox for these trivalent
cations[1] and the interesting effects on the enantioselectivity
exerted by such cations.


In the choice of the reactions to be tested, the well-known
bicoordination ability of 3-alkenoyl-1,3-oxazolidin-2-ones 5
with pybox and lanthanide cat-
ions was considered;[1] therefore
the DA reaction of cyclopenta-
diene (6), the 1,3-dipolar cyclo-
addition (1,3-DC) with diphe-
nylnitrone (7) and the MM re-
action with 2-trimethylsilyloxy-
furan (8), with either 3-acryloyl-
or 3-crotonoyloxazolidinones
(5 a,b), were tested (Scheme 2).


The Diels–Alder (DA) reac-
tion : The DA reaction of 5 a
and 6 is strongly endo selective
and the endo-9 a/exo-10 a ratio
was always more than 90:10
(Table 1). The enantioselectivity
is strongly influenced by the
nature of the cation: Ho, Y and
Eu give very good enantioselec-
tivities (entries 4–6: ee in the
range 90–95 %) and Sc (entry 1)


gives an excellent enantioselectivity (ee 99 %); in fact this
catalyst gives one of the best results reported in the litera-
ture.


This ligand produces another remarkable result, since the
enantioselectivity can be simply driven by changing the
cation: the Sc-based catalyst gives (2’S)-9 a in 99 % ee, while
the Y-based catalyst furnishes the opposite enantiomer with
up to 95 % ee. This specific property makes pybox 4 a
unique ligand, better by far than cis-4’,5’-diphenyl-pybox,
which gave a similar effect, but with a less pronounced shift
in the enantioselectivity.[4]


The analogous DA reaction run on the crotonoyl deriva-
tive 5 b requires a higher temperature to be complete within
1–2 days and is less endo selective than the cycloaddition in-
volving 5 a : if Sc is excluded, products 9 b and 10 b are ob-
tained in a ratio varying from 2:1 to about 1:1. The enantio-
selectivity obtained with the Sc catalyst (Table 2, entry 1) is
excellent, since the ee�s of (2’S)-9 b and 10 b are 93 and
99 %, respectively. The catalysts with any other lanthanide
revert the sense of the induction, but good results in terms
of enantioselectivity are observed only for the endo isomer
and for Ho, Y and Eu (Table 2, entries 4–6).


Table 1. Diels–Alder reactions between 5a and 6 at �50 8C in CH2Cl2 in
the presence of 10 % mol of catalyst and 4 � molecular sieves.


Entry r[a] [�] Triflate t [h] [9a]/[10 a][b] 9 a ee %[c] 10 a ee%[c]


1 0.870 Sc 16 96:4 99 (2’S) Re >95 (2’S) Re
2 0.977 Lu 48 90:10 24 (2’R) Si racemic
3 0.985 Yb 24 91:9 83 (2’R) Si 55 (2’R) Si
4 1.015 Ho 48 95:5 91 (2’R) Si 60 (2’R) Si
5 1.019 Y 48 90:10 95 (2’R) Si 67 (2’R) Si
6 1.066 Eu 48 91:9 90 (2’R) Si 50 (2’R) Si
7 1.126 Pr 24 93:7 86 (2’R) Si 24 (2’R) Si
8 1.160 La 16 94:6 80 (2’R) Si racemic


[a] r = ionic radius. [b] Yields were all quantitative. [c] The configuration
is given in parentheses, followed by the face approach.


Scheme 1.


Scheme 2.
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The behaviour of both dienophiles in terms of enantiose-
lectivity response to the change of the cation is similar. Sc
gives (S)-9 as the preferred enantiomer, then, with the in-
creasing of the ionic radius, the enantioselectivity is reverted
with a maximum occurring with the medium-sized cations
(Ho, Y, Eu). If log [(S)-9/(R)-9] or log [(S)-10/(R)-10] are
plotted versus the lanthanide ionic radius (r), a two lines are
obtained that intercept each other at Y, as clearly evidenced
by the graph of Figure 1 in the case of 9 a. This is the same
behaviour already observed in the asymmetric catalysis with
other 4’-alkyl-substituted pybox ligands.[4,8]


1,3-Dipolar cycloaddition (1,3-
DC): The 1,3-DC between 5 a
and diphenylnitrone 7 was run
at �20 8C, the yields are nearly
quantitative, all catalysts are
exo-selective and 12 a is the
major product, an unusual be-
haviour in the pybox-catalysed
1,3-DC between 7 and 5 a.[1]


For box-based catalysts exo-se-
lectivity is much more usual;
for example, compound 12 a
was obtained with optical


purity suitable to determine its absolute configuration
through the X-ray structure of a derivative only by using
trans-4,5-diphenyl bis(oxazoline) as the chiral ligand.[9]


If the exo selectivity is remarkable, the ee of 12 a obtained
with the lanthanide/4 complexes (Table 3) is unsatisfactory
and cannot compete with the ee obtained with the above-
mentioned box-based catalysts.


Again, the enantioselectivity largely depends upon the
cation: Lu and Yb (entries 2,3) give 12 a with the (3’R,4’R)
configuration (67 and 62 % ee respectively), whereas Pr and
La (entries 7,8) give the opposite enantiomer with compara-
ble ee.


The reaction between the crotonoyloxazolidinone (5 b)
and 7 was run at room temperature; the yields are about
quantitative and nearly equal amounts of endo-11 b and exo-
12 b are obtained (Table 4). The ee of endo-11 b is very dis-
appointing with small cations, and only Pr and La (the
larger cations; entries 7,8) give the (3’R,4’S,5’R) enantiomer
with up to 64 % ee. In the case of exo-12 b, a preferential ap-
proach of nitrone to the Re-face of the coordinated dipolar-
ophile is observed with the smaller cations, and
(3’R,4’R,5’S)-12 b is the favoured stereoisomer (Sc, Lu and
Yb; Table 4, entries 1–3), while the favoured approach with
the larger cations is on the opposite Si-face (Table 4, en-
tries 4–8), and a very good selectivity (90 % ee) of
(3’S,4’S,5’R)-12 b is obtained by using Pr (Table 4, entry 7).


The relationships between enantioselectivity and ionic
radius are somewhat different from those observed in the
case of the DA reaction, with trends that depend upon the
dipolarophile.


Table 3. 1,3-Dipolar cycloaddition of 5 a and 7 at �20 8C in CH2Cl2 in the
presence of 10 % mol of catalyst and 4 � molecular sieves.


Entry Triflate t [h] [11a]/[12a][a] 11 a ee%[b] 12 a ee%[b]


1 Sc 48 22:78 50 (3’S,4’R) Re 20 (3’R,4’R) Re
2 Lu 48 10:90 24 (3’S,4’R) Re 67 (3’R,4’R) Re
3 Yb 48 9:91 5 (3’R,4’S) - 62 (3’R,4’R) Re
4 Ho 48 8:92 53 (3’R,4’S) Si racemic
5 Y 48 10:90 53 (3’R,4’S) Si 7 (3’S,4’S) -
6 Eu 48 6:94 68 (3’R,4’S) Si 51 (3’S,4’S) Si
7 Pr 48 6:94 56 (3’R,4’S) Si 66 (3’S,4’S) Si
8 La 16 10:90 26 (3’R,4’S) Si 65 (3’S,4’S) Si


[a] Yields were all quantitative. [b] The configuration is given in paren-
theses, followed by the face approach.


Table 4. 1,3-Dipolar cycloaddition of 5b and 7 at 25 8C in CH2Cl2 in the presence of 10% mol of catalyst and
4 � molecular sieves.


Entry Triflate t [h] [11b]/[12b][a] 11b ee %[b] 12b ee%[b]


1 Sc 72 37:63 racemic 54 (3’R,4’R,5’S) Re
2 Lu 72 45:55 8 (3’R,4’S,5’R) - 50 (3’R,4’R,5’S) Re
3 Yb 72 49:51 11 (3’R,4’S,5’R) Si 34 (3’R,4’R,5’S) Re
4 Ho 72 59:41[c] 30 (3’R,4’S,5’R) Si 48 (3’S,4’S,5’R) Si
5 Y 72 56:44[d] 30 (3’R,4’S,5’R) Si 47 (3’S,4’S,5’R) Si
6 Eu 72 50:50[e] 45 (3’R,4’S,5’R) Si 81 (3’S,4’S,5’R) Si
7 Pr 72 50:50 64 (3’R,4’S,5’R) Si 90 (3’S,4’S,5’R) Si
8 La 72 56:44 64 (3’R,4’S,5’R) Si 85 (3’S,4’S,5’R) Si


[a] Yields were quantitative unless stated otherwise. [b] The configuration is given in parentheses, followed by
the face approach. [c] Yield: 94%. [d] Yield: 98 %. [e] Yield: 93%.


Figure 1. Plot of log [(S)-9 a/(R)-9 a] versus the lanthanide ionic radius (r).


Table 2. Diels–Alder reactions between 5 b and 6 at 17 8C in CH2Cl2 in
the presence of 10 % mol of catalyst and 4 � molecular sieves.


Entry Triflate t [h] [9 b]/[10b][a] 9 b ee%[b] 10 b ee%[b]


1 Sc 24 92:8 93 (2’S,3’R) Re >99 (2’S,3’R) Re
2 Lu 48 70:30 30 (2’R,3’S) Si racemic
3 Yb 48 63:37 64 (2’R,3’S) Si 35 (2’R,3’S) Si
4 Ho 48 45:55 90 (2’R,3’S) Si 56 (2’R,3’S) Si
5 Y 48 55:45 90 (2’R,3’S) Si 54 (2’R,3’S) Si
6 Eu 48 68:32 90 (2’R,3’S) Si 49 (2’R,3’S) Si
7 Pr 48 71:29 87 (2’R,3’S) Si 30 (2’R,3’S) Si
8 La 16 74:26 81 (2’R,3’S) Si 18 (2’R,3’S) Si


[a] Yields were all quantitative. [b] The configuration is given in paren-
theses, followed by the face approach.
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The Mukaiyama–Michael (MM) reaction : The MM reaction
of 5 a and 8 to give the enantiomers 13 a and 14 a is not easy,
and only a few asymmetric catalysts have been applied to
such a reaction. Two catalysts were first tested: the (R)-3,3’-
bis(N,N-diethylaminomethyl)BINOL/Sc(OTf)3, and [(S,S)-
tert-butyl-box/Cu(OTf)2 systems, both giving only moderate
enantioselectivity.[10] Recently, after a careful optimisation of
the reaction conditions and by using 4 � molecular sieves
(MS) and pentafluorophenol as additives, the (R)-N,N’-
bis(2-quinolylmethylene)BINIM/Ni(ClO4)2 system has been
reported to give the S enantiomer in excellent yield (93 %)
and enantioselectivity (with up to 91 % ee).[11]


Of the eight lanthanide complexes of 4 tested, seven de-
stroyed the reagents, and only the Sc-based complex was an
efficient catalyst when one equivalent of alcohol with poor
coordinating ability (trifluoroethanol (TFE), hexafluoroiso-
propanol (HFIP) or tert-butyl alcohol) and MS were used as
additives (Table 5). In the presence of TFE, HFIP or
tBuOH (Table 5, entries 5–7) the yields are quantitative and
the enantioselectivity of 13 a is comparable with the best re-
sults reported in the literature.


The conditions required to catalyse the reaction of 5 b and
8 were less selective and, in the presence of MS and one
equivalent of TFE, the results reported in Table 6 (en-
tries 2,5–11) were obtained.


The Sc complex (entry 2) gives excellent results both in
terms of diastereo- (anti :syn= 98:2) and enantioselectivity
(the ee of (S,S)-13 b is 94 %) and it can compete with the
best asymmetric catalysts, specific for the MM reaction of
5 a and 8, the bis[(4’R,5’R)-diphenyl]pybox complexes of La,
Eu and Ce triflate.[2]


The enantioselectivity changes with the cation: the ee of
(S,S)-13 b decreases from Sc to Yb (entries 2,5,6); with Ho
and the following lanthanides (entries 7–11), adduct (R,R)-
13 b is obtained as the preferential enantiomer, with a maxi-
mum corresponding to the medium-sized lanthanide (Eu,
entry 9). Therefore, the relationship between enantioselec-
tivity and ionic radius becomes again a net broken line as
previously observed in the DA reaction.


Discussion


Some points deriving from the above-presented results re-
quire discussion and rationalisation:


1) The enantioselectivity reversion with the change of the
cation taking the chiral ligand as constant.


2) The different selectivity induced by the catalysts with
the change of the second reaction partner taking the co-
ordinating reagent as constant.


The formation of opposite enantiomers by simply chang-
ing the lanthanide cation in the pybox-based catalyst has al-
ready been observed[4,8,12–14] and in the DA reaction the rela-
tionships between enantioselectivity and lanthanide ionic
radius evidenced two different typologies. When the pybox
had a phenyl group at the 4’-position on the oxazoline ring,
a linear relationship was obtained, but when the 4’-substitu-
ent was an alkyl group, two lines were obtained that inter-
cepted each other at one of the medium-sized cations, with
the extremes being Sc and La.[4,8] This effect was interpreted
as the result of a change in the coordination of chiral ligand
and reagents (4 and 5 in this research) around the different
cations.


The relationship between enantioselectivity and lantha-
nide ionic radius described above (see Figure 1) suggests
that, in spite of its complex structure, ligand 4 largely be-
haves as a 4’-alkyl-substituted pybox, and that (keeping the
cation constant) 5 a,b could generate the same reacting inter-
mediate in each catalytic process (DA, 1,3-DC and MM re-
action) with the attack of the different reagents (6–8) on the
same unshielded enantioface of the coordinated reagent.


This hypothesis was tested first with the predominant
endo products of the DA reaction by plotting log [(S)-9 b/
(R)-9 b] versus log [(S)-9 a/(R)-9 a] (Figure 2). When the
cation is kept constant, the linear relationship strongly sup-
ports a similar behaviour of the reacting intermediates in-
volving 5 a and 5 b versus 6, independent of the coordination
number (CN) of the complex.


To compare the reacting intermediates involved in the
1,3-DC and MM reactions with those of the DA cycloaddi-


Table 5. Mukaiyama–Michael reaction of 5a and 7 at �50 8C in CH2Cl2


in the presence of 10% mol of catalyst, 4 � molecular sieves (MS), and
several additives.[a]


Entry Triflate Additives ee %[b]


1 Sc –
2 Sc MS 78 (S)
3 Sc CF3CH2OH[c] 89 (S)
4 Sc MS/EtOH[c] 89 (S)
5 Sc MS/CF3CH2OH[c] 92 (S)
6 Sc MS/(CF3)2CHOH[c] 92 (S)
7 Sc MS/tBuOH[c] 93 (S)


[a] Yields were quantitative except for entry 1 for which no reaction oc-
curred. [b] The configuration is given in parentheses. [c] One equivalent.


Table 6. Mukaiyama–Michael reaction of 5b and 7 at �20 8C in CH2Cl2


in the presence of 10% mol of catalyst, 4 � molecular sieves, and several
additives.


Entry Triflate Additives [13 b]/[14 b][a] 13 b ee%[b] 14 b ee %[b]


1 Sc – 96:4 82 (S,S) Re 44 (R,S) Re
2 Sc [c] 98:2 94 (S,S) Re >90 (R,S) Re
3 Sc [d] 98:2 94 (S,S) Re >90 (R,S) Re
4 Sc [e] 96:4 94 (S,S) Re >95 (R,S) Re
5 Lu [c] 96:4 54 (S,S) Re 19 (S,R) Si
6 Yb [c] 95:5 46 (S,S) Re 8 (S,R) –
7 Ho [c] 90:10 42 (R,R) Si 3 (R,S) –
8 Y [c] 93:7 26 (R,R) Si 18 (R,S) Re
9 Eu [c] 87:13 70 (R,R) Si 33 (R,S) Re
10 Pr [c] 75:25 53 (R,R) Si 4 (R,S) –
11 La [c] 61:39 33 (R,R) Si 20 (S,R) Si


[a] Yields were all quantitative. [b] The configuration is given in paren-
theses, followed by the face approach. [c] With one equivalent of
CF3CH2OH. [d] With one equivalent of tBuOH. [e] With one equivalent
of (CF3)2CHOH.
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tion, the enantioselectivity of the major products obtained
from the reactions of 5 b (12 b for the 1,3-DC and 13 b for
the MM addition) were plotted versus the enantioselectivity
of the endo product 9 b. Only the correlation between DA
and MM data is linear (Figure 3), and this is a good experi-
mental proof that similar reacting intermediates are in-
volved in both the reactions. After the coordination of 4 and
5 b around the cation, the attack of either 6 (DA reaction)
or 8 (MM addition) is on the same enantioface of the coor-
dinated 5 b, to produce the same stereochemical outcome.


A linear relationship between enantioselectivity and ionic
radius can be interpreted as the result of two competing
pathways, each involving a reactive complex, the specific
configuration of which induces the preferred attack to the
Re or the Si face of the complexed reagent.[4,8] A broken
linear relationship requires a more complicated model. To


gain information about the reactive intermediates involved
in the catalytic cycles of the above DA, 1,3-DC and MM re-
actions, possible tools are 1H and 13C NMR spectroscopic in-
vestigations and X-ray structure analysis of lanthanide
pybox complexes.


Starting from the X-ray structure of a pybox-based com-
plex, the substitution of some ligands (generally one or
more triflate ions, one or more water molecules) with the
coordinating reagent allows us to propose a model of a reac-
tive intermediate that is able to rationalise the stereochemi-
cal outcome of the reaction. There have been reports in the
literature of two crystal structures of Sc–pybox complexes;
[Sc(Ph-pybox)(OTf)3(H2O)] and [Sc(Inda-pybox)(OTf)3-
(H2O)].[15,16] In both cases, Sc has a CN of seven: the three
nitrogen atoms of the pybox, one triflate ion, and one water
molecule define the equatorial plane of the complex, while
the two remaining triflate anions occupy the two residual
apical positions. In the case of La, the reported crystal struc-
ture of [La(trans-4’,5’-diPh-pybox)(OTf)3(H2O)4] shows that
La has a CN of nine, because besides the three nitrogen
atoms of the chiral ligand, two axial triflates and four water
molecules are bound to La.[2]


To rationalise the relationship between cation and enan-
tioselectivity, a homogenous set of crystal structures involv-
ing pybox and different lanthanides is required. Unfortu-
nately, such a homogenous set of data is not available in the
literature, but recently the molecular structures of six
lanthanide(iii) complexes have been determined. The li-
gands around the cation were the bidentate and negatively
charged PhC(NAr)2, the CH2SiMe3 group, and a variable
number of THF molecules;[17] the crucial point is that the
CN clearly increases with the increasing of ionic radius: the
CN is five for the Sc-based complex, six for Lu, Y and Gd,
and seven for Nb and La.


The ScIII-mediated processes are discussed first, since the
model is simple and because Sc gives the best enantioselec-
tive catalysts. The Sc complex of (4’R,5’R)-2,6-bis(4’-methyl-
5’-phenyl-1’,3’-oxazolin-2’-yl)pyridine (15) was found to be a
highly efficient catalyst of the DA reaction between 5 a and
6, since (2’S)-9 a was obtained with up to 97 % ee ;[4] the Sc
complex of 4, even if its configuration is opposite to that of
15, gives the same (2’S)-9 a with 99 % ee (Table 1, entry 1).


The models of the reacting complexes can be derived
from the ScIII–pybox molecular structures, if two vicinal tri-
flates and the bound water are removed and substituted
with 5, through a complexation with the oxazolidinone CO
group occupying the apical position of the complex.[4,8,18]


Figure 3. Plot of log [(S)-13b/(R)-13b] of the anti-adduct of the Mukaiya-
ma–Michael versus log [(S)-9b/(R)-9 b] of the endo-adduct of the Diels–
Alder.


Figure 2. Plot of log [(S)-9 b/(R)-9 b] versus log [(S)-9a/(R)-9a].
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When a methyl group is at the 4’-position (pybox 15), the Si
face of the coordinated dienophile in the reacting intermedi-
ate 18 is shielded by the trans-phenyl group in the 5’-posi-
tion; the increased steric demand of the substituent in the
4’-position of pybox 4 becomes the crucial factor in deter-
mining the face selectivity. The favoured attack of either cy-
clopentadiene 6 or trimethylsilyloxyfuran (8) on the reacting
intermediate 19 will involve the Re face to give (2’S)-9 a,b
and (2’S)-10 a,b from the attack of 6 to the coordinated dien-
ophile (DA reaction), and (S,S)-13 b from the attack of 8 in
the MM reaction, Figure 4.


The reacting complexes of the diamagnetic trivalent cat-
ions Sc, Y, Lu and La, were tentatively characterised by
NMR spectroscopy in CDCl3, the common ligand being the
pybox 4, and 5 a, 5 b or 3-acetyl-1,3-oxazolidin-2-one (5 c)
(the last taken as an unreactive model of the dipolarophile
used to test diphenylnitrone as potential auxiliary ligand)
being alternatively involved in the formation of the com-
plex.


The 1H NMR spectra with ScIII show the selective forma-
tion of complexes involving pybox and the cation, a behav-
iour with some precedents in pybox–Sc-catalysed reac-
tions,[8,19] with 5 a–c not appreciably involved in the com-
plexation. When nitrone is added to the sample containing
5 c, 4 and Sc, it is clearly coordinated to the cation.


The 1H NMR spectra of [Y(4)] complexes are poorly re-
solved, but show the unequivocal coordination of 4, 5 c, and
(when added) 7 to the cation. The 1H and 13C NMR spectra
of the [1:1:1] complex [Lu(4)-
(5 c)] are sufficiently resolved to
demonstrate the formation of a
complex involving both ligands
and at least one triflate around
the cation (q at 119.4 ppm, 2J-
(C,F)= 316 Hz). When one
equivalent of 7 is added, the
broadening and shifting of the
methyne proton from 7.95 to
8.02 ppm, and the absence of
the carbon absorptions formerly
at 148.7 and 135.8 ppm, support
the formation of a new complex
that indeed retains the triflate
and in addition contains ni-
trone.


When one equivalent of La-
(OTf)3 is added to an equimolar
mixture of 4 and either 5 a, 5 b
or 5 c in CH2Cl2, by diluting the
solutions with pentane, three
solid complexes (20 a, 20 b and
20 c respectively) can be isolat-
ed and their 1H and 13C NMR
spectra are reported in Table 7
with those of the uncomplexed
reagents.


The complexes of 5 a, 5 b and 5 c have very similar NMR
spectra, with the oxazolidinone behaving as a bidentate
ligand through its carbonyl groups, 4 is always a tridentate
ligand, and each complex shows absorption of the triflate
carbon as a quartet at 119.4 ppm. When one equivalent of 7
is added to complex 20 c, the nitrone is not involved in any


Figure 4. Assumed reactive intermediates for the reactions of 5 with both
6 (Diels–Alder) and 8 (Mukaiyama–Michael), catalysed by the Sc(OTf)3


complexes of pybox 15 (reactive intermediate 18) and 4 (reactive inter-
mediate 19).


Table 7. 1H- and 13C NMR spectra of the LaIII triflate complexes between 4 and 5a, 5b, or 5 c in CHCl3.


4 5 a 5 b 5c 20 c 20a 20 b
dH, dC dH, dC dH, dC dH, dC dH, dC dH, dC dH, dC


H3 8.24 – – – 8.23 8.25 8.24
H4 7.93 – – – 8.17 8.19 8.18
H4’ 4.40 – – – 4.77 4.74 4.74
H5’ 5.76 – – – 6.00 5.96 5.96
Ha – 4.44 4.28 4.36 4.50 4.55 4.55
Hb – 4.10 4.04 4.04 4.18 4.21 4.21
He – 7.50 7.25 2.56 2.12 6.95[a] 6.62[a]


Hf – 6.55 7.10 – – 6.42[a] 7.06
Hg – 5.91 1.95 – – 5.85[a] 1.83[a]


C2 147.0 – – – 144.3 144.3 144.3
C2’ 162.8 – – – 166.6 166.5 166.6
C4’ 76.9 – – – 74.0 74.1 74.1
C5’ 84.9 – – – 88.4 88.1 88.2
Ca – 62.0 61.9 61.6 62.5 63.0 63.0
Cb – 42.5 42.5 41.9 42.9 43.4 43.6
Cc – 153.2 153.4 153.4 – – –
Cd – 164.9 165.0 169.9 – – –
Ce – 126.9 121.3 22.8 23.5 – –
Cf – 131.6 146.6 – – – –
SO3CF3 – – – – 119.4 119.4 119.4


[a] Data at 50 8C.
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kind of coordination (methyne H is a narrow singlet at
7.95 ppm, sharp carbon absorptions are observed at 148.7,
135.8 and 121.7 ppm). Further information on the structures
of 20 a–c was derived from their HPLC-MS, which evi-
denced the presence of two triflate ions in each complex. In
conclusion, the spectroscopic investigations demonstrate
that LaIII coordinates three nitrogen and two oxygen atoms,
belonging to 4 and 5 respectively, and two triflate ions
around the cation, while the addition of nitrone had no ap-
parent effects.


To test the relevance of the isolated La-based complexes
in the catalytic cycle, cyclopentadiene was added to samples
of 20 a (cooled to �50 8C) and 20 b (at 17 8C), with molecular
sieves, in CH2Cl2. After 16 h quantitative yields of adducts
were obtained and the stereochemical results (see Experi-
mental Section) were nearly superimposable to those report-
ed in Tables 1 and 2 (entries 8). Thus it seems reasonable to
assume that 20 a,b do not differ from the reacting intermedi-
ate involved in the La-catalysed DA and MM reactions.


The La complexes give two further pieces of information.
There is a strong analogy between the NMR spectrum of
20 b and that of a complex with the same composition, but
with trans-4’,5’-diPh-pybox (16) as chiral ligand,[2] even if the
latter has been registered in CD3CN. The absorptions be-
longing to coordinated 5 b are very similar; the crotonoyl


protons in the 1H NMR spectra are well resolved at 50–
70 8C and the d values of the complex including 16 are
nearly identical to those reported in Table 7. The signals Ca
and Cb carbon atoms have nearly identical d values in their
13C NMR spectra; other signals of 5 b disappear upon com-
plexation. The d values of the triflate C atom signals are
identical.


Even if the configuration of pybox 16 is opposite to that
of 4, the sense of induction of the DA and the MM reactions
for both catalysts derive from the attack to the same Si face
of 5 b.[2,3] Therefore, in order to rationalise the stereochemi-
cal outcome, it is necessary to assume that, in going from
pybox 16 to 4, the increased steric hindrance of the substitu-
ent in the 4’-position determines a deformation of the cata-
lyst geometry without any change in the cation coordination
sphere (see structures 21 and 22, Figure 5). In the reactive
intermediate 21, derived from pybox 16, the Re face of the
coordinated alkenoyloxazolidinone is shielded by the phenyl
group at the 5’-position of the ligand, while in the deformed
complex 22 the shielding effect is exerted by the bulky sub-
stituent in the 4’-position of pybox 4. In both cases, despite
the opposite configuration of the chiral ligands, the reactive
complex will favour an approach to the same Si face of the


coordinated reagent and only a reduction in the enantiose-
lectivity will be observed.


The nonhomogenous behaviour of the set of catalysts
with respect to 1,3-DC may also be rationalised from the
above NMR spectra. The enantioselectivity induced into the
DA and MM reactions by changing the lanthanides is simi-
lar because the second reagent is not involved in any reac-
tive complexes, while the coordination ability of nitrone 7
has been found to depend upon the cation. Hence the rela-
tionship between enantioselectivity and lanthanide catalyst
of the 1,3-DC reactions will not be comparable with that ob-
served in the DA and MM reactions.


Conclusion


The new pybox ligand 4 described in this paper can be
easily synthesised on a multigram scale, and, with lanthanide
triflates, gives efficient enantioselective catalysis of the DA
and the MM reactions of 5 a,b. The catalyst is less enantiose-
lective in the 1,3-DC between diphenylnitrone 7 and 5, even
if some isoxazolidines are obtained with up to 90 % ee.


These results make pybox 4 competitive with 2,6-bis-
[(4’R,5’R)-diphenyl-1,3-oxazolin-2’-yl]pyridine (16), one of
the more flexible pybox ligands suitable for the preparation
of catalysts with lanthanide cations. The new ligand has an
important advantage over 16, since the enantioselectivity is
a function of the lanthanide with formation of opposite
enantiomers simply by changing the cation. This specific
character can be appreciated in the DA reaction of 5 a, since
the complex [ScIII(4)] gives the adduct (2’S)-9 a with 99 % ee,
whereas the complex [YIII(4)] gives the opposite enantiomer
with 95 % ee.


Figure 5. Assumed reactive intermediates for the reactions of 5 with both
6 (Diels–Alder) and 8 (Mukaiyama–Michael), catalysed by the La(OTf)3


complexes of pybox 16 (reactive intermediate 21) and 4 (reactive inter-
mediate 22).
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Experimental Section


General methods and materials : Melting points were determined by the
capillary method and are uncorrected. 1H and 13C NMR spectra were re-
corded at 300 and 75 MHz, respectively. HPLC-MS spectra were carried
out by using an LCQ DECA ion trap mass spectrometer equipped with
electrospray ionisation (ESI) ion source and controlled by Xcalibur soft-
ware 1.1 (Thermo-Finnigan, San Jose, CA, USA). For sample injection
the instrument syringe pump was used at a flow rate of 5 mL min�1. Sam-
ples were dissolved in CH3CN. Experiments were carried out in positive
ion mode under constant instrumental conditions: source voltage 2.0 keV,
capillary voltage 37 V, sheet gas flow 29 (arbitrary units), capillary tem-
perature 200 8C, tube lens voltage 0 V. Dichloromethane was the hydro-
carbon-stabilised Aldrich ACS grade, distilled from calcium hydride and
used immediately; lanthanide triflates were Aldrich ACS reagents; pow-
dered molecular sieves 4 � were obtained from Aldrich and heated
under vacuum at 300 8C for 5 h and kept in sealed vials in a dryer.
(1S,2S)-2-Amino-1-phenylpropane-1,3-diol (1) and 3-acetyl-1,3-oxazoli-
din-2-one (5 c) were Aldrich commercial products. Dimethyl pyridine-2,6-
dicarboximidate (2) was prepared from 2,6-dicyanopyridine following the
literature method.[6] 3-Acryloyl- and 3-crotonoyl-1,3-oxazolidin-2-ones
(5a,b) were prepared following the literature method.[20, 21]


(4’S,5’S)-2,6-Bis(4’-hydroxymethyl-5’-phenyl-1’,3’-oxazolin-2’-yl)pyridine
(3): A mixture of 1 (3.34 g, 20 mmol) and 2 (1.93 g, 10 mmol) in 1,2-di-
chloroethane (20 mL) was heated under reflux for 24 h. After cooling for
a few hours at 5 8C, 3 precipitated as a white solid which was filtered,
dried (2.67 g, 67% yield), and directly used in the following reaction. A
sample was crystallised from ethyl acetate as soft white crystals. M.p.
210–211 8C; [a]25


D =++20.5 (c= 0.2 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=3.84 (br s, 2 H; -CHHOH), 4.31 (m, 4H; 4’-H,
-CHHOH), 5.23 (br s, 2H; -OH), 5.79 (d, 3J(H,H) = 8.3 Hz, 2H; 5’-H),
7.3–7.5 (m, 10 H; aromatic protons), 7.69 (t, 3J(H,H) =7.8 Hz, 1 H; 4-H),
7.92 ppm (d, 3J(H,H) =7.8 Hz, 2H; 3-H); 13C NMR (75 MHz, CDCl3):
d=62.7 (-CH2OH), 76.7 (4’-C), 83.3 (5’-C), 125.4 (3-C), 125.9, 128.4,
128.8, 137.0 (4-C), 146.3, 163.0 ppm; IR (Nujol): ñ =3308 (OH),
1653 cm�1; elemental analysis calcd (%) for C25H23N3O4 (429.5): C 69.91,
H 5.40, N 9.79; found: C 70.05, H 5.33, N 10.00.


(4’S,5’S)-2,6-Bis[4’-(triisopropylsilyl)oxymethyl-5’-phenyl-1’,3’-oxazolin-2’-
yl]pyridine (4): A suspension of 3 (2.14 g, 0.5 mmol), triisopropylsilyl
chloride (2.12 g, 1.1 mmol) and imidazole (2.04 g, 3 mmol) in CH2Cl2 was
stirred overnight at RT. The solvent was evaporated and the residue was
subjected to chromatography over a short column of neutral Al2O3 with
cyclohexane/AcOEt 85:15 as eluant. Pure 4 (3.15 g, 85 % yield) soon sep-
arated as a white solid. M.p. 111–112 8C; [a]25


D =++62.2 (c =1.0 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.07 (m, 42H; TIPS), 3.84
(dd, 3J(H,H) =9.0, 9.8 Hz, 2 H; -CHHO), 4.21 (dd, 3J(H,H) =4.1, 9.8 Hz,
2H; -CHHO), 4.40 (m, 2H; 4’-H), 5.76 (d, 3J(H,H) =6.4 Hz, 2H; 5-H),
7.3–7.4 (m, 10 H; aromatic protons), 7.93 (t, 3J(H,H) =7.8 Hz, 1 H; 4-H),
8.24 ppm (d, 3J(H,H) =7.8 Hz, 2H; 3-H); 13C NMR (75 MHz, CDCl3):
d=11.8 (CH TIPS), 17.9 (CH3 TIPS), 65.5 (CH2O), 76.9 (4’-C), 84.9 (5’-
C), 125.8, 127.9 (3-C), 128.4, 137.1, 140.8 (4-C), 147.0, 172.6 ppm; IR
(Nujol): ñ =1642 cm�1; elemental analysis calcd (%) for C43H63N3O4Si2


(742.2): C 69.59, H 8.56, N 5.66; found: C 69.75, H 8.48, N 5.78.


General procedure for the enantioselective Diels–Alder reaction between
5a and 6 : Compound 5 a (0.042 g, 0.30 mmol), pybox 4 (0.03 mmol), the
lanthanide triflate (0.03 mmol) and molecular sieves (about 0.040 g) were
added to anhydrous CH2Cl2 (0.3 mL) at ambient temperature in a
rubber-septum-sealed vial; the mixture was stirred 1 h and then cooled at
�50 8C. Compound 6 (100 mL, ca. 1.5 mmol) was added with a microsyr-
inge and stirring was continued at �50 8C until TLC showed that all of
the dienophile had reacted. The reaction was quenched in water, extract-
ed with CH2Cl2, dried, the mixture of adducts 9 a and 10 a was separated
from pybox 4 by column chromatography (silica gel, 30 cm L, 1,5 cm di-
ameter, cyclohexane/ethyl acetate 75:25 was the eluant), and subjected to
HPLC analysis using a Chiralcel OD column with hexane/2-propanol
(9:1) as eluant (1.0 mL min�1). The average retention times were 20 and
21 min for (1’S,2’R,4’S)- and (1’R,2’S,4’R)-3-(bicyclo[2.2.1]hept-5’-ene-2’-
carbonyl)-2-oxazolidinone (10a) respectively, 22.5 and 25 min for


(1’S,2’S,4’S)- and (1’R,2’R,4’R)-9 a respectively, largely dependant on
small variations of the solvents, and were checked with reference mix-
tures.


General procedure for the enantioselective Diels–Alder reaction between
5b and 6 : Compound 5 b (0.046 g, 0.30 mmol), the chiral ligand pybox 4
(0.03 mmol), the lanthanide triflate (0.03 mmol) and molecular sieves
(0.040 g) were added to anhydrous CH2Cl2 (0.3 mL) at ambient tempera-
ture in a rubber-septum-sealed vial; the mixture was stirred 1 h and then
kept at a constant temperature of 17 8C. Compound 6 (100 mL, ca.
1.5 mmol) was added and the reaction was worked up as previously de-
scribed for the reaction between 5a and 6, except the HPLC analysis was
performed on a Chiralpak AD column with hexane/2-propanol (98:2) as
eluant (0.5 mL min�1). The average retention times were 32 and 36 min
for (1’S,2’R,3’S,4’R)- and (1’R,2’S,3’R,4’S)-3-(3-methylbicyclo[2.2.1]hept-
5’-ene-2’-carbonyl)-2-oxazolidinone (10 b) respectively, 34.5 and 40.5 min
for (1’S,2’S,3’R,4’R)- and (1’R,2’R,3’S,4’S)-(9b) respectively.


General procedure for the enantioselective 1,3-dipolar cycloaddition be-
tween 5a and 7: Compound 5a (0.042 g, 0.30 mmol), pybox 4
(0.03 mmol), the lanthanide triflate (0.03 mmol) and molecular sieves
(about 0.040 g) were added to anhydrous CH2Cl2 (0.3 mL) at ambient
temperature in a rubber-septum-sealed vial, and the mixture was stirred
for about 1 h. The mixture was then cooled at �20 8C and after about
10 min 7 (0.060 g, 0.30 mmol) was added and stirring was continued at
�20 8C until TLC showed that all dipolarophile had reacted. The reaction
was quenched in water, extracted with CH2Cl2, dried, the mixture of ad-
ducts 11 a and 12a was separated from pybox ligand by column chroma-
tography (silica gel, cyclohexane/ethyl acetate 80:20 was the eluant), and
subjected to HPLC analysis using a Chiralpack AD column with hexane/
2-propanol (8:2) as eluant (1.0 mL min�1). The quality of 2-propanol was
crucial for the separation and C. Erba solvent was the best. The average
retention times were 17 and 19 min for (3’S,4’S)- and (3’R,4’R)-3-[(2’,3’-
diphenylisoxazolidin-4’yl)carbonyl]-1,3-oxazolidin-2-one (12 a) respective-
ly; 20.5 and 24.4 min for (3’R,4’S)- and (3’S,4’R)-11a respectively.


General procedure for the enantioselective 1,3-dipolar cycloaddition be-
tween 5 b and 7: Compound 5b (0.046 g, 0.30 mmol), the chiral ligand
pybox 4 (0.03 mmol), the lanthanide triflate (0.03 mmol) and molecular
sieves (about 0.040 g) were added to anhydrous CH2Cl2 (0.3 mL) at ambi-
ent temperature in a rubber-septum-sealed vial; the mixture was stirred
for 1 h and then kept at a constant temperature of 25 8C. After about
10 min 7 (0.060 g, 0.30 mmol) was added and stirring was continued until
TLC showed that all of the dipolarophile had reacted. The reaction was
worked up as previously described for the reaction between 5a and 7 and
HPLC analysis was performed on a Chiralpak AD column with hexane/
2-propanol (90:10) as eluant (1.0 mL min�1). The average retention times
were 17 and 18 min for (3’R,4’R,5’S)- and (3’S,4’S,5’R)-3-[(4’-methyl-2’,3’-
diphenylisoxazolidin-4’-yl)carbonyl]-1,3-oxazolidin-2-one (12 b) respec-
tively; 31 and 43 min for (3’R,4’S,5’R)- and (3’S,4’R,5’S)-11b respectively.


General procedure for the enantioselective Mukaiyama–Michael reaction
between 5 a and 8 : Compound 5 a (0.042 g, 0.30 mmol), pybox 4
(0.03 mmol), Sc(OTf)3 (0.015 g, 0.03 mmol) and molecular sieves (about
0.040 g) were added to anhydrous CH2Cl2 (0.3 mL) at ambient tempera-
ture in a rubber-septum-sealed vial; the mixture was stirred for about
1 h. The mixture was then cooled to �20 8C, the required amount
(0.30 mmol) of the additive reported in Table 5 was added, and after
about 10 min, 8 (0.047 g =50 mL, 0.30 mmol) was added with a microsyr-
inge. Stirring was continued at �20 8C until TLC showed that all 5 a re-
acted, the reaction was quenched in water, extracted with CH2Cl2 and
dried; the mixture of enantiomers 13 a and 14 a was separated from the
pybox ligand by column chromatography (silica gel, cyclohexane/ethyl
acetate 50:50 was the eluant), and submitted to HPLC analysis using a
Chiralpack AD column with hexane/2-propanol (1:1) as eluant
(1.0 mL min�1). The average retention times were 16 and 23 min for (S)-
3-(2’,5’-dihydro-5’-oxo-2’-furyl)propanoyl-1,3-oxazolidin-2-one (13a) and
(R)-14a respectively.


General procedure for the enantioselective Mukaiyama-Michael reaction
between 5b and 8 : Compound 5b (0.046 g, 0.30 mmol), the pybox 4
(0.03 mmol), the lanthanide triflate (0.03 mmol) and molecular sieves
(about 0.040 g) were added to anhydrous CH2Cl2 (0.3 mL) at ambient
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temperature in a rubber-septum-sealed vial; the mixture was stirred for
1 h and then cooled to �20 8C. The required amount (0.30 mmol) of the
additive reported in Table 6 was added, and after about 10 min, 8
(0.047 g=50 mL, 0.30 mmol) was added with a microsyringe. The reaction
was worked up as previously described for 5a and 8 and the HPLC anal-
ysis was performed on a Chiralpak AD column with hexane/2-propanol
(2:1) as eluant (1.0 mL min�1). The average retention times were 19 and
27 min for (R,S)- and (S,R)-3-(2’,5’-dihydro-5’-oxo-2’-furyl)butanoyl-1,3-
oxazolidin-2-one (14 b) respectively, 22 and 25 min for (R,R)- and (S,S)-
13b respectively.


Complexes of 4, 5a–c and lanthanum triflate (20 a–c)—general proce-
dure : The pybox 4 (0.111 g, 0.15 mmol), La(OTf)3 (0.088 g, 0.15 mmol)
and 5 a–c (0.15 mmol) were dissolved in CH2Cl2 (2.0 mL). After one
night the small amount of undissolved solid was filtered through a pip-
ette, and pentane (about 15 mL) was added. After a few hours a white
solid separated (about 75 % yield) that could be crystallised from ben-
zene/hexane. The 1H and 13C NMR spectra are reported in Table 7, addi-
tional analytical and spectroscopic data are listed below.


Complex 20a : M.p. 140–142 8C; [a]25
D =�22.4 (c=0.5 in CHCl3); IR


(Nujol): ñ= 1761 (C=O), 1653 cm�1; MS (2.0 keV, ESI): m/z (%): 1319
(5) [4+5a+La(OTf)2]


+ , 1178 (100) [4+La(OTf)2]
+ ; elemental analysis


calcd (%) for C52H70F9LaN4O16S3Si2 (1469.4): C 42.51, H 4.80, N 3.81;
found: C 42.31, H 5.02, N 3.77.


Complex 20b : M.p. 148–150 8C; [a]25
D =�27.6 (c =0.5 in CHCl3); IR


(Nujol): ñ= 1757 (C=O), 1653 cm�1; MS (2.0 keV, ESI): m/z (%): 1333
(25) [4+5 b+La(OTf)2]


+ , 1178 (100) [4+La(OTf)2]
+ ; elemental analysis


calcd (%) for C53H72F9LaN4O16S3Si2 (1482.3): C 42.91, H 4.89, N 3.78;
found: C 42.77, H 5.03, N 3.91.


Complex 20 c : M.p. 160–162 8C; [a]25
D =�24.2 (c =0.5 in CHCl3); IR


(Nujol): ñ= 1758 (C=O), 1653 cm�1; MS (2.0 keV, ESI): m/z (%): 1307
(3) [4+5c+La(OTf)2]


+ , 1178 (100) [4+La(OTf)2]
+; elemental analysis


calcd (%) for C51H70F9LaN4O16S3Si2 (1456.2): C 42.03, H 4.84, N 3.84;
found: C 42.31, H 5.02, N 3.89.


Diels–Alder reaction between 20 a and 6 : Complex 20 a (0.050 g,
0.035 mmol) and molecular sieves (about 0.020 g) were added to anhy-
drous CH2Cl2 (0.2 mL) at ambient temperature under the conditions of
the DA reaction of 5 a described above. Cyclopentadiene (6, 0.015 mL)
was added at �50 8C and worked up as above (the chromatographic
column was a pipette). The HPLC analysis gave a ratio 9a/10a =90:10;
(2’R)-9 a 75 % ee ; 10 a was nearly racemic.


Diels–Alder reaction between 20b and 6 : Complex 20b (and molecular
sieves) in anhydrous CH2Cl2 was reacted with 6 at 17 8C and worked up
as above. The HPLC analysis gave a ratio 9 b/10b= 70:30; (2’R,3’S)-9a
80% ee ; (2’R,3’S)-10b ee was about 10 %.
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Versatile Glycoblotting Nanoparticles for High-Throughput Protein
Glycomics
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Hirosato Kondo,[b] and Shin-Ichiro Nishimura*[a, c]


Introduction


Many proteins are posttranslationally modified by glycosyla-
tion, and in numerous cases, these glycosylated entities are
specifically responsible for their function. Recent data indi-
cate that more than half of all human proteins are glycosy-
lated.[1] Changes in the extent of glycosylation and the struc-


ture of carbohydrates on the cell surface and proteins have
been proved to correlate with cancer and other diseases. For
example, the N-glycans in the IgG from patients with rheu-
matoid arthritis are deficient in galactose and contained in-
creased levels of two-terminal N-acetylglucosamine glyco-
forms.[2] It is also known that unique carbohydrates attach to
tumor cells and work as tumor markers for cancers such as
pancreatic and colon cancer.[3] Therefore, it is expected that
a method for the systematic and quantitative analysis of gly-
coproteins would be very useful for the screening of new po-
tential biomarkers for diagnosis and therapeutic targets.


To decipher and screen the information contained in com-
plex carbohydrates, general and readily accessible techni-
ques for high-throughput analysis of molecular glycosylation
must be developed. In many cases, the target carbohydrates
are contained in crude biological samples. Conventional
chromatographic techniques have faced difficulties with the
purification process of trace amounts of oligosaccharides in
a crude mixture containing an abundance of digested resi-
dues of proteins and impurities. Affinity columns based on
lectins (naturally occurring protein receptors for carbohy-
drate structures) have often been used to isolate specific car-


Abstract: We have developed an effec-
tive and practical trap-and-release
method based on chemoselective liga-
tion of carbohydrates with reactive
aminooxyl groups attached to the sur-
face of nanoparticles (referred to as
glycoblotting nanoparticles). These gly-
coblotting nanoparticles were synthe-
sized by UV irradiation of diacetylene-
functionalized lipids that contain the
aminooxyl group. The glycoblotting
nanoparticles captured carbohydrates
in aqueous solution under mild condi-
tions and were collected by simple cen-
trifugation. The trapped carbohydrates


were effectively released from the
nanoparticles under acidic conditions
to give pure oligosaccharides. This gly-
coblotting process reduced the time re-
quired for the purification process of
carbohydrates to less than 6 h, com-
pared to the several days needed for
conventional chromatographic techni-
ques. The oligosaccharides (N-glycan)
were released from ovalbumin (glyco-


protein) by PNGase F after tryptic di-
gestion. MALDI-TOF mass spectra
before purification did not show any
significant signals corresponding to N-
glycans because these signals were
hidden by the large signals of the abun-
dant peptides. However, after purifica-
tion with the glycoblotting nanoparti-
cles, only signals corresponding to oli-
gosaccharides appeared. We also dem-
onstrated a clear analysis of the oligo-
saccharides contained in the mice
dermis by means of glycoblotting.


Keywords: glycoblotting · glycosy-
lation · high-throughput screening ·
mass spectrometry · nanoparticles
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bohydrates.[4] However, their high specificity makes any
single lectin ineffective for capturing all glycoforms existing
on glycoproteins. Reinold reported a sugar-trapping method
in which carbohydrates that were activated with hydrazine
can be trapped by an aldehydic polymer.[5] We recently re-
ported a technique that used oxylamine-functionalized gly-
coblotting polymers for rapid glycoform analysis of glyco-
proteins.[6] After releasing the carbohydrates from the glyco-
proteins, all released structures in oligosaccharides have an
identical exposed hemiacetal-reducing terminus that pro-
vides a single reactive moiety for covalent capture. Released
oligossacharides can be directly trapped by hemiacetal-reac-
tive groups, such as oxylamine and hydrazide. Fischer found
that the reaction of oligosaccharides with phenylhydrazine
proceeds smoothly to give the corresponding stable phenyl-
hydrazone derivatives under mild conditions.[7] Mutter re-
ported that aminooxyl groups are also reactive with the
hemiacetal of the carbohydrate through a stable oxime
bond.[8] Herein, we present an effective and practical trap-
and-release method based on chemoselective ligation of car-
bohydrates with oxylamino
groups attached to the surface
of nanoparticles (Figure 1) and
describe the optimal conditions
for glycoblotting and the versa-
tility of this method. We have
chosen an oxylamine-function-
alized photopolymerizable lipid
as an anchor molecule for cap-
turing oligosaccharides. Lipo-
somes of diacetylene-containing
lipids can be readily polymer-
ized by UV irradiation to pro-
duce stable polymer-based
nanoparticles,[9,10] The nanopar-
ticles were simply collected by
centrifugation after trapping
the carbohydrates, which were


then released from the particles under acidic conditions.
Our approach significantly shortens the sugar-purification
process. Our method was applied to the analysis of the gly-
cosylation pattern of serum glycoproteins and mice dermis.


Results and Discussion


Syntheses of photopolymerizable lipids and glycoblotting :
Previously, we reported an optical sensing technique for
sugar–protein interactions by means of sugar-functionalized
polydiacetylene-based nanoparticles.[11] The polydiacetylene
nanoparticles can readily be prepared from photopolymeriz-
able liposomes. The nanoparticles are stable and well-dis-
persed in aqueous solution. The good solubility in aqueous
solutions and a large surface area resulting from their size
contribute to making the nanoparticles an effective trap for
oligosaccharides in biological samples. Here, we used poly-
diacetylene-based nanoparticles as a scaffold to trap oligo-
saccharides. Photopolymerizable oxylamino-lipid 1 was syn-


Figure 1. The concept of the trap-and-release based approach to glycopattern analysis using oxylamine-functionalized glycoblotting nanoparticles.
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thesized according to Scheme 1. 2-[2-(2-Aminoethoxy)-
ethoxy]ethylamine was attached to commercially available
photopolymerizable 10,12-pentacosadyinoic acid (4) to gen-
erate 5 in the presence of water-soluble carbodiimide in
75 % yield. Boc-protected oxylamino derivative 6 was intro-
duced to the lipid 5 and the Boc group was removed under
acidic conditions to generate target lipid 1. N-methyl-amino-
oxyl lipid 2 was synthesized in a similar manner (Scheme 2).
We used these lipid molecules to create aminooxyl-function-
alized nanoparticles. The liposome was synthesized by a 3:7
molecular ratio mixture of aminooxyl lipid (1 or 2) and diac-
etylene phospholipid 3. The polydiacetylene polymer was
formed by 1,4-addition of the diacetylenic monomers, initi-
ated by UV irradiation. The photopolymerization process
was readily confirmed by UV/Vis spectroscopy (Figure 2a).


The mean diameter of the nanoparticles was between 200–
300 nm, as determined by scanning electronic microscopy
(SEM) (Figure 2b). This size of nanoparticles is easily sepa-
rable by centrifugation from sample biomolecules, such as
peptide and proteins (�10 nm). The SEM image also dem-
onstrates that the polymerized nanoparticles were stable
under the vacuum conditions required for SEM measure-
ments, whereas liposomes can not be visualized by SEM.


Trapping efficiency of glycoblotting nanoparticles : The car-
bohydrate-trapping capability of the glycoblotting nanopar-
ticles was examined by means of surface plasmon resonance
(SPR). The nanoparticles were immobilized on a BIAcore
sensor chip and the binding of carbohydrates was moni-
tored. A solution of the synthetic nanoparticles was deposit-


Scheme 1. Synthetic route to photopolymerizable hydroxylamino lipid 1.


Scheme 2. Synthetic route to photopolymerizable N-methylaminooxyl lipid 2.
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ed onto the C18-covered hydrophobic chip at pH 7.4, and
the nanoparticles were immobilized by hydrophobic interac-
tion.[12] A solution of mannopentaose (5 mgmL�1) was then
deposited onto the chip and an increase in signal intensity
(DRU = 87) was observed (Figure 3). When cyclodextrin,


which does not have the reducing end, is used instead of
mannopentaose, there is no change in the signal intensity.
This proves that the reducing end of the carbohydrates is
the reactive moiety for binding to the nanoparticles. The re-
action efficiency between nanoparticles and carbohydrates


was quantitatively estimated by
means of a conventional sulfu-
ric acid/methylresorcinol
method, which is based on the
measurement of the optical ab-
sorption at l = 425 nm.[13] The
trapping efficiency of the syn-
thetic nanoparticles (lipids 1
and 3 = 3:7 mol mol�1) was
evaluated with N-acetyllactos-
amine (LacNAc) in an acetate
buffer (10 mm, pH 4.2).
LacNAc was used as a model
carbohydrate for N-glycans be-
cause N-glycans commonly con-
tains GlcNAc at the reducing
end. The nanoparticles were in-
cubated with LacNAc (0.1 mg,
26 mmol) at 40 8C for 3 h. The


Figure 2. Photopolymerization of diacetylene-containing liposomes. a) Change in UV/Vis absorption spectra of the liposome 1/3 (3/7 mol/mol). The spec-
tra were recorded after exposure to l = 254 nm light for the indicated period. Scanning electron micrograph (SEM) of polymerized liposomes 1/3 from
b) water and c) ethanol.


Figure 3. The binding behaviors of mannnopentaose (blue) and CD (red) with respect to the glycoblotting
nanoparticle immobilized on a surface plasmon resonance (SPR) sensor chip.
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nanoparticles were easily removed from the solution by spin
filtration. The yield of LacNAc trapped on the nanoparticles
(lipid 1 and 3 = 3:7 mol mol�1) was calculated by determin-
ing the free (unbound) LacNAc concentration in the filtrate
by means of a sulfuric acid/methylresorcinol-based method.
The yields of trapped LacNAc were plotted against the total
aminooxyl residues on the nanoparticles (Figure 4). More


than 80 % of the added LacNAc was trapped in the pres-
ence of a large excess of oxylaminoic nanoparticles. In a
control experiment, nanoparticles without the aminooxyl
groups on their surfaces showed no trapping of carbohy-
drates, indicating that the aminooxyl group on the glycoblot-
ting nanoparticles is the functional moiety for the specific
capturing of carbohydrates. When the nanoparticles with the
aminooxyl group were incubated with cyclodextrins, no trap-
ping of cyclodextrins by the nanoparticles was observed. We
also investigated the effect of pH on the sugar-trapping effi-
ciency with LacNAc (0.1 mg, 26 mmol). The nanoparticles
(with a 5:1 excess of aminooxyl residues to LacNAc) cap-
tured the carbohydrate in a wide range of pH values, from 2
to 8, with a 50–70 % yield (data not shown). The maximum
efficiency was observed at pH 4.2, which corresponds to the
conditions in our previous report on the reaction between
sugar and the oxylamino group.[6]


We prepared four kinds of glycoblotting particles (from 1,
2, 1/3 and 2/3) and compared their trapping and recovery
yields for LacNAc in acetate buffer (pH 4.2) at 37 8C
(Figure 5). The trapping efficiency for LacNAc was �45 %
for the nanoparticles constructed from lipid 1 or 2 alone.
The release of carbohydrates from the nanoparticles was
preformed by adding a TFA solution (total of 5 %). The
total yields for both trapping and release process were
almost identical with the trapping efficiencies, which showed
that the efficiency is governed by the trapping process, and
that the release process is almost quantitative under acidic
conditions. The methylated oxylamino group reacts with car-
bohydrates through a cyclic oxime bond,[14] whereas the oxy-
lamino group binds carbohydrates with a linear oxime bond.
However, there is no significant difference in the trapping


efficiency between the two nanoparticles synthesized from 1
or 2 alone. We used a phosphorylcholine-type lipid 3 as an
important component to reduce the nonspecific attach-
ment[15] of peptides contained in a sample to the surface of
the nanoparticles. Addition of phosphorylcholine-type lipid
1 or 2 to the components of the nanoparticles led to an in-
crease of the trapping yield. Since the 1/3 nanoparticles had
the highest efficiency, all the following experiments were
performed with that nanoparticle.


The release process was also confirmed by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry. After glycoblotting of the carbohydrate
(mannopentaose), the nanoparticles were cast on the
MALDI-TOF plate with matrix molecules (2,5-dihydroxy-
benzoic acid). The bound carbohydrates were released from
the nanoparticles by adding 5 % TFA aqueous solution.
Figure 6 shows the MALDI-TOF spectra before and after
TFA treatment. Before TFA treatment, the carbohydrate
signal was very weak. After hydrolysis of the oxime bond


Figure 4. Plot of the trapping efficiency of N-acetyllactosamine (26 mmol
as 1 equiv) with nanoparticles 1/3 (*) and 3 (~) as a function of the ami-
nooxyl residue equivalent in acetate buffer (pH 4.2), 40 8C.


Figure 5. Trapped and recovered yield of N-acetyllactosamine from the
glycoblotting nanoparticles (1, 2, 1/3, and 2/3) in acetate buffer (pH 4.2)
at 40 8C. Upper bar: trapped yield; bottom bar: recovered yield. Release
of LacNAc from the nanoparticles was performed by adding TFA.


Figure 6. MALDI-TOF mass spectrum of mannopentaose released from
the mannopentaose-containing nanoparticles (1/3). a) With TFA treat-
ment, and b) without TFA treatment. c) TFA treatment was performed
on the nanoparticle 3 after the trapping process (control).
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with TFA, however, a clear signal appeared. As a control,
the experiment was repeated with nanoparticles consisting
only of lipid 3, and no signal appeared after the TFA treat-
ment.


Glycoblotting of N-glycans from glycoproteins and their
MALDI-TOF mass analyses : We applied the glycoblotting
approach to the analysis of oligosaccharides from a typical
glycoprotein, ovalbumin. Ovalbumin (1 mg) was digested
with protease (pronase and trypsin), and the subsequent de-
glycosylation of N-glycans from the glycopeptides was per-
formed with PNGase F. We used the crude mixture (N-gly-
cans in a large excess of peptides) as a model sample to ex-
amine the purification ability of the glycoblotting nanoparti-
cles. The glycoblotting nanoparticles (5 mg mL�1) were
added to the crude solution (500 mL) and the pH was adjust-
ed to 4.2. The solution was incubated for 5 h at 40 8C. The
nanoparticles were then isolated by centrifugation with a
Microcon YM-50. The nanoparticles were washed three
times with pure water and then vortexed in water with an
acidic resin functionalized with sulfonic acid (Amber-
lite 120) for 3 h at 37 8C to release the trapped carbohy-
drates. We used an acidic resin as the catalyst to release the
carbohydrates because the acidic resin and the blotting
nanoparticles can be removed from the oligosaccharide so-
lution simultaneously. After the removal of the resin and
the nanoparticles by centrifugation, the filtrate was analyzed
by MALDI-TOF mass spectrometry in a-cyano-4-hydroxy-
cinnaminic acid (CHCA) as the MALDI matrix. The total
duration of the purification process requires �6 h. Only the
signals corresponding to carbohydrates appeared after gly-
coblotting (Figure 7). The N-glycan structures of ovalbumin
have already been reported[16] and the mass spectrometry
data obtained correspond to those that were reported.
Table 1 shows that all signals in Figure 7a accurately corre-
spond to molecular weights of oligosaccharides containing
hexose and N-acetylhexoamine. The crude mixture, on the
other hand, gave numerous signals corresponding to impuri-
ties, such as degraded peptides, and no carbohydrate signals
were observed owing to ion suppression by the peptides.


To prove that the signals in Figure 7a really do correspond
to N-glycans and not to peptide contaminants, TOF/TOF
analysis was carried out for each peak. We have previously
reported that the fragmentation of the precursor ions by the
LIFT-TOF/TOF method allows precise sequencing of N-gly-
cans,[17, 18] A sample of a LIFT-TOF/TOF spectrum of m/z
1339.5 is shown in Figure 7b. The fragment ions clearly show
a separation of 164 and 203, indicative of mass differences
attributable to hexose (Hex) units and N-acetylhexosamine
(HexNAc) units. For all signals, we confirmed that each
signal provides fragmentation corresponding to Hex and
HexNAc in the TOF/TOF spectra. LIFT fragmentation oc-
curred predominantly at the glycoside bond between the
two N-acetyl-d-glucosamine (GlcNAc) residues, whose frag-
ments (lacking one GlcNAc) are shown with an asterisk.
The following fragmentation occurred from the nonreducing
end of the oligosaccharide, thus allowing sequencing of the


Figure 7. MALDI-TOF mass analysis of N-glycans released from ovalbu-
min. a) After isolation of N-glycans with the glycoblotting nanoparticles
(1/3). b) LIFT TOF/TOF spectrum of signal (m/z 1339.5) in (a). The frag-
ment ion indicated by asterisk corresponds to the loss of one GlcNAc
from the reducing end, and the blue arrow indicates the fragment ion
that consecutively loses one hexose from the nonreducing end.


Table 1. Hexose and HexNAc contents in possible oligosaccharide struc-
tures corresponding to signals in Figure 7a.


Observed m/z (Hex)n(HexNAc)m Calculated [M+Na]
n m


1339.5 3 4 1339.48
1501.5 4 4 1501.53
1542.5 3 5 1542.56
1663.6 5 4 1663.59
1704.6 4 5 1704.61
1745.7 3 6 1745.63
1866.8 5 5 1866.67
1907.8 4 6 1907.69
1948.9 3 7 1948.72
2070.0 5 6 2069.75
2111.0 4 7 2111.77
2152.0 3 8 2151.80
2273.1 5 7 2272.82
2314.2 4 8 2313.85
2476.3 5 8 2475.90
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oligosaccharide. For example, there are two possible N-
glycan structures with m/z 1339.5 (structure A and B in
Figure 7). From this TOF/TOF spectrum, the m/z 1339.5
peak can be identified as structure A because a fragment
ion (y ion) that lacks one hexose unit from the nonreducing
end was detected (blue arrow) indicating structure A. In the
case of structure B, because both of the two nonreducing
ends were GlcNAc residues, a fragment ion lacking only one
hexose unit is not possible.


Comparison of glycopatterns between glycoblotting and a
chromatographic method: For accurate and quantitative
profiling of oligosaccharide (N-glycan) patterns, the glyco-
blotting nanoparticles should capture oligosaccharides inde-
pendently of their structure. The proportion of oligosacchar-
ides from crude samples purified by glycoblotting was com-
pared to those purified by gel permeation chromatography
(Biogel-P4). HPLC analysis combined with pyridylamine
(PA) labeling[19] was carried out for oligosaccharides that
were purified by glycoblotting or conventional gel permea-
tion chromatography. Here, we used bovine asialofetuin,
human IgG, and human serum as models for the study of N-
glycan structures of single or mixed glycoproteins. Figure 8a
and b show the HPLC analysis of N-glycans of bovine asia-
lofetuin after purification by the two methods [a) for the
glycoblotting and b) for chromatography]. Bovine asialofe-
tuin has three main N-glycan components (I, II, and III,
structures are shown in Figure 8c). The normalized relative
intensity of all peaks are in good agreement between the
two methods (Figure 8c). Similarly, human IgG N-glycans
that contain core fucose were also elucidated and it was
shown that the two purification methods produce an almost
identical relative intensity for every oligosaccharide (Fig-
ure 8c). Finally, we used the glycoblotting method to isolate
carbohydrates from human serum that contains a variety of
glycoproteins. Because human serum contains a large
amount of glucose that would inhibit the glycoblotting of re-
leased N-glycans, the glucose was transformed to glucolac-
tone by a glucose oxidase prior to glycoblotting. The major
N-glycans in the serum are a hybrid type with or without
core fucose. We found that the relative molecular ratio after
glycoblotting is identical to that after conventional chroma-
tography. These results support the hypothesis that the
nanoparticles trap all N-glycans with the same reaction effi-
ciency, independent of the core fucosylation. Therefore, gly-
coblotting provides accurate ratios of the oligosaccharides in
the sample.


Glycoblotting of oligosaccharides contained in the skin of
mice : To assess the feasibility of applying our approach to
biological samples, we analyzed oligosaccharides in the skin
of mice. Full-thickness skin samples were taken from the
dorsal area of 7-week-old hairless mice. After peeling the
epidermis from the dermis by heat separation, the dermis
were washed with PBS and minced. Sialic acid residues
were removed with HCl solution (pH 2.0) for 60 min at
90 8C. The crude sample was then treated with PNGase F to


release the N-glycans. The oligosaccharides in this sample
were extracted and purified with glycoblotting nanoparticles.
The purified solution was analyzed by MALDI-TOF mass
spectrometry (Figure 9). Each signal in the spectrum was
identified using an oligosaccharide structure database (Gly-


Figure 8. Comparison of N-glycans of glycoproteins purified by the glyco-
blotting process and by gel permeation chromatography. HPLC analysis
of N-glycans of bovine asialofetuin purified by a) glycoblotting and b) gel
permeation chromatography. The purified N-glycans was labeled with PA
and analyzed by HPLC. The relative intensities of all peaks were normal-
ized and are shown in bar graphs. c) Bovine asialofetuin. d) Human IgG.
e) Human serum. Yellow bar: purification by glycoblotting, green bar:
purification by gel permeation chromatography.
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coMod).[20] We found that the signals correspond to N-gly-
cans of the complex/hybrid or the high mannose type. Three
example structures were indicated in Figure 9. The oligosac-
charides contained in mice dermis were also analyzed by
conventional HPLC analysis combined with PA labeling.
These data indicate that the major components are the two
hybrid-type structures shown in Figure 9 (data not shown;
however, a detailed analysis will be reported in near future).
HPLC analyses also indicate that there were high mannose-
type N-glycans (ManmGlcNAc2 : m = 5–9) in the dermis of
mice. Because the relative MALDI-TOF mass intensities of
individual oligosaccharides are related to the distribution of
oligosaccharides in the pool,[6,21] our glycoblotting procedure
provides a rapid and quantitative method to reveal the gly-
cosylation pattern in biological samples when combined
with mass analysis.


Conclusion


This study demonstrates that glycoblotting based on a catch-
and-release approach could be useful for specific capture of
oligosaccharides. Our approach will greatly simplify the
process of purification and isolation of small amounts of
sugars from biological samples without any tedious techni-
ques. Therefore, we believe that the combined use of glyco-
blotting and mass spectrometry provides a high-throughput
glycoform analysis technique that will lead to early diagno-
ses and tailored treatment of a variety of diseases.


Experimental Section


General methods : 10,12-Pentacosadiy-
noic acid was purchased from Tokyo
Kasei Co. (Japan). Boc-amino-oxy-
acetic acid was purchased from Nova-
biochem. All commercial reagents
were used without further purification.
Reactions were monitored by TLC on
250 mm silica gel plates (Merck,
60F254) by means of UV light and
cerium molybdate solution (10 % cer-
ium(iv) sulfate, 15% H2SO4 aqueous
solution). NMR spectra (500 MHz)
were recorded on a Bruker AMX-500
instrument. All NMR measurements
were carried out at room temperature
in CDCl3 or [D4]methanol. MALDI-
TOF MS were measured with an Ul-
traflex TOF/TOF mass spectrometer
equipped with a reflector, and control-
led by the Flexcontrol 1.2 software
package (Brucker Daltonics GmbH,
Bremen, Germany).


Pentacosa-10,12-diynoic acid {2-[2-(2-
aminoethoxy)ethoxy]ethyl}amide (5):
1-Ethyl-3(3’-dimethylaminopropyl)car-
bodiimide-HCl (3.3 g, 17.2 mmol) was
added to a mixture of 10,12-pentacosa-


diynoic acid (4, 1.6 g, 4.3 mmol) and 2,2’-(ethylenedioxy)bis(ethylamine)
(5 mL, 34 mmol) in CH2Cl2 (300 mL) at 0 8C. The reaction mixture was
stirred at 1) 0 8C for 1 h and 2) at room temperature for 8 h. The mixture
was washed with water and brine, and then dried (Na2SO4). The solvent
was evaporated in vacuo. The residue was purified by chromatography
(silica gel, CH2Cl2/MeOH 7:3) to afford 5 as a white solid in 70% yield.
1H NMR (500 MHz, CDCl3): d = 6.51 (s, 1H), 3.61 (m, 6H), 3.56 (t,
2H), 3.42 (t, 2 H), 2.96 (t, 2 H), 2.20 (m, 6 H), 1.59 (m, 2 H), 1.48 (m, 4H),
1.34 (m, 4 H), 1.25 (m, 22H), 0.85 ppm (t, J = 6.90, 7.05 Hz, 3H); ESI
MS (pos): m/z calcd for C31H57N2O3 [M+H]+ : 505.4; found: 505.4.


Diacetylene-functionalized tert-butoxycarbonyl-aminooxyl lipid (7): 1-
Ethyl-3(3’-dimethylaminopropyl)carbodiimide-HCl (2.0 g, 10.4 mmol)
was added to a solution of compound 5 (1 g, 1.98 mmol) and Boc-amino-
oxyacetic acid (0.9 g, 4.7 mmol) in a mixed solvent (250 mL) of CHCl3


and MeOH (95:5 v/v) at 0 8C. The reaction mixture was stirred for 12 h
at room temperature. The mixture was washed with water and brine, and
then dried (Na2SO4). The solvent was evaporated in vacuo. The residue
was purified by chromatography (silica gel, CH2Cl2/MeOH 9:1 v/v) to
afford 7 as a white solid in 94% yield. 1H NMR (500 MHz, CDCl3): d =


7.96 (s, 1 H), 6.18 (s, 1 H), 4.35 (s, 2H), 3.66 (s, 4 H), 3.60 (m, 4H), 3.54
(m, 2H), 3.47 (m, 2H), 2.26 (t, J = 6.93, 6.89 Hz, 4 H), 2.20 (t, J = 7.46,
7.85 Hz, 2 H), 1.77 (1 H, s), 1.64 (2 H, m), 1.53 (4 H, m), 1.50 (9 H, s), 1.39
(4 H, m), 1.28 (22 H, m), 0.90 ppm (t, J = 6.85, 7.09 Hz, 3 H); ESI MS
(pos): m/z calcd for C38H67N3O7 [M+H]+ : 678.5; found 678.4.


Diacetylene-containing aminooxyl lipid 1: Trifluoroacetic acid (10 mL)
was added to a cold solution (0 8C) of compound 7 (0.5 g) in CH2Cl2


(50 mL). The reaction mixture was stirred at 0 8C for 5 h, and toluene
(10 mL) was added. The solvents were evaporated in vacuo to afford
pure compound 1 in a quantitative yield. 1H NMR (500 MHz, CDCl3): d


= 6.456 (s, 1H), 4.41 (s, 2H), 3.62–3.56 (m, 6H), 3.56–3.48 (m, 4H),
3.46–3.41 (m, 2H), 2.214 (t, J = 6.94 Hz, 4H), 1.6–1.2 (m, 36 H),
0.857 ppm (t, J = 7.25 Hz, 3H); 13C NMR (125 MHz, CDCl3): d =


175.69, 157.90, 114.44, 77.633, 77.441, 72.465, 70.046, 70.011, 69.825,
69.212, 65.313, 65.233, 39.526, 39.0312, 36.334, 31.917, 29.644, 29.624,
29.608, 29.478, 29.338, 29.134, 29.097, 29.076, 28.893, 28.873, 28.762,
28.375, 28.303, 25.744, 22.685, 19.199, 19.156, 14.100 ppm; ESI MS (pos):
m/z calcd for C33H60N3O5 [M+H]+ : 578.45; found 578.42.


Methyl tert-butoxycarbonylaminooxyacetate (8): Boc-aminooxyacetic
acid (1.50 g, 7.9 mmol) was dissolved in toluene/methanol (30 mL/


Figure 9. MALDI-TOF mass spectrum of N-glycans contained in mice dermis purified by glycoblotting. All
peaks include a sodium cation.
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2.2 mL). TMS-diazomethane (2.0 m) in hexane (4.9 mL) was added, and
the mixture was stirred for 1 h. The solvent was evaporated in vacuo, and
the residue was subjected to column chromatography (silica gel, hexane/
EtOAc 3:1) to give 1.5 g (93.4 %) of 8. 1H NMR (500 MHz, CDCl3): d =


7.85 (s, 1H), 4.36 (s, 2 H), 3.69 (s, 3 H), 1.39 ppm (s, 9 H).


Methyl (tert-butoxycarbonyl-N-methylaminooxy)acetate (9): Ester 8
(1.41 g, 6.86 mmol) was dissolved in DMF (150 mL). Sodium hydride
(65 %, 312 mg, 8.5 mmol) was added, and the mixture was stirred at
room temperature. After 20 min, methyl iodide (510 mL) was injected to
the reaction mixture and stirring was continued for 2 h at room tempera-
ture. The solvent was evaporated, and chloroform was added to the mix-
ture. The solvent was washed with brine, dried over sodium sulfate, and
evaporated. The residue was purified by column chromatography (silica
gel, hexane/EtOAc 7:1) to give 1.22 g (81.3 %) of 9. 1H NMR (500 MHz,
CDCl3): d = 4.46 (s, 2 H), 3.76 (s, 3H), 3.19 (s, 3H), 1.39 ppm (s, 9H).


(tert-Butoxycarbonyl-N-methylaminooxy)acetic acid (10): Ester 9 (95 mg,
0.46 mmol) was dissolved in methanol/H2O (3 mL/1 mL) at 5 8C. Sodium
methoxide (89 mL of 28% w/w in methanol, 0.37 mmol) was added, and
the mixture was stirred for 1 h. After neutralization with Amberlite resin,
the resin was removed by filtration. The filtrate was concentrated to give
10 (90 mg, 95.4 %). 1H NMR (500 MHz, CDCl3): d = 4.45 (s, 2H), 3.20
(s, 3 H), 1.50 ppm (s, 9 H).


tert-Butoxycarbonyl-N-methylaminooxyl lipid (11): 1-Ethyl-3(3’-dimethy-
laminopropyl)carbodiimide–HCl (167 mg, 0.87 mmol), dimethylamino-
pyridine (1 mg, 8.2 mmol), and compound 5 (193 mg, 0.38 mmol) were
added to a solution of compound 10 (90 mg, 4.39 mmol) in CHCl3


(5 mL). The reaction mixture was stirred for 14 h at room temperature.
The solvent was washed with brine, dried over sodium sulfate, and evapo-
rated. The residue was purified by column chromatography (silica gel,
CHCl3/methanol 8:2) to give 87 mg (33 %) of 11. 1H NMR (500 MHz,
CDCl3): d = 8.23 (s, 1H), 6.23 (s, 1 H), 4.31 (s, 2 H), 3.62 (m, 4 H), 3.59
(m, 2 H), 3.54 (m, 2H), 3.50 (m, 2 H), 3.45 (m, 2H), 3.11 (s, 3H), 2.23 (t,
J = 6.98 and 6.97 Hz, 4H), 2.17 (t, J = 7.40 and 7.82 Hz, 2 H), 1.61 (m,
2H), 1.51 (m, 4H), 1.49 (s, 9 H), 1.35 (m, 4 H), 1.28 (m, 22 H), 0.87 ppm
(t, J = 6.84 and 7.14 Hz, 3 H); MALDI-TOF (pos) calcd for C39H70N3O7


[M+H]+ : 692.5; found 692.4.


Diacetylene-containing N-methylaminooxyl lipid 2 : Trifluoroacetic acid
(2 mL) was added to a cold solution (0 8C) of compound 11 (87 mg) in
CH2Cl2 (4 mL). The reaction mixture was stirred at 0 8C for 10 min. Tolu-
ene (10 mL) was added, and the solvents were evaporated in vacuo to
afford pure compound 2 in quantitative yield. 1H NMR (500 MHz,
CDCl3): d = 7.43 (s, 1H), 6.36 (s, 1H), 4.48 (s, 2H), 3.66 (s, 4H), 3.58
(m, 4H), 3.51 (m, 2H), 3.46 (m, 2H), 2.91 (s, 3 H), 2.24 (t, J = 6.60 and
6.97 Hz, 4H), 2.20 (m, 2 H), 1.60 (m, 2H), 1.52 (m, 4 H), 1.37 (m, 4H),
1.28 (m, 22 H), 0.90 ppm (t, J = 6.69 and 7.18 Hz, 3H); MALDI-TOF
(pos) calcd for C34H62N3O5 [M+H]+ : 592.5; found 591.9.


Preparation of polymerized liposomes : Aminooxyl lipid 1 (1.5 mg,
1.58 mmol) and 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine
(3, 13.0 mg, 14.2 mmol) were dissolved in CHCl3/MeOH (9/1) and the
solvent was evaporated to yield a thin lipid film on the surface of the
flask. Deionized water was added to the flask to adjust the concentration
of the lipid to 0.3 mm. The aqueous solution was heated to 70 8C and so-
nicated with a probe-type sonicator (Sonifier II, Branson Co.) for 10 min.
The warm, clear solution containing the liposome was then cooled to 4 8C
and poured into a quartz cell. The solution was irradiated with a UV
lamp (l = 254 nm, 8 W, 100 Volt) under an argon atmosphere for
30 min. The distance of the lamp from the reaction cell was 10 cm.


SEM observation of photopolymerized liposomes : The morphological
features of the fully photopolymerized liposomes (1/3) were examined
under a Scanning Electron Microscope (SEM). The solution of liposomes
in water was desiccated by vacuum drying, and the residue was coated
with Pt/Pb (300 � thickness) with an E-102 Hitachi Ion Sputter unit.
SEM pictures were taken with an S-2250N Hitachi Scanning Electron Mi-
croscope, 15—25 kV/90–120 mA.


General procedure for glycoblotting (ovalbumin): Ovalbumin (1 mg) was
heated at 90 8C for 10 min in NH4HCO3 (10 mm) and lyophilized. The
sample was treated with trypsin (50 mg) and chymotrypsin (50 mg) in Tris–
HCl buffer (0.1 m, 0.2 mL, pH 8.0) at 37 8C for 16 h. The reaction was ter-


minated by heating to 90 8C for 10 min. N-Glycosidase F (10 units, Roche
Molecular Biochemicals) was added to the solution, and the mixture was
stirred for 12 h at 37 8C. The mixture was lyophilized to give a crude
powder that was used as a sample for the glycoblotting. Glycoblotting
nanoparticles (200 mL, 5 mg mL�1) were added the crude solution
(200 mL), and the pH was adjusted to 4.2 by adding sodium acetate
buffer (1 m). The solution was incubated for 5 h at 40 8C, then the nano-
particles were separated by means of a Microcon YM-50 centrifuge
(10 000 rpm) for 30 min at 24 8C. The nanoparticles were washed with
pure water (3 � 100 mL) in a centrifuge. Sulfonic acid–functionalized
acidic resin (Amberlite IR-120) was suspended in the nanoparticle so-
lution for 3 h at 37 8C to release the trapped carbohydrates. The free car-
bohydrates were collected by centrifugation (10 000 rpm for 30 min) in a
Microcon YM-50. Prior to mass analysis, the carbohydrate solution was
concentrated to 20 mL with a centrifugal evaporator at 50 8C.


Preparation of matrix-sample crystals for MALDI-TOFMS : The matrix
solutions were prepared as follows: a-cyano-4-hydroxycinnaminic acid
(CHCA, Bruker Daltonics GmbH) was prepared as a saturated solution
in acetonitrile/water (3:1 (v/v)). The matrix solution (0.5 mL) was applied
to the target spot of an Anchorchip plateTM (Bruker Daltonics), which
was equipped with 384 hydrophilic anchors on an otherwise hydrophobic
surface, followed by application of the sample solution (1 mL). The plate
was then dried at room temperature.


MALDI-TOF mass spectrometry : In the MALDI-TOFMS reflector
mode, ions generated by a pulsed UV laser beam (nitrogen laser, l =


337 nm, 5 Hz) were accelerated with 23.5 kV. Metastable ions generated
by laser-induced decomposition of the selected precursor ions were ana-
lyzed without any additional collision gas.


In MALDI-TOF/TOF mode, precursor ions were accelerated to 8 kV
and selected in a timed ion gate. The fragments were accelerated by
19 kV in the LIFT cell (LIFT means “lifting” of the potential energy for
the second acceleration of the ion source), and their masses were ana-
lyzed after passage through the ion reflector. Masses were automatically
annotated with the FlexAnalysis 2.0 software package. External calibra-
tion of MALDI mass spectra was carried out with reference to singly
charged monoisotopic peaks of a mixture of human angiotensin II (m/z
1046.542), bombesin (m/z 1619.823), ACTH (18–39) (m/z 2465.199), and
somatostatin 28 (m/z 3147.472). The mixture of these peptides was mea-
sured on a central spot of a 3 � 3 mm square by external calibration. To
achieve a mass accuracy better than 60 ppm, internal calibration was car-
ried out by doping the matrix solution with a mixture of the calibration
peptides. Calibration of these mass spectra was performed automatically
with a customized macro command of the FlexControl 2.1 software pack-
age. The macro command was used to calibrate the monoisotopic singly
charged peaks of the above-mentioned peptides.


Preparation of mouse skin dermis : Male hairless mice (Hos/HR-1) were
obtained from Nippon SLC (Shizuoka, Japan). Full-thickness skin sam-
ples were taken from the dorsal area of 7-week-old hairless mice. The ep-
idermis was peeled from the dermis by heat separation (60 8C, 30 s). The
dermis were washed with PBS and minced, heated at 90 8C for 10 min in
water, defatted with chloroform/methanol, and then lyophilized. Sialic
acid residues were removed with HCl (pH 2.0), for 60 min at 90 8C. The
crude carbohydrate mixtures were used for glycoblotting under the same
conditions used for analyzing oligosaccharides from ovalbumin (pH 4.2,
5 h, 40 8C).


Preparation and characterization of PA-oligosaccharides : To test the reli-
ability of the glycoblotting method, released oligosaccharides were puri-
fied and converted to PA-oligosaccharides based on the conventional
processes using Bio-Gel P-4 (1 � 38 cm) eluted with water. The purified
oligosaccharides were lyophilized and pyridylaminated with 2-aminopyri-
dine and sodium cyanoborohydride.[19] The PA-oligosaccharides were re-
moved from any unreacted reagents with Sephadex G-15 (1 � 38 cm,
eluted with 10 mm NH4HCO3). The purified PA-oligosaccharides were
loaded onto an octadecylsilyl-silica column (ODS, 6 � 150 mm, Shimadzu,
Kyoto, Japan) and subjected to HPLC (NANOSPACE SP-2 system, Shi-
seido, Tokyo, Japan) as follows: the solvent used for elution was sodium
phosphate buffer containing 1-butanol (10 mm, pH 3.8), and the 1-butanol
concentration was increased linearly from 0.1% to 0.25 % (v/v) over a
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period of 60 min. The flow rate was 1.0 mL per min and the column tem-
perature was 55 8C. Elution time was variable, depending on the individu-
al column, its age, or the batches of solvents. To reduce such errors, we
revised the elution time to give a value in glucose units (GU). For each
running batch, the PA-isomaltooligosaccharide (Seikagaku Co., Japan)
mixture was analyzed. All elution times of the sample peaks were con-
verted to a GU value, giving a number that indicates the degree of poly-
merization of the glucose residues.
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Contributions of the Distance-Dependent Reorganization Energy and
Proton-Transfer to the Hole-Transfer Process in DNA


Tadao Takada, Kiyohiko Kawai, Mamoru Fujitsuka, and Tetsuro Majima*[a]


Introduction


Charge-transfer phenomena in DNA have been the subjects
of recent extensive research efforts.[1–4] In particular, the
hole-transfer process in DNA has attracted considerable at-
tention because of its relevance to the development of
DNA-based electrochemical biosensory and nanoelectronic
devices,[5–7] and its involvement in DNA-oxidative lesions.[8,9]


Additionally, there has been much interest in whether the
hole transfer through DNA has relevant biological conse-
quences.[4,10–14]


A hole generated in DNA has been shown to migrate
through p-stack arrays over long distances.[15] Long-distance
hole transfer in DNA has been demonstrated experimental-
ly by the results of strand-cleavage studies in duplexes pos-
sessing multiple guanine (G)-containing sites. The model of
a multi-step hole-hopping mechanism, in which G, with the
lowest oxidation potential among the four nucleobases, acts
as a charge carrier, is the most widely adopted.[16–20] In addi-
tion, it has been demonstrated to occur by hole hopping be-


tween adenines (As) (A-hopping) if two Gs are separated
by more than four adenine:thymine (A:T) base pairs.[21]


An alternative mechanism in which a delocalized hole mi-
grates by a polaron-like mechanism has been proposed by
Schuster and co-workers.[22,23] Recently, an experimental and
theoretical investigation has shown that DNA-base dynam-
ics, occurring over a range of time scales relevant to the
charge transfer, modulate the electronic coupling between a
donor and acceptor.[24,25] Based on the results of the influ-
ence of the base dynamics, Barton and co-workers have pro-
posed that a hole might migrate over long distances by
domain hopping, in which the charge is transiently delocal-
ized over sequence-dependent domains defined by the local
structure.[26,27]


The mechanism of the hole-transfer process in DNA has
been intensively studied both theoretically[28–30] and experi-
mentally.[1–3] Hole transfer through DNA p-stack arrays has
been investigated mainly by strand-cleavage analysis using
polyacrylamide gel electrophoresis (PAGE), which has pro-
vided information about the relative rates of hole migration
with respect to the reaction with water as a function of base
sequence.[31] However, the PAGE technique is not suitable
for the investigation of kinetics and dynamics in real time.


Time-resolved measurements provide significant informa-
tion on the kinetics and dynamics for the hole-transfer pro-
cess in DNA. Although photoinduced electron transfer be-
tween a nucleobase and an excited molecule has been well


Abstract: A kinetic study of the single-
step hole transfer in DNA was per-
formed by measuring time-resolved
transient absorption. DNA molecules
with various sequences were designed
and conjugated with naphthalimide
(NI) and phenothiazine (PTZ) to in-
vestigate the sequence and distance de-
pendence of the single-step hole trans-
fer between guanines (Gs). Hole injec-
tion into DNA was accomplished by
excitation of the NI site with a 355 nm


laser pulse, and the kinetics of the
hole-transfer process were investigated
by monitoring the transient absorption
of the PTZ radical cation (PTZC+). Ki-
netic analysis of the time profile of
PTZC+ based on the kinetic model
showed that the distance dependence


of the hole-transfer process was signifi-
cantly influenced by the DNA se-
quence. Results of temperature- and
isotope-effect experiments demonstrat-
ed that the activation energy increased
as the number of bridge bases separat-
ing the Gs increased. This is because of
the distance-dependent reorganization
energy and contribution of the proton-
transfer process to the hole transfer in
DNA.
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characterized,[32–38] there are only a few reports concerning
hole-transfer dynamics in DNA, as this is a slower process
than photoinduced electron transfer.[39–41] Lewis and Wasie-
lewski et al. designed DNA conjugates possessing a stilbene
linker, and measured the rate constants of the hole transfer
from G to GG by means of femtosecond time-resolved tran-
sient absorption measurements.[39,40] By monitoring the
decay of the stilbene radical anion, they observed the hole-
transfer process between the Gs. However, they could not
examine hole-transfer at a rate slower than ~105 s�1, due to
the rapid recombination between the stilbene radical anion
and the G radical cation (GC+).[40]


Regardless of the intense research efforts, many factors,
such as DNA structural dynamics, reorganization, and
proton-transfer, which is considered to affect the hole-trans-
fer process, still remain unclear. In fact, the number of theo-
retical studies has outpaced reports of experimental work.
In many cases, theoretical predictions have preceded the
availability of direct experimental measurements of hole-
transfer dynamics. Therefore, experimental work based on
the time-resolved measurements is a prerequisite for the fur-
ther understanding of this subject.


Recently, we demonstrated that A-hopping occurs very
rapidly (>108 s�1)[42] and can be applied to generate a long-
lived charge-separated state in DNA.[43,44] Furthermore, we
directly observed the long-distance hole transfer through
DNA by utilizing the A-hopping to inject a long-lived
hole.[45] In this paper, we report the kinetic study for the
single-step hole transfer as a function of distance and tem-
perature, and demonstrate that the change in the reorgani-
zation energy, which is dependent on the distance between
the Gs, causes a considerable decrease in the hole-transfer
rate. In addition, the deprotonation of GC+ to produce the
deprotonated G radical (GC(�H+)), and the protonation of
GC by a water molecule, could play an important role in
hole-transfer.


Results and Discussion


Charge separation through A-hopping : The photophysical
properties of naphthalimide (NI) have been previously char-
acterized by Kelly et al.[46,47] The chemical structure of NI,
and the sequences of DNA modified with NI, are shown in
Figure 1a and b, respectively. NI is likely to stack easily with
neighboring nucleobases because of its hydrophobicity and
planar structure. Furthermore, because it shows a moderate
absorption at wavelengths longer than 300 nm, and DNA
shows no absorption at wavelengths longer than 300 nm, NI
can be selectively excited with a 355 nm laser pulse.


From the reduction potential of �1.01 V (vs NHE:
normal hydrogen electrode) and singlet-state energy of
3.4 eV for NI,[47] the reduction potential of NI in the singlet
excited state is calculated to be 2.4 eV vs NHE, which
means that NI in the singlet excited state can oxidize all
four nucleobases (Eox =1.47 and 1.7 V vs NHE for G and A,
respectively).[48,49] Therefore, upon excitation of NI, charge


separation between NI and the neighboring nucleobase is
expected to occur. As soon as a hole resides on As, a part of
it can migrate to G by hopping between the As to give the
charge-separated state between NI and the nearest G
(Scheme 1).


The mechanism of the hole transfer between As has been
demonstrated experimentally. Giese et al. have shown that a
hole generated on A over a successive A sequence is carried
by the bridge base A as the A radical cation.[21,31] As for the
kinetics, we have shown that the A-hopping occurred very
rapidly with a small distance dependence due to the multi-
step process,[42] and a long-lived charge-separated state can
be generated by utilizing A-hopping in the charge-separa-
tion process.[43]


DNA conjugates containing the NI–An–G sequence were
designed to investigate how the number of As affects the
charge-separation process by A-hopping (Figure 1b). Fig-
ure 2a shows the transient absorption spectrum observed at
200 ns for NI–A6–G, following the excitation of NI with a
355 nm laser pulse. A strong absorption at around 400 nm
and weak absorption at around 500 nm were observed.
These two absorption bands can be assigned to the NI radi-
cal anion (NIC�),[46] and GC+ or GC(�H+), respectively.[43,50]


This result clearly shows that the charge separation between
NI and G occurred upon excitation of NI. In addition, NIC�


in the charge-separated state persisted longer than several
hundred microseconds (Figure 2a, inset), indicating the for-


Figure 1. a) Chemical structures of naphthalimide (NI) and phenothiazine
(PTZ) attached to the 5’-end of DNA. b) Sequences of the DNA modi-
fied with NI.


Scheme 1. Kinetic scheme for the charge-separation process through A-
hopping after the excitation of NI with a 355 nm laser pulse.
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mation of a long-lived charge-separated state between NI
and the G in DNA. Similar results were observed for DNA
conjugated with naphthaldiimide,[43] which can oxidize A.
These results indicate that the excitation of a photosensitiz-
er, capable of oxidizing the nearest neighboring A as well as
G, causes the long-lived charge-separated state in DNA
through A-hopping.


To elucidate what effect the number of As between NI
and the nearest G had on the charge-separation yield and
the charge-recombination process, the time profiles of the
transient absorption monitored at 400 nm were examined
for NI–An–G (Figure 2b). The yields of formation of the
charge-separated state, which were determined from the ab-
sorption of NIC� observed following excitation, are shown in
Table 1. The yields decreased as the distance between NI


and G increased. Because this distance dependence was
weak, it indicates that the charge-separation process be-
tween NI and G occurred through A-hopping. Except for
the case of the NI–A4–G sequence, the charge-separated
state persisted for several hundred microseconds. Because
NI is close to G in the NI–A4–G sequence, charge recombi-
nation between NIC� and GC+ occurred within this time scale
by means of a superexchange mechanism.


It has been mentioned that the hole-escape reaction is en-
dothermic, because the increase in the interionic distance re-
duces the Coulombic attractive interaction in the ion pair.
In an earlier study, Lewis and Wasielewski demonstrated
from the time-resolved spectroscopic measurements of the
diphenylacetylene-conjugated hairpin DNA that, due to the
Columbic interaction, a hole cannot escape from the contact
radical ion pair produced after the charge separation.[51]


However, we have shown that once a hole resides on A, the
hole can migrate along the As in an essentially distance-in-
dependent fashion to give the long-lived charge-separated
state.[43] The discrepancies between these two experimental
studies may correspond to the different yields of the hole-
escape reaction from the contact radical ion pair. The
charge-separation yields determined through A-hopping in
this system were very low, only a few %. Although the ini-
tial charge-separated state between NIC� and AC+ is likely to
recombine, a part of a hole could escape from the contact
radical ion pair and could migrate to the nearest hole ac-
ceptor.


Miyasaka et al. reported the hole-escape reaction from
the contact radical ion pairs and the hole-migration process
in a poly(N-vinylcarbazole) system.[52] Based on the results
of the time-resolved dichroism measurement, they demon-
strated that a hole-shift reaction from the initial charge-sep-
arated state could be enhanced by delocalization of the cat-
ionic site over the carbazole units. A previous computational
investigation based on the tight-binding model indicates that
the wave function of the hole trapped on the nucleobase
could extend over several sites.[29] Such a delocalization of a
hole on successive A sequences, in which the As were di-
rectly stacked over each other, might be desirable to achieve
a thermodynamically unfavorable hole-shift reaction, rather
than a thermodynamically favorable charge recombination.


Strategy for observing the hole-transfer process : Recently,
we showed that direct observation of the long-distance hole
transfer that occurred within the time scale of microseconds
to milliseconds could be accomplished by a time-resolved
measurement, utilizing the A-hopping to generate a long-
lived hole.[45]


To observe the hole-transfer process, we used DNA conju-
gated with a hole-probe molecule and recorded time-re-
solved transient absorption measurements. The sequences of
DNA examined in this study are shown in Figure 3. NI, used
as a photosensitizer to inject a hole into the DNA, was at-
tached at one 5’-end of the DNA, and phenothiazine (PTZ),
used to monitor the migration of the hole, was attached at
the opposite 5’-end. PTZ is a suitable molecule for probing
hole-transfer in this system, because the ground-state ab-
sorption of PTZ at a wavelength shorter than 320 nm allows


Figure 2. a) Transient absorption spectrum for NI–A6–G, observed 200 ns
after laser flash excitation (100 mm DNA in 20 mm Na phosphate buffer
(pH 7.0) and 100 mm NaCl). Inset; time profile monitored at 400 nm.
b) Decay profiles for NI–An–G (n=4–8) monitored at 400 nm, following
excitation of NI with a 355 nm laser pulse.


Table 1. Quantum yields of charge separation (Fcs) between NI and the
nearest G through A-hopping in NI-conjugated DNA.


DNA Fcs
[a] [%] DNA Fcs


[a] [%]


NI–A4–G 3.3 NI–A7–G 1.3
NI–A5–G 2.6 NI–A8–G 0.90
NI–A6–G 1.6


[a] Determined from the transient absorption of the triplet benzophe-
none as an actinometer during the 355 nm laser flash photolysis.


Figure 3. Schematic illustration of the charge-separation process follow-
ing excitation of the NI site with a 355 nm laser pulse, and the subse-
quent hole-transfer process in DNA.
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us to selectively excite the NI site with a 355 nm laser pulse,
and the oxidation potential of PTZ is less than that of the
four nucleobases. In addition, the PTZ radical cation (PTZC+),
which is generated by the hole-transfer process, shows a
strong absorption at around 520 nm and almost no spectral
overlap of NIC� .[45]


Excitation of the NI site with a 355 nm laser pulse result-
ed in the formation of a separated state between NI and the
nearest G, due to A-hopping within the laser pulse (<5 ns),
as mentioned above. Regardless of the presence or absence
of PTZ, the charge-separation yields were almost consistent,
meaning that the charge-separated state was formed be-
tween NI and the nearest G. Once a hole is trapped at G far
away from NI, the charge recombination can no longer
occur, as this proceeds through a superexchange mechanism
that is strongly dependent on the distance. The oxidation
potential of PTZ (Eox =0.76 V vs NHE) is quite low com-
pared with four nucleobases; therefore, a hole on G is ex-
pected to migrate to PTZ. Accordingly, by monitoring the
formation of PTZC+ , we can explore directly the kinetics
and dynamics of the hole-transfer process.


Consistent with our strategy, the transient absorption for
NIC� and GC+ was observed upon excitation of NI with a
355 nm laser pulse for the G–T1–G sequence, and then a
broad absorption at around 520 nm assigned to PTZC+


emerged on the time scale of several microseconds (Figure 4
and inset). No effect of the DNA concentration (20–100 mm)
on the formation rates was observed, thus confirming that
the formation of PTZC+ can be assigned to the intramolecu-
lar hole-transfer process.


Distance dependence of the single-step hole-transfer pro-
cess : The time profiles of the transient absorption of PTZC+


following excitation were monitored, and corresponded to
the hole-transfer process. The time profiles of PTZC+ moni-
tored at 520 nm for G–An–G (n=1–3) are shown in Fig-
ure 5a. Apparently, the formation rate constant decreased as
the distance between the Gs increased. The formation pro-
files of PTZC+ correspond to the hole transfer from the G
nearest NI, to PTZ, and include several kinds of hole-trans-
fer steps. Therefore, the rate constants of the single-step


hole transfer between Gs (kht) through various intervening
base pairs are determined from the kinetic modeling (see
Experimental Section), and are shown in Table 2.


In the case of n= 1, kht increased in the order G–A1–G>


G–T1–C�G–A1–C>G–T1–G, which was in accordance with
a previous study[36] and was explained by the order of the
energy gap between G and the bridge base. Because A has
a lower oxidation potential than T, the electronic coupling
between A and G is greater than that between T and G. The
order of the single-step hole-transfer rate is consistent with
this prediction.


The distance dependence of the hole transfer is conven-
tionally evaluated by the following Equation (1), in which
ket is the electron-transfer rate constant between donor and
acceptor, k0 is the preexponential factor, b is the attenuation
factor of kht, and r is the distance between the hole donor
and acceptor (between Gs).


ket ¼ k0 expð-brÞ ð1Þ


Plots of log kht versus r for G–An–G and G–Tn–G provide
the b value (Figure 5b). Interestingly, significant decreases
in log kht from n= 1 to n=2 (b= 1.8 ��1) and a slight de-
crease from n= 2 to n=3 (b=0.6 ��1) were found for G–


Figure 4. Transient absorption spectra for the G–T1–G sequence observed
at 500 ns, 3, 5, and 10 ms after excitation of the NI site with a 355 nm
laser pulse. Inset; time profiles for NIC� and PTZC+ absorption monitored
at 400 and 520 nm, respectively.


Figure 5. a) Time profiles of the transient absorption of PTZC+ monitored
at 520 nm for G–An–G (n=1–3) at 23 8C. b) Plots of log kht versus r for
G–An–G (&) and G–Tn–G (*). The distance between base pairs is as-
sumed to be 3.4 �.


Table 2. Rate constant (kht), activation energy (Ea), and reorganization
energy (l) for single-step hole transfer.


Sequence n kht
[a] [s�1] Ea


[b] [eV�1] l[c] [eV�1]


G–An–G 1 4.8� 107 0.18 0.72
2 9.7� 104 0.43 1.7
3 1.4� 104 – –


G–Tn–G 1 4.6� 105 0.35 1.4
2 3.6� 104 0.50 2.0
3 9.1� 103 – –


G–An–C 1 1.4� 106 0.30 1.2
2 4.5� 104 0.53 2.1


G–Tn–C 1 1.6� 106 0.25 1.0
2 3.1� 104 0.50 2.0


[a] Rate constants (kht) were obtained from the kinetic modeling at 23 8C.
Experimental errors are within �20%. [b] Values of Ea for n=3 could
not be obtained due to the detection limit. [c] Calculated by assuming
that DG= 0 eV.
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An–G, whereas a linear relationship was obtained for the G–
Tn–G sequence (b=0.6 ��1). The slope of the plot of n= 2–
3 for G–An–G (b=0.6 ��1) was almost same as that for G–
Tn–G. The difference in the r dependence indicates that the
mechanism changed as the r between the Gs increased for
G–An–G. The b value was 1.0 ��1 for both interstrand se-
quences G–An–C and G–Tn–C. The various b values ob-
tained for each sequence suggest that the r dependence of
the single-step hole transfer varies considerably with varia-
tion in sequence. The sequence dependence of the hole-
transfer rate shows an especially fast hole transfer for the
GAG sequence compared to the other sequence.


Distance-dependent reorganization energy : To elucidate the
mechanism of the r dependence of the hole-transfer process,
which is affected by the bridge sequence, we investigated
the kinetics and dynamics of the single-step hole transfer as
a function of temperature (T). The activation energy (Ea)
was obtained from the temperature dependence of kht at dif-
ferent values of T, according to the following semiclassical
Marcus Equation (2),[53] in which A and Ea are the preexpo-
nential factor and activation energy, respectively.


kht


ffiffiffiffi


T
p
¼ A exp


�


� Ea


kBT


�


ð2Þ


Time profiles of the transient absorption of PTZC+ moni-
tored at 520 nm between 10 and 30 8C for G–A2–G are
shown in Figure 6a. The rise time of the transient absorption
of PTZC+ increased as T increased, as expected according to
electron-transfer theory. A similar increase in the formation
rates were observed for the other sequences.


A plot of log(khtT
0.5) versus T�1 provides the Ea value for


the hole transfer between Gs (Figure 6b, Table 2). In all four
sequences, Ea increased as the r between Gs increased, sug-
gesting that Ea was dependent upon r.


The Ea value is related to the total reorganization energy
(l) according to the following Equation (3), in which DG is
the thermodynamic driving force, and l is the reorganization
energy.


Ea ¼
ðDGþlÞ2


4l
ð3Þ


By making the simplifying assumption that the hole trans-
fer between Gs occurs at DG= 0, it was possible to estimate
l, which is comprised of the nuclear (lv) and solvent (ls) re-
organization energies (Table 2). Although it is well known
that the r-dependent Ea can be attributed to the r depen-
dence of both DG and l, a considerable increase in Ea


would be attributed to the r-dependent ls, because DG and
lv for the hole-transfer process are considered to be slightly
or not at all r dependent. The distance dependence of the
reorganization energy has been both experimentally and
theoretically studied.[28,54] Michel-Beyerle et al. reported an
increase in Ea for the charge-shift reaction from the excited
acridine derivative, which was incorporated into DNA, to G
or deazaG.[54,55] However, the effect of the distance depend-
ence of l on the hole transfer between Gs has not been
proved experimentally. Our results clearly show that reor-
ganization of the water molecules surrounding DNA is
closely involved in the hole-transfer process between Gs,
and the increase in ls, rather than the decrease in electronic
coupling associated with hole transfer, causes the decrease
in hopping rates.


Proton-coupled hole transfer : The variation in the increase
in l for the four sequences cannot be explained by consider-
ing only the difference in ls, because the degree of increase
in ls is considered to be independent of the intervening
bases. For instance, a considerable increase in l (ca. 1 eV)
was found for G–An–G, whereas l for G–Tn–G only moder-
ately increased (ca. 0.6 eV). Giese et al. have demonstrated
that proton transfer is coupled with hole transfer, and
causes the decrease in the hole-transfer efficiency between
Gs.[56–58] To examine the effect of the proton-transfer pro-
cess, a kinetic isotope-effect experiment was carried out. If
the deprotonation of GC+ contributes to hole-transfer, an
isotope effect would be expected. In fact, the decrease in kht


for the G–A2–G sequence was observed upon changing the
solvent from H2O to D2O (kH/kD =1.2�0.05), whereas no
isotope effect was observed for the G–A1–G sequence (kH/
kD = 1.0�0.05). This different isotope effect can be ex-
plained by comparing kht to the rate of deprotonation of GC+


by a water molecule.[59] Recently, the deprotonation rate of
GC+ :C or GC :C(+H+) was determined to be in the range of
106–107 s�1.[60] Because the hole transfer for G–A–G occurs
faster than deprotonation, it is reasonable that no isotope
effect was observed for G–A–G. In contrast, if the hole-
transfer process is competitive with or slower than deproto-
nation, a considerable decrease in kht is induced because of
the contribution of the protonation of GC and increase in l.
By considering the hole transfer from GC to G for G–A2–G,
the l value was recalculated from the steady-state potential
of 1.05 V for GC and the oxidation potential of 1.34 V for G,
to be 1.06 eV, according to Equation (3). The difference in
the l value between G–A1–G and G–A2–G is 0.34 eV. This
value, which is attributed to the distance-dependent reor-


Figure 6. a) Temperature dependence of the time profiles of transient ab-
sorption of PTZC+ for G–A2–G, monitored at 520 nm at 10, 20, and 30 8C.
b) Plots of log (khtT


0.5) versus T�1 for G–An–G (n=1; *, n= 2; *) and G–
Tn–G (n= 1; &, n =2; &).
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ganization energy, is in good agreement with previous re-
sults and reasonably supports our interpretation.


Accordingly, the hole transfer in DNA would consist of
two hole-transfer processes from GC+ to the next G, and
from GC to the next G concomitant with a concerted proton
transfer (proton-coupled hole transfer). If the hole transfer
occurs faster than the deprotonation of GC+ , a hole migrates
to the next G by a hopping method. Once a proton escapes
from GC+ to the solvent, the proton-coupled hole transfer
should overcome the thermodynamically unfavorable hole
transfer from GC to the next G. This is because the steady-
state potential for the proton-coupled electron transfer from
G to GC is lower than the potential for the oxidation to GC+


(Scheme 2). The proton-transfer process, which may be
closely related to hole transfer, could rationalize the rapid
hole transfer reported by several groups.[61–63]


A similar isotope effect on the kinetics of the oxidation of
deoxyguanosine monophosphate (dGMP) by the 2-amino-
purine (2-AP) radical in H2O and D2O was reported by Sha-
firovich and Geacintov.[63,64] They showed that the electron-
transfer reaction is coupled to the deprotonation of the
dGMP radical cation, demonstrating that such a proton-cou-
pled electron-transfer step leads to a lowering of the overall
free energy of reaction, thus favoring electron transfer.[65]


The contribution of proton coupling and the considerable
increase in l were reported for intra- and intermolecular
electron transfer. In a ruthenium(Ru)–tyrosine dyad system,
a drastic change in l during electron transfer from tyrosine
to Ru was revealed by recording temperature-dependent
transient absorption measurements. This indicated that pro-
tonation and deprotonation on the tyrosine group are cou-
pled with the electron-transfer process.[66] Furthermore,
Thorp et al. demonstrated that the deprotonation of G par-
ticipates in the collisional DNA oxidation by a Ru com-
plex.[67] They deduced that the escape of a proton from the
base pair occurs by a “breathing” reaction lasting 1–100 ms.
Considering that hole-transfer occurs faster than this
“breathing” process, it is likely that local structural fluctua-
tion, facilitating the acceptance and release of a proton, af-
fects the hole-transfer rate.


Conclusion


We have reported the kinetics of the single-step hole trans-
fer from GC+ to the next G in DNA as a function of the se-
quence between Gs, based on time-resolved transient ab-
sorption measurements. The r dependence of the hole trans-
fer, characterized by the b value, was strongly influenced by
the intervening sequence. From the temperature depen-
dence and isotope effect of the hole-transfer process, it was
demonstrated that the increase in Ea, induced by the change
in the solvent reorganization energy and contribution of
proton transfer, rather than the decrease in electronic cou-
pling, caused the decrease in kht. A significantly high l


value, relative to the photoinduced charge transfer through
the DNA p-stack array, demonstrates that hole hopping is
closely associated with the dynamic motion of the DNA
bases and the environmental medium.


Our results suggest that the local dynamic motion of
DNA, allowing the release and acceptance of a proton from
the exterior aqueous environment, may play an important
role in the hole-transfer process in DNA. Furthermore, ef-
fective long-range hole transport through DNA, leading to
the development of a DNA molecular wire, may be accom-
plished by designing artificial nucleobases to regulate the
proton-transfer process.[68]


Experimental Section


DNA synthesis : Oligonucleotides conjugated with naphthalimide and
phenothiazine were prepared by using conventional phosphoramidites
chemistry and a DNA synthesizer (Applied Biosystems) according to
procedures reported previously.[69, 70] Synthetic oligonucleotides were puri-
fied by using an HPLC system (Jasco, Tokyo) with a reverse-phase C-18
column and an acetonitrile/ammonium formate (50 mm) gradient.


Time-resolved transient absorption measurements : Experiments were
performed at 23 8C with DNA duplex (100 mm) in sodium phosphate
buffer (20 mm, pH 7.0) and NaCl (100 mm). Nanosecond transient ab-
sorption measurements were performed by using the laser flash photoly-
sis (LFP) technique. All samples were deoxygenated by purging with
argon. Quantum yields of the charge separation were determined by
using benzophenone as a reference standard. The third-harmonic oscilla-
tion (355 nm, full width at half maximum of 4 ns, 20 mJ per pulse) from a
Q-switched neodymium-doped yttrium aluminum garnet (Nd:YAG) laser
(Surelight, Continuum, Santa Clara, CA) was used to excite the NI site
selectively. This was possible because NI showed strong absorption at
around 355 nm (e355�8 � 103


m
�1 cm�1) and PTZ showed no absorption at


wavelengths longer than 320 nm. A xenon flash lamp (XBO-450, Osram,
Berlin) was focused into the sample solution as the probe light for the
transient absorption measurements. Time profiles of transient absorption
in the UV/Vis region were measured by using a monochromator (G250,
Nikon) equipped with a photomultiplier (R928, Hamamatsu Photonics,
Hamamatsu City, Japan) and digital oscilloscope (TDS-580D, Tektronix).
Typically, 16 laser shots with the laser pulse on and off were averaged by
using a digital oscilloscope. Significant sample degradation was not ob-
served under these experimental conditions. The kinetic signals obtained
were analyzed based on kinetic modeling to determine the single-step
hole-transfer rate.


Kinetic analysis procedures : Analysis of the experimental data for all se-
quences was performed by using Matlab software according to kinetic
modeling. A kinetic model of multi-step hole transfer in DNA is shown
in Scheme 3.


Scheme 2. Proton-coupled hole transfer in DNA.
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The charge-recombination process (kcr) can be ignored because the
charge-separated state persisted over several hundred microseconds. If
the hole trapping of GC+ with H2O or O2 is ignored, simultaneous differ-
ential equations can be obtained [Eq. (4)], in which [Gi] (i=1–n) and
[PTZ] correspond to the hole population at each G and PTZ site, respec-
tively, k is the hole-transfer rate constant between Gs, and k1 is the rate
constant for hole transfer from GC+ to PTZ.


d½G1�
dt
¼ �k½G1�þk½G2�


d½G2�
dt
¼ k½G1��2 k½G2�þk½G3�


d½Gn�
dt
¼ k½Gn�1��ðkþk1Þ½Gn�


d½PTZ�
dt


¼ k½Gn�


ð4Þ


Fitting the result for 5’-NI–A6–(GA)12-3’/3’-T6–(CT)12–PTZ-5’ according
to Equation (4) is presented in Figure 7a, from which the rate constants
of k =6�107 s�1 and k1 =7 � 107 s�1 can be derived.


To maintain the reliability of the fitting procedure, values of k and k1


were fixed. A representative kinetic model of the G–A–C sequence is
shown in Scheme 4, and the fitting results are shown in Figure 7b. Values
of ka correspond to the hole-transfer rate constants shown in Scheme 4.
Kinetic analysis yielded identical ka values of 1.5� 106 s�1. Similar analy-
ses were conducted for other sequences to obtain the rate constant of the
single-step hole transfer.
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A New Two-Phase Route to High-Quality CdS Nanocrystals


Qiang Wang,[a, b] Daocheng Pan,[a] Shichun Jiang,[a] Xiangling Ji,*[a] Lijia An,*[a] and
Bingzheng Jiang[a]


Introduction


Owing to the quantum confinement effect, semiconductor
nanocrystals, especially the II–VI semiconductor nanocrys-
tals, exhibit remarkable size-dependent optical properties,[1]


which have attracted a great deal of attention in recent
years for both fundamental research and technical applica-
tions such as light-emitting diodes (LED),[2–4] solar cells,[5,6]


lasers[7] and biological markers.[8–10] In the past two decades,
considerable effort has been made to synthesize high-quality
semiconductor nanocrystals. Among the methods employed
for synthesizing dot-shaped semiconductor nanocrystals, the
organometallic approach[11–13] and its variations[14–17] have
proved the most popular, although other methods have also
been very successful.[10,18–20]


For any applications based on the optical properties of
nanocrystals, it is essential to use high-quality nanocrystals.


In principle, high-quality nanocrystals should possess at least
two characteristics, high emission color purity and high pho-
toluminescence quantum yield (PL QY). The color purity of
the emission is strongly dependent on the size distribution
of the nanocrystals. The narrower the size distribution, the
purer the color of the emission light, which can be reflected
by the narrow PL emission bandwidth and/or the narrow
UV/Vis band-edge absorption bandwidth.[10–22] The PL QY
is very sensitive to the surface environment of the nanocrys-
tals, and can be dramatically reduced by surface trap
states.[22] These surface trap states result from the dangling
bonds and/or stacking faults of some of the surface
atoms.[10,22,23] Surface passivation with suitable organic or in-
organic materials and an increase of the crystallinity can ef-
fectively remove the surface trap states, and lead to a signifi-
cant increase in the quantum yield.


Among the II–VI semiconductor nanocrystals, CdSe
nanocrystals have been most extensively investigated, and
their size and size distribution can be controlled, whereas
relatively little work has been done on CdS nanocrystals.
Recently, high-quality CdS nanocrystals with a controllable
size and a narrow size distribution were prepared successful-
ly in a noncoordinating solvent.[16] It was believed that main-
taining a good balance between nucleation and growth by
tuning the activities of the precursors was the key to this
success. Very recently, Pan et al. developed a two-phase ap-
proach to successfully synthesize highly luminescent and
nearly monodisperse CdS nanocrystals.[24] The reaction was
carried out under mild conditions (at below 100 8C) with less


Abstract: A new two-phase route has
been developed to synthesize high-
quality CdS nanocrystals with a narrow
size distribution and a high photolumi-
nescence (PL) quantum yield (QY). In
the two-phase system, toluene and
water were used as separate solvents
for cadmium myristate (CdM2) and
thiourea, which served as cadmium
source and sulfur source, respectively,


and oleic acid (OA) was used as a
ligand for stabilizing the nanocrystals.
The reactions were completed in the
heated autoclaves. The initial Cd/S
molar ratio of the precursors and the


reaction temperature were found to be
factors that affected the growth of
nanocrystals. Furthermore, a seeding-
growth technique was developed to
synthesize CdS nanocrystals of differ-
ent sizes, which exhibit PL peaks with
quite similar full width at half-maxi-
mum (FWHM) values compared to
those of the initial nanocrystal seeds in
all cases.
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toxic reagents than employed traditionally. The possible
mechanism was based on slow nucleation and slow growth;
it is definitely different from a mechanism based on fast nu-
cleation and slow growth as reported previously. In fact, the
two-phase approach, in which the reaction occurs at the in-
terface of two liquid phases, was first applied to the synthe-
sis of gold nanocrystals by Brust et al.[25] in 1994. Based on
the work by Pan et al., we developed a new two-phase ap-
proach to synthesize high-quality CdS nanocrysals in an au-
toclave. Compared with the earlier results, the CdS nano-
crystals obtained by the new approach exhibit a narrower
size distribution and a higher PL QY. Moreover, through a
seeding-growth technique, tunable size CdS nanocrystals
were obtained with PL peaks with a quite similar full width
at half-maximum (FWHM= 18–22 nm) to those of the initial
nanocrystal seeds throughout the whole controllable size
range. In this study, cadmium myristate (CdM2) and thio-
urea were used as cadmium source and sulfur source, re-
spectively, and oleic acid (OA) was used as a ligand for sta-
bilizing the nanocrystals. It was found that the resulting
nanocrystals, without any size sorting, appeared to be com-
parable with the CdS nanocrystals reported previously.


Results and Discussion


Figure 1 shows the temporal evolution of the UV/Vis and
PL spectra (a–d) and the corresponding PL peak positions
(e) and FWHM (f), respectively, of the CdS nanocrystals
prepared at 180 8C from precursors of four different initial
Cd/S ratios. In these reactions, the amount of the initial cad-
mium precursor was kept constant (0.1134 g, 0.2 mmol),
while that of the sulfur precursor was varied from 0.24 to
1.0 mmol. The other experimental conditions were also kept
constant. It is found that the initial Cd/S ratio of the precur-
sors affects the growth of the CdS nanocrystals. For the
same reaction time, a larger proportion of sulfur precursor
results in a faster growth of nanocrystals, accompanied by a
red shift of the PL peak. For example, when the Cd/S ratio
was 1:5 and the reaction time was 0.5 h, the band-edge PL
peak of the nanocrystals was near 409 nm, whereas under
the same reaction conditions except for a Cd/S ratio of
1:1.2, the band-edge PL peak position of the nanocrystals
was near 390 nm, and the peak near 310 nm ascribed to the
“magic size” nanoclusters, which are those clusters with no
more than one unit cell of the bulk crystal and close-shell
structures in the size range between 1 and 2 nm,[14b] was still
very strong, which implies the existence of a high monomer
concentration in the system after the reaction had occurred
for 0.5 h when less sulfur precursor was used.[26] This is a ki-
netics-driven result.


In addition, at a reaction time between 1.0 and 1.5 h, the
samples exhibit a relatively narrow PL FWHM, implying a
narrow size distribution; a lower sulfur monomer concentra-
tion favors a narrower size distribution. For example, a
sample with a PL FWHM of 17 nm was obtained when the
Cd/S ratio was 1:2 and the reaction time was 1 h. When the


reaction time exceeds 1.5 h, the PL FWHM of samples in-
creases for all the reactions, and this increase is more dra-
matic for the samples prepared at low sulfur monomer con-
centrations. Such results suggest that Ostwald ripening starts
for the reactions up to 1.5 h owing to the decrease of mono-
mer concentration to a critical threshold.[12] During Ostwald
ripening, the large nanocrystals continuously grow, while the
small ones shrink and eventually disappear, inevitably lead-
ing to a wide size distribution of nanocrystals. In the two-
phase system, the surface of the nanocrystals is usually cov-
ered by oleic acid (OA), which facilitates the dispersion of
the nanocrystals in the oil phase. However, it is observed
that when the reaction time is further extended, larger
orange particles are formed due to Ostwald ripening and
those drop into the water phase due to the loss of surface li-


Figure 1. Temporal evolution of the UV/Vis (c) and PL (g) spectra
(a–d) and the corresponding PL peak positions (e) and FWHM (f), re-
spectively, of CdS nanocrystals prepared at 180 8C from precursors of dif-
ferent initial Cd/S ratios.
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gands, while the smaller ones are left in the oil phase, which
are used as the samples for measuring UV/Vis and PL spec-
tra. This is the reason why the wavelength and/or FWHM of
some of the PL peaks for the nanocrystals obtained after a
longer reaction time become smaller (see Figure 1 c, d).


The effect of the reaction temperature on the growth of
nanocrystals is also significant. Figure 2 a and b show a tem-


poral evolution of the UV/Vis and PL spectra of CdS nano-
crystals grown at 150 and 120 8C, respectively. In these two
cases the reaction conditions were the same as those for the
growth of the nanocrystals shown in Figure 1 b except for
the reaction temperature. The nanocrystals obtained at
lower reaction temperature tend to show a wider PL peak.
For example, the smallest PL FWHM we obtained for the
nanocrystals grown at 150 and 120 8C was 20 nm and 24 nm,
respectively. This suggests that use of a low temperature is a
disadvantage for the synthesis of the nanocrystals with a
narrow size distribution. This is further supported by the
transmission electron microscope (TEM) images (Figure 3
a–c) and the corresponding size distribution histograms
(Figure 3 d–f) of the nanocrystals obtained under different
temperatures. The reason may be that lower temperatures
result in a worse mixing of the two phases. Thus, there are
always some of the small particles unable to grow into large
ones due to a lower probability of their arrival at the inter-
face from the oil phase. This is responsible for the broaden-
ing of the size distribution at lower temperatures. On the
other hand, a lower reaction temperature can postpone the
occurrence of Ostwald ripening, and the range of tunable
size can be widened. Compared with the samples obtained
at 180 and 150 8C, the nanocrystals prepared at 120 8C can
grow for up to 24 h, and the PL peak can shift to 473 nm
without a significant widening of the FWHM. In fact, the
decomposition rate of thiourea is temperature-dependent; a
higher temperature can accelerate the decomposition of thi-
ourea, which gives rise to a rapid formation of more nuclei
at the oil/water interface, so the reaction monomers are de-
pleted faster due to the growth of nuclei into nanocrystals.
As a result, Ostwald ripening occurs faster at high tempera-


ture. Unlike single-phase systems, in which nucleation and
growth occur separately at two different temperatures, and
thus lead to nanocrystals with a narrow size distribu-
tion,[11–17] in a two-phase system, nucleation and growth are
rather complicated, and their separation is likely to be de-
pendent on the concentrations of the remaining monomers
in both phases. In fact, during the nucleation stage, nuclea-
tion and growth in the two-phase system take place simulta-
neously, although the former is dominant. This is supported
by the formation of a broad PL peak and the coexistence of
a first excitonic absorption peak near 368 nm and a strong
absorption peak near 310 nm attributable to “magic size”
nanoclusters, a kind of stable nuclei, at short reaction times
(see Figure 1a). A similar phenomenon was observed in the
work by Pan et al., where the absorption peak due to magic
size nanoclusters was maintained for over 30 min.[24] Howev-
er, when the concentration of the remaining monomers
drops to a critical threshold, the growth of the nuclei be-
comes predominant. Owing to their higher energy and lower
stability, smaller particles always grow faster than larger
ones before Ostwald ripening occurs. As long as the mono-
mers needed for the growth of the smaller particles can be


Figure 2. Temporal evolution of the UV/Vis (c) and PL (g) spectra
of CdS nanocrystals grown at 150 8C (a) and 120 8C (b), respectively.


Figure 3. TEM images of CdS nanocrystals prepared at 180 8C (a), 150 8C
(b), and 120 8C (c), and their corresponding size distribution histograms
(d–f), respectively.
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provided adequately at the oil/water interface, the focusing
of the size distribution can be realized.[12]


Of particular interest is that a high-temperature process
generates CdS nanocrystals that exhibit a high PL QY. For
example, as the reaction temperature increases from 120 to
150 and 180 8C, the maxima of the PL QYs of the resulting
nanocrystals gradually increase from 34 to 48 and 57 %, re-
spectively. The reason for this may be that at a higher tem-
perature the molecular species on the nanocrystal surface
are more likely to readjust their position to reach an optimal
surface structure, and therefore decrease stacking faults and
surface disorder.[22]


The above study shows that a high reaction temperature
favors the synthesis of CdS nanocrystals with a narrow size
distribution, but their tunable size range is narrow before
Ostwald ripening occurs. On the other hand, at a low reac-
tion temperature, a wide-range size control can be realized,
but a narrow size distribution is difficult to achieve. There-
fore, it is a challenge to synthesize nanocrystals with both a
narrow size distribution and a wide tunable size range.
Here, a seeding-growth technique has been developed to
achieve this goal. Similar to the procedure mentioned
above, an initial Cd/S ratio of 1:2 (0.2 mmol of CdM2 and
0.4 mmol of thiourea) and a reaction temperature of 180 8C
and a reaction time of one hour were selected for the syn-
thesis of small-size nanocrystals as initial “nanocrystal
seeds”, which are denoted as “a”. A fresh mixture of the
precursors was mixed with the original oil phase containing
the nanocrystal seeds “a” for the completion of the first
growth reaction, and the resulting nanocrystals were denot-
ed as “b” and used as seeds for the next growth reaction.
The reaction time used here for the growth reactions is
1.5 h. This growth cycle was repeated by using nanocrystals
from the previous cycle as seeds, and the resulting nanocrys-
tals were denoted respectively as “c, d···” in sequence (see
Experimental Section for details). The as-prepared CdS
nanocrystal colloidal solution was used after dilution with
toluene for the measurement of the optical properties with-
out any other post-treatment, and the temporal evolution of
their UV/Vis and PL spectra is shown in Figure 4. It is
found that all the PL peaks have rather narrow FWHM
values (18–22 nm), suggesting that our approach is very ef-
fective in synthesizing nearly monodisperse nanocrystals
with different sizes. This is further demonstrated by the
TEM images shown in Figure 5. In addition, the high-resolu-
tion transmission electron microscopy (HRTEM) image
shown in the inset of Figure 5 confirms the highly crystalline
nature of the nanocrystals, which are free from stacking
faults. The PL QYs of a solution of these nanocrystals in tol-
uene were also assessed at room temperature by using 9,10-
diphenylanthracence (PL QY 90 % in cyclohexane) as a ref-
erence.[27] A monotonic decrease is observed with the de-
crease of the nanocrystal size (see the inset of Figure 4).
Moreover, the average sizes of the nanocrystals were esti-
mated according to the literature,[16,28] and found to range
from 3.2 nm to 6.0 nm. Figure 6 shows the wide-angle X-ray
diffraction (WAXD) patterns of the CdS nanocrystals pre-


Figure 4. UV/Vis (c) and PL (g) spectra of CdS nanocrystals ob-
tained by the seeding-growth technique at 180 8C. The average sizes of
nanocrystals are 3.2 nm (a), 3.8 nm (b), 4.3 nm (c), 4.6 nm (d), 4.9 nm (e),
5.3 nm (f), 5.5 nm (g), 5.8 nm (h) and 6.0 nm (i), respectively. Inset: PL
QY of different-sized CdS nanocrystals versus their emission peak posi-
tions relative to 9,10-diphenylanthracence.


Figure 5. TEM and HRTEM images of CdS nanocrystals synthesized by
the seeding-growth technique at 180 8C.


Figure 6. WAXD patterns of CdS nanocrystals synthesized at 180 8C (a),
120 8C (b) and 150 8C (c), and by the seeding-growth technique at 180 8C
(d).
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pared at different temperatures, confirming that all the sam-
ples obtained belong to the cubic zinc blende structure.


It is also noted in Figure 4 that the degree of red shift for
the PL emission in each growth cycle is uneven, and the
shifts in the first three cycles are larger than those in the
other cylces, although the new reaction monomers in terms
of mass are identical in each of the seeding-growth reactions
(see Experimental Section for details). When we set the re-
action time to 1 h instead of 1.5 h for every growth reaction,
similar results were obtained to that described in Figure 4,
except that the degree of red-shift of the PL peaks in the
first three cycles was smaller. Therefore, it is necessary to
adjust simultaneously the amount of new monomers and re-
action time to obtain nanocrystals with the desired wave-
length of PL emission[29] (Figure 7). In contrast, in the
growth reactions, either excessively increasing the amount
of new monomers or excessively reducing the amount of
added nanocrystal seeds, or using a too short reaction time
is likely to generate new nuclei, resulting in two emission
peaks in the PL spectra of the nanocrystals. Too long a
growth reaction time can easily lead to a broadening of the
nanocrystal size distribution, which is not desirable.


Conclusion


In conclusion, a new two-phase approach has been devel-
oped for synthesizing high-quality CdS nanocrystals with a
relatively narrow size distribution and a high PL QY up to
57 %. By using a seeding-growth technique, a relatively wide
controllable size range of nanocrystals can be achieved and
a focusing of the size distribution can be maintained
throughout the whole size range. Compared with the tradi-
tional route, the approach can be performed at relatively
low temperature without the need for stirring and hot-injec-
tion. In addition, the approach may be applied to the syn-
thesis of other semiconductor nanocrystals; in particular, the
seeding-growth technique also provides a novel and feasible
approach for the synthesis of high-quality nanocrystals with
core/shell structure, work on which is currently underway.


Experimental Section


Materials : Cadmium oxide (CdO) (99.5 %), myristic acid (MA) (99.5 %),
oleic acid (OA) (technical grade, 90%), and thiourea were purchased
from Aldrich. 9, 10-Diphenylanthracene was obtained from Acros, and
methanol and toluene from the Beijing chemical company in China. Cad-
mium myristate (CdM2) was prepared according to following method:
CdO (1.926 g, 15 mmol) and MA (7.5 g, 33 mmol) were loaded into a re-
action flask and heated at 220 8C for 10 min to produce an optically clear
solution. The CdM2 was obtained. The crude product was re-crystallized
twice from toluene for use in further reactions.


Synthesis : Typically, a mixture of CdM2 (0.1134 g, 0.2 mmol), oleic acid
(1 mL), and toluene (10 mL) was first loaded into the Teflon liner of a
30-mL stainless steel autoclave, and then heated at 80–100 8C to produce
an optically clear solution. After the heating had been turned off and the
solution was allowed to cool to room temperature, an aqueous solution
of thiourea (10 mL; 0.0183–0.0761 g, 0.24 ~1.0 mmol for different Cd/S
molar ratio) was added to the organic solution to form a two-phase reac-
tion system. The Teflon liner containing the mixture was then sealed in
the stainless steel autoclave and maintained at the desired temperature
(e.g. 180, 150, or 120 8C) for a fixed reaction time. The autoclave was
cooled naturally to ambient temperature after a given reaction time.


In the reactions using the seeding-growth technique, an initial Cd/S ratio
of 1:2 (0.2 mmol of CdM2 and 0.4 mmol of thiourea), a reaction tempera-
ture of 180 8C, and a reaction time of one hour were selected to synthe-
size small-size nanocrystals as initial “nanocrystal seeds”. Then, a fresh
mixture of CdM2 (0.0113 g, 0.02 mmol), OA (0.5 mL), and toluene
(1 mL) was placed into the Teflon liner of another stainless steel auto-
clave and heated at 80–100 8C to produce an optically clear solution, to
which 9 mL of the original oil phase containing the above-mentioned
nanocrystal seeds was added, and the mixture was cooled to ambient
temperature before 10 mL of a new aqueous solution of thiourea
(0.0183 g, 0.24 mmol) was injected into the Teflon liner. Finally, the
Teflon-lined stainless steel autoclave containing the two-phase mixture
was sealed and maintained at 180 8C for 1 or 1.5 h without any stirring
for the completion of the first growth reaction, and the resulting nano-
crystals were used as seeds for the next one. The following growth reac-
tions were carried out analogously to the first one, and the nanocrystals
obtained from the last growth reaction were always used as seeds for the
next growth reaction. The as-prepared CdS nanocrystal colloidal solution
was diluted with toluene and then the optical properties were investigat-
ed without any other post-preparative treatment.


Characterization : UV/Vis absorptions were recorded on a Shimadzu UV-
2450 spectrometer. The photoluminescence (PL) spectra were recorded
on a Shimadzu RF-5301 PC fluorometer with an excitation wavelength of
340 nm. Room-temperature photoluminescence quantum yields (PL QY)
were calculated according to Eaton et al. ,[27] whereby 9,10-diphenylan-
thracene in cyclohexane as was used as the reference (QY =90%). The
absorbance of the sample and the reference at the excitation wavelength
(340 nm) are similar and smaller than 0.1, thus avoiding self-absorbance.
The full width at half-maximum (FWHM) of PL peaks was obtained by
applying the program “Fit Gaussian” in the software “Origin 7.0”. The
nanocrystals were precipitated with ethanol and then isolated by centrifu-
gation and decantation. The purified nanocrystals were used for TEM
and wide-angle X-ray diffraction (WAXD) analyses. The WAXD pat-
terns were recorded on a Japan Rigaku D/max-2500 X-ray diffractometer
with CuKa radiation (l= 1.5418 �). The low-resolution TEM images were
recorded on a JEM-2000FX transmission electron microscope with an ac-
celerating voltage of 160 kV. High-resolution TEM (HRTEM) images
were recorded by using a JEM-2010 microscope with an accelerating
voltage of 200 kV. The size distribution histograms were obtained by
measuring more than 300 individual CdS nanocrystals on enlarged photo-
graphs.


Figure 7. PL spectra of CdS nanocrystals grown under different experi-
mental conditions by the seeding-growth technique at 180 8C.[29]
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Binolam–AlCl: A Two-Centre Catalyst for the Synthesis of Enantioenriched
Cyanohydrin O-Phosphates


Alejandro Baeza,[a] Carmen N�jera,*[a] Jos� M. Sansano,[a] and Jos� M. Sa�*[b]


Introduction


Non-racemic cyanohydrins and their derivatives[1] are valu-
able chiral building blocks for the synthesis of enantiomeri-
cally pure compounds such as b-amino alcohols, a-hydroxy
carboxylic acids and their derivatives.[1a,2] Both metal cata-
lysts, organocatalysts, and enzymes as well, have been suc-
cessfully employed for their enantioselective synthesis. Be-
cause of their efficiency, the metal complexes of magnesium,
aluminium, titanium, yttrium, zirconium and gadolinium de-
serve special mention, as illustrated in recent reviews.[1a–c]


Critical points of these methodologies are: a) the highly
toxic nature of trimethylsilyl cyanide and hydrogen cyanide,
frequently employed as the cyanide sources, b) the lability


of the resulting O-TMS cyanohydrins (from the former pro-
cedure) which typically undergo partial desilylation under
the reaction media and make compulsory a final acidic
treatment with the aim of obtaining pure cyanohydrins, and
c) the instability of unprotected cyanohydrins, usually re-
quiring immediate O-protection in order to ensure their
configurational stability. In accordance with this analysis, the
direct enantioselective access to O-protected cyanohydrins
from aldehydes and ketones is an important objective of
current research. Deng, for instance, recently described the
enantioselective synthesis of O-alkoxycarbonyl cyanohydrins
by using Cinchona alkaloid-derived tertiary amines[3] as cat-
alysts, whereas chiral complexes of yttrium, aluminium or ti-
tanium have been employed by Shibasaki,[4] by N�jera and
Sa�,[5] and by Belokon.[6] The synthesis of enantiomerically
enriched O-acetyl cyanohydrins has also been investigated
for which polymeric,[7a] as well as soluble,[7b–d] titanium-
salen/potassium cyanide/acetic anhydride systems have been
employed.[7] However, to the best of our knowledge, only
two enantioselective synthesis of cyanohydrin O-phosphates,
have been reported to date starting from aldehydes.[8,9]


Noteworthy Schrader employed the cyanohydrin of benzal-
dehyde linked to a chiral phosphate as a chiral acyl anion
equivalent in the enantioselective synthesis of tertiary cya-
nohydrins.[10] Still more surprising is the fact that, in spite of
the apparent importance of O-phosphorylated cyanohydrins
in nature, very few attempts at their racemic synthesis have


Abstract: The enantioselective synthe-
sis of cyanohydrin O-phosphates by
using in situ generated bifunctional cat-
alysts (R)- or (S)-3,3’-bis(diethylamino-
methyl)-1,1’-binaphthol–aluminium
chloride (binolam–AlCl) is reported.
The reaction, which can be described
as an overall cyano-O-phosphorylation
of aldehydes, has a wide scope and ap-
plicability. Evidence is also provided,
including ab initio and DFT calcula-
tions, in support of supported by the


Lewis acid/Brønsted base (LABB) dual
role of the catalyst in inducing first the
key enantioselective hydrocyanation,
which is then followed by O-phosphor-
ylation. A brief screening of the syn-
thetic usefulness of the resulting cyano-
hydrin O-phosphates unveiles some in-


teresting applications. Among them,
chemoselective hydrolysis, reduction
and palladium-catalysed nucleophilic
allyl substitution, thereby leading to
enantiomerically enriched a-O-phos-
phorylated a-hydroxy esters, b-amino
alcohols and g-cyanoallyl alcohols, re-
spectively. Naturally occurring (�)-
tembamide and (�)-aegeline are syn-
thesised accordingly.
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drins · cyanophosphates
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been reported. To the best of our knowledge, only the direct
synthesis of racemic diethylphosphate esters of cyanohydrins
by treatment of aldehydes with a mixture of lithium cyanide
and diethyl chlorophosphate or by using excess diethyl cya-
nophosphonate in the presence of an excess of lithium cya-
nide, or substoichiometric amounts of lithium diisopropyla-
mine, are known.[11] The applicability of the resulting race-
mic cyanohydrin O-phosphates in synthetic organic chemis-
try is also scarce, as only elimination reactions have been
apparently designed for the preparation of saturated and un-
saturated nitriles, indole derivatives and aromatic com-
pounds.[11] Clearly, both the synthesis and applications of
enantiomerically enriched cyanohydrin O-phosphates was
an underdeveloped issue at the outset of our work.


We had recently found that the two-centre catalyst 1 gen-
erated from chiral ligand (S)-3,3’-bis(diethylaminomethyl)-
1,1’-binaphthol [(S)-BINOLAM] 2,[12] which bears two non-
annihilating centres acting either as an LALB (Lewis acid/
Lewis base) or LABB (Lewis acid/Brønsted base) system
capable of activating electrophilic and nucleophilic re-
agents,[13] is an excellent catalyst for carrying out the enan-
tioselective cyanosilylation[14] and cyanoformylation of alde-
hydes.[5] Even though both reactions appeared to be quite
similar, some subtle differences impeded to clarify their pre-
cise LALB or LABB mechanism properly. In particular, the
cyanosilylation reaction, which employs TMSCN as cyana-
tion reagent, has been shown to require a low temperature
(�30 to �40 8C), and the presence of 4 � MS and triphenyl-
phosphane oxide as additives, to yield cyanohydrins (after
hydrolysis) in good chemical yields and excellent ee (up to
99 %).[5,12,14] In contrast, the cyanoformylation reaction,
which takes place at room temperature with NCCO2Me as
cyanation reagent, needs the presence of 4 � MS as the only
additive, and yields cyanoformates in lower ee (up to
80 %).[5] In the present work,[8] we describe in detail our
studies on the enantioselective cyanophosphorylation of al-
dehydes catalysed by the above mentioned monometallic,
two-centre aluminium complexes binolam–AlCl 1, for which
purpose diethyl cyanophosphonate was used as the cyanide
source. We also report a number of evidences, together with
extensive ab initio and DFT calculations (see below), which
suggest that the aluminium complexes binolam–AlCl 1 work


as bifunctional LABB catalysts in promoting the enantiose-
lective hydrocyanation, that is, the addition of HCN[15] (not
HNC),[16] of the aldehyde, followed by O-phosphorylation.
In addition, we describe the configurational stability and
some synthetic applications of the resulting enantiomerically
enriched cyanohydrin O-phosphates.


Results and Discussion


Initial studies on the enantioselective cyanophosphorylation
of aldehydes were performed by treating p-chlorobenzalde-
hyde with commercial diethyl cyanophosphonate in the
presence of the selected catalyst (10 mol%), under different
reaction conditions (Table 1). Catalysts were freshly pre-
pared by mixing the ligand (S)-BINOLAM 2 and the corre-
sponding Lewis acid at room temperature for one hour in
the appropriate solvent. Then, p-chlorobenzaldehyde and di-
ethyl cyanophosphonate (3 equiv relative to the aldehyde)
were added in one portion at room temperature. The reac-
tion was monitored by GC or 1H NMR spectroscopy and
the enantiomeric excess (ee) of the product (R)-3 b was de-
termined by chiral HPLC analysis (Chiralpak AD). Its abso-
lute configuration was assigned by comparison (HPLC) with
enantiomerically enriched samples prepared by direct O-
phosphorylation of enantiopure cyanohydrin (R) and (S)-4 b
(see below).


As depicted in Table 1, best results were achieved when
operating with three equivalents of diethyl cyanophosphate
and complex (S)-binolam–AlCl 1 as catalyst (10 mol %),
generated in situ by mixing (S)-2 with commercial dimethyl-
aluminium chloride in anhydrous toluene or THF (Table 1,
entries 2–3), at room temperature. Even though both THF
and toluene led to excellent results (Table 1, entries 2 and
3), toluene was selected as the ideal solvent because of
some marginal advantage during work-up and purification.
The reaction did not work properly at lower temperatures
as it turn out to be extremely slow. It is worth commenting
that, in contrast with that observed for the cyanosilylation of
aldehydes catalysed by 1,[14] which required 4 � molecular
sieves and triphenylphosphane oxide as additives, both addi-
tives were found to be deleterious for the cyanophosphory-
lation reaction (Table 1, entries 4 and 5). We also found that
the reaction was somewhat accelerated by employing
diethylaluminium cyanide or aluminium methoxide, al-
though at the expense of eroding the enantiomeric excess
down to the unacceptable (Table 1, entries 6 and 7). The ti-
tanium complex derived from titanium tetraisopropoxide
also gave poor ee values (Table 1, entry 8) therefore being
abandoned too.


Using the optimised reaction conditions mentioned above,
we explored the scope of the cyano-O-phosphorylation reac-
tion upon a series of aromatic, heteroaromatic, a,b-unsatu-
rated and aliphatic aldehydes. Except for some particular
cases (see below), satisfactory enantioselective cyanophos-
phorylations were obtained as illustrated in Table 2. The
enantiomerically enriched cyanohydrin O-phosphates 3
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thereby obtained are stable species except for the case of
3 c, that is, that derived from 4-methoxybenzaldehyde, which
partially decomposed after purification by flash chromatog-
raphy. Accordingly, crude 3 c has been used for the synthesis
of the naturally occurring (�)-tembamide and (�)-aegel-
ine[1c,17] (see below). In general, aromatic aldehydes with
electron-withdrawing substituents reacted at a slower rate
than benzaldehyde itself (Table 2, entries 4–10), in agree-
ment with the expected effect of substituents for an acid-cat-
alysed addition to aryl aldehydes. The case of 4-nitrobenzal-
dehyde is especially notorious because we found also a sig-
nificant fall of enantioselectivity (Table 2, entry 7), consis-
tent with the importance of the competing racemic process
for this case. Also mechanistically relevant is the case of
basic heteroaromatic aldehydes (Table 2, entries 11 and 15).
Thus, for instance, 3-pyridinecarbaldehyde afforded almost
racemic 3 h (Table 2, entry 11), presumably because its basic
nitrogen (pKa 5.2) can capture HCN and therefore interfere
the catalytic, enantioselective cycle. Consistent with this
view, less basic (pKa 2.4) thiazole aldehyde[18] (Table 2,
entry 15) yielded cyanophosphate 3 l in good yield and ee.
Cyanophosphate 3 l can be a key building-block in the syn-
thesis of epothilone A.[18, 19] Aliphatic as well as a,b-unsatu-
rated aldehydes were found to be suitable starting materials
for this reaction giving rise to adducts 3 in very good yields
and ee (Table 2, entries 12–18), the only exception being
that of phenylacetaldehyde, which did not give the expected
result, possibly because of its easy enolisation (Table 2,
entry 17). Unfortunately, ketones did not react when submit-
ted to the above reaction conditions. As expected for a ki-
netically-controlled reaction, the use of the (R)-1 aluminium
complex (Table 2, entries 2 and 5), instead of (S)-1 (Table 2,
entries 1 and 4), led to the opposite enantiomers, namely
(S)-3 a and (S)-3 b in identical chemical yield and enantio-
meric excess. An additional important feature of the cyano-
phosphorylation reaction is that the chiral ligand 2 can be
easily recovered (93 % yield) from the reaction media after


extractive acidic work-up, and
reused again without loss of
stereochemical yield: com-
pound 3 a was actually obtained
in 98 % ee (Table 2,
entry 3).[5,8,14] No further recy-
cling has been examined.


In order to determine the ab-
solute configuration of the new
chiral cyanohydrin derivatives
3, we attempted their prepara-
tion in enantiomerically pure
form by two different methods
starting from the corresponding
enantiomerically enriched cya-
nohydrins 4 a and 4 o. The first
one called for a direct, and the
second for an indirect phos-
phorylation of these cyanohy-
drins. Thus, in the former


Table 1. Enantioselective cyanophosphorylation of p-chlorobenzaldehyde catalysed by performed Lewis acid-
(S)-BINOLAM 2 complexes.


Entry Lewis acid Solvent t [h] Conversion [%][a] ee[b]


1 Me2AlCl CH2Cl2 19 >98 70
2 Me2AlCl THF 24 96 98
3 Me2AlCl PhMe 20 >98 96
4 Me2AlCl[c] PhMe 48 <15 –
5 Me2AlCl[d] PhMe 48 – –
6 Et2AlCN PhMe 7 >98 56
7 Me2AlOMe PhMe 0.6 >98 62
8 [Ti(iOPr)4] PhMe 1 >98 24


[a] Determined by 1H NMR spectroscopic analyses after acidic work-up. [b] Determined by HPLC analyses on
a chiral phase (Daicel Chiralpak AD). [c] 4 � Molecular sieves added (7.5 % water, 50 mg/0.25 mmol of alde-
hyde). [d] Triphenylphosphane oxide (20 mol %) added.


Table 2. Enantioselective synthesis of enantioenriched cyanohydrin O-
phosphates 3.


Entry Aldehyde t [h] 3 Yield [%][a] ee[b]


1 PhCHO 4 (R)-3a 89 98
2 PhCHO 4 (S)-3a 89[c] 98
3 PhCHO 4 (R)-3a 89[d] 98
4 4-ClC6H4CHO 20 (R)-3b 88 96
5 4-ClC6H4CHO 20 (S)-3b 88[c] 96
6 4-(MeO)C6H4CHO 10 (R)-3c 87[e] 98
7 4-(NO2)C6H4CHO 50 (R)-3d 87 26
8 3-(PhO)C6H4CHO 2 (R)-3e 90 97[f]


9 2-ClC6H4CHO 4 (R)-3 f 89 97


10 1.5 (R)-3g 91 94


11 24 (R)-3h 90 4


12 (E)-CH3CH=CHCHO 2 (R)-3 i 89 88
13 (E)-C5H11CH=CHCHO 6 (R)-3j 90 94


14 7 (R)-3k 82 95[f]


15 4 (R)-3 l 89[g] 90


16 C6H13CHO 3 (R)-3m 90 98[h]


17 PhCH2CHO 2 (R)-3n 90 36[i]


18 PhCH2CH2CHO 2 (R)-3o 90 92[f]


[a] Isolated yields after acidic hydrolysis and column chromatography
(flash silica gel). [b] The ee was determined by chiral HPLC analysis
(Daicel Chiralpak AD). [c] The reaction was done by using chiral com-
plex (R)-1. [d] Reaction performed with recovered ligand (S)-1.
[e] Crude pure yield, partial decomposition after flash chromatography
occurred. [f] The ee was determined by chiral HPLC analysis (Daicel
Chiralpak AS). [g] After column chromatography (neutral Al2O3).
[h] The ee was determined by chiral CG analysis (g-cyclodextrin). [i] The
ee was determined by chiral HPLC analysis (Daicel Chiralcel OD-H).
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method, enantiomerically pure cyanohydrins, derived from
benzaldehyde and 3-phenylpropanal, were synthesised by
cyanosilylation of the corresponding aldehyde catalysed by
(S)-binolam–AlCl, followed by acidic hydrolysis,[14] and then
allowed to react in THF at room temperature with diethyl
chlorophosphate or diethyl cyanophosphonate in the pres-
ence of an equivalent of the base (Table 3). It should be


mentioned that, in spite of the number and type of bases
(e.g., Et3N, N-methylimidazole, pyridine, lutidine) and phos-
phorylating agents employed (Table 3), partial racemisation
was found to be inevitable (Table 3, entries 1–14), thereby
lending further credit to our direct, enantioselective cyano-
O-phosphorylation as a unique method of accessing these
kind of compounds. The N-methylimidazole (NMI)-promot-
ed O-phosphorylation of benzaldehyde with diethyl chloro-
phosphate caused a low racemisation in the product 3 a
(Table 3, entry 3). A similar result was achieved with diethyl
cyanophosphonate and pyridine as base (Table 3, entry 7).
However, independently of the base used, neither diethyl
chlorophosphate nor diethyl cyanophosphonate were suita-
ble reagents to give optically enriched cyanohydrin deriva-
tives 3 o (Table 3, entries 4, 5 and 12–14).


We also checked the alternative, indirect route for prepar-
ing cyanohydrin O-phosphates 3 which calls for forming first
the cyanohydrin O-phosphites followed by their oxidation
with iodine[20] (Scheme 1). We examined this route for cya-
nohydrins 4 a and 4 o. Again, we found that phosphinoyla-
tion with diethyl chlorophosphite, in the presence of a base
(triethylamine), led to partially racemised products 5, which
were immediately oxidised cleanly (in good yield and with-


out racemisation), furnishing the desired cyanohydrin O-
phosphates 3 a or 3 o, respectively (Scheme 1). The ee of the
intermediate phosphites 5 was also determined by chiral
HPLC analysis of a crude product sample (Chiralpak AS).


The absolute configurations given in Table 2 for cyanohy-
drin O-phosphates 3 were assigned by comparison with
those prepared by the methods mentioned above. Analysis


of the observed absolute config-
urations served also to write the
following SSR/RRS mnemonic
rule for the stereochemical out-
come of cyanophosphorylations
catalysed by binolam–AlCl: the
use of the (S)-catalyst promotes
the attack of the Si face thereby
leading to the (R)-cyanohydrin
derivative, and the opposite:
using the (R)-catalyst induces
the attack of the Re face there-
by leading to the (S)-cyanohy-
drin derivative.


Mechanistic studies : What is
the nature of the species
formed by mixing equimolar
amounts of Me2AlCl and BI-
NOLAM 2? 1H NMR analysis
of a recently prepared solution
(CD2Cl2) showed a single set of
sharp signals [two doublets at d


4.01 and 4.71 ppm, J= 13.5 Hz,
versus two doublets at 3.82 and


4.10 ppm, J= 15.0 Hz observed for the pure (S)-BINOLAM]
assignable to a symmetric species of the type (binolam–
AlCl)n. The 27Al NMR spectrum showed an extremely wide
signal centred at 47.0 ppm consistent with a pentacoordinat-
ed or rapidly exchanging tetracoordinated aluminium spe-
cies. During the course of the numerous experiments per-
formed it was observed that the catalytic asymmetric reac-
tions carried out with catalyst prepared with enantiopure
(S)-BINOLAM 2 took place at a faster pace than those for
which we used less pure, or even racemic, 2. Actually, kinet-
ic measurements showed a catalytic activity of the homochi-
ral (S)-1 complex about eight times greater than that of the
racemic complex (Figure 1), a priori consistent with the “re-
servoir effect” expected for an inactive dimeric (or higher
oligomer) species being in equilibrium with the actual


Table 3. O-Phosphorylation of chiral cyanohydrins 4 under basic conditions.


Entry R X 4 (ee) Base t [h] Yield [%][a] 3 (ee)[b]


1 Ph Cl (R)-4a (98) Et3N 24 44 (R)-3a (48)
2 Ph Cl (R)-4a (98) Py 24 – –
3 Ph Cl (R)-4a (98) NMI 3 >89 (R)-3a (82)
4 Ph(CH2)2 Cl (R)-4o (88) Py 22 – –
5 Ph(CH2)2 Cl (R)-4o (88) NMI 1.3 83 (R)-3o (24)[c]


6 Ph CN (R)-4a (98) Et3N 1.3 87 (R)-3a (60)
7 Ph CN (R)-4a (98) Py 5 88 (R)-3a (82)
8 Ph CN (R)-4a (98) NMI 1.3 40 (R)-3a (80)
9 Ph CN (R)-4a (98) 2,6-lutidine 20 68 (R)-3a (82)
10 Ph CN (R)-4a (98) DCMA[d] 2 80 (R)-3a (76)


11 Ph CN (R)-4a (98) 30 <10 –


12 Ph(CH2)2 CN (R)-4o (88) Et3N 1.3 92 (R)-3o (64)[c]


13 Ph(CH2)2 CN[e] (R)-4o (88) Py 22 – –
14 Ph(CH2)2 CN (R)-4o (88) NMI 24 71 (R)-3o (62)[c]


[a] Pure cyanohydrin O-phosphates isolated after acid hydrolysis and column chromatography. [b] Enantiomer-
ic excess determined by chiral HPLC analysis (Daicel Chiralpak AD). [c] Enantiomeric excess determined by
chiral HPLC analysis (Daicel Chiralpak AS). [d] DCMA: dicyclohexylmethylamine. [e] Two equivalents of di-
ethyl cyanophosphonate were used.


Scheme 1.
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monomeric catalyst, as described by Kagan.[21] In fact, a
strong nonlinear effect (NLE)[22] was discovered for the
enantioselective cyanosilylation of aldehydes (Figure 2),[23]


to the best of our knowledge the first example for an alumi-
nium-based catalytic complex. Hartree–Fock ab initio calcu-


lations at the HF/6-31G* level carried out for the dimerisa-
tion equilibrium of our model catalyst biphelam–AlCl C re-
vealed that, in fact, either the homochiral (aR,aR)C2, or
(aS,aS)C2, or the heterochiral (aR,aS)C2 dimers are more
stable than the corresponding monomers. Unfortunately, at
this level of calculation, the homochiral dimers were found
to be slightly more stable than the heterochiral dimers, in
disagreement with expectations. As expected for the above-
mentioned reservoir effect, STO-3G calculations on a fur-
ther simplified model phelam–AlCl D led us to recognise


that its homochiral tetramers (aR,aR,aR,aR)D4 are, in fact,
less stable than the corresponding heterochiral (aR,aS,aR,-
aS)D4 tetramers, as shown in Table 4. The enormous size of
these species impeded further calculations on them at a
higher level.


The bifunctional (either LABB or LALB) character of
the presumed monomeric catalyst (binolam–AlCl) 1, is sup-
ported by two facts. First, the presence of a competing exter-
nal base such as triethylamine (20 mol %), in the cyanophos-
phorylation of p-chlorobenzaldehyde, to the otherwise stan-
dard conditions, induced a dramatic drop of enantiomeric
excess down to 38 % ee in 3 b while, at the same time, accel-
erates the reaction. Second, the absence of the amino func-
tion impedes the reaction: the aluminium species derived
from commercial (S)-BINOL, generated as for the case of
(S)-BINOLAM, led, for the case of p-chlorobenzaldehyde,
to the racemic cyanohydrin O-phosphate 3 b in very low
conversion (10%), after 48 h. This behaviour taken together
with the above-mentioned sensitivity of the cyanophosphor-
ylation reaction to the pKa of basic, heterocyclic aldehydes
would tend to suggest that our bifunctional catalyst is likely
working as an LABB-type catalyst capable of capturing the
carbonyl of an aldehyde (likely acting as a two point linker)
by the Lewis acid (LA) moiety,[24] but at the same time also
able to pick up HCN[15] (or HNC)[16] trough the Brønsted
base unit present at the nearby arm.


The observed enantioselective cyano-O-phosphorylation
could either be the result of a direct process (DP), or an in-
direct one (IP) involving two fundamental steps: hydrocya-
nation and O-phosphorylation. Moreover, we envisioned
two alternative mechanisms for the indirect route, namely
racemic hydrocyanation followed by dynamic kinetic resolu-
tion upon the O-phosphorylation step (IP1) or,[25] instead,
enantioselective hydrocyanation followed then by O-phos-
phorylation (IP2). So the question arose: where does the ini-
tial HCN (or HNC) come from? Examination by 13C NMR
spectroscopy of a commercial sample of diethyl cyano-
phosphonate (85% pure according to the supplier) showed
that it does indeed contain trace amounts of HCN (d


112.3 ppm, CDCl3). Needless to say adding a hydrolytic
agent to this sample led to the corresponding increase of the
HCN signal, thus lending credit to the hydrocyanation–O-
phosphorylation combined routes IP1 or IP2. The IP1 route
was immediately discarded after learning that treatment of a
racemic mixture of cyanohydrin 4 a with diethyl cyano-
phosphonate in the presence of (S)-binolam–AlCl 1 as cata-
lyst (10 mol %), under otherwise identical conditions, led to
a 50:50 mixture of cyanophosphates 3 a as revealed by chiral
HPLC (Daicel Chiralpak AD).


At this point the indirect evidences presented so far
strongly suggested a two-operation catalytic cycle, namely
an enantioselective hydrocyanation followed by O-phos-
phorylation (IP2), as illustrated in Scheme 2. Nevertheless
we did not fully rejected the more interesting, direct cyano-
phosphorylation (DP) as a plausible mechanistic scheme,
specially in light of the proposed direct mechanism by Deng
for the formally analogous enantioselective cyanoformyla-


Figure 1. Catalytic activity of the homochiral complex (S)-1 (&) versus
the racemic complex (^) in the cyanophosphorylation of benzaldehyde.


Figure 2. NLE observed in the enantioselective cyanophosphorylation of
benzaldehyde.
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tion catalysed by Cinchona alkaloids.[3] Accordingly, we ex-
amined both routes by means of an extensive computational
analysis for which purpose we
selected biphelam–AlCl C (see
below) as the ideal model cata-
lyst for study.[26] Initial Hartree–
Fock computations at the HF/6-
31G* level (single-point
B3 LYP/6-31G*//HF/6-31G* en-
ergies were also determined)
served to delimit the competi-
tiveness of the direct cyano-
phosphorylation route versus
the indirect route involving hy-
drocyanation followed by O-
phosphorylation (Figure 3).
These were eventually complet-
ed with DFT calculations at the
B3 LYP/6-31G* level for a more
detailed assessment of the se-
lected route.


An overall illustration of the
results of our computational
studies for the C-catalysed ad-


dition of dimethyl cyano-
phosphonate O to acetaldehyde
A (direct cyanophosphoryla-
tion) versus the C-catalysed ad-
dition of hydrogen cyanide
HCN to acetaldehyde A (the
hydrocyanation step of the indi-
rect cyanophosphorylation) is
given in Figure 3 in terms of


B3 LYP/6-31G*//HF/6-31G* relative energies (absolute ener-
gies of all stationary points are provided as Supporting In-
formation).


As illustrated in Figure 3, our (S)-configured model cata-
lyst C is capable of forming binary complexes with HCN
(C·HCN), or the aldehyde A (C·A), for which purpose C
uses either the Brønsted base (BB) or Lewis acid (LA)
moiety, respectively. As expected, C is also capable of form-
ing a ternary complex presumably relevant for the direct cy-
anophosphorylation with both the aldehyde A and cyano-


Table 4. Computed absolute and relative energies for the oligomerisation of models biphelam–AlCl C and
phelam–AlCl D.


HF/6-31G* calculations[a] 2 � C1 (aS,aS)C2 (aR,aS)C2


absolute energy [Hartrees] �3309, 2 739 632 �3309, 2 860 243 �3309, 2739 632
relative energy[b] [kcal mol�1] +7.57 0 +1.38
HF/STO-3G calculations[a] 4� D1 (aR,aR,aR,aR)D4 (aR,aS,aR,aS)D4


absolute energy[b] [Hartrees] �5860.4099092 �5860.4258618 -5860.439724
relative energy [kcal mol�1] +18.70 +8.70 0


[a] Calculations carried out with Gaussian 98 A11 (see computational details). [b] Energies of stationary points
found (all frequencies real). See Computational Details.


Scheme 2.


Figure 3.
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phosphate O (C·A·O1 and C·A·O2), and also a ternary com-
plex presumably relevant for the indirect cyanophosphoryla-
tion with the aldehyde A and HCN (C·A·HCNSi and
C·A·HCNRe). Also shown in Figure 3 are the quaternary
complexes C·A·O·HCNSi and C·A·O·HCNRe, which are the
lowest energy species but nevertheless quite labile. The HF/
6-31G*-optimised geometries of all these stationary points
are provided as Supporting Information. The competition
between the direct and indirect cyanophosphorylations is
shown in Figure 3 in two different blocks. In spite of the
many attempts (starting from either the ternary or quaterna-
ry complexes), we have been unable to find the transition
structures corresponding to the so-called direct cyanophos-
phorylation (Figure 3, left). In sharp contrast, we found the
transition structures of the hydrocyanation process (shown
in bold-face Figure 3, right), namely C·A·HCNSi-ts and
C·A·HCNRe-ts separated by DDE=3.31 kcal mol�1, the
former being the energy lowest, in excellent agreement with
experiment. These data clearly support that the observed cy-
anophosphorylation might be the result of a two-operation
process (indirect cyanophosphorylation) involving initial
enantioselective hydrocyanation, followed by O-phosphory-
lation.


Nevertheless, the recent demonstration by Hoveyda and
Snapper that the salicylpeptide-catalysed hydrocyanation of
imines involved the addition of HNC rather than HCN,[15c]


and also the experimental evidence provided by Corey[16] on
the HNC versus HCN issue led us to further pursue the hy-
drocyanation issue in more detail. The results of this analysis
initially run at the HF/6-31G* level of calculation are illus-
trated in Figure 4 (single point B3 LYP/6-31G*//HF/6-31G*
energies are given). The relevant conclusions being: 1) both
the HCN and HNC modes of addition are active, competing
routes for the hydrocyanation of aldehydes (see, however,
below); 2) the lowest energy barrier for both routes corre-
sponds to Si attack, in accordance with experiment.


For a more precise analysis on this issue, we felt necessary
to carry out a DFT study at the B3 LYP/6-31G* level of cal-
culation (the large molecular size of the species under analy-
sis precluded further upgrading such as post Hartree–Fock
MP2 calculations). According to this study (Figure 5) only
one mode of addition is actually possible, namely that of ad-
dition of HCN, as in no case we were able to find the transi-
tion structures for the addition of HNC to the aldehyde.
Therefore we conclude that our (S)-configured catalyst is in
fact capable of performing an LABB dual role in promoting
the addition of HCN (not HNC) to the Si face of the alde-
hyde in an enantioselective manner (DDE *= 3.31 kcal
mol�1), and thus give rise to the (R)-configured cyanohydrin,
in agreement with experiment. These data give support to
the empirical RRS/SSR rule mentioned above.


Synthetic applications of enantiopure cyanophosphates 3 :
Chemoselective ethanolysis of the cyano group of cyanohy-
drin O-phosphates 3 was achieved by treatment with acetyl
chloride in anhydrous ethanol at 0 8C, thereby leading to a-
O-phosphate carboxylate ethyl esters 6. In this manner, we
prepared compounds 6 a and 6 o in excellent chemical yield
and almost overall retention of the configuration (Sche-
me 3a). This methodology, however, failed for allyl phos-
phate 3 j. In this case, a number of side products, presuma-
bly originated by allyl rearrangements, were observed
(1H NMR spectra) in the crude reaction product. Double
hydrolysis of the phosphoryl and cyano groups, also failed
by using TMSI, concentrated or diluted hydrochloric acid at
several temperatures or even under microwave irradiation
or titanium complexes.[10] In all cases mixtures of racemic,
hydrolysed products were obtained. The ester 6 a could be
successfully obtained by reaction of the commercially availa-
ble ethyl (S)-mandelate with diethyl cyanophosphonate
(1.2 equiv) in the presence of triethylamine (1.2 equiv) at
room temperature (Scheme 3b). The reaction proceeded


without racemisation thereby
yielding compound (S)-6 a in
good yield and 99 % ee. Other
bases such as pyridine or N-
methylimidazole did not im-
prove the reaction and diethyl
chlorophosphate was shown not
to be a suitable phosphorylating
agent for this purpose.


Enantiopure b-amino alcohols
are within reach from cyanohy-
drin O-phosphates 3 by simple
reduction with lithium alumini-
um hydride. Thus, for instance,
b-amino alcohol (R)-7 a[27] was
obtained by reduction of (R)-3 a
in good chemical and stereo-
chemical yields (no racemisation
observed). For an easier manip-
ulation, (R)-7 a can be conven-
iently converted in quantitativeFigure 4.
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yield in its N-Boc derivative (R)-8 a[28] (Scheme 4). The opti-
cal rotations measured for b-amino alcohols (R)-7 a and (R)-
8 a were in agreement with those of the literature, thereby
confirming the absolute configuration already assigned to
products 3. With this simple procedure in hand, the direct
synthesis of natural products (�)-tembamide and (�)-aegeli-
ne[1c,17] was tested. Due to its instability, crude 3 c, obtained
in 98 % ee (Table 2, entry 6), was reduced at room tempera-
ture with lithium aluminium hydride in THF and quenched
with water. The resulting crude product was treated with
cinnamoyl chloride or benzoyl chloride leading to enan-
tioenriched (98 % ee in both examples) (�)-aegeline and
(�)-tembamide in 70 or 75 % overall yield, respectively
(Scheme 4).


Next we tried to explore the palladium-catalysed nucleo-
philic substitution upon allyl phosphates 3 as a valuable
route to access enantioenriched g-cyanoallyl alcohols,[29] of
which alcohol 12 jb is a useful precursor for the synthesis of
coriolic acid as well as d- and l-sphingosines[30, 31]


(Scheme 5). For this purpose, we subjected cyanohydrin O-
phosphates 3 i and 3 j to palladium-catalysed allyl rearrange-
ment with sodium acetate at room temperature, in the pres-


ence of palladium acetate
(5 mol%) and triphenylphos-
phane (10 mol%). Due to their
instability, acetates 11 were not
purified but, instead, submitted
to a very mild base-catalysed
hydrolysis.[30b] After flash chro-
matography we obtained alco-
hols 12 ia[30c] and 12 ja[30b] as
pure (E)-isomers in 75 and
73 % overall chemical yield and
88 and 94 % ee, respectively
(Scheme 5). The absolute con-
figuration of the products (E)-
12, was determined by compari-
son of their optical rotations
with those described in the lit-
erature.[30,31]


Interestingly, we observed
that the newly generated chiral
centre at the g-position of the


(E and Z)-a,b-unsaturated derivatives 11 ia and 11 jb had
opposite configurations, though, curiously enough, both
were obtained in identical ee. This observation is not with-
out precedent as some palladium(0)-catalysed allyl substitu-
tion reactions has been previously reported to induce oppo-
site absolute configuration at the newly-created chiral
centre of the (E)- and (Z)-configured product.[32] In addi-
tion, we also observed that palladium(0)-catalysed allyl sub-


Figure 5.


Scheme 3.


Scheme 4.


Scheme 5. R = n-C5H11
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stitution in the presence of dibenzylamine behaved analo-
gously. Actually, the product of nucleophilic substitution
11 ic was obtained as a 10:3 (E :Z) mixture, each product
having the same enantiomeric purity (81 % ee) as the start-
ing allyl phosphate 3 i. Reduction of the unsaturated nitrile
group of 11 ic followed by protection of the resulting pri-
mary amine with benzoyl chloride led to N-benzoyl-1,4-dia-
mine 13 (Scheme 6). The final ee obtained was in agreement
with the reversal of stereochemistry postulated for the chiral
centre on the (E) and (Z)-isomers of 11 ic. The ee of un-
known compound 13 was determined by chiral HPLC analy-
sis (Daicel Chiralpak AD).


The stereochemical outcome described above is consistent
with the reaction mechanism reported for allyl carbo-
nates.[32a] The expected double inversion involving inter-
mediate 15 easily explains why the major (E)-isomer of 11
should possess the (R) configuration. In addition, since h3-
allyl palladium 15 is in equilibrium with h3-allyl palladium
18, by means of a h3–h1 shift to 16, bond rotation and h1–h3


shift, this species should give rise upon nucleophilic attack
to the (Z) isomer 11 with the opposite (S) configuration
(Scheme 7).


In summary, C2-symmetric binolam-derived complexes 1,
having an aluminium atom as the system core and two prox-
imate aminomethyl arms, efficiently catalyse the asymmetric
cyanophosphorylation reaction of aldehydes, both in terms
of chemical and stereochemical yield. All evidences, includ-
ing ab initio and DFT calculations support a mechanism
where the catalyst works as a true bifunctional Lewis acid/
Brønsted base (LABB) system, the aluminium acting as


Lewis acid in binding the carbonyl aldehyde, and the amino
arm by capturing hydrogen cyanide. The overall enantiose-
lective cyanophosphorylation observed appears to be the
consequence of the enchainment of two reactions namely,
enantioselective hydrocyanation which is then followed by
O-phosphorylation. The existence of a strongly positive
NLE observed when this reaction is carried out in toluene
suggests that the actual catalyst is in equilibrium with some
oligomeric species of the aluminium complexes.[33] Most im-
portant, the chiral ligand (S)-BINOLAM 2 can be easily re-
covered at the end of the reaction and recycled without loss
of efficiency, thus suggesting its possible application in
large-scale processes. Direct applications of cyanohydrin O-
phosphates in the synthesis of O-phosphorylated hydroxy
esters, b-amino alcohols and g-cyanoallyl alcohols convert
this cyanohydrin derivatives in very interesting chiral build-
ing blocks for synthetic organic chemistry.


Computational Details


In most cases structures corresponding to ground state and transition
state geometries were fully optimised (no geometrical constraints im-
posed) using gradients techniques at the HF/6-31G(d) level of theory,[34]


that is, by using the set of split-valence, d-polarised 6-31G(d) basis,[35] as
implemented in Gaussian98 A11.[36] Single-point energies B3 LYP/6-
31G*//HF/6-31G* have been also determined. Only for the study of the
aggregation (tetramerisation) of modelled species such as phelam–AlCl
D we had to recourse to HF/STO-3G calculations.


The original input structures were, in most cases, the optimised structures
resulting from prior semiempirical work (not shown) carried out with
PM3 as implemented in the Spartan package.[37] Electron correlation was
incorporated to our studies by means of density functional theory,[38] by
using the non-local hybrid three-parameter functional developed by
Becke and denoted B3 LYP exchange-correlation functional.[39, 40] All sta-
tionary points were examined by diagonalisation of their Hessian matri-
ces (vibrational analysis).[41] Ground state equilibrium geometries on the
potential energy surface were recognised as having real frequencies only,
whereas transition structures were recognised as having only one nega-
tive eigenvalue (visualised on a screen with the help of an appropriate
program). In all cases, the zero-point vibrational energies (ZPVE) were
computed at the same level and were not scaled.


Experimental Section


General : All reactions were carried out under argon, including the trans-
fer of solid reagents to the reaction vessel. Anhydrous solvents were
freshly distilled under an argon atmosphere. Aldehydes were also distil-
led prior to use. Molecular sieves were dried at 120 8C for 4 h. (S)- and
(R)-BINOLAM 2 were prepared according to the literature proto-
col.[5,12, 14] Melting points were determined with a Reichert Thermovar
hot plate apparatus and are uncorrected. Only the structurally most im-
portant peaks of the IR spectra (recorded on a Nicolet 510 P-FT) are
listed. 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were ob-
tained at 25 8C on a Bruker AC-300 by using CDCl3 as solvent and TMS
as internal standard, unless otherwise stated. Optical rotations were mea-
sured on a Perkin–Elmer 341 polarimeter. HPLC analyses were per-
formed on a Shimadzu LC-10 AD equipped with a chiral column (de-
tailed for each compound in the main text), by using mixtures of n-
hexane/isopropyl alcohol as mobile phase, at 25 8C. Chiral GC analysis
was performed on a HP-5890 by using a WCOT g-cyclodextrin column.
Low-resolution electron impact (EI) mass spectra were obtained at


Scheme 6.


Scheme 7.
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70 eV on a Shimadzu QP-5000 and high-resolution mass spectra were ob-
tained on a Finnigan VG Platform. HRMS (EI) were recorded on a Fin-
nigan MAT 95S. Microanalyses were performed on a Perkin–Elmer 2400
and a Carlo Erba EA1108. Analytical TLC was performed on Schleicher
and Schuell F1400/LS silica gel plates and the spots were visualised
under UV light (l =254 nm). For flash chromatography we employed
Merck silica gel 60 (0.040–0.063 mm). The retention time of the major
enantiomer is highlighted in italics


General procedure for the preparation of compounds 3 : Dimethylalumi-
nium chloride (1 m solution in hexanes, 0.025 mmol, 25 mL) was added
under argon to a solution of enantiopure (S)-BINOLAM 2 (0.025 mmol,
11.4 mg), in dry toluene (1 mL), and the resulting suspension stirred at
room temperature for 1 h. Then, freshly distilled aldehyde (0.25 mmol)
and diethyl cyanophosphonate (0.75 mmol, 125 mL) were added in one
portion. The reaction was monitored by GC and 1H NMR spectroscopy
and, when it was judged complete, 2 m aqueous solution of hydrochloric
acid (2 mL) and ethyl acetate (2 mL) were added. The resulting mixture
was stirred vigorously for 10 min. The emulsion was filtered and the
aqueous phase treated with a 1m buffer solution of NH3/NH4Cl until the
pH was basic; then ethyl acetate was added (2 � 10 mL) and the organic
layer was separated, dried (MgSO4) and eventually evaporated, thereby
recovering pure ligand 2 (11 mg, 95 %). The organic phase from the
acidic work up was dried (MgSO4) and evaporated to dryness. The resi-
due was purified by flash chromatography thereby yielding pure cyanohy-
drin O-phosphates 3 (yields shown in Table 2). Spectroscopic and physi-
cal data for 3a–n follows:


(S)-2-(Diethylphosphoryloxy)-2-phenylacetonitrile (3 a): Colourless oil;
[a]25


D =�20.12 (c =2, CHCl3); 98 % ee from HPLC analysis, Daicel Chiral-
pak AD, l = 254 nm, n-hexane/2-propanol 95:5, 1.0 mL min�1, tr =16.8
and 19.9 min; Rf = 0.57 (n-hexane/ethyl acetate 3:2); IR (neat): ñ =2240,
1270, 1024 cm�1; 1H NMR (300 MHz, CDCl3): d=1.18–1.23 (dt, J =7.1,
0.9 Hz, 3 H, CH3), 1.34–1.39 (dt, J=7.1, 0.9 Hz, 3H, CH3), 3.94–4.05,
4.13–4.25 (2 � m, 4H, 2 � CH2), 6.05 (d, J=8.9 Hz, 1 H, CHCN), 7.44–7.46
(m, 3H, ArH), 7.53–7.56 ppm (m, 2H, ArH); 13C NMR (75 MHz,
CDCl3): d= 15.7–15.9 (m, 2� CH3), 64.5–64.7 (m, 2 � CH2), 66.4 (d, J =


4.4 Hz, CHCN), 116.1 (d, J =6.6 Hz, CN), 127.4, 129.1, 130.5, 132.4 ppm
(ArC); MS (EI): m/z : 269 (4) [M]+, 213 (70), 133 (42), 116 (100), 115
(69), 105 (48), 89 (33); HRMS: m/z : calcd for C12H16O4NP: 269.0817;
found: 269.0820.


(S)-2-(4-Chlorophenyl)-2-(diethylphosphoryloxy)acetonitrile (3 b): Col-
ourless oil; [a]25


D =�14.60 (c= 2, CHCl3); 96% ee from HPLC analysis
Daicel Chiralpak AD, l = 254 nm, n-hexane/2-propanol 90:10,
1.0 mL min�1, tr =12.0 and 14.7 min; Rf = 0.43 (n-hexane/ethyl acetate
3:2); IR (neat): ñ=2354, 1273, 1032 cm�1; 1H NMR (300 MHz, CDCl3): d


= 1.24, 1.38 (2 � t, J=7.1 Hz, 6 H, 2 � CH3), 3.98–4.07, 4.14–4.26 (2 � m,
4H, 2 �CH2), 6.03 (d, J=8.9 Hz, 1H, CHCN), 7.43 (d, J =8.5 Hz, 2H,
ArH), 7.50 ppm (d, J =8.5 Hz, 2 H, ArH); 13C NMR (75 MHz, CDCl3):
d=15.9 (m, 2 � CH3), 64.8 (d, J= 6 Hz, 2� CH2), 65.7 (d, J =4.4 Hz,
CHCN), 115.7 (d, J= 6.6 Hz, CN), 128.8, 129.5, 130.9, 136.8 ppm (ArC);
MS (EI): m/z : 303 (15) [M]+ , 247 (88), 150 (98), 149 (100), 139 (42), 114
(32); HRMS: m/z : calcd for C12H15O4NPCl: 303.0427; found: 303.0432.


(R)-2-(Diethylphosphoryloxy)-2-(4-methoxyphenyl)acetonitrile (3 c):
Data of the colourless oily crude product (see text): 98 % ee from HPLC
analysis Daicel Chiralpak AD, l =254 nm, n-hexane/2-propanol 90:10,
1.0 mL min�1, tr =12.0 and 14.7 min; Rf = 0.30 (n-hexane/ethyl acetate
3:2); IR (neat): ñ = 2243, 1258, 1028 cm�1; 1H NMR (300 MHz, CDCl3):
d = 1.22, 1.38 (2 � t, J =7.1 Hz, 6 H, 2 � CH3CH2O), 3.84 (s, 3 H, CH3O),
3.83–4.04, 4.15–4.25 (2 � m, 4H, 2� CH2O), 5.99 (d, J =8.6 Hz, 1 H,
CHCN), 6.95 (d, J= 8.6 Hz, 2H, ArH), 7.48 ppm (d, J =8.6 Hz, 2H,
ArH); 13C NMR (75 MHz, CDCl3): d =15.9 (d, J =7.3 Hz, 2� CH3CH2),
55.40 (d, J =3.3 Hz, CH3O), 64.7 (d, J=5.5 Hz, 2 � CH2O), 66.3 (d, J=


4.4 Hz, CHCN), 114.5 (ArC), 116.3 (d, J =6.6 Hz, CN), 124.5 (d, J =


5.5 Hz, ArC), 161.3 ppm (ArC); MS (IE): m/z : 299 (8) [M]+ , 162 (12),
147 (39), 46 (97), 145 (100), 135 (17); HRMS: m/z : calcd for
C13H18O5NP: 299.0923; found: 299.0928.


(R)-2-(Diethylphosphoryloxy)-2-(4-nitrophenyl)acetonitrile (3 d): Pale
yellow oil; [a]25


D =�0.9 (c=2, CHCl3); 26% ee from HPLC analysis
Daicel Chiralpak AD, l=254 nm, n-hexane/2-propanol 90:10,


1.0 mL min�1, tr =17.9 and 37.4 min; Rf = 0.20 (n-hexane/ethyl acetate
3:2); IR (neat): ñ = 2363, 1530, 1350, 1271, 1032 cm�1; 1H NMR
(300 MHz, CDCl3): d=1.28, 1.40 (2 � t, J=7.1 Hz, 6H, 2 � CH3), 4.02–
4.15, 4.18–4.30 (2 � m, 4H, 2� CH2), 6.17 (d, J= 9.0 Hz, 1 H, CHCN), 7.76,
8.32 ppm (2 � d, J =8.7 Hz, 4 H, ArH); 13C NMR (75 MHz, CDCl3): d=


15.9 (m, 2� CH3), 65.1 (d, J =4.4 Hz, CHCN), 65.2 (d, J =6.3 Hz, 2�
CH2), 115.2 (d, J =6.6 Hz, CN), 124.4, 128.3, 138.6, 149.0 ppm (ArC); MS
(EI): m/z : 314 (4) [M]+ , 258 (100), 161 (28), 125 (26), 114 (44); HRMS:
m/z : calcd for C12H15O6N2P: 314.0668; found: 314.0669.


(R)-2-(Diethylphosphoryloxy)-2-(3-phenoxyphenyl)acetonitrile (3 e): Col-
ourless oil; [a]25


D =++8.9 (c= 2, CHCl3); 97 % ee from HPLC analysis
Daicel Chiralpak AS, l= 254 nm, n-hexane/2-propanol 90:10,
1.0 mL min�1, tr =15 and 19.7 min; Rf = 0.44 (n-hexane/ethyl acetate
3:2); IR (neat): ñ = 2361, 1268, 1024 cm�1; 1H NMR (300 MHz, CDCl3):
d=1.28, 1.36 (2 � dt, J=7.1, 1.0 Hz, 6H, 2� CH3), 3.96–4.09, 4.13–4.26
(2 � m, 4H, 2� CH2), 6.01 (d, J =8.9 Hz, 1 H, CHCN), 7.00–7.09 (m, 3 H,
ArH), 7.13–7.17 (m, 2 H, ArH), 7.34 (t, J =2 Hz, 1 H, ArH), 7.36–
7.42 ppm (m, 3H, ArH); 13C NMR (75 MHz, CDCl3): d=15.9, 16.2 (2 � d,
J =7.5 Hz, 2� CH3), 64.5, 64.9 (2 � d, J=5.7 Hz, 2� CH2), 66.0 (d, J=


4.4 Hz, CHCN), 115.9 (d, J= 5.5 Hz, CN), 117.1, 119.3, 120.3, 121.6,
124.1, 129.9, 130.6 (ArC), 134.1 (d, J =5.5 Hz, ArC), 156.2, 158.2 ppm
(ArC); MS (EI): m/z : 361 (84) [M]+ , 305 (100), 225 (51), 207 (29), 197
(39), 181 (67), 114 (72); HRMS: m/z : calcd for C18H20O5NP: 361.1079;
found: 361.1079.


(R)-2-(2-Chlorophenyl)-2-(diethylphosphoryloxy)acetonitrile (3 f): Col-
ourless oil; [a]25


D =++23.8 (c= 2, CHCl3); 97% ee from HPLC analysis
Daicel Chiralpak AD, l =254 nm, n-hexane/2-propanol 95:5,
1.0 mL min�1, tr =10.1 and 12.5 min; Rf = 0.35 (n-hexane/ethyl acetate
3:2); IR (neat): ñ = 2358, 1274, 1027 cm�1; 1H NMR (300 MHz, CDCl3):
d=1.29, 1.37 (2 � dt, J =7.1, 1.1 Hz, 6H, CH3), 4.05–4.15, 4.17–4.28 (2 � m,
4H, 2�CH2), 6.36 (d, J=8.7 Hz, 1 H, CHCN), 7.36–7.47 (m, 3H, ArH),
7.68–7.72 ppm (m, 1 H, ArH); 13C NMR (75 MHz, CDCl3): d = 15.8, 16.0
(2 � d, J=4.4 Hz, 2 � CH3), 63.5 (d, J=4.4 Hz, CHCN), 64.6, 65.0 (2 � d,
J =5.5 Hz, 2� CH2), 115.4 (d, J= 4.4 Hz, CN), 127.7, 128.9 (ArC), 130.1
(d, J=4.4 Hz, ArC), 130.3, 131.7, 132.8 ppm (ArC); MS (EI): m/z : 268
(59) [M�Cl]+ , 240 (18), 212 (31), 185 (100), 150 (57), 122 (19), 114 (18);
HRMS calcd for C12H15O4NP: 268.0738; found: 268.0739 [M�Cl]+ .


(R)-2-(Diethylphosphoryloxy)-2-(6-methoxy-2-naphthyl)acetonitrile (3 g):
Colourless oil; [a]25


D =++ 12.2 (c =2, CHCl3); 94% ee from HPLC analysis
Daicel Chiralpak AD, l=254 nm, n-hexane/2-propanol 90:10,
1.0 mL min�1, tr =16.4 and 24.0 min; Rf = 0.21 (n-hexane/ethyl acetate
3:2); IR (neat): ñ = 2357, 1271, 1029 cm�1; 1H NMR (300 MHz, CDCl3):
d=1.19, 1.39 (2 � t, J=7.1 Hz, 6H, 2� CH3CH2), 3.93 (s, 3 H, CH3O),
3.95–4.02, 4.18–4.26 (2 � m, 4H, 2 � CH2), 6.18 (d, J=8.8 Hz, 1H, CHCN),
7.16 (br s, 1H, ArH), 7.21 (m, 1H, ArH), 7.58 (d, J =8.5, 1 H, ArH), 7.80
(t, J =9.5 Hz, 2 H, ArH), 7.96 ppm (s, 1H, Ar-H); 13C NMR (75 MHz,
CDCl3): d=15.8 (m, 2 � CH3), 55.3 (s, CH3O), 64.4, 64.6 (2 � d, J =5.5 Hz,
2� CH2), 66.8 (d, J=5.5 Hz, CHCN), 116.2 (d, J =6.6 Hz, CN), 105.7,
119.9, 124.6, 127.2, 127.3, 127.5, 128.2, 129.9, 135.4, 158.9 ppm (ArC); MS
(EI): m/z : 349 (0.1) [M]+ , 321 (10), 265 (10), 212 (17), 196 (91), 195
(100), 180 (10), 166 (14), 153 (27), 125 (17), 91 (28); HRMS: m/z : calcd
for C17H20NPO5: 349.3200; found: 349.3995.


(R)-2-(Diethylphosphoryloxy)-2-(3-pyridyl)acetonitrile (3 h): Pale yellow
oil; 4% ee from HPLC analysis Daicel Chiralpak AD, l =254 nm, n-
hexane/2-propanol 90:10, 1.0 mL min�1, tr =28.7 and 29.9 min; Rf = 0.55
(ethyl acetate); IR (neat): ñ = 2254, 1286, 1016 cm�1; 1H NMR
(300 MHz, CDCl3): d = 1.30, 1.37 (2 � m, 6H, 2 � CH3), 4.15, 4.23 (2 � m,
4H, 2�CH2), 6.13 (d, J=9.2 Hz, 1H, CHCN), 7.37 (m, 1 H, ArH), 7.60
(d, J=8.0 Hz, 1 H, ArH), 7.82 (t, J =7.6 Hz, 1H, ArH), 8.65 ppm (br s,
1H, ArH); 13C NMR (75 MHz, CDCl3): d =15.9, 16.1 (2 � d, J =4.4 Hz,
2� CH3), 64.9 (m, 2� CH2), 67.2 (d, J=5.5 Hz, CHCN), 115.6 (d, J =


4.4 Hz, CN), 121.4, 124.8, 137.7, 149.9, 151.5 ppm (ArC); MS (EI): m/z :
270 (16) [M]+ , 214 (37), 133 (60), 118 (100), 117 (69), 108 (42), 98 (48);
HRMS: m/z : calcd for C11H15O4N2P: 270.0769; found: 270.0773.


(E,2R)-2-(Diethylphosphoryloxy)pent-3-enenitrile (3 i): Colourless oil;
[a]25


D =�17.48 (c =2, CHCl3); 88% ee from HPLC analysis Daicel Chiral-
pak AD, l =210 nm, n-hexane/2-propanol 95:5, 1.0 mL min�1, tr =9.6 and
12.3 min; Rf = 0.36 (n-hexane/ethyl acetate 3:2); IR (neat): ñ = 2247,
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1269, 1028 cm�1; 1H NMR (300 MHz, CDCl3): d =1.27 (m, 6 H, 2�
CH3CH2O), 1.73 (d, J= 6.6 Hz, 3 H, CH3CH), 4.07 (m, 4H, 2 � CH2O),
5.37 (t, J =7.5 Hz, 1H, CHCN), 5.55 (m, 1H, C=CHCHCN), 6.10 ppm
(m, 1 H, C=CHCH3); 13C NMR (75 MHz, CDCl3): d=13.3 (CH3CH),
15.5 (d, J= 6.6 Hz, 2� CH3CH2O), 64.4 (m, 2� CH2), 64.7 (d, J =4.4 Hz,
CHCN), 115.5 (d, J=5.5 Hz, CN), 122.2 (d, J =5.5 Hz, C=CHCHCN),
135.3 ppm (CH3CH=C); MS (EI): m/z : 233 (1) [M], 177 (30), 127 (21), 99
(100), 81 (23); HRMS: m/z : calcd for C9H16O4NP: 233.0817; found:
233.0813.


(E,2R)-2-(Diethylphosphoryloxy)non-3-enenitrile (3 j): Colourless sticky
oil; [a]25


D =�20.81 (c =2, CHCl3); 94% ee from HPLC analysis Daicel
Chiralpak AD, l= 210 nm, n-hexane/2-propanol 98:2, 1.0 mL min�1, tr =


13.4 and 17.9 min; Rf = 0.53 (n-hexane/ethyl acetate 3:2); IR (neat): ñ =


2243, 1272, 1032 cm�1; 1H NMR (300 MHz, CDCl3): d=0.87 (t, J=


6.5 Hz, 3H, CH3CH2CH2), 1.27–1.45 [m, 12H, 2� CH3CH2O,
(CH2)3CH3], 2.11 (m, 2 H, CH2CH=CH), 4.15 (m, 4H, 2� CH2O), 5.44 (t,
J =7.5 Hz, 1H, CHCN), 5.59 (m, 1 H, C=CHCHCN), 6.14 ppm (m, 1 H,
C=CHCH3); 13C NMR (75 MHz, CDCl3): d=13.8 [CH3(CH2)3], 15.9 (d,
J =6.6 Hz, 2 � CH3CH2O), 22.3 (CH2CH3), 27.8 (CH2CH2CH3), 31.5
(CH2CH2CH=C), 31.8 (CH2CH=CH), 64.4, 64.8 (2 � d, J =7.3 Hz, 2�
CH2O), 65.1 (d, J =7.3 Hz, CH), 115.7 (d, J =7.3 Hz, CN), 121.0 (d, J=


5.5 Hz, C=CHCHCN), 140.6 ppm (CH2CH=CH); MS (EI): m/z : 289 (1)
[M]+ , 155 (53), 127 (62), 99 (100), 81 (20); HRMS: m/z : calcd for
C13H24O4NP: 289.1443; found: 289.1451.


(E,2R)-2-(Diethylphosphoryloxy)-4-phenylbut-3-enenitrile (3 k): Pale
yellow oil; [a]25


D =�19.1 (c=1.5, CHCl3); 95% ee from HPLC analysis
Daicel Chiralpak AS, l= 254 nm, n-hexane/2-propanol 90:10,
1.0 mL min�1, tr =18.8 and 20.9 min; Rf = 0.29 (n-hexane/ethyl acetate
3:2); IR (neat): ñ = 2230, 1270, 1029 cm�1; 1H NMR (300 MHz, CDCl3):
d=1.34, 1.40 (2 � dt, J= 7.1, 0.9 Hz, 6 H, 2� CH3), 4.09–4.27 (m, 4H, 2�
CH2), 5.68 (dt, J=7.2, 0.9 Hz, 1 H, CHCN), 6.25 (dd, J=15.8, 6.7 Hz, 1H,
C=CHCHCN), 6.97 (d, J =15.8 Hz, 1H, CH=CHCN), 7.36–7.40 (m, 3 H,
ArH), 7.42–7.46 ppm (m, 2 H, ArH); 13C NMR (75 MHz, CDCl3): d=


15.7, 15.9 (2 � d, J= 5.6 Hz, 2 � CH3), 64.5, 64.7 (2 � d, J =6.6 Hz, 2� CH2),
65.1 (d, J= 4.4 Hz, CHCN), 115.4 (d, J =6.6 Hz, CN), 119.2 (d, J =4.4 Hz,
CHCHCN), 127.2, 128.4, 129.5, 134.2 (ArC), 137.6 ppm (PhCH); MS
(EI): m/z : 295 (34) [M]+ , 221 (15), 159 (70), 141 (100), 140 (94), 127 (33),
115 (36), 99 (78); HRMS: m/z : calcd for C14H18O4NP: 295.0973; found:
295.0971.


(E,2R)-2-(Diethylphosphoryloxy)-3-methyl-4-(2-methyl-4-thiazolyl)but-3-
enenitrile (3 l): Pale yellow oil; [a]25


D =�18.5 (c=1; CHCl3); 90% ee from
HPLC Daicel Chiralpak AD, l =254 nm, n-hexane/2-propanol 80:20,
1 mL min�1. tr =19.9 and 26.8 min; Rf = 0.20 (n-hexane/ethyl acetate
3:2); IR (neat): ñ = 2227, 1269, 1031 cm�1; 1H NMR (300 MHz, CDCl3):
d=1.33, 1.39 (2 � dt, J=7.1, 0.9 Hz, 6H, 2� CH3CH2O), 2.31 (d, J=


1.1 Hz, 3 H, CH3C=CH), 2.72 (s, 3 H, CH3CS), 4.08–4.26 (m, 4H, 2�
CH2), 5.51 (d, J =8.4 Hz, 1 H, CHCN), 6.73 (s, 1H, CH=C), 7.12 ppm (s,
1H, CHS); 13C NMR (75 MHz, CDCl3): d=14.3 (CH3C=CH), 15.9 (m,
2� CH3CH2), 19.3 (CH3CS), 64.7 (m, 2 � CH2), 70.4 (d, J =5.5 Hz,
CHCN), 115.5 (d, J =5.5 Hz, CN), 119.5 (C=CN), 125.1 (CN), 129.7 (d,
J =5.5 Hz, C=CHCN), 150.9 (CH=C), 165.5 ppm (C=N); MS (EI): m/z :
330 (2) [M]+, 193 (38), 177 (100), 176 (92), 151 (39), 135 (57); HRMS:
m/z : calcd for C13H19O4N2PS: 330.0803; found: 330.0798.


(S)-2-(Diethylphosphoryloxy)octanenitrile (3 m): Colourless sticky oil;
[a]25


D =++20.19 (c =2, CHCl3); 98 % ee from CG analysis WCOT g-CD
(0.25 nm section, FS-Lipodex-E), Tinject =250 8C, Tdetect = 260 8C, Tcolumn =


90 8C (5 min) and 180 8C (2 8C min�1), p=100 kPa, tr = 70.7 and 71.1 min;
Rf = 0.40 (n-hexane/ethyl acetate 3:2); IR (neat): ñ = 2240, 1276,
1032 cm�1; 1H NMR (300 MHz CDCl3): d =0.86 (t, J= 6.7 Hz, 3H,
CH3CH2), 1.28–1.38 [m, 12H, 2 � CH3CH2O, (CH2)3CH3], 1.49 (m, 2H,
CH2CH2CH), 1.91 (m, 2H, CH2CH), 4.15 (m, 4 H, 2 � CH2O), 4.96 ppm
(m, 1 H, CHCN); 13C NMR (75 MHz, CDCl3): d=13.8 (CH3CH2CH2),
15.9 (d, J=6.6 Hz, 2� CH3CH2O), 22.3 (CH2CH3), 24.1 (CH2CH2CH),
28.3, 31.3 [(CH2)2CH2CH3], 34.1 (d, J= 5.5 Hz, CH2CH), 64.5, 64.7 (2 � d,
J =4.4 Hz, 2� CH2O), 64.8 (d, J =6.0 Hz, CH), 116.8 ppm (d, J =6.7 Hz,
CN); MS (EI): m/z : 276 (0.4) [M]+ , 155 (66), 127 (73), 99 (100), 81 (37);
HRMS: m/z : calcd for C12H24O4NP: 277.1443; found: 277.1441.


(R)-2-(Diethylphosphoryloxy)-3-phenylpropanenitrile (3 n): Colourless
oil; [a]25


D =++15.9 (c =2, CHCl3); 36 % ee from HPLC Daicel Chiralcel
OD-H, l = 254 nm, n-hexane/2-propanol 95:5, 1.0 mL min�1, tr = 9.2 and
12.3 min; Rf = 0.50 (n-hexane/ethyl acetate 3:2); IR (neat): ñ = 2240,
1269, 1031 cm�1; 1H NMR (300 MHz, CDCl3): d=1.25–1.34 (m, 6H, 2�
CH3), 3.23 (d, J =7.0 Hz, 2H, CH2CH), 3.92–4.17 (m, 4 H, 2� CH2O),
5.15 (m, 1H, CHCN), 7.28–7.36 ppm (m, 5H, ArH); 13C NMR (75 MHz,
CDCl3): d =15.8 (d, J=6.6 Hz, 2 � CH3), 40.4 (d, J =5.5 Hz, CH2CH),
64.6 (m, 2� CH2O), 65.4 (d, J =6.6 Hz, CHCN), 116.4 (d, J =3.3 Hz, CN),
127.9, 128.8, 129.6, 132.9 ppm (ArC); MS (EI): m/z : 283 (0.02) [M], 155
(5), 130 (15), 129 (100), 103 (6); HRMS: m/z : calcd for C13H18O4NP:
283.0993; found: 283.1000.


(S)-2-(Diethylphosphoryloxy)-4-phenylbutanenitrile (3 o): Colourless oil;
[a]25


D =�9.79 (c=2, CHCl3); 92% ee from HPLC Daicel Chiralpak AS, l


= 254 nm, n-hexane/2-propanol 90:10, 1 mL min�1, tr =11.6 and 13.9 min;
Rf = 0.33 (n-hexane/ethyl acetate 3:2); IR (neat): ñ = 2334, 1266,
1032 cm�1; 1H NMR (300 MHz, CDCl3): d =1.37 (t, J=7.1 Hz, 6 H, 2�
CH3), 2.26 (m, 2H, CH2CH), 2.85 (m, 2 H, CH2CH2), 4.11–4.23 (m, 4H,
2� CH2O), 4.93–5.00 (m, 1 H, CHCN), 7.19–7.25 (m, 3H, ArH), 7.29–
7.34 ppm (m, 2 H, ArH); 13C NMR (75 MHz, CDCl3): d=15.9 (m, 2�
CH3), 30.3 (CH2CH2), 35.8 (d, J= 6.6 Hz, CH2CH), 64.1 (d, J =6.1 Hz,
CHCN), 64.6, 64.8 (2 � d, J =2.2 Hz, 2 � CH2O), 116.6 (d, J= 3.3 Hz, CN),
126.6, 128.3, 128.71, 138.9 ppm (ArC); MS (EI): m/z : 298 (0.4) [M+H]+ ,
155 (97), 143 (48), 127 (80), 116 (33), 99 (100); HRMS: m/z : calcd for
C14H20O4NP: 297.1130; found: 298.1205 [M+H]+ .


General procedure for the phosphorylation of enantiomerically enriched
cyanohydrins 4 : To a solution of the cyanohydrin 4 (0.5 mmol) and dieth-
yl chlorophosphate, or diethyl cyanophosphonate, (0.6 mmol) in THF
(4 mL) was added the corresponding base (0.6 mmol for both phosphory-
lating agents or 0.05 mmol when diethyl cyanophosphonate was used, see
text). When the reaction was judged complete water (5 mL) and ethyl
acetate (5 mL) were added and the organic phase was separated, dried
(MgSO4) and evaporated. The residue obtained was purified as described
above. The optical purity of compounds 3 were then analysed by chiral
HPLC (see above).


General procedure for the synthesis of 3 through the corresponding phos-
phites 5 : This procedure was performed following the literature.[20]


General procedure for the synthesis of the a-hydroxyesters O-phosphates
6 : Method A : A solution of the compound 3 (0.25 mmol) in ethanol
(10 mL) was cooled at 0 8C and acetyl chloride was added (3 mL). The re-
action was stirred for 1 h at the same temperature and the solvent evapo-
rated under vacuo. A dilute solution of sodium bicarbonate was added
until the pH was slightly basic and ethyl acetate was added (5 mL) for ex-
traction. The collected organic phases were treated with brine (5 mL),
separated and then dried (MgSO4) and evaporated under vacuo thereby
yielding the corresponding esters 6 as pure compounds (no further purifi-
cation being required).


Method B : To a solution of ethyl (S)-mandelate (0.5 mmol, 81 mL) and di-
ethyl cyanophosphonate (0.6 mmol, 100 mL) in THF (4 mL), was added
at room temperature triethylamine (0.6 mmol, 84 mL). The reaction was
stirred at room temperature for 8 h and the organic solvent was evaporat-
ed, adding water (5 mL) and ethyl acetate (5 mL). The organic phase was
separated, dried (MgSO4) and evaporated giving the pure compound 6a
in 72 % yield without any racemisation.


Ethyl (R)-2-(diethylphosphoryloxy)-2-phenylacetate (6 a): Colourless
liquid; [a]25


D =++56.9 (c=2, CHCl3); 97% ee from HPLC analysis Daicel
Chiralpak AD, l= 254 nm, n-hexane/2-propanol 98:2, 1 mL min�1, tr =


32.8 and 38.0 min; Rf = 0.39 (n-hexane/ethyl acetate 3:2); IR (neat): ñ =


1755, 1268, 1181, 1023 cm�1; 1H NMR (300 MHz, CDCl3): d=1.13–1.22
(m, 6 H, CH3CH2OP, CH3CH2OC), 1.31 (dt, J =7.0, 1.0 Hz, 3 H,
CH3CH2OP), 3.91 (m, 2H, CH2OP), 4.17 (m, 4H, CH2OP, CH2OC), 5.71
(d, J=8.4 Hz, 1H, CH), 7.33–7.38 (m, 3H, ArH), 7.43–7.47 ppm (m, 2H,
ArH); 13C NMR (75 MHz, CDCl3): d =13.9 (CH3CH2OC), 15.8 (m, 2�
CH3CH2OP), 61.7 (CH2OC), 63.9, 64.1 (2 � d, J=6.1 Hz, 2� CH2OP),
76.6 (CH), 127.1, 128.6, 129.1 (ArC), 135 (d, J=6.6 Hz, ArC), 168.7 ppm
(d, J=6.6 Hz, CO); MS (EI): m/z : 298 (10) [M]+ , 270 (14), 243 (100),
215 (13), 109 (52), 107 (49), 105 (43), 91 (48); HRMS: m/z : calcd for
C14H21O6P: 316.1076; found: 316.1071.
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Ethyl (R)-2-(diethylphosphoryloxy)-4-phenylbutanoate (6 o): Colourless
liquid; [a]25


D =++4.5 (c =1.5, CHCl3); 90% ee from HPLC analysis Daicel
Chiralpak AD, l= 254 nm, n-hexane/2-propanol 98:2, 1 mL min�1, tr =


31.5 and 36.0 min; Rf = 0.22 (n-hexane/ethyl acetate 3:2); IR (neat): ñ =


1754, 1234, 1168, 1034 cm�1; 1H NMR (300 MHz, CDCl3): d=1.26–1.37
(m, 9H, 2 � CH3CH2OP, CH3CH2OC), 2.17–2.22 (m, 2 H, CH2CH), 2.77
(t, J =7.9 Hz, 2H, PhCH2,), 4.11–4.26 (m, 6H, 2 � CH2OP, CH2OC), 4.79–
4.88 (m, 1 H, CH), 7.18–7.21 (m, 3H, ArH), 7.25–7.29 (m, 2H, ArH);
13C NMR (75 MHz, CDCl3): d=14.1 (CH3CH2OC), 16.0 (m, 2�
CH3CH2OP), 30.8 (CH2Ph), 34.7 (CH2CH), 61.5 (CH2OC), 64.1 (m, 2�
CH2OP), 74.8 (CH), 126.2, 128.4, 128.5, 140.5 (ArC), 169.9 ppm (d, J =


3.3 Hz, CO); MS (EI): m/z : 345 (0.1) [M+H]+ , 197 (48), 155 (29), 144
(28), 117 (100), 115 (27), 99 (25), 91 (54); HRMS: m/z : calcd for
C16H25O6P: 344.1389; found: 344.1379.


General procedure for the synthesis of aminoalcohol derivative 8 a :[28] To
a suspension of LiAlH4 (2.5 mmol, 95 mg) in THF (5 mL) at 0 8C, a so-
lution of 3a (0.5 mmol, 135 mg) in THF (2 mL) was slowly added. After
stirring (4 h), the reaction was quenched with water (0.5 mL), and di-tert-
butyl dicarbonate (0.6 mmol, 131 mg) was added in one portion, stirring
the reaction at room temperature overnight. THF was evaporated, water
(5 mL) and ethyl acetate (5 mL) were added and the organic phase sepa-
rated, dried (MgSO4) and evaporated. The residue was purified thereby
yielding 8a as an optically pure enantiomer. Colourless oil ; [a]25


D =�3.48
(c= 1.0, EtOH) (98 % ee); {lit.[28] [a]25


D =++3.5 (c =1.0, EtOH), (99 % ee)
for the (S)-enantiomer}; 1H NMR (300 MHz, CDCl3): d=1.42 [s, 9H, C-
(CH3)3], 3.14–3.26, 3.40–3.45 (2 � m, 3H, CH2, OH), 4.75–4.79 (m, 1H,
CHOH), 7.24–7.33 ppm (m, 5H, Ar).


General procedure for the synthesis of naturally occurring (�)-temba-
mide and (�)-aegeline :[1c,17] A solution of the crude product 3 c
(0.25 mmol, 75 mg) in THF (2 mL) was slowly added to a suspension of
LiAlH4 (1.25 mmol, 49 mg) in THF (5 mL) at 0 8C. After stirring the mix-
ture for 12 h the reaction was quenched with an aqueous 1m solution of
NaOH (0.375 mmol, 0.375 mL) and benzoyl chloride (0.38 mmol, 44 mL
for the synthesis of tembamide) or cinnamoyl chloride (0.38 mmol, 64 mg
for the synthesis of aegeline) poured into the flask, the reaction being
stirred for an additional 6 h time. THF was evaporated, water (5 mL) and
ethyl acetate (5 mL) were added and the organic phase was separated,
dried (MgSO4) and evaporated. The residue was purified by recrystallisa-
tion, thus obtaining (�)-tembamide 9 c or (�)-aegeline 10c as optically
pure enantiomers.


(�)-Tembamide (9 c):[17] Colourless prisms; m.p. 149 8C (n-hexane) {lit[17]


m.p. 147–148 8C)}, [a]25
D =�588 (c= 0.4, CHCl3) (98 % ee); {lit.[17] [a]24


D =


�59.8, (c =0.4, CHCl3), (99 % ee)]; 1H NMR (300 MHz, CDCl3): d=


3.46–3.55 (m, 1H, CH2N), 3.80 (s, 3 H, CH3O), 3.80–3.91 (m, 1H, CH2N),
4.87–4.91 (m, 1 H, CHO), 6.66 (br s, 1H, OH), 6.89 (d, 2H, J =8.6 Hz,
ArH), 7.32 (d, 2H, J= 8.6 Hz, ArH), 7.39–7.50 (m, 3H, ArH), 7.73–
7.76 ppm (m, 2 H, ArH); 13C NMR (75 MHz, CDCl3): d =47.7 (CH2N),
55.3 (CH3O), 73.3 (CHOH), 113.9, 126.9, 127.1, 128.6, 131.6, 133.8, 134.1,
159.3 (ArC), 168.5 ppm (C=O).


(�)-Aegeline (10 c):[17] Pale yellow oil; [a]25
D =�34.58 (c =0.5, CHCl3)


(98 % ee); {lit.[17] [a]24
D =�35.6, (c= 0.4, CHCl3) (99 % ee)]; 1H NMR


(300 MHz, CDCl3): d=3.41–3.50 (m, 1 H, CH2N), 3.78–3.86 (m, 1 H,
CH2N), 3.80 (s, 3H, CH3O), 4.87 (dd, J=8.0, 1H, 3.3 Hz, CHO), 6.08
(br s, 1H, OH), 6.40 (d, J =15.6 Hz, 2 H, ArCH=CH), 6.89 (d, J =8.6 Hz,
2H, ArH), 7.31 (d, J =8.6 Hz, 2 H, ArH), 7.35–7.38 (m, 3 H, ArH), 7.48–
7.51 (m, 2 H, ArH), 7.65 ppm (d, J=15.6 Hz, 2H, C=CHC=O); 13C NMR
(75 MHz, CDCl3): d=47.6 (CH2N), 55.3 (CH3O), 73.4 (CHOH), 113.9
(ArC), 120.00 (OCCH=CH), 127.1, 127.9, 128.8, 129.8, 133.8, 134.1,
141.77, 159.3 (CH=CHAr, ArC), 167.1 ppm (CO).


General procedure for the synthesis of unsaturated cyanoacetates 11:
Compound 3 (1 mmol), sodium acetate (4 mmol, 256 mg) and acetic acid
(4 mmol, 230 mL) were added to a suspension of Pd(OAc)2 (0.05 mmol,
11.7 mg) and PPh3 (0.1 mmol, 25 mg) in acetonitrile (5 mL). The reaction
was stirred at room temperature for 24 h, the solvent evaporated and
water (5 mL) added. The aqueous phase was treated with ethyl acetate
(2 � 5 mL) and the combined organic portions dried (MgSO4) and evapo-
rated.). Spectroscopic and physical data of the major compounds 11 of
the crude mixtures (see text and Scheme 5) follows:


(E,4R)-4-Acetoxypent-2-enenitrile (11 ia):[30c] 88% ee from HPLC analy-
sis Daicel Chiralcel OD-H, l =210 nm, n-hexane/2-propanol 97:3,
0.6 mL min�1, tr (Z isomer)=17.5 and 19.6 min, tr (E isomer)=20.7 and
27.7 min.1H NMR (300 MHz, CDCl3): d = 1.36 (d, J =6.7 Hz, 3H,
CH3CH), 2.09 (s, 3 H, CH3CO), 5.39–5.49 (m, 1H, CH3CH), 5.54 (d, J=


16.3 Hz, 1H, CH=CHCN), 6.65 ppm (dd, J=16.3, 4.9 Hz, 1 H, CH=


CHCN).


(E,4R)-4-Acetoxynon-2-enenitrile (11 jb):[30b] 94 % ee from HPLC Daicel
Chiralcel OD-H, l =210 nm, n-hexane/2-propanol 99:1, 1.5 mL min�1, tr


(Z isomer)=7.3 and 9.3 min, tr (E isomer)=7.9 and 12.8 min; 1H NMR
(300 MHz, CDCl3): d=0.86–0.90 (m, 3H, CH3CH2), 1.25–1.32 (m, 6 H,
3� CH2), 1.61–1.65 (m, 2H, CH2), 2.10 (s, 3H, COCH3), 5.36 (q, J=


5.3 Hz, 1H, CH2CH), 5.50 (d, J=17.7 Hz, 1 H, CH=CHCN), 6.63 ppm
(dd, J =17.7, 5.3 Hz, 1H, CH=CHCN); 13C NMR (75 MHz, CDCl3): d =


13.9 (CH3CH2), 20.8 (CH3CH2), 22.4, 24.4, 31.3, 33.4 (3 � CH2, CH3CO),
72.2 (CHO), 100.5 (CH=CHCN), 116.6 (CN), 151.4 (CH=CHCH),
169.8 ppm (CO); MS (EI): m/z : 180 (0.5) [M�CH3]


+ , 166 (15), 153 (32),
124 (20), 96 (100).


General procedure for the synthesis of cyanoallyl alcohols 12 : Anhydrous
potassium carbonate (0.2 mmol, 28 mg) was added to a solution of 11
(0.8 mmol) in dry methyl alcohol (5 mL), and the resulting suspension
stirred overnight. Then, silica gel (100 mg) was added and the mixture
stirred for another additional 5 min. The solvent was evaporated, the re-
sulting crude being then purified by flash chromatography, which yielded
pure compounds 12.


(E,4S)-4-Hydroxypent-2-enenitrile (12 ia):[30c] Colourless oil; [a]25
D =�51.5


(c= 0.9, CHCl3), 98% ee ; {lit.[30c] for the (S)-enantiomer [a]24
D =25.2 (c =


0.74, CHCl3), 46% ee}; 1H NMR (300 MHz, CHCl3) d = 1.33 (d, J=


7.0 Hz, 3H, CH3), 3.4 (br s, 1 H, OH), 4.50 (ddq, J= 7.0, 3.9, 0.9, Hz, 1 H,
CHO), 5.65 (dd, J =16.3, 0.9 Hz, 1 H, CHCN), 6.75 (dd, J =16.3, 3.9 Hz,
1H, CH=CHCN); 13C NMR (75 MHz, CHCl3): d =22.3 (CH3), 66.8
(CHO), 97.9 (CHCN), 117.3 (CN), 157.8 (CH=CHCN).


(E,4R)-4-Hydroxynon-2-enenitrile (12 jb):[30b] Colourless oil; [a]25
D =�37.0


(c= 1.0, CHCl3), 94% ee) {lit.[30b] for the (S)-enantiomer [a]25
D =++37.4


(c= 1.12, CHCl3), 99 % ee}; IR (neat): ñ = 3439, 2225, 1634 cm�1;
1H NMR (300 MHz, CHCl3): d =0.87–0.91 (t, J=6.6, 3 H, CH3CH2),
1.23–1.61 (m, 8 H, 4� CH2), 4.31 (m, 1 H, CHOH), 5.07 (br s, 1 H, OH),
5.67 (d, J= 16.4 Hz, 1H, CH=CHCN), 6.75 ppm (dd, J=16.4, 4.0 Hz, 1 H,
CH=CHCN); 13C NMR (75 MHz, CHCl3) d=13.9 (CH3CH2), 22.4, 24.7,
31.5, 36.4 (4 � CH2), 71.0 (CHOH), 98.7 (CH=CHCN), 117.3 (CN),
156.6 ppm (CH=CHCH); MS (EI): m/z : 166 (2) [M]+ , 153 (32), 124 (28),
96 (100), 83 (83).


(E,4R)-4-(N,N-Dibenzylamino)pent-2-enenitrile (11 ic): To a suspension
of Pd(OAc)2 (0.02 mmol, 4 mg) and PPh3 (0.04 mmol, 9.5 mg) in acetoni-
trile (2 mL), compound 3 i (0.40 mmol, 94 mg) and dibenzylamine
(0.80 mmol, 160 mL) were added in this order. The mixture was stirred
for 12 h and then the solvent evaporated under vacuo. Water was added
(5 mL) and the aqueous phase extracted with ethyl acetate (2 � 5mL).
The organic phase was dried (MgSO4) and evaporated under vacuo. The
resulting residue was purified by flash chromatography thus obtaining a
colourless oily compound 11 ic as a mixture Z :E 0.3:1. [a]25


D =++153.58
(c= 2.0, CHCl3), 88% ee from HPLC analysis (for each enantiomer)
Daicel Chiralcel OD-H, l = 254 nm, n-hexane/2-propanol 95:5,
1.0 mL min�1. tr =8.1 and 13.9 (Z), 10.3 and 11.8 (E) min; Rf = 0.53 (Z)
and 0.60 (E) (n-hexane/ethyl acetate 4:1); IR (neat): ñ = 2222,
1636 cm�1; 1H NMR (300 MHz, CHCl3): d=1.21 (d, J=6.9 Hz, 3 H, CH3,
E), 1.29 (d, J =6.9 Hz, CH3, Z), 3.50 (m, 1H, CHCH3, E and d, J=


14.4 Hz, CH2N, Z), 3.58 (s, 4H, CH2, E), 3.77 (d, J=14.4 Hz, CH2N, Z),
5.41 (d, J=11.2 Hz, CHCN, Z), 5.48 (d, J =16.5 Hz, 1 H, CHCN, E), 6.54
(m, CH=CH, CH=CH, Z), 6.78 (dd, J=16.5, 5.3 Hz, 1H, CH=CH, E),
7.22–7.37 ppm (m, 13H, ArH, Z+E); 13C NMR (75 MHz, CHCl3): d =


13.1 (CH3, E), 17.4 (CH3, Z), 53.7 (CH2, E), 54.2 (CH2, Z), 54.4 (CHCH3,
E), 55.3 (CHCH3, Z), 100.1 (CHCN, Z), 100.2 (CHCN, Z), 117.4 (CN),
127.1, 127.2, 128.3, 128.3, 128.4, 139.2, 139.3 (ArC, Z+ E), 155.5 (CH=


CH,Z), 157.4 ppm (CH=CH,E); MS (IE): m/z : 276 (2) [M]+ , 261 (21), 91
(100). HRMS: m/z : calcd for C19H20N2: 276.3801; found: 276.3805.


N-[4-(N’,N’-Dibenzylamino)pentyl]benzamide 13 : To a suspension of
lithium aluminium hydride (1 mmol, 38 mg) in anhydrous THF (3 mL)
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was slowly added, at 0 8C, a solution of 11 ic (0.25 mmol, 69 mg). The re-
action mixture was stirred at room temperature overnight and quenched
with cold water (3 mL). The aqueous phase was extracted with ethyl ace-
tate (2 � 5mL) and the organic phase dried (MgSO4) and evaporated
under vacuo. The residue, dissolved in dichloromethane (3 mL), was
treated with benzoyl chloride (0.55 mmol, 78 mL) and pyridine
(0.75 mmol, 75 mL) at 0 8C, and the reaction was further stirred at room
temperature for 6 h. The organic solution was washed with water, dried
(MgSO4) and evaporated. The resulting residue was purified by flash
chromatography (silica gel) thus yielding pure amide 13 as a pale yellow
oil; 42% ee from HPLC, Daicel Chiralcel AD, l=254 nm, n-hexane/2-
propanol 90:10, 1.0 mL min�1, tr =16.7 and 21.4 min; Rf = 0.57 (n-
hexane/ethyl acetate 3:2). IR (neat): ñ = 3120, 1737 cm�1; 1H NMR
(300 MHz, CHCl3): d=0.88 (d, J =7.6 Hz, 3 H, CHCH3), 1.25–1.31 (m,
2H, CH2CH2CH2), 1.56–1.72 (m, 2H, CHCH2), 2.74 (m, 1H, CHCH3),
3.24–3.31 (m, 2H, CH2NH), 3.35, 3.72 (2 � d, J= 14.0 Hz, 4 H, 2 � CH2Ph),
7.20–7.70 (m, 15H, ArH); 13C NMR (75 MHz, CHCl3): d= 13.2 (CH3),
26.9, 31.2 (CHCH2CH2), 39.9 (CH2NH), 51.5, 53.2 (2 � CH2Ph, CHCH3),
126.7, 127.8, 128.5, 128.6, 128.9, 131.3, 134.8, 140.5 (Ar), 167.4 (C=O);
MS (EI): m/z : 385 (3) [M�H]+ , 295 (14), 224 (59), 105 (26), 91 (100), 77
(10); HRMS: m/z : calcd for C26H30N2O: 386.2358; found: 386.2361.
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Influence of dT20 and [d(AT)10]2 on Cisplatin Hydrolysis Studied by Two-
Dimensional [1H,15N] HMQC NMR Spectroscopy


Jo Vinje,*[a] Einar Sletten,[a] and Jiř� Kozelka*[b]


Introduction


The antitumor drug cisplatin, cis-[PtCl2(NH3)2] (1) reacts
with cellular DNA and forms GG intrastrand cross-links as
the major lesions.[1] In vitro, the rate-determining step is the


hydrolysis of 1 to cis-[PtCl(NH3)2(H2O)]+ (2) following
first-order kinetics (see Scheme 1). This was initially demon-


strated by Horacek and Drobnik by simple comparison of
the rate constants,[2] and later proven by Berners-Price,
Sadler and co-workers using [1H,15N] HSQC NMR spectros-
copy.[3] This spectroscopic method allows 2 to be identified


Abstract: The influence of the presence
of DNA on the kinetics of cisplatin
(cis-[PtCl2(NH3)2]) aquation (replace-
ment of Cl� by H2O) and anation (re-
placement of H2O by Cl�) involved in
the hydrolysis of cisplatin have been
determined by two-dimensional
[1H,15N] HMQC NMR spectroscopy.
Single-stranded dT20 and double-
stranded [d(AT)10]2 oligonucleotides
were used as DNA models, avoiding
guanines which are known to react rap-
idly with aquated cisplatin forms. Reac-
tions starting from cis-[PtCl2(


15NH3)2],
or from a stoichiometric mixture of cis-
[Pt(15NH3)2(H2O)2]


2+ and Cl� (all
0.5 mm PtII; in ionic strength, adjusted


to 0.095 m or 0.011 m with NaClO4, pH
between 3.0 and 4.0) were followed in
an NMR tube in both the absence and
presence of 0.7 mm dT20 or [d(AT)10]2.
In the presence of dT20, we observed a
slight and ionic-strength-independent
decrease (15–20 %) of the first aqua-
tion rate constant, and a more signifi-
cant decrease of the second anation
rate constant. The latter was more im-
portant at low ionic strength, and can
be explained by efficient condensation


of cis-[Pt(15NH3)2(H2O)2]
2+ on the sur-


face of single-stranded DNA, in a
region depleted of chloride anions. At
low ionic strength, we observed an ad-
ditional set of [1H,15N] HMQC spectral
signals indicative of an asymmetric spe-
cies of PtN2O2 coordination, and we as-
signed them to phosphate-bound mono-
adducts of cis-[Pt(15NH3)2(H2O)2]


2+ .
Double-stranded [d(AT)10]2 slowed
down the first aquation step also by ap-
proximately 15 %; however, we could
not determine the influence on the
second hydrolysis step because of a sig-
nificant background reaction with cis-
[Pt(NH3)2(H2O)2]


2+ .
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Figure S1 shows
the experimental concentrations and theoretically fitted curves for
the hydrolysis of 1 in the presence of [d(AT)10]2. Input files for the
program SCIENTIST used for optimization of rate constants, corre-
sponding to the systems shown in Figures 3–8 in the text and in Fig-
ure S1 in the Supporting Information.


Scheme 1. Hydrolysis of cisplatin and the subsequent primary reaction
with DNA. The numbers above the platinum species indicate the num-
bering used in this study.
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unambiguously as one of the species that reacts with DNA.
However, it has been shown that cis-[Pt(NH3)2(H2O)2]


2+ (3),
formed in the second hydrolysis step, can be a competing
species in the in vitro platination of DNA.[4] This diaqua
complex reacts with DNA two orders of magnitude faster
than 2.[4–6]


Hence, hydrolysis of cisplatin has to be accounted for in
kinetic studies of reactions with DNA. This has been done
so far using rate constants determined for cisplatin hydroly-
sis in aqueous solutions in the absence of DNA. This ap-
proach is, however, questionable, since the presence of
DNA can influence the substitution reactions involved in
cisplatin hydrolysis. For instance, the positively charged plat-
inum species could partly displace counterions condensed at
the DNA surface and thus become exposed to the strong
electrostatic field of DNA. This could affect the stability of
transition states and substitution kinetics. In addition, since
the DNA surface is depleted of chloride anions,[7] the ana-
tion reactions could be inhibited with respect to the bulk so-
lution. Finally, even the electroneutral dichloro form, which
has a non-negligible electric dipole, could interact with
DNA. This could affect the first hydrolysis rate. Therefore,
all the reaction rates deduced for cisplatin hydrolysis might
in principle be affected by the presence of the DNA polyan-
ion and be different from those deduced from reactions in
bulk solution.


It has been reported that the first aquation step of cispla-
tin is approximately 30 % slower in the presence of a 14 bp
DNA duplex (bp =base pair).[8] However, the duplex used
contained a GG site and was therefore quite reactive to-
wards the hydrolyzed cisplatin species, so that neither the
first anation rate nor the rates of the second hydrolysis step
could be deduced and the determined first aquation rate
constant was therefore intrinsically imprecise. We have also
previously studied the rate of reaction between cisplatin and
guanine-containing DNA oligonucleotides by two-dimen-
sional (2D) [1H,15N] HMQC NMR spectroscopy.[9] The work
showed that the rapid reaction of 2 with guanine makes it
impossible to determine the hydrolysis rate constants of cis-
platin accurately. In the present work, we used less reactive
DNA models (single-stranded dT20 and duplex [d(AT)10]2)
and, in contrast to the previous study, in which the pH was
kept constant using a phosphate buffer,[8] we studied the cis-
platin hydrolysis in unbuffered acidic solution. At the sub-
millimolar concentrations of reactants that we used, the
maximum change in pH during a reaction was 0.6.


Results


Identification of species observed in 2D [1H,15N]
HMQC NMR spectra


Hydrolysis of cis-[PtCl2(NH3)2] (1) and chloride anation of
cis-[Pt(NH3)2(H2O)2]


2+ (3): The 2D [1H,15N] HMQC spec-
trum of 1 in NaClO4 (100 mm, pH 3.8 at 293 K) initially
showed one peak at d(1H)/d(15N) of 4.09/�69.02 ppm corre-


sponding to 1 and two peaks at 4.33/�67.16 and 4.24/
�90.27 ppm corresponding to 2, indicating that the first hy-
drolysis step set in already during the dissolution process.
For the two peaks assigned to 2, the former signal is from
the 15NH3 group trans to the chloride and the latter from
that trans to the water ligand. After 4 h, the signal corre-
sponding to 3 appeared at 4.49/�86.95 ppm. The 1H and 15N
chemical shifts observed for the species 1--3 agree with pre-
viously published [1H,15N] NMR data.[10] The same NMR
signals were observed during the reverse reaction, initiated
by adding one equivalent of NaCl to an aqueous solution of
3 (0.5 mm) in NaClO4 (100 mm), pH 4.0 at 293 K. Table 1
gives d(1H)/d(15N) values for all the species observed in this
work.


Hydrolysis of cis-[PtCl2(NH3)2] (1) in the presence of dT20 :
A solution of 1 (0.5 mm) and dT20 (0.7 mm) in NaClO4


(93 mm) (the combined concentrations of NaClO4 and dT20


yielding an ionic strength of 0.095 m)[11] at initial pH 3.6 and
temperature of 293 K showed the same peaks as in the ex-
periment without dT20 (vide supra) at first. However, after
12 h, two new peaks of equal intensities emerged at d= 4.11/
�66.47 and 4.17/�91.42 ppm, corresponding to a species 4
with the cis-Pt(15NH3)2


2+ moiety bound to N and O ligands
in the trans position, respectively. Species 4 appeared only
after a significant accumulation of 3, indicating that it was
formed from 3. Indeed, 4 was also formed in a control reac-
tion between 3 and dT20, and apparent first-order rate con-
stants for the formation of 4 from 3 from the two experi-
ments were similar (vide infra). A drop in pH during the re-
actions in which 4 was formed suggested that 4 contains de-
protonated N3-Pt-bound thymine moieties. The persistence
of 4 for months at low pH identifies it as a relatively stable
product rather than a reactive intermediate. The chemical


Table 1. 1H and 15N NMR chemical shift values for all species observed
in this paper.[a]


Species d(1H)/d(15N) trans ligand


cis-[PtCl2(NH3)2] 1 4.07/-69.16 Cl
cis-[PtCl(H2O)(NH3)2]


+ 2 4.31/�67.16 Cl
4.22/�90.10 O


cis-[Pt(H2O)2(NH3)2]
2+ 3 4.50/�86.97 O


cis-[Pt(NH3)2{N3T,O4T}]+ 4 4.11/�66.47 N
4.17/�91.42 O


[b] 5 3.80/�67.91 N?
cis-[Pt(NH3)2{N3T,N3T}] 6a 3.80/�71.03 N


3.86/�71.39 N
cis-[Pt(NH3)2{N3T,N3T}] 6b 3.89/�72.81 N


3.92/�73.65 N
[b] 7 4.31/�84.53 O?
[b] 8 4.44/�86.10 O


4.49/�89.00 O


[a] The shifts of the signals for 1–5 are taken from the experiment be-
tween 1 and dT20 (93 mm NaClO4, 293 K) after 40 h reaction time (final
pH�3.3). The shift of 6 is measured from the same experiment, but
weeks after the reaction was initiated (pH 3.0). The shift of 8 is from the
anation of 3 in presence of dT20 (9 mm NaClO4, pH 3.2, 293 K). The shifts
for all species were identical (except the ones involving an aqua ligand)
from experiment to experiment. [b] Not identified.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3863 – 38713864



www.chemeurj.org





shifts of the [1H,15N] HMQC peaks of 4 are insensitive to
pH changes, which rules out the assignment of 4 as an aqua
complex.[10] Furthermore, in experiments in which chloride
ions are present, one would expect reversible anation of an
aqua complex to a chloro monoadduct, which was not ob-
served. Lippert et al.[12] have shown that the aqua complexes
cis-[Pt(NH3)2(H2O)L]+ (L =1-MeU� or 1-MeT�) coordinat-
ed by N3 readily dimerize to N3,O4-bound dimers cis-[Pt-
(NH3)2L]2


2+ or to hydroxo-bridged dimers cis,cis-[Pt-
(NH3)2L–OH-Pt(NH3)2L]2+ . The N3,O4 dimer was shown to
be preferred at acidic pH.[12] Therefore 4 was tentatively as-
signed to an N3,O4-bound cisplatin–thymine dimer possibly
formed by two adjacent thymines.


After 24 h, a minor peak appeared at d=3.80/�67.94 ppm
representing another species, 5, which was also stable for
several months. This species was not seen in the reaction be-
tween 3 and dT20 in absence of chloride ions (vide infra).
However, in all high-salt reactions between cisplatin and
dT20 containing chloride ions the species was detected.
Figure 1 shows the 2D [1H,15N] HMQC spectrum recorded
after 40 h, with cross-peaks representing species 1–5.


The 2D [1H,15N] HMQC spectrum recorded several weeks
later (Figure 2) showed, in addition to the peaks due to spe-
cies 4 and 5 (1–3 were completely consumed at that point),
two pairs of equally intense peaks at d=3.80/�71.03, 3.86/
�71.39 ppm (species labeled 6 a) and at d=3.89/�72.81,
3.92/�73.65 ppm (species labeled 6 b). The chemical shifts of


these peaks are consistent with Pt(T-N3,T-N3) cross-linked
adducts. The very late appearance of 6 a and 6 b suggested
that these adducts were formed from 4.


Control reaction between cis-[Pt(NH3)2(H2O)2]
2+ (3) and


dT20 : A solution of 3 (0.5 mm) was combined with a solution
of dT20 (0.7 mm) in NaClO4 (93 mm) at 293 K. Two experi-
ments were performed with initial pH of 3.3 and 3.7. The
species 4 was the only product observed during the experi-
ment starting at pH 3.3. In the experiment starting at
pH 3.7, the peaks characteristic of species 6 a and 6 b started
to appear after 15 h of reaction time. The formation of 4
from 3 followed first-order kinetics, and the transformation
of 4 into 6 a and 6 b could also be fitted assuming first-order
reactions.


To gain more insight into the reaction mechanism of the
reaction between 3 and dT20 yielding 4, we followed the re-
action in another experiment at an initial pH of 6.1, which is
above the pKa of 3,[10] under otherwise identical conditions.
The reaction was obscured by the rapid formation of plati-
num hydroxo oligomers manifested by several peaks in the
region between d=�80.3 and �86.3 ppm (15N) and d=3.9
and 4.3 ppm (1H). The formation of these compounds from
3 followed roughly first-order kinetics (t1/2�3 h) and they
became the major fraction after approximately 5 h. The spe-
cies 4 reached a concentration of about 0.05 mm within 3 h
and remained constant for about 5 h, then subsequently con-
verted to the N3,N3-cross-linked compounds 6 a and 6 b.
This “lag-phase” between the appearance of 4 and that of


Figure 1. 2D [1H,15N] NMR spectra of cis-[PtCl2(NH3)2] (1; 0.5 mm) react-
ed with dT20 (0.7 mm) (93 mm NaClO4,pH�3.3, 293 K) after 40 h reaction
time. For labeling of the peaks, see Table 1. The noise at d(1H) 4.8–
4.9 ppm is due to the water signal.


Figure 2. 2D [1H,15N] NMR spectra of cis-[PtCl2(NH3)2] (1; 0.5 mm) react-
ed with dT20 (0.7 mm) (93 mm NaClO4, pH 3.0, 293 K) after several weeks
reaction time. For labeling of the peaks, see Table 1. The noise at d(1H)
4.8–5.0 ppm is due to the water signal.
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6 a and 6 b, observed both at pH 3.7 and 6.1, suggests that
this conversion is a multistep reaction, the individual steps
of which (perhaps some structural rearrangements of the
single helix of the cross-linked dT20) are not observable by
NMR spectroscopy. Although our data do not enable us to
propose a firm kinetic model for the conversion of 4 to 6 a
and 6 b, it is clear that this conversion is faster at pH 6.1
than at pH 3.3 or 3.7, consistent with deprotonation of N3
accompanying this conversion. An important observation is
that the NH3 chemical shifts of 4 at pH 6.1 and pH 3.3 are
virtually identical, indicating that its oxygen ligand is not
water. The chemical shifts of compounds 6 a and 6 b varied
also very little from one experiment to another.


The formation of 4 from 3 and dT20 was faster at initial
pH 3.7 than at pH 3.3; however, at pH 6.1, 4 was formed
more slowly than in the other two experiments. The kinetics
of this reaction depends on the protonation state of 3, and if
thymine N3 is involved, on the protonation state of thymine.
The fact that the apparent rate constant goes through a
maximum, when the pH varies from 3.3 to 6.1, indicates that
the mechanism of this reaction is rather complex. It would
be tempting to suggest that singly deprotonated 3, cis-
[Pt(OH)(NH3)2(H2O)]+ , preferentially reacts with dT20, by
using its coordinated OH� group as base to abstract a
proton of thymine N3. However, the apparent drop in the
rate constant above the pKa of 3 (5.37)[10] does not support
such a mechanism.


Chloride anation of cis-[Pt(NH3)2(H2O)2]
2+ (3) in the pres-


ence of dT20 : A solution of 3 (0.5 mm) and the equivalent
amount of NaCl was combined with a solution of dT20


(0.7 mm) in NaClO4 (93 mm), pH 3.6 at 293 K. The formation
of 2 and 4 occurred after a few minutes, and after about
30 h the NMR spectral signals from 1 and 5 appeared. In
the spectrum recorded after about 47 h, two additional
peaks of equal intensities were observed at d=3.88/�72.98
and 3.92/�74.11 ppm, corresponding to the cross-linked Pt-
{T-N3,T-N3} adduct 6 b (vide supra). The final spectrum re-
corded several weeks later contained the peaks due to 4
(38 %), 6 a (20%), and 6 b (42 %).


The experiment was repeated under identical conditions,
except that the initial pH was slightly lower (pH 3.3). The
same reaction pattern as in the first experiment was seen,
except that after 7 h an additional single peak appeared at
d= 4.31/�84.53 ppm, attributable to compound 7. The 15N
chemical shift corresponds to 15NH3 group having an O
ligand in the trans position, and since there is only one
cross-peak of this type, 7 must have two equivalent O li-
gands. In the final spectrum recorded several weeks later,
peaks attributable to 4 (75 %), 5 (4 %), 6 b (12 %), and 7
(9 %) were present. Compound 7 was stable for weeks and
its chemical shift was insensitive to pH. Importantly, the
same peak was observed at identical shifts in a control reac-
tion at initial pH 5.0 (0.5mm of 3, 0.7 mm of dT20, 93 mm


NaClO4, and 0.2 mm of NaCl). The nature of compound 7 is
not clear at this moment.


Hydrolysis of cis-[PtCl2(NH3)2] (1) in the presence of dT20 at
low ionic strength : Complex 1 (0.5 mm) and dT20 (0.7 mm)


were reacted at 293 K in NaClO4 (9 mm) and at an initial pH
of 3.2. A similar reaction pattern was observed as for the
analogous experiment at higher ionic strength. The occur-
rence of species 2–5 was detected at similar times and the
chemical shifts in NMR spectra of the species 1–5 were
identical. The only new feature was two minor peaks at d=


4.44/�86.10 and 4.49/�89.00 ppm. The two peaks had similar
intensity, and appeared at the same reaction time (15 h).
They therefore apparently belong to the same species, la-
beled 8. The chemical shifts of 8 were close to those of 3,
and according to their d(15N) values, they have two O li-
gands trans to the ammine groups. The species 8 was also
observed in the anation experiment at low-salt conditions
(vide infra), and its concentration seemed to be in a con-
stant ratio of about 0.3 with that of 3. This suggested that 3
and 8 form an equilibrium. A likely explanation is that 8 is
formed from 3 by reversible substitution of one H2O ligand
by a phosphodiester group. A similar phosphodiester-bound
complex formed by [Pt(NO3)(NH3)3]


+ with the dinucleotide
d(TpT) was previously reported.[13]


Chloride anation of cis-[Pt(NH3)2(H2O)2]
2+ (3) in the pres-


ence of dT20 at low ionic strength : Complex 3 (0.5mm), the
equivalent amount of NaCl, and dT20 (0.7 mm) were reacted
at 293 K in NaClO4 (9 mm) and at an initial pH of 3.2. The
reaction evolved similarly to the analogous experiments per-
formed at higher ionic strength, the only difference being a
faster formation of 4 and a lower concentration of 2
throughout. The chemical shifts of the compounds 1–4 did
not change with respect to the experiments at higher ionic
strength. One striking difference was the appearance of spe-
cies 8 (also observed during the hydrolysis of 1 in low-salt
conditions, vide supra). In the present case, complex 8 was
manifest already in the initial spectrum as a major product,
amounting to about one third of the concentration of 3. This
ratio remained unchanged during the experiment, support-
ing the hypothesis of a fast equilibrium between 3 and 8.


Hydrolysis of cis-[PtCl2(NH3)2] (1) in the presence of the
duplex [d(AT)10]2 : The hydrolysis of 1 (0.5 mm) in NaClO4


(97 mm), pH 4.0 and the self-complementary duplex
[d(AT)10]2 (0.35 mm ; equivalent to 0.7 mm single-strand con-
centration) was studied at 293 K. In the 2D [1H,15N] HMQC
spectra only the cross-peaks assigned to 1 and 2 were ob-
served. Evidently, the cross-peaks representing cisplatin–
[d(AT)10] adducts were obscured by the water peak. Thus,
the concentrations of these adducts during the reaction were
estimated from the decrease of the sum of intensities due to
1 and 2 during the reaction. The diaqua species 3 was not
detected during the experiment, probably due to the fast re-
action of [d(AT)10]2 with 3 and with 2.


Chloride anation of cis-[Pt(NH3)2(H2O)2]
2+ (3) in the pres-


ence of the duplex [d(AT)10]2 : Complex 3 (1.0mm) in
NaClO4 (93mm), pH 3.9, NaCl (1.0 mm), and the self-com-
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plementary duplex [d(AT)10]2 (0.7 mm) were mixed in an at-
tempt to study the anation rate of 3 at 293 K. The back-
ground reaction of 3 with [d(AT)10]2 was in this case consid-
erably faster, the pseudo first-order rate constant being ap-
proximately 80 � 10�5 s�1, which is 40 times faster than with
dT20. Due to this rapid background reaction, the amount of
2 produced from the anation of 3 was <5 % of the total.
Under these conditions, no precise rate constants for the
second hydrolysis step of cisplatin could be determined.


Determination of rate constants


Hydrolysis of 1 and chloride anation of 3 monitored at ionic
strength of 0.1 m in the absence and in the presence of dT20 :
Figure 3 shows the concentration curves for the reversible


formation of 2 and 3 from 1 in the absence of dT20, and
Figure 4 displays the curves for the stoichiometric reaction
between 3 and chloride. The rate constants determined to
optimize the fit between calculated and experimental con-
centration curves (Table 2) agree well with those determined
previously,[8,14] when the different temperatures and ionic
strengths are taken into account.


Figure 5 shows the concentration curves for the species
observed during hydrolysis of 1 in the presence of dT20.
Apart from the aqua complexes 2 and 3, the formation of


species 4 and, subsequently, that of 5 are observed. The ki-
netic model to which the calculated curves correspond as-
sumed first-order formation of 4 from 3 and first-order for-
mation of 5 from 4. The optimized rate constants are listed
in Tables 2 and 3.


Figure 6 displays the concentration curves for species 1–5
determined for the chloride anation of 3 in the presence of
dT20. The initial non-zero slope of the concentration curve
of 4 confirms that this species is formed from 3. It can be


seen from the initial slopes of
the concentration curves for 2
and 4 that under our experi-
mental conditions (in particular
at the concentration of dT20


comparable with the initial con-
centration of chloride) the reac-
tion between 3 and dT20 com-
petes with the chloride anation
of 3, but does not obscure it. As
the standard deviations of the
optimized rate constants show
(Table 2), it does not impede
accurate measurement of kan2


Figure 3. Experimental concentrations (from NMR data) and theoretical-
ly fitted curves for the hydrolysis of cis-[PtCl2(NH3)2] (1; 0.5mm) (100 mm


NaClO4, pH 3.8, 293 K). Symbols: (~): 1, (*): 2, (&): 3.


Figure 4. Experimental concentrations (from NMR data) and theoretical-
ly fitted curves for the anation of cis-[Pt(H2O)2(NH3)2]


2+ (3 ; 0.5mm) in
the presence of one equivalent NaCl and 100 mm NaClO4, pH 4.0, 293 K.
Symbols: (~): 1, (*): 2, (&): 3.


Table 2. Aquation and anation rate constants (2 � standard deviation in parentheses) for cisplatin. Experiments
recorded at 293 K, pH 3.0–4.0, and 100–93 mm NaClO4.


Experiment pH
(initial)


kaq1


[s�1�10�5]
kan1


[m�1 s�1]
kaq2


[s�1�10�5]
kan2


m
�1 s�1]


Hydrolysis of 1 3.8 1.58 (4) 0.0024 (12) 1.23 (14) 0.092 (14)
3+ 1equiv Cl� 4.0 [a] 0.0039 (6) 1.23 (3) 0.078(2)
1+ dT20


[b] 3.6 1.36 (3) 0.0045 (8) 1.20 (4) [c]


3+ dT20 +1 equiv Cl� [b] 3.6, 3.3 [d] 0.0043 (9) 0.98 (6) 0.061 (3)
1+ [d(AT)10]2 4.0 1.36 (7) 0.006 (4) [e] [f]


1+ dT20
[g] 3.2 1.44 (2) 0.0056 (6) 0.97 (2) [h]


3+ dT20 +1 equiv Cl� [g] 3.2 [i] 0.003 (3) 1.1 (2) 0.022 (4)


[a] Fixed at 1.58 � 10�5 s�1. [b] Average of two experiments. [c] Fixed at 0.061 m
�1 s�1. [d] Fixed at 1.36 � 10�5 s�1.


[e] Fixed at 1.20 � 10�5 s�1. [f] Fixed at 0.04 m
�1 s�1. [g] 9 mm NaClO4. [h] Fixed at 0.022 m


�1 s�1. [i] Fixed at 1.44 �
10�5 s�1.


Figure 5. Experimental concentrations (from NMR data) and theoretical-
ly fitted curves for the hydrolysis of cis-[PtCl2(NH3)2] (1; 0.5 m) in the
presence of dT20 (0.7 mm) (93 mm NaClO4, pH 3.6, 293 K). dT20 was de-
salted by HPLC. Symbols: (~): 1, (*): 2, (&): 3.(�): 4, (+): 5.
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and kaq2. In the final spectrum (47 h), a small concentration
of 6 b (0.019 mm) was observed. This measurement was
taken into account in the kinetic fit (first-order formation of
6 b from 4 was assumed), but is not displayed in Figure 6.


Hydrolysis of 1 and chloride anation of 3 monitored at ionic
strength of 0.011 m in the presence of dT20 : Figure 7 shows
the concentration curves for species 1–5 for an experiment
corresponding to that represented in Figure 5, but at lower
ionic strength. The kinetic pattern of the two experiments is
similar, except that the decrease in the concentration of 2
towards the end of the reaction is more evident in low ionic
strength, consistent with a decreased anation rate of 3 (vide
infra). Optimized rate constants are listed in Tables 2 and 3.


Figure 8 shows observed and calculated concentrations of
products 1–4, 6, and 7 for the chloride anation of 3 at low
ionic strength. Compound 5 was not observed in this experi-
ment. In contrast to the hydrolysis reaction (preceding para-
graph), the formation of compounds 6 a and 6 b was ob-
served after approximately 24 h. The striking difference to
the analogous experiment at higher ionic strength (Figure 6)
is that the concentration curve for 4 increases faster. This is
due mainly to the decreased anation rate constant kan2


(Table 2) which dropped from 0.06 to 0.02 m
�1 s�1.


Hydrolysis of 1 in the presence of the duplex [d(AT)10]2 : The
concentration curves for the species 1 and 2, as well as that
of the platinum-[d(AT)10]2 are plotted in Figure S1 (see Sup-
porting Information). Species 3 was not observed in this ex-
periment. The concentrations were fitted assuming that
[d(AT)10]2 reacts both with 3 and with 2, following pseudo
first-order kinetics. The calculated aquation and anation
rate constants are given in Tables 2 and 3.


Discussion


The question addressed in the present work was whether or
not DNA influences the rate of the two-step hydrolysis of
cisplatin. DNA is a polyanion and interacts with cationic
species. A certain fraction of cations bind strongly (or “con-
dense”)[15] onto the DNA surface. This fraction will be more
strongly influenced by DNA than the cations remaining in
the bulk solution. Our experiments were carried out in
excess (93 or 9 mm) of sodium perchlorate. Therefore, only a
negligible fraction of the total amount (�0.5 mm) of mono-
cationic complexes cis-[PtCl(NH3)2(H2O)]+ (2) and cis-


Table 3. Rate of platination (2 � standard deviation in parentheses) for
the reaction between 3 and dT20 or [d(AT10)]2. Experiments run at 293 K
and 93 mm NaClO4.


Experiment pH
(initial)


kpt1


[s�1�10�5][a]
kpt2


[s�1�10�5][b]


3+ dT20 3.3 1.63 (2)
3+ dT20 3.7 2.28 (4) 0.236 (8)
3+ dT20 6.1 1.0 (3) 1.8 ( 4)
3+ dT20 +1 equiv NaCl 3.6 1.60 (6)
3+ dT20 +1 equiv NaCl 3.3 1.45 (5)
3+ dT20 +1 equiv Cl� [c] 3.2 2.21 (7) 0.09 (1)
3+ [d(AT10)]2 +1 equiv NaCl[d] 3.9 78 (4)


[a] Rate of formation of 4. [b] Rate of formation of 6 (6a+ 6b). [c] 9 mm


NaClO4. [d] Rate of monofunctional platination of adenine. In the ex-
periment of 1 + [d(AT10)]2 species 2 was found to react with [d(AT10)]2 at
kpt = 2.9 (2) s�1 � 10�5.


Figure 6. Experimental concentrations (from NMR data) and theoretical-
ly fitted curves for the anation of cis-[Pt(H2O)2(NH3)2]


2+ (3 ; 0.5mm) in
the presence of dT20 (0.7 mm) (93 mm NaClO4, pH 3.6, 293 K, 0.5 mm


NaCl). Symbols: (~): 1, (*): 2, (&): 3, (� ): 4, (+): 5.


Figure 7. Experimental concentrations (from NMR data) and theoretical-
ly fitted curves for the hydrolysis of cis-[PtCl2(NH3)2] (1; 0.5 mm) in the
presence of dT20 (0.7 mm) (9 mm NaClO4, pH 3.2, 293 K). Symbols: (~): 1,
(*): 2, (&): 3+ 8, (� ): 4, (+): 5.


Figure 8. Experimental concentrations (from NMR data) and theoretical-
ly fitted curves for the anation of cis-[Pt(H2O)2(NH3)2]


2+ (3 ; 0.5mm) in
the presence of dT20 (0.7 mm) (9 mm NaClO4, 293 K, 0.5 mm NaCl,
pH 3.2). (~): 1, (*): 2, (&): 3+8, (� ): 4, (+): 5, (*): 6, (^): 7.
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[Pt(OH)(NH3)2(H2O)]+ will be associated with the DNA
surface. On the other hand, cis-[Pt(NH3)2(H2O)2]


2+ (3) is a
dication and has an advantage over singly-charged Na+ and,
according to Manning�s condensation theory,[15] 3 will con-
dense at the DNA surface to a significant extent. The sim-
plest conceivable consequence of the presence of dT20


should therefore be a reduction of the anation rate of 3,
since the condensed fraction of 3 will “feel” a local concen-
tration of chloride that is negligible compared to that in
bulk solution.[7] By using Equation (29) in reference [15],
the fractions of dications condensed on the surface of single-
stranded DNA in the presence of 93 or 9 mm NaClO4 can be
calculated to be roughly 20 and 95 %, respectively.


Indeed, the largest effect of dT20 that we can observe
(Table 2) is a slowing down of the second anation rate. In
the high-salt experiments (93 mm NaClO4) directly following
the chloride anation of 3 in the presence of dT20, roughly a
20 % reduction in kan2 is observed, agreeing well with the
fraction of 20 % of 3 calculated to be strongly bound to
single-stranded DNA. Very informative were the experi-
ments in lower ionic strength (9mm NaClO4). In bulk so-
lution, lowering the ionic strength is expected to increase
the rate of anation reactions, since screening between the
ions becomes smaller. However, lowering the ionic strength
also increases the fraction of condensed dications from ap-
proximately 20 to 95 %. The net lowering of kan2 from about
0.06 to 0.02 m


�1 s�1 when going from 93 to 9 mm NaClO4 indi-
cates thus that kan2 of the bulk solution increased from ap-
proximately 0.08 to 0.4 m


�1 s�1. We can use for comparison
the rate constants that Chan determined for the replacement
of chloride in [PtCl(dien)]+ by iodide at 25 8C.[16] Plotting
the logarithm of his second-order rate constants against


p
I


(I is ionic strength), we obtain a straight line fitting the
equation log k2 =�0.52�1.00


p
I. In our experiments, the


combined effects of sodium perchlorate (0.093 or 0.009 m)
and dT20 (0.0007m) yield ionic strengths of 0.095 and
0.011 m, respectively.[11] Thus, for I= 0.095 m, k2 =0.15 m


�1 s�1


and for I=0.011 m, k2 =0.24 m
�1 s�1. The increase that we ob-


serve for kan2 when going from I=0.095 to 0.011 m is some-
what more dramatic, consistent with the 2:1 system of cis-
[Pt(NH3)2(H2O)2]


2+ and Cl� .
Apart from the slowing down of the second anation, we


observed a small but significant and apparently ionic-
strength-independent diminution of both aquation rates kaq1


and kaq2 (approximately 15 %) due to the presence of dT20


(Table 2). Similar extent of diminution of kaq1 was seen for
the reaction in the presence of [d(AT)10]2. A slowing down
of the hydrolysis of cisplatin in the presence of double-
stranded oligonucleotides has been reported.[8] This decrease
could originate in a weak interaction between 1 and 2 with
DNA (e.g., through hydrogen bonds to phosphate residues),
which would make it slightly less susceptible to attack by
water molecules. A slight increase at the limit of significance
of the first anation rate constant, kan1, was observed in the
presence of both dT20 and [d(AT)10]2 (Table 2); however, the
values are quite imprecise and so do not allow for a well-
founded discussion. When going from high to low ionic


strength, an increase of kan1 would be expected, since the
condensation on the DNA surface should be negligible for
the monocationic species 2, and the salt screening becomes
lower in the bulk solution.


Background covalent reactions with DNA: Since the pur-
pose of this work was to study the effect of noncovalent in-
teractions of platinum complexes with DNA, we chose
DNA sequences with the least possible reactivity towards
PtII, that is, dT20 for single-stranded DNA and [d(AT)10]2 for
double-stranded DNA. The nevertheless occurring back-
ground reactions were investigated in separate control ex-
periments and taken into account in the kinetic fits.


Single-strand dT20 reacted with 3 to a detectable extent,
which, however, did not impede the determination of the
chloride anation rate constant kan2. From the apparent first-
order rate constant of ~1.6 � 10�5 s�1, a second-order rate
constant of ~10�3


m
�1 s�1 (per thymine base, at 293 K and in


93 mm NaClO4, pH 3.5�0.5) can be determined. This is
roughly 500–30 000 times slower than the rate constants for
guanine residues reacting with 3 determined at pH 4.5 at the
same temperature and ionic strength.[17] Likely primary reac-
tion sites are the thymine N3 atoms.[18] However, these sites
can react only after deprotonation (pKa 10[19]), which ex-
plains the slowness of the reaction. The aqua monoadduct,
supposedly formed in the initial reaction, is not observed.
Instead, the major product accumulating during the first two
days is a relatively stable product, whose NMR shifts are in-
sensitive to pH and characteristic of an N,O-cross-link. In
analogy with the well-known cisplatin–thymine N3,O4-
dimers,[12] we assigned a dimeric structure to this product.
These supposed dimers subsequently rearrange, in a very
slow reaction, to N3,N3-cross-links.


Both 2 and 3 reacted to an observable extent with
[d(AT)10]2, supposedly due to the coordinating ability of the
adenine N7 atom. Neglecting the reaction with thymines,
the apparent first-order rate constants listed in Table 3 yield
second-order rate constants of 0.1m


�1 s�1 for 3 and
0.008 m


�1 s�1 for 2 per adenine base. These values are ~100
and ~10 times lower, respectively, than the corresponding
rate constants of adenines of AG and GA sequences in-
volved in double-stranded DNA at pH 4.5.[20] In spite of the
low reactivity of individual adenine residues and the even
smaller reactivity of thymine residues, at the concentrations
used, their background reaction with 3 efficiently competed
with the chloride anation; this impeded a study of the
second hydrolysis step in the presence of [d(AT)10]2.


Detection of a fraction of 3 covalently bound to an oxygen
ligand of dT20 : During the experiments at low ionic strength,
we observed [1H,15N] HMQC signals due to a species show-
ing chemical shifts characteristic of an asymmetric PtN2O2


species that we assigned to cis-{Pt(NH3)2(H2O)}2+ bound to
a phosphodiester residue of dT20. The fact that the species
was observed only at low ionic strength suggests that the
ligand is a charged residue. Partial dehydration and coordi-
nation of Mn2+ and Co2+ hexaaqua ions to polyphosphate
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has been reported.[21] Polyphosphate and single-stranded
DNA have similar axial charge densities,[15] and a similar
tendency to lose a H2O ligand and to bind to a phosphate
residue could thus be expected for cis-[Pt(NH3)2(H2O)2]


2+


in the presence of single-stranded DNA. Quantitative coor-
dination of the phosphodiester group of dTpT� to [Pt(NO3)-
(NH3)3]


+ in dimethylformamide (e=37) has been observed
by Kozelka and Barre, showing that low dielectric screening
in fact favors phosphate coordination to PtII carrying a
formal positive charge.[13] As cis-[Pt(NH3)2(H2O)2]


2+ is a di-
cation, its weak coordination by phosphodiester groups of
DNA in low-salt aqueous solutions appears thus conceiv-
able. This seems to be the first experimental evidence of
phosphodiester coordination to platinum in an aqueous
medium.


Experimental Section


Materials : [15N]-labeled cisplatin was prepared according to the published
method.[22] The two oligonucleotides dT20 and d(AT)10 were purchased
from DNA Technology A/S (Aarhus, Denmark) and obtained as crude
products after precipitation in ethanol. Acetonitrile, triethylammonium
acetate buffer (made from equimolar amounts of triethylamine and
acetic acid) and NaOH were purchased from Baker, sodium perchlorate
and perchloric acid from Merck and MES buffer (2-(N-morpholino)eth-
anesulfonic acid) from Sigma.


Sample preparation : All weights were determined by using an Ohaus Ex-
plorer Pro Analytical balance with a sensitivity of 0.1 mg (Ohaus Corpo-
ration, USA). A Sentron Argus pH meter connected to a Sentron Red-
line Standard pH probe (calibrated with pH 4.00 and 7.00 Sentron buf-
fers) was used to measure pH.


The oligonucleotides were desalted using a float-a-lyzer of 1 mL,
1000 MW cut off (Spectrum Laboratories, Inc., USA). The dialysis was
performed in four three-hour cycles with intermittent reservoir changes
(reservoir composition: NaClO4 (1 mm) in H2O (1 L)). The purity was
then checked by 1D 1H NMR spectroscopy. One sample of dT20 was also
desalted by using HPLC (Waters 626 LC instrument with Millennium 32
software) with an Xterra, MS C18, 2.5 mm column (Waters Corporation,
USA). Eluents used for HPLC were A: acetonitrile (5 %) in TEAA
(0.1 m), B: acetonitrile (15 %) in TEAA (0.1 m). A linear gradient from
17% B to 50 % B in 30 min, 2.0 mL min�1 at ambient temperature was
applied. TEAA and acetonitrile were removed by freeze-drying the
sample twice, first at pH 12.5 and then at pH 3.3.


Cisplatin (dichloro form) stock solutions were prepared by weighing cis-
platin and deionized distilled water. About 10 mg cisplatin was used in
each stock solution, making the error in the weight of cisplatin 1% (ac-
cording to the standard deviation of the balance). Fresh stock solutions
were made before each set of NMR experiments. Thus a stock solution
was never older than a few weeks. Stock solutions of the diaqua complex
3 were prepared by dissolving a weighed amount of dichloro cisplatin
(~15 mg) in water, then adding AgNO3 (two equivalents) and enough
perchloric acid to adjust to pH 1–2. The solution was then stirred in the
dark for 48 h. In preliminary tests of cisplatin diaqua, we found by 2D
[1H,15N] HMQC NMR that 3 forms hydroxo oligomers even at 1mm con-
centration and pH 3.4. We therefore used stock solutions with a maxi-
mum concentration of 1.4mm and maximum pH of 1.5, and stored the
stock solution at a temperature of �40 8C.


We performed tests with acetate and MES (2-(N-morpholino)ethanesul-
fonic acid) buffers and found significant coordination to 3. Phosphate
buffers have been shown to interfere with hydrolyzed cisplatin.[8] There-
fore, all experiments reported here were carried out in unbuffered solu-
tions.


The NMR samples had the following composition: cisplatin (0.5 mm),
NaClO4 (93–100mm), and had a pH 3.0–4.0. In two experiments a 9 mm


concentration of NaClO4 was used. Samples containing DNA oligonu-
cleotides had a single strand concentration of 0.70 mm, except in the ex-
periment where the anation of cis-[Pt(NH3)2(H2O)2]


2+ was studied in the
presence of [d(AT10)]2. In that experiment, cisplatin (1.0 mm) and d(AT)10


(1.4 mm) were used. The tests were carried out directly in the NMR tube
(Wilmad 528 pp) at 293 K.


NMR experiments : NMR experiments were performed on a Bruker
DRX 600 instrument fitted with a pulsed gradient module and a 5 mm in-
verse probe head. The spectrometer was used for the acquisition of 2D
[1H,15N] HMQC and 1D 1H NMR spectra. The dpfgsew5 pulse sequence
was used for the suppression of the water signal in 1D 1H spectra in
H2O.[23, 24] The 2D [1H,15N] HMQC NMR spectra were phase sensitive
using the Echo/Antiecho-TPPI quadrature detection scheme. Pulsed field
gradients were applied to select the proper coherence and the 15N-spins
were decoupled during acquisition. No extra pulse sequence was needed
for the suppression of water in 2D [1H,15N] HMQC spectra (see the pulse
sequence of Palmer et al.)[25] in H2O. The 2D [1H,15N] HMQC spectra
were optimised for 1J(N,H)=72 Hz. The parameters for the 2D [1H,15N]
HMQC experiments were as follows: spectral width in F1 2006 Hz and in
F2 4195 Hz, 2048 complex points in each FID in t2 and 64 increments in
t1, 8–16 transients were averaged for each increment and a relaxation
delay of 2 s was used. 1H were referenced to TSP (set to 0 ppm) and 15N
to 1m


15N-enriched NH4Cl in 1 m HCl solution set at 0 ppm. The NMR
data were processed using the program XWIN-NMR Version 2.6. The
apodization function used in both dimensions for the 2D NMR data was
a pure squared cosine bell. Window functions applied to the 1D 1H FID�s
were an exponential function with a line-broadening of 1–3 Hz or a gauss
multiplication with a line-broadening of �1 Hz and gm 0.1. The t1 FID�s
in the 2D NMR data sets were linearly predicted to four times their orig-
inal value.


Data analysis : The rate constants for the reactions were determined by a
nonlinear optimisation procedure using the program SCIENTIST.[26]
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Rhodium-Catalyzed Asymmetric Aqueous Pauson–Khand-Type Reaction


Fuk Yee Kwong,*[a] Yue Ming Li,[a] Wai Har Lam,[a] Liqin Qiu,[a] Hang Wai Lee,[a]


Chi Hung Yeung,[a] Kin Shing Chan,[b] and Albert S. C. Chan*[a]


Introduction


Transition-metal-catalyzed/mediated [2+2+1] carbonylative
cycloaddition of an alkene and an alkyne (called the
Pauson–Khand-type reaction or PKR)[1] represents one of
the most versatile methods for the preparation of various
scientifically useful and biologically interesting carbocy-
cles.[2] Conventionally, the PKR requires a stoichiometric
amount of [Co2(CO)8] (obtained by heating a [Co2(CO)6-
(alkyne)] complex with excess alkene). However, the devel-
opment of the catalytic PKR has prospered recently because
of the apparent advantages [Eq. (1)].[3]


The first example of the cobalt-catalyzed PKR was report-
ed in 1973 by Pauson, Khand, and co-workers [Eq. (1)].[4]


Several other research groups also attempted to perform
this interesting catalytic reaction in 1980s.[5] In early 1990s, a
successful and practical intramolecular PKR of enynes by
using [Co2(CO)8] with P(OPh)3 ligands was reported by
Jeong et al.[6] Apart from the cobalt-catalyzed PKR,[7] the
use of other transition metals, especially in the correspond-
ing chiral catalysts, for this enantioselective carbonylative
cyclization is currently of high interest. Recent examples
have shown that chiral titanium,[8] rhodium,[9] and iridium[10]


complexes are effective in the asymmetric PKR. Although
major improvements have been shown, the use of highly
toxic gaseous carbon monoxide signifies a drawback to
these procedures. Recently, two independent groups led by
Morimoto/Kakiuchi and Shibata reported notable accom-
plishments in the investigation of aldehydes as CO surro-
gates.[11,12] These findings enable us to use a nontoxic
“carbon monoxide” like reagent for carbonylation reactions.


We envisioned, as a prerequisite, an attractive and con-
venient protocol for a reaction that should be operationally
simple, in particular, a reaction that can be carried out in
less harmful solvents. Recently, tremendous attention has
been given to aqueous transition-metal-catalyzed reac-
tions.[13] However, no catalytic asymmetric systems that
enable the use of water as the only solvent, without a surfac-
tant, in the PKR have been developed yet.[14] To further im-
prove the PKR, the use of an aqueous solvent in this cata-
lytic reaction would be a good direction to take. We herein
describe this approach for a catalytic and enantioselective
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aqueous Pauson–Khand-type reaction of enynes in the pres-
ence of aldehydes as the source of carbon monoxide. This
attractive protocol uses a catalyst and reactants that can be
handled under air without special precautions.[15]


Results and Discussion


We first examined the reaction of enynes with aldehydes in
conventional organic solvents, such as toluene, dioxane, and
N,N-dimethylformamide (DMF; see Table 1, entries 1–3).
However, moderate chemical yields and ee values were ob-


tained. To our delight, we observed that an increase in the
concentration of the reaction would give a higher reactivity
in the PKR (data not shown). These significant findings
offer us a good way in which to improve this reaction. An
interesting angle in this direction is the application of the
aqueous micellar concept to the reaction, to increase the ef-
fective concentration of the reactants and thereby accelerate
the reaction.[16] It is noteworthy that when water was used as
the sole solvent in the PKR, the highest activity of the reac-
tion was observed in our case (Table 1, entry 4). These re-
sults prompted us to use water as the prototypical solvent
for further ligand screening. BINAP-class ligands showed
poor conversion with a moderate ee value for the bicyclic
cyclopentenone (Table 1, entries 5, 6). Et-DUPHOS, PHA-
NEPHOS, and Et-FerroTANE gave a sluggish reaction rate
during the reaction and a poor yield (Table 1, entries 7–
9).[17] In contrast, the atropisomeric dipyridyldiphosphane
ligand (S)-P-Phos[18] (see Table 2 for formula) was found to
be the best ligand among those screened (Table 1, entries
4–7).


A variety of aldehydes were examined as CO surrogates.
Cinnamylaldehyde gave the best results in both optical and


chemical yields (Table 1, entry 4). Electron-donating p-me-
thoxybenzaldehyde gave a complicated reaction mixture
with poor product yield, while electron-deficient p-chloro-
benzaldehyde furnished the desired product in both good
yield and enantioselectivity (Table 1, entries 11, 12). It is par-
ticularly noteworthy that we found the electronic properties
of the aromatic aldehydes were responsible for both the
enantioselectivity and yield of the corresponding substitut-
ed-cyclopentenone products (Table 1, entries 10–12). Addi-
tionally, the aliphatic aldehyde also gave a high ee value in
the product with moderate chemical yield (Table 1,
entry 13). The amount of aldehyde added was further opti-


mized. When we used an equiv-
alent of aldehyde in these coop-
erative processes (decarbonyla-
tion/Pauson–Khand cycliza-
tion), it gave a moderate yield
with good enantioselectivity.[19]


To our delight, when the
amount of cinnamylaldehyde
was increased to 1.5 equiva-
lents, optimal yield and enan-
tioselevtivity were both ob-
tained (Table 1, entry 4). Fur-
ther increase of the aldehyde
loading from 1.5 to 10 equiva-
lents had no significant benefi-
cial effect. The effectiveness of
cationic [Rh(cod)2]BF4 and
[Rh(cod)2]OTf complexes as
the metal source was also ex-
amined (Tf= trifluoromethane-
sulfonyl); however, we found
that the neutral complex [{Rh-
(cod)Cl}2] gave the best results.


These relatively mild and optimized conditions were ap-
plied to the Pauson–Khand-type cyclization of different
oxygen-tethered substrates. An enyne with a 1,1-disubstitut-
ed alkene reacted smoothly to give high enantioselectivity
(90 % ee) in the chiral quaternary-carbon center of the bicy-
clic cyclopentenone (Table 2, entry 2). Alkyl-substituted al-
kynes gave excellent enantioselectivities (95% ee) in the
corresponding products (Table 2, entries 3, 4). In order to
further explore this Pauson–Khand-type reaction, we per-
formed an electronic effect investigation. Various new aro-
matic enynes with different electronic properties were pre-
pared and subjected to carbonylative cyclizations. Interest-
ingly, the electronic effect study showed that electron-donat-
ing aromatic enynes provided higher enantioselectivity of
the product, while enynes with electron-withdrawing sub-
stituents afforded relatively lower ee values in the bicyclic
cyclopentenones (Table 2, entries 5–9).


Particularly noteworthy is the fact that this unprecedented
correlation of the product ee value and the electronic prop-
erties of the substrates in Pauson–Khand-type cyclizations
can be demonstrated from a Hammett Plot (Figure 1).[20] A
linear free-energy relationship was obeyed for substrates


Table 1. Effects of solvent, ligand, and aldehyde combinations in the enantioselective Pauson–Khand-type re-
action.[a]


Entry Ligand Aldehyde Solvent Yield[b] [%] ee[c] [%]


1 P-Phos cinnamylaldehyde toluene 65 80
2 P-Phos cinnamylaldehyde dioxane 63 74
3 P-Phos cinnamylaldehyde DMF 6 0
4 P-Phos cinnamylaldehyde water 82 84
5 BINAP[17] cinnamylaldehyde water 23 61
6 tol-BINAP[17] cinnamylaldehyde water 33 79
7 Et-DuPHOS[17] cinnamylaldehyde water 5 22
8 PHANEPHOS[17] cinnamylaldehyde water 6 15
9 FerroTANE[17] cinnamylaldehyde water 21 30
10 P-Phos benzaldehyde water 82 63
11 P-Phos p-OMe-benzaldehyde water 19 71
12 P-Phos p-Cl-benzaldehyde water 83 80
13 P-Phos n-nonylaldehyde water 45 81


[a] Reaction conditions: [{Rh(cod)Cl}2] (3 mol %), ligand (6 mol %), enyne (0.3 mmol), and aldehyde
(0.45 mmol) were charged to a screw-cap flask at RT under air. Solvent (0.2 mL; concentration of enyne 1.5 m)
was added under nitrogen and the reaction was stirred at 100 8C for 36 h. [b] Yield of isolated product.
[c] Average of two runs from chiral HPLC analysis.
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with para and meta substitutions (Figure 1).[21] However,
sterically congested ortho-substituted enynes gave an ee
value outside the trend (Table 2, entry 10). Presumably, the
steric factor, instead of the electronic effect, plays the domi-
nant role for this particular substrate. A proposed transi-
tion-state model can be used to account for this interesting
electronic effect in asymmetric Pauson–Khand-type reaction


(Figure 2). We suggest that, in the stereotransition state, the
electron-rich enyne may coordinate more closely to the rho-
dium center by p interactions;[22] this would result in im-
proved stereochemical communication and would thus give
rise to a higher enantioselectivity (Figure 2, Model A). The
electron-poor enyne may, however, coordinate to the metal
center in a different mode, which is far away from the chiral
environment in the transition state (Figure 2, Model B).[23]


Therefore, a lower ee value is observed in the bicyclic cyclo-
pentenone.


These attractive aqueous PKR conditions were also ex-
plored with other carbon- and nitrogen-tethered enynes. Ex-
cellent isolated yields were obtained for these substrates
with good enantioselectivities (Table 3).


In conclusion, we have demonstrated an interesting cata-
lytic and enantioselective aqueous Pauson–Khand-type cyc-
lization. Although these aqueous reactions required organic
solvents for product purification, this is a good start for the
development of this chemistry with less environmental
impact in the near future. In addition, the unprecedented
electronic effect in the Pauson–Khand-type reaction is nota-
ble. To the best of our knowledge, this is the first example
to show a correlation between enyne electronic properties
and the ee value of the bicyclic cyclopentenones for the
PKR in a Hammett study. Rationalization of these observa-
tions by full investigation of the stereodetermining/rhodacy-
cle-forming step in the aqueous Pauson–Khand-type cycliza-
tion is currently underway.


Experimental Section


General considerations : Unless otherwise noted, all reagents were pur-
chased from commercial suppliers and used without purification. All air-
sensitive reactions were performed in Rotaflo (England) resealable
screw-cap Schlenk flasks (approximately 10 mL volume) or screw-cap
vials (approximately 2 mL volume). Toluene and tetrahydrofuran (THF)
were distilled from sodium and sodium benzophenone ketyl, respectively,
under nitrogen,.[24] Allylamine and triethylamine were distilled over
CaH2 prior to use. Aldehydes (liquid form at RT) were distilled under re-
duced pressure and stored in screw-cap vials. NaH (60 % in mineral oil)
was washed with dry hexane prior to use. (Caution: This procedure
should be performed in a relatively dry atmosphere with adequate shield-
ing.) [{Rh(cod)Cl}2], as a shiny orange crystalline solid, was purchased
from Strem Chemicals. Water was degassed and stored in a Schlenk flask.
Thin-layer chromatography was performed on Merck precoated silica gel
60 F254 plates. Silica gel (Merck, 230–400 mesh) was used for flash column
chromatography. Melting points were recorded on an uncorrected
B�chi B-545 melting point instrument. 1H NMR spectra were recorded
on a Varian INOVA 500 spectrometer. Spectra were referenced internally
to the residual proton resonance in CDCl3 (d= 7.26 ppm) or to tetrame-
thylsilane (TMS; d =0.00 ppm) as the internal standard. Chemical shifts
(d) are reported as parts per million (ppm) on the d scale downfield from
TMS. 13C NMR spectra were recorded on a Varian INOVA 500 spectrom-
eter and referenced to CDCl3 (d= 77.0 ppm). 31P NMR spectra were re-
corded on a Varian INOVA 500 spectrometer and referenced externally
to 85% H3PO4 (d =0.0 ppm). Coupling constants (J) are reported in
Hertz (Hz). Mass spectra (EI and FAB) were recorded on a Hewlett–
Packard 5989B mass spectrometer. High-resolution mass spectra
(HRMS) were obtained on a Br�ker APEX 47e ESI FT-ICR mass spec-
trometer. HPLC analyses were performed on a Waters 600 instrument by
using Chiralcel AS, AS-H, AD, AD-H, OD, and OD-H columns (0.46 �


Table 2. Catalytic and enantioselective aqueous Pauson–Khand-type reac-
tions.[a]


Entry Substrate Product Yield[b] [%] ee [%]


1 82 84


2 71 90


3 82 95


4 60 95


5 93 93


6 92 88


7 90 82


8 88 81


9 91 77


10 49 74


11 no reaction n.d.[c]


[a] Reaction conditions: [{Rh(cod)Cl}2] (3 mol %), (S)-P-Phos (6 mol %),
enyne (0.3 mmol), and aldehyde (0.45 mmol) were charged to a screw-cap
flask at RT under air. Solvent (0.2 mL; concentration of enyne 1.5 m) was
added under nitrogen and the reaction was stirred at 100 8C for 36 h.
[b] Yield of isolated product. [c] n.d.=not determined.
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25 cm). Racemic bicyclic cyclopentenone products (for calibration of
chiral HPLC analysis) were obtained from the same PKR representative
procedure except that racemic ligand was used. GC-MS analysis was con-
ducted on a Hewlett-Packard G1800C GCD system by using a HP5MS
column (30 m� 0.25 mm).


Preparation of enyne substrates :


3-(Allyloxy)-1-phenyl-1-propyne :[25] General procedure for condensation
of an arylpropargyl alcohol with allyl bromide: NaH (1.44 g, 60 mmol,
freshly prewashed with dry hexane) was added portionwise to a solution
of 3-phenyl-2-propyn-1-ol (5.28 g, 40 mmol) in freshly distilled THF
(80 mL) under a nitrogen atmosphere at 0 8C. The white suspension was
slowly warmed to room temperature and stirred for 2 h. The reaction
mixture was then cooled to 0 8C and allyl bromide (6.8 mL, 80 mmol) was
added dropwise. After complete addition, the reaction was warmed to
room temperature and further stirred for 2 h. Water (�30 mL) was
slowly added and the aqueous layer was extracted with diethyl ether (3 �
�100 mL). The combined organic layers were washed with water
(�50 mL) and brine (�50 mL) and dried over sodium sulfate. Solvent
was removed by rotary evaporation and the light-yellow crude product
was purified by distillation under reduced pressure (b.p.= 101–102 8C,
5 mmHg) to give the title compound as a colorless liquid (6.53 g, 95%
yield): Rf =0.2 (hexane); 1H NMR (CDCl3, 500 MHz): d= 7.30–7.43 (m,
5H), 6.02 (tdd, J= 17.0, 10.0, 5.5 Hz, 1 H), 5.38 (dd, J =17.0, 2.0 Hz, 1H),
5.27 (dd, J=10.0, 2.0 Hz, 1H), 4.39 (s, 2H), 4.17 ppm (dd, J=5.5, 1.5 Hz,
2H); IR (neat): ñ =3080, 3019, 2982, 2938, 2849, 2237, 1954, 1881, 1647,
1598, 1571, 1489, 1442, 1424, 1354, 1256, 1124, 1081, 1027, 991, 964, 925,
757, 691, 626, 549, 585, 538, 525 cm�1; MS (EI): m/z (relative intensity):
172 [M]+ (20), 131 (100).


4-(Allyloxy)-2-butyne :[26] The general procedure for condensation of an
arylpropargyl alcohol with allyl bromide was followed: 2-Butyn-1-ol
(4.0 g, 57.1 mmol), NaH (2.1 g, 87.5 mmol, prewashed with dry hexane),
allyl bromide (9.7 mL, 115 mmol), and freshly distilled THF (200 mL)
were used to obtain the title compound as a colorless liquid (5.5 g, 88 %
yield). Purification was conducted by distillation under reduced pressure
(40–42 8C, 10 mmHg = : Rf =0.2 (hexane); 1H NMR (CDCl3, 500 MHz):
d=5.90 (tdd, J =17.0, 10.0, 5.5 Hz, 1 H), 5.28 (dd, J =17.0, 2.0 Hz, 1H),
5.19 (dd, J =10.0, 2.0 Hz, 1H), 4.10 (q, J =2.5 Hz, 2H), 4.04 (d, J=


5.5 Hz, 2 H), 1.85 ppm (t, J =2.0 Hz, 3H); 13C NMR (CDCl3, 125 MHz):
d=134.1, 117.5, 82.3, 75.0, 70.4, 57.6, 3.5 ppm; MS (EI): m/z (relative in-
tensity): 110 [M]+ (10), 69 (100).


5-(Allyloxy)-3-pentyne :[26] The general procedure for condensation of an
arylpropargyl alcohol with allyl bromide was followed: 3-Pentyn-1-ol
(4.2 g, 50 mmol), NaH (1.8 g, 75 mmol, prewashed with dry hexane), allyl
bromide (8.5 mL, 100 mmol), and freshly distilled THF (150 mL) were
used to obtain the title compound as a colorless liquid (5.3 g, 85% yield).
Purification was conducted by distillation under reduced pressure (b.p.=
30–33 8C, 5 mmHg): Rf = 0.2 (hexane); 1H NMR (CDCl3, 500 MHz): d=


5.91 (tdd, J =17.0, 10.0, 5.5 Hz, 1 H), 5.31 (dd, J=17.0, 2.0 Hz, 1 H), 5.20
(dd, J =10.0, 2.0 Hz, 1H), 4.12 (t, J =2.5 Hz, 2 H), 4.04 (d, J =5.5 Hz,
2H), 2.21–2.25 (m, 2 H), 1.14 ppm (t, J=7.5 Hz, 3H); 13C NMR (CDCl3,
125 MHz): d=133.1, 117.6, 82.5, 75.1, 70.5, 57.7, 11.8, 9.5 ppm; IR (neat):
ñ= 3078, 2978, 2938, 2851, 2289, 2223, 1649, 1454, 1424, 1357, 1316, 1137,
1084, 999, 926, 748, 650, 563 cm�1; MS (EI): m/z (relative intensity): 125
[M]+ (15), 84 (100).


3-[(2-Methyl-2-propenyl)oxy]-1-phenyl-1-propyne :[27] The general proce-
dure for condensation of an arylpropargyl alcohol with allyl bromide was
followed: 3-Phenyl-2-propyn-1-ol (5.28 g, 40 mmol), NaH (1.44 g,
60 mmol, freshly prewashed with dry hexane), 3-bromo-2-methyl-1-pro-
pene (10.8 g, 80 mmol), and freshly distilled THF (100 mL) were used to
obtain the title compound as a colorless liquid (6.8 g, 92% yield). Purifi-
cation was carried out by distillation under reduced pressure (b.p.=125–
128 8C, 4 mmHg): Rf =0.2 (hexane); 1H NMR (CDCl3, 500 MHz): d=


7.30–7.43 (m, 5H), 5.38 (d, J =2.0 Hz, 1 H), 5.27 (d, J =2.0 Hz, 1H), 4.39
(s, 2H), 4.17 (s, 2H), 1.88 ppm (s, 3 H); IR (neat): ñ=3452, 3078, 2980,
2914, 2842, 2233, 1946, 1885, 1798, 1654, 1593, 1489, 1443, 1356, 1250,
1086, 1034, 903, 757, 691, 594, 523 cm�1; MS (EI): m/z (relative intensity):
186 [M]+ (20), 131 (100).


Figure 1. Hammett plot of rhodium-catalyzed asymmetric aqueous
Pauson–Khand-type cyclization.


Figure 2. Suggested transition-state models for electronically controlled
asymmetric aqueous Pauson–Khand-type reactions.


Table 3. Rhodium-catalyzed asymmetric aqueous Pauson–Khand-type re-
action of nitrogen- and carbon-tethered enynes.[a]


Entry Substrate Product Yield[b] [%] ee [%]


1 96 80


2 98 88


3 91 77


[a] Reaction conditions: see Table 2 footnotes. Ts= toluene-4-sulfonyl.
[b] Yield of isolated product.
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3-(Allyloxy)-1-(4-methoxyphenyl)-1-propyne :[10] General procedure for
Sonogashira coupling of propargyl alcohol with ArI: 4-Iodoanisole
(11.7 g, 50 mmol), [Pd(PPh3)2Cl2] (3 mol %), and CuI (6 mol %) were dis-
solved in freshly distilled toluene (50 mL) under nitrogen at room tem-
perature. Piperidine (8.4 g, 100 mmol) was added and this was followed
by slow addition of the propargyl alcohol (3.07 mL, 52 mmol) by syringe.
(Caution: exothermic reaction when propagyl alcohol is added). The re-
sulting dark brown reaction mixture was stirred at 30–35 8C for 3 h under
nitrogen. (ArI was completely consumed as judged by GC analysis.) The
reaction was allowed to reach room temperature and the dark-brown
crude product was filtered over a silica pad (5 � 5 cm) and rinsed with di-
chloromethane (�200 mL). Solvent was removed by rotary evaporation
to give a viscous brown liquid, which was purified by flash column chro-
matography on silica gel with dichloromethane as the eluent to afford 3-
(4-methoxyphenyl)-2-propyn-1-ol[28] as a yellow solid (6.07 g, 75% yield):
Rf = 0.4 (dichloromethane); 1H NMR (CDCl3, 500 MHz): d=7.37 (d, J=


8.5 Hz, 2H), 6.83 (d, J= 8.5 Hz, 2 H), 4.47 (d, J =6.0 Hz), 3.81 (s, 2H),
1.75 ppm (t, J =5.5 Hz, 1H); 13C NMR (CDCl3, 125 MHz): d=138.8,
131.3, 128.8, 119.3, 86.5, 85.4, 51.2, 43.6 ppm; MS (EI): m/z (relative in-
tensity): 162 [M]+ (100).


The general procedure for condensation of an arylpropargyl alcohol with
allyl bromide was followed: 3-(4-Methoxyphenyl)-2-propyn-1-ol[28] (1.0 g,
6.2 mmol), NaH (223 mg, 9.3 mmol, prewashed with dry hexane), allyl
bromide (1.05 mL, 12.4 mmol), and freshly distilled THF (10 mL) were
used to obtain the title compound as a pale yellow liquid (1.18 g, 95%
yield). Purification of the crude product was conducted by filtration over
a short silica pad followed by flash column chromatography on silica gel
with hexane/ethyl acetate (10:1) as the eluent: Rf =0.5 (hexane/ethyl ace-
tate (10:1)); 1H NMR (CDCl3, 500 MHz): d=7.39 (d, J =8.5 Hz, 2H),
6.84 (d, J =8.5 Hz, 2 H), 5.92–5.98 (m, 1H), 5.33 (dd, J=17.0, 1.0 Hz,
1H), 5.23 (dd, J =17.5, 1.0 Hz, 1H), 4.37 (s, 2H), 4.13 (d, J =5.0 Hz, 2 H),
3.81 ppm (s, 3 H); 13C NMR (CDCl3, 125 MHz): d=159.7, 134.1, 133.2,
117.8, 114.7, 113.9, 86.2, 83.6, 70.6, 57.9, 55.2 ppm; IR (neat): ñ =3077,
3039, 3006, 2935, 2901, 2839, 2541, 2235, 2049, 1967, 1885, 1648, 1606,
1568, 1509, 1462, 1442, 1354, 1291, 1251, 1175, 1085, 1032, 927, 833, 800,
675, 567, 536, 417 cm�1; MS (EI): m/z (relative intensity): 202 [M]+ (10),
161 (100).


3-(Allyloxy)-1-(4-methylphenyl)-1-propyne : The general procedure for
Sonogashira coupling of propagyl alcohol with ArI was used: 4-Iodoto-
luene (10.9 g, 50 mmol), [Pd(PPh3)2Cl2] (3 mol %), CuI (6 mol %), piperi-
dine (8.4 g, 100 mmol), propagyl alcohol (3.07 mL, 52 mmol), and freshly
distilled toluene (50 mL) were used to obtain 3-(4-methylphenyl)-2-
propyn-1-ol[29] (5.26 g, 72% yield) as a light-brown solid. Purification was
conducted by filtration of the reaction mixture over a silica pad (5 �
5 cm) followed by flash column chromatography on silica gel with di-
chloromethane as the eluent: Rf = 0.5 (dichloromethane); 1H NMR
(CDCl3, 500 MHz): d=7.33 (d, J =8.0 Hz, 2H), 7.12 (d, J =8.0 Hz, 2H),
4.49 (s, 2 H), 3.23 (br s, 1H), 2.35 ppm (s, 3 H); 13C NMR (CDCl3,
125 MHz): d= 138.2, 131.3, 128.6, 119.3, 86.5, 85.3, 51.2, 21.0 ppm; MS
(EI): m/z (relative intensity): 146 [M]+ (100); HRMS: calcd for C10H10O:
146.07316; found: 146.07311.


The general procedure for condensation of an arylpropargyl alcohol with
allyl bromide was followed: 3-(4-Methylphenyl)-2-propyn-1-ol[29] (1.46 g,
10 mmol), NaH (360 mg, 15 mmol, prewashed with dry hexane), allyl bro-
mide (1.7 mL, 20 mmol), and freshly distilled THF (20 mL) were used to
obtain the title compound as a light yellow liquid (1.78 g, 96% yield). Pu-
rification was conducted by distillation under reduced pressure (b.p.=
130–133 8C, 3 mmHg): Rf =0.2 (hexane); 1H NMR (CDCl3, 500 MHz):
d=7.35 (d, J =8.5 Hz, 2H), 7.12 (d, J =8.0 Hz, 2H), 5.92–6.00 (m, 1H),
5.33 (dd, J =17.0, 1.0 Hz, 1 H), 5.23 (dd, J=17.5, 1.0 Hz, 1H), 4.38 (s,
2H), 4.13 (d, J= 5.0 Hz, 2 H), 2.35 ppm (s, 3H); 13C NMR (CDCl3,
125 MHz): d=137.5, 137.4, 132.0, 128.8, 119.3, 115.1, 89.4, 85.5, 72.2, 57.4,
20.1 ppm; IR (neat): ñ=3080, 3028, 2982, 2921, 2851, 2243, 1910, 1649,
1509, 1442, 1424, 1354, 1260, 1123, 1080, 991, 926, 817, 666, 558, 526 cm�1;
MS (EI): m/z (relative intensity): 186 [M]+ (15), 145 (100); HRMS: calcd
for C13H14O: 186.10447; found: 186.10451.


3-(Allyloxy)-1-(4-fluorophenyl)-1-propyne: The general procedure for
Sonogashira coupling of propagyl alcohol with ArI was used: 4-Iodoflur-


obenzene (11.1 g, 50 mmol), Pd(PPh3)2Cl2 (3 mol %), CuI (6 mol %), pi-
peridine (8.4 g, 100 mmol), propagyl alcohol (3.07 mL, 52 mmol), and
freshly distilled toluene (50 mL) were used to obtain 3-(4-fluorophenyl)-
2-propyn-1-ol[30] (5.85 g, 78% yield) as a light yellow viscous liquid. Puri-
fication was conducted by filtration of the reaction mixture over a silica
pad (5 � 5 cm) followed by flash column chromatography on silica gel
with dichloromethane as the eluent: Rf =0.5 (dichloromethane);
1H NMR (CDCl3, 500 MHz): d=7.39 (d, J=8.5 Hz, 2H), 6.97 (d, J =


8.5 Hz, 2H), 4.78 (s, 2 H), 2.69 ppm (br s, 1 H); 13C NMR (CDCl3,
125 MHz): d= 163.5, 161.5, 133.5 (d, JC,F = 8.3 Hz), 118.5 (d, JC,F =3.0 Hz),
115.5 (d, JC,F =22.1 Hz), 86.9, 84.5, 51.3 ppm; MS (EI): m/z (relative in-
tensity): 150 [M]+ (100); HRMS: calcd for C9H7FO: 150.04809; found:
150.04820.


The general procedure for condensation of an arylpropargyl alcohol with
allyl bromide was followed: 3-(4-Fluorophenyl)-2-propyn-1-ol[30] (1.5 g,
10 mmol), NaH (360 mg, 15 mmol, prewashed with dry hexane), allyl bro-
mide (1.7 mL, 20 mmol), and freshly distilled THF (30 mL) were used to
obtain the title compound as a colorless liquid (1.42 g, 75 % yield). Purifi-
cation was conducted by distillation under reduced pressure (b.p.=89–
90 8C, 2 mmHg): Rf = 0.2 (hexane); 1H NMR (CDCl3, 500 MHz): d=7.41
(d, J =8.5 Hz, 2 H), 7.00 (t, J =8.5 Hz), 5.95 (tdd, J=17.0, 10.0, 5.5 Hz,
1H), 5.34 (dd, J= 17.0, 1.0 Hz, 1 H), 5.24 (dd, J =17.5, 1.0 Hz, 1 H), 4.36
(s, 2H), 4.13 ppm (d, J =6.0 Hz); 13C NMR (CDCl3, 125 MHz): d=163.5,
161.6, 134.0, 133.6 (d, JC,F = 8.4 Hz), 118.7, (d, JC,F =3.0 Hz), 117.9, 115.5
(d, JC,F =22.0 Hz), 85.1, 84.7, 70.7, 57.8 ppm; IR (neat): ñ =3073, 3016,
2986, 2934, 2851, 2248, 1885, 1649, 1601, 1506, 1354, 1229, 1156, 1088,
992, 928, 837, 815, 563, 529 cm�1; MS (EI): m/z (relative intensity): 190
[M]+ (10), 149 (100); HRMS: calcd for C12H11FO: 190.07939; found:
190.07923.


3-(Allyloxy)-1-(3-methoxyphenyl)-1-propyne : The general procedure for
Sonogashira coupling of propagyl alcohol with ArI weas used: 3-Iodoani-
sole (11.7 g, 50 mmol), [Pd(PPh3)2Cl2] (3 mol %), CuI (6 mol %), piperi-
dine (8.4 g, 100 mmol), propagyl alcohol (3.07 mL, 52 mmol), and freshly
distilled toluene (50 mL) were used to afford 3-(3-methoxyphenyl)-2-
propyn-1-ol[31] (5.91 g, 73% yield) as a light-yellow viscous liquid. Purifi-
cation was conducted by filtration of the reaction mixture over a silica
pad (5 � 5 cm) followed by flash column chromatography on silica gel
with dichloromethane as the eluent: Rf =0.4 (dichloromethane);
1H NMR (CDCl3, 500 MHz): d =7.22 (t, J =8.0 Hz, 1 H), 7.03 (d, J=


7.5 Hz, 1H), 6.97 (m, 1H), 6.89 (m, 1H), 4.50 (d, J =6.5 Hz, 2 H), 3.80 (s,
3H), 1.72 ppm (t, J =6.5 Hz, 1 H); 13C NMR (CDCl3, 125 MHz): d=


138.9, 131.1, 128.6, 119.6, 86.5, 85.3, 51.2, 44.8 ppm; MS (EI): m/z (rela-
tive intensity): 162 [M]+ (100); HRMS: calcd for C10H10O2: 162.06808;
found: 162.06829.


The general procedure for condensation of an arylpropargyl alcohol with
allyl bromide was followed: 3-(3-Methoxyphenyl)-2-propyn-1-ol[31] (1.0 g,
6.2 mmol), NaH (223 mg, 9.3 mmol, prewashed with dry hexane), allyl
bromide (1.05 mL, 12.4 mmol), and freshly distilled THF (10 mL) were
used to afford the title compound as a light yellow liquid (1.16 g, 94 %
yield). Purification of the crude product was conducted by filtration over
a short silica pad followed by flash column chromatography on silica gel
with hexane/ethyl acetate (10:1) as the eluent: Rf =0.5 (hexane/ethyl ace-
tate (10:1)); 1H NMR (CDCl3, 500 MHz): d=7.21 (t, J=8.0 Hz, 1H),
7.02 (d, J= 7.5 Hz, 1 H), 6.96 (m, 1 H), 6.89 (m, 1H), 5.94 (m, 1H), 5.32
(dd, J =17.0, 1.0 Hz, 1 H), 5.23 (dd, J =17.5, 1.0 Hz, 1 H), 4.37 (s, 2H),
4.13 (d, J =5.0 Hz, 2 H), 3.81 ppm (s, 3H); 13C NMR (CDCl3, 125 MHz):
d=159.7, 134.1, 133.2, 117.8, 114.7, 113.9, 86.2, 83.6, 70.6, 57.9, 55.2 ppm;
IR (neat): ñ =3077, 3004, 2939, 2911, 2840, 2228, 1644, 1600, 1572, 1483,
1419, 1353, 1318, 1289, 1204, 1165, 1124, 1046, 992, 927, 855, 784, 687,
584, 512 cm�1; MS (EI): m/z (relative intensity): 202 [M]+ (10), 161
(100); HRMS: calcd for C13H14O2: 202.09938; found: 202.09923.


3-(Allyloxy)-1-(4-chlorophenyl)-1-propyne : The general procedure for
Sonogashira coupling of propagyl alcohol with ArI was used: 3-Iodoani-
sole (11.9 g, 50 mmol), [Pd(PPh3)2Cl2] (3 mol %), CuI (6 mol %), piperi-
dine (8.4 g, 100 mmol), propagyl alcohol (3.07 mL, 52 mmol), and freshly
distilled toluene (50 mL) were used to obtain 3-(4-chlorophenyl)-2-
propyn-1-ol[32] (5.91 g, 73% yield) as a light-yellow viscous liquid. Purifi-
cation was conducted by filtration of the reaction mixture over a silica
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pad (5 � 5 cm) followed by flash column chromatography on silica gel
with dichloromethane as the eluent: Rf =0.5 (dichloromethane);
1H NMR (CDCl3, 500 MHz): d=7.36 (d, J=8.0 Hz, 2H), 7.27 (d, J =


8.0 Hz, 2H), 4.45 (s, 2 H), 1.98 ppm (br s, 1 H); 13C NMR (CDCl3,
125 MHz): d=133.2, 131.3, 128.2, 119.3, 86.5, 85.1, 51.2 ppm; MS (EI): m/
z (relative intensity): 168 [M]+ (30), 166 [M]+ (100); HRMS: calcd for
C9H7ClO: 166.01854; found: 166.01850.


The general procedure for condensation of an arylpropargyl alcohol with
allyl bromide was followed: 3-(4-Chlorophenyl)-2-propyn-1-ol[32] (1.67 g,
10 mmol), NaH (360 mg, 15 mmol, prewashed with dry hexane), allyl bro-
mide (1.7 mL, 20 mmol), and freshly distilled THF (30 mL) were used to
obtain the title compound as a light yellow liquid (1.84 g, 89% yield). Pu-
rification of the crude product was conducted by filtration over a short
silica pad followed by flash column chromatography on silica gel with
hexane/ethyl acetate (30:1) as the eluent: Rf =0.4 (hexane/ethyl acetate
(30:1)); 1H NMR (CDCl3, 500 MHz): d=7.38 (d, J=8.5 Hz, 2H), 7.27 (d,
J =8.5 Hz, 2H), 5.94 (tdd, J =17.0, 10.0, 5.5 Hz, 1H), 5.34 (dd, J =17.0,
1.0 Hz, 1H), 5.24 (dd, J =17.5, 1.0 Hz, 1H), 4.36 (s, 2 H), 4.12 ppm (d, J=


6.0 Hz); IR (neat): ñ=3078, 3011, 2980, 2939, 2850, 2243, 1895, 1644,
1583, 1488, 1353, 1260, 1124, 1089, 1015, 991, 927, 828, 753, 526 cm�1; MS
(EI): m/z (relative intensity): 208 [M]+ (10), 206 [M]+ (40), 167 (30), 165
(100); HRMS: calcd for C12H11ClO: 206.04984; found: 206.04989.


3-(Allyloxy)-1-(2-methylphenyl)-1-propyne : The general procedure for
Sonogashira coupling of propagyl alcohol with ArI was used: 2-Iodoto-
luene (10.9 g, 50 mmol), [Pd(PPh3)2Cl2] (3 mol %), CuI (6 mol %), piperi-
dine (8.4 g, 100 mmol), propagyl alcohol (3.07 mL, 52 mmol), and freshly
distilled toluene (50 mL) were used to obtain 3-(2-methylphenyl)-2-
propyn-1-ol[31] (5.26 g, 72% yield) as a light-brown solid. Purification was
conducted by filtration of the reaction mixture over a silica pad (5 �
5 cm) followed by flash column chromatography on silica gel with di-
chloromethane as the eluent: Rf = 0.5 (dichloromethane); 1H NMR
(CDCl3, 500 MHz): d= 7.41 (d, J =7.5 Hz, 1H), 7.11–7.24 (m, 3H), 4.54
(d, J =6.0 Hz), 2.43 ppm (s, 3H); 13C NMR (CDCl3, 125 MHz): d=138.2,
131.3, 128.6, 128.1, 119.3, 115.3, 86.5, 85.3, 51.2, 21.2 ppm; MS (EI): m/z
(relative intensity): 146 [M]+ (100); HRMS: calcd for C10H10O:
146.07316; found: 146.07310.


The general procedure for condensation of an arylpropargyl alcohol with
allyl bromide was followed: 3-(2-Methylphenyl)-2-propyn-1-ol (1.46 g,
10 mmol), NaH (360 mg, 15 mmol, prewashed with dry hexane), allyl bro-
mide (1.7 mL, 20 mmol), and freshly distilled THF (20 mL) were used to
obtain the title compound as a light yellow liquid (1.73 g, 94% yield):
1H NMR (CDCl3, 500 MHz): d =7.43 (d, J =8.0 Hz, 1 H), 7.12–7.25 (m,
3H), 5.95–6.01 (m, 1 H), 5.36 (dd, J =17.0, 1.0 Hz, 1H), 5.27 (dd, J =17.5,
1.0 Hz, 1 H), 4.44 (s, 2H), 4.16 (d, J =6.0 Hz), 2.46 ppm (s, 3H);
13C NMR (CDCl3, 125 MHz): d =137.6, 137.4, 132.0, 128.8, 128.6, 119.6,
119.3, 115.1, 89.4, 85.5, 72.3, 57.4, 20.2 ppm; IR (neat): ñ =3069, 3020,
2981, 2920, 2850, 2223, 1644, 1603, 1485, 1455, 1425, 1353, 1249, 1117,
1085, 926, 758, 716, 599, 452 cm�1; HRMS: calcd for C13H14O: 186.10447;
found: 186.10453.


N-Allyl-N-(3-phenyl-2-propynyl)-4-tolylsulfonamide :[11, 33] Triphenylphos-
phane (14.4 g, 55 mmol) was dissolved in dichloromethane (250 mL).
Bromine (8.8 g, 2.82 mL, 55 mmol) was then added dropwise at 0 8C and
the mixture was stirred for 30 min. 3-Phenyl-2-propyn-1-ol was added at
0 8C and the reaction mixture was left to stir for 1 h. Hexane (�800 mL)
was added and the white suspension was passed through a short silica
pad (5 � 10 cm) and washed with hexane. The crude product was concen-
trated and distilled under reduced pressure (b.p.=88–90 8C, 1 mmHg) to
afford 3-bromo-1-phenyl-1-propyne[34] (9.01 g, 92% yield) as a light-
yellow liquid: Rf =0.4 (hexane); 1H NMR (CDCl3, 500 MHz): d=7.44–
7.46 (m, 2H), 7.32–7.36 (m, 3H), 4.17 ppm (s, 2H); 13C NMR (CDCl3,
125 MHz): d=132.1, 129.1, 128.6, 122.4, 87.0, 84.5, 15.6 ppm; MS (EI): m/
z (relative intensity): 196 [M]+ (100), 194 [M]+ (100).


Allylamine (4.0 mL, 53 mmol) was charged into a three-necked round-
bottomed flask and freshly distilled diethyl ether (10 mL) was added at
room temperature under nitrogen. 3-Bromo-1-phenyl-1-propyne (1.0 g,
5.13 mmol) was added dropwise at 0 8C and the reaction mixture was stir-
red at room temperature for 2 h. The reaction was quenched with water
and extracted with ethyl acetate (3 � �50 mL). The combined organic


layers were washed with brine and dried over Na2SO4. The crude mixture
was passed through a short silica pad (3 � 10 cm). Solvent was removed in
vacuo and the N-allyl-N-(3-phenyl-2-propynyl)amine product was used in
the next step without further purification.


A dichloromethane solution of p-toluenesulfonyl chloride (967 mg,
5.07 mmol) was added to a mixture of N-allyl-N-(3-phenyl-2-propynyl)a-
mine (crude), triethylamine (0.9 mL), and dichloromethane (5 mL) at
0 8C. The reaction mixture was slowly warmed to room temperature and
stirred for 2 h. Water (�50 mL) was added to quench the reaction and
the aqueous phase was extracted with chloroform (2 � �50 mL). The
combined organic layers were washed with brine and dried over sodium
sulfate. Solvent was removed by rotary evaporation and the crude prod-
uct was purified by column chromatography on silica gel with hexane/di-
chloromethane (2:1!1:1) as the eluent to afford the title compound as a
white solid (1.39 g, 83 % yield over two steps): Rf =0.3 (hexane/dichloro-
methane (2:1)); 1H NMR (CDCl3, 500 MHz): d =7.78 (d, J= 8.0 Hz, 2H),
7.22–7.28 (m, 5 H), 7.06 (d, J =7.0 Hz, 2 H), 5.77–5.83 (m, 1 H), 5.33 (d,
J =17.5 Hz, 1 H), 5.26 (d, J= 10.0 Hz, 1 H), 4.31 (s, 2H), 3.89 (d, J =


6.0 Hz, 2 H), 2.33 ppm (s, 3 H); 13C NMR (CDCl3, 125 MHz): d=143.5,
135.9, 132.0, 131.4, 129.5, 128.3, 128.1, 127.7, 122.2, 119.9, 85.6, 81.6, 49.2,
36.7, 21.4 ppm; IR (neat): ñ= 2904, 1460, 1376, 723 cm�1; MS (EI): m/z
(relative intensity): 325 [M]+ (5), 222 (20), 170 (80), 142 (70), 115 (100).


N-Allyl-N-(2-butynyl)-4-tolylsulfonamide : Allylamine (15.0 mL,
200 mmol) was charged into a three-necked round-bottomed flask and
freshly distilled diethyl ether (50 mL) was added at room temperature
under nitrogen. 1-Bromo-2-butyne (1.86 mL, 20 mmol) was added drop-
wise at 0 8C and the reaction mixture was stirred at room temperature for
2 h. The reaction was quenched with water and extracted with ethyl ace-
tate (3 � �100 mL). The combined organic layers were washed with brine
and dried over Na2SO4. The crude mixture was passed through a short
silica pad (5 � 10 cm). Solvent was removed in vacuo and the N-allyl-N-
(2-butynyl)amine product was used in the next step without further puri-
fication.


A dichloromethane solution of p-toluenesulfonyl chloride (4 g, 22 mmol)
was added to a mixture of N-allyl-N-(2-butynyl)amine (crude), triethyl-
amine (4 mL), and dichloromethane (50 mL) at 0 8C. The reaction mix-
ture was slowly warmed to room temperature and stirred for 2 h. Water
(�100 mL) was added to quench the reaction and the aqueous phase
was extracted with chloroform (2 � �100 mL). The combined organic
layers were washed with brine and dried over sodium sulfate. Solvent
was removed by rotary evaporation and the crude product was purified
by column chromatography on silica gel with hexane/dichloromethane
(4:1) as the eleuent to afford the title compound as a colorless liquid
(2.30 g, 44% yield over two steps): Rf =0.2 (hexane/dichloromethane
(4:1)); 1H NMR (CDCl3, 500 MHz): d=7.70 (d, J=7.5 Hz, 2 H), 7.27 (d,
J =7.5 Hz, 2 H), 5.67–5.73 (m, 1H), 5.25 (d, J=17.0 Hz, 1 H), 5.18 (d, J=


10.5 Hz, 1 H), 3.98 (d, J =2.0 Hz, 2 H), 3.77 (d, J =5.0 Hz, 2 H), 2.39 (s,
3H), 1.51 ppm (t, J =6.5 Hz, 3 H); 13C NMR (CDCl3, 125 MHz): d=


143.5, 136.4, 132.4, 129.5, 128.1, 119.7, 81.8, 71.9, 49.2, 36.5, 21.7, 3.4 ppm;
IR (neat): ñ =3073, 3062, 2980, 2914, 2847, 2294, 2223, 1644, 1593, 1491,
1439, 1349, 1255, 1162, 1092, 1055, 899, 814, 735, 663, 572, 545 cm�1; MS
(EI): m/z (relative intensity): 263 [M]+ (5), 248 (10), 184 (40), 155 (60),
108 (100); HRMS: calcd for C14H17NO2S: 263.09800; found: 263.09809.


Diethyl 7-octen-2-yne-5,5-dicarboxylate :[35] Diethyl 1-butene-4,4-dicar-
boxylate (2.0 g, 10 mmol) was charged to a three-necked round-bottomed
flask and dry THF (30 mL) was added under nitrogen at room tempera-
ture. NaH (360 mg, 15 mmol, prewashed with dry hexane) was added por-
tionwise to the reaction mixture at 0 8C and stirred for 2 h. A white sus-
pension was observed. 1-Bromo-2-butyne (1.86 mL, 20 mmol) was then
added dropwise at 0 8C and the reaction mixture was slowly warmed to
room temperature with stirring for 3 h. The reaction was quenched by
water (�50 mL) and the aqueous phase was extracted with diethyl ether
(3 � �100 mL). The combined organic phase was washed with water and
brine and dried over sodium sulfate. Solvent was removed by rotary
evaporation and the crude mixture was purified by distillation under re-
duced pressure to afford the title compound as a colorless oil (2.31 g,
92% yield): 1H NMR (CDCl3, 500 MHz): d =5.63 (m, 1 H), 5.15 (d, J =


17.0 Hz, 1H), 5.09 (d, J=10.0 Hz, 1 H), 4.19 (q, J =7.0 Hz, 4H), 2.78 (d,
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J =7.5 Hz, 2H), 2.72 (q, J=2.5 Hz, 2H), 1.75 (t, J=2.5 Hz, 3H),
1.24 ppm (t, J =7.5 Hz, 6H); 13C NMR (CDCl3, 125 MHz): d=169.9,
131.8, 119.3, 78.6, 73.2, 61.3, 56.8, 36.3, 22.7, 13.9, 3.3 ppm; IR (neat): ñ=


3646, 3472, 3083, 2982, 2929, 2233, 1739, 1639, 1465, 1441, 1325, 1292,
1218, 1136, 1096, 1036, 912, 855, 661, 574 cm�1; MS (EI): m/z (relative in-
tensity): 252 [M]+ (20), 194 (100).


Catalytic asymmetric Pauson–Khand-type reaction :


General procedure for asymmetric Pauson–Khand-type cyclization of
various enynes : [{Rh(cod)Cl}2] (4.4 mg, 9.0 mmol), (S)-P-Phos (11.6 mg,
18.0 mmol), and cinnamylaldehyde (59 mg, 0.45 mmol, 1.5 equiv with re-
spect to the enyne) were charged to a screw-cap vial on the bench top at
room temperature with continuous stirring (magnetic stirrer bar, 2�
6 mm). Enynes (0.3 mmol) was then added under air. These vials were
evacuated and backfilled with nitrogen (3 cycles) and this was followed
by addition of water (0.2 mL, concentration of enyne 1.5 m). The reaction
mixtures were heated to 100 8C (�2 8C) for 36 h (reaction times were un-
optimized for each substrate). The vials were allowed to cool to room
temperature. Ethyl acetate (�2 mL) was added and the crude product
was passed through a short plug of Na2SO4. Solvent was removed by
rotary evaporation and the crude mixture was purified by flash column
chromatography on silica gel with hexane/ethyl acetate as the eluent to
afford the chiral bicyclic cyclopentenones. (Alternative workup proce-
dure: dichloromethane (�2 mL) was added and the reaction mixture
was passed through a short plug of Na2SO4 for initial screening by GC-
MS analysis.) The enantiomeric excess values of the products were deter-
mined by chiral HPLC analysis with Daicel AS, AS-H, and AD-H col-
umns.


2-Phenyl-7-oxabicyclo[3.3.0]oct-1-en-3-one (Table 2, entry 1):[9] Purified
by column chromatography (1.8 � �15 cm) on silica gel with hexane/
ethyl acetate (3:1) as the eluent to obtain the title compound as a light
yellow oil (82 % yield; 84% ee (S configuration)): HPLC conditions: AD
column, hexane (Hex):isopropyl alcohol (IPA) =9:1, 1.0 mL min�1,
254 nm, Rt =12.4, 16.9 min; Rf =0.3 (hexane/ethyl acetate (2:1));
1H NMR (CDCl3, 500 MHz): d =7.52 (d, J =7.5 Hz, 2 H), 7.39–7.42 (m,
2H), 7.33–7.37 (m, 1 H), 4.93 (d, J= 16.5 Hz, 1H), 4.59 (d, J =16.0 Hz,
1H), 4.38 (t, J =8.0 Hz, 1H), 3.30–3.35 (m, 1H), 3.23 (dd, J =8.0 Hz,
11.5 Hz, 1H), 2.85 (dd, J=6.5 Hz, 18.5 Hz, 1H), 2.34 ppm (dd, J =4.0 Hz,
18.0 Hz, 1H); 13C NMR (CDCl3, 125 MHz): d= 206.7, 177.3, 134.5, 130.5,
128.6, 128.5, 127.9, 71.2, 66.2, 43.2, 40.2 ppm; MS (EI): m/z (relative in-
tensity): 200 [M]+ (70), 170 (40), 158 (50), 141 (100).


2-Phenyl-5-methyl-7-oxabicyclo[3.3.0]oct-1-en-3-one (Table 2, entry 2):[36]


Purified by column chromatography (1.8 � �15 cm) on silica gel with
hexane/ethyl acetate (3:1) as the eluent to obtain the title compound as a
light yellow oil (71 % yield; 90% ee): HPLC conditions: AS-H column,
Hex:IPA= 9:1, 1.0 mL min�1, 254 nm, Rt =9.7, 10.8 min; Rf =0.3 (hexane/
ethyl acetate (2:1)); 1H NMR (CDCl3, 500 MHz): d=7.33–7.51 (m, 5H),
4.98 (d, J =17.0 Hz, 1H), 4.60 (d, J =17.0 Hz, 1H), 4.03 (d, J =8.0 Hz,
1H), 3.43 (d, J=8.0 Hz, 1 H), 2.60 (d, J =17.0 Hz, 1H), 2.54 (d, J =


17.0 Hz, 1H), 1.39 ppm (s, 3 H); 13C NMR (CDCl3, 125 MHz): d=206.7,
180.6, 133.2, 130.5, 128.7, 128.6, 128.1, 76.5, 65.3, 48.7, 47.8, 24.7 ppm; MS
(EI): m/z (relative intensity): 214 [M]+ (80), 184 (20), 169 (40), 141 (100),
115 (70).


2-Methyl-7-oxabicyclo[3.3.0]oct-1-en-3-one (Table 2, entry 3):[9] Purified
by column chromatography (1.8 � �15 cm) on silica gel with hexane/
ethyl acetate (3:1) as the eluent to obtain the title compound as a color-
less oil (82 % yield; 95% ee): HPLC conditions: AS-H column,
Hex:IPA= 9:1, 1.0 mL min�1, 210 nm, Rt =12.2, 13.7 min; Rf =0.3
(hexane/ethyl acetate (2:1)); 1H NMR (CDCl3, 500 MHz): d= 4.54 (q, J=


15.0 Hz, 2H), 4.30–4.32 (m, 1H), 3.19–3.23 (m, 2H), 2.64–2.71 (dd, J=


5.5, 18.0 Hz, 1H), 2.09–2.17 (dd, J =2.0, 18.0 Hz, 1H), 1.77 (s, 3 H) ppm;
13C NMR (CDCl3, 125 MHz): d =209.0, 176.1, 132.6, 71.8, 64.7, 43.2, 38.6,
8.9 ppm; MS (EI): m/z (relative intensity): 138 [M]+ (100), 123 (60), 105
(30).


2-Ethyl-7-oxabicyclo[3.3.0]oct-1-en-3-one (Table 2, entry 4):[26] Purified
by column chromatography (1.8 � �15 cm) on silica gel with hexane/
ethyl acetate (3:1) as the eluent to obtain the title compound as a color-
less oil (60 % yield; 95% ee): HPLC conditions: AS-H column,
Hex:IPA= 9:1, 1.0 mL min�1, 210 nm, Rt =9.6, 11.7 min; Rf =0.3 (hexane/


ethyl acetate (2:1)); 1H NMR (CDCl3, 500 MHz): d=4.61 (q, J =15.5 Hz,
2H), 4.30–4.34 (m, 1 H), 3.19–3.23 (m, 2 H), 2.64–2.71 (dd, J =5.5,
18.0 Hz, 1H), 2.19–2.33 (m, 2H), 2.10–2.17 (dd, J=2.5, 18.0 Hz, 1H),
1.12 ppm (t, J =7.5 Hz, 3H); 13C NMR (CDCl3, 125 MHz): d=208.0,
175.1, 138.6, 71.8, 64.8, 43.2, 38.6, 17.6, 16.3 ppm; MS (EI): m/z (relative
intensity): 152 [M]+ , 100), 123 (40), 105 (50).


2-(4-Methoxyphenyl)-7-oxabicyclo[3.3.0]oct-1-en-3-one (Table 2,
entry 7):[12a] Purified by column chromatography (1.8 � �15 cm) on silica
gel with hexane/ethyl acetate (2:1) as the eluent to obtain the title com-
pound as a light-yellow solid (93 % yield; 93 % ee): HPLC conditions: AS
column, Hex:IPA =9:1, 1.0 mL min�1, 254 nm, Rt = 15.9, 25.7 min; Rf =0.2
(hexane/ethyl acetate (2:1)); 1H NMR (CDCl3, 500 MHz): d= 7.48 (d, J=


9.0 Hz, 2H), 6.93 (d, J= 9.0 Hz, 1 H), 4.89 (d, J =16.0 Hz, 1H), 4.57 (d,
J =16.0 Hz, 1H), 4.35 (t, J =8.0 Hz, 1H), 3.82 (s, 3 H), 3.26–3.30 (m, 1H),
3.20 (dd, J= 7.5, 11.0 Hz, 1H), 2.81 (dd, J =6.0, 17.5 Hz, 1H), 2.31 ppm
(dd, J =3.0, 17.5 Hz, 1 H); 13C NMR (CDCl3, 125 MHz): d=202.3, 175.2,
159.8, 134.1, 129.3, 123.2, 114.0, 71.3, 66.3, 55.2, 43.1, 40.2 ppm; MS (EI):
m/z (relative intensity): 230 [M]+ (100), 201 (10), 189 (30), 172 (60).


2-(4-Methylphenyl)-7-oxabicyclo[3.3.0]oct-1-en-3-one (Table 2, entry 6):
Purified by column chromatography (1.8 � �15 cm) on silica gel with
hexane/ethyl acetate (3:1) as the eluent to obtain the title compound as a
white solid (92 % yield; 87% ee): HPLC conditions: AS-H column,
Hex:IPA= 9:1, 1.0 mL min�1, 254 nm, Rt =13.0, 18.5 min; Rf =0.4
(hexane/ethyl acetate (2:1)); [a]25


D =++53.78 (c= 0.010 in CHCl3);
1H NMR (CDCl3, 500 MHz): d=7.42 (d, J=8.0 Hz, 2H), 7.22 (d, J =


8.0 Hz, 1H), 4.93 (d, J =16.0 Hz, 1 H), 4.59 (d, J =16.0 Hz, 1 H), 4.37 (t,
J =7.5 Hz, 1 H), 3.28–3.32 (m, 1 H), 3.23 (dd, J =8.0, 11.5 Hz, 1 H), 2.84
(dd, J =6.5, 17.5 Hz, 1H), 2.37 (s, 3 H), 2.32 ppm (dd, J= 3.5, 18.0 Hz,
1H); 13C NMR (CDCl3, 125 MHz): d =202.3, 175.2, 159.8, 134.1, 129.3,
123.2, 114.0, 71.3, 66.3, 43.1, 40.2, 23.8 ppm; IR (neat): ñ =3020, 2397,
1747, 1511, 1419, 1215, 1040, 922, 756, 669 cm�1; MS (EI): m/z (relative
intensity): 214 [M]+ (100), 184 (30), 169 (40), 156 (45), 141 (70); HRMS:
calcd for C14H14O2: 214.09938; found: 214.09943.


2-(4-Fluorophenyl)-7-oxabicyclo[3.3.0]oct-1-en-3-one (Table 2, entry 7):
Purified by column chromatography (1.8 � �15 cm) on silica gel with
hexane/ethyl acetate (3:1) as the eluent to obtain the title compound as a
light-yellow oil (90 % yield; 82% ee): HPLC conditions: AS-H column,
Hex:IPA= 98:2, 1.0 mL min�1, 254 nm, Rt =29.8, 35.7 min; Rf =0.3
(hexane/ethyl acetate (2:1)); [a]25


D =++0.78 (c =0.0083 in CHCl3);
1H NMR (CDCl3, 500 MHz): d= 7.52 (dd, J=5.5, 8.0 Hz, 2 H), 7.09 (t,
J =8.0 Hz, 2H), 4.91 (d, J =16.5 Hz, 1 H), 4.56 (d, J=16.5 Hz, 1 H), 4.37
(t, J= 7.5 Hz, 1 H), 3.29–3.33 (m, 1 H), 3.24 (dd, J =7.5, 11.0 Hz, 1H),
2.84 (dd, J=6.5, 18.0 Hz, 1H), 2.33 ppm (dd, J=3.5, 17.5 Hz, 1H);
13C NMR (CDCl3, 125 MHz): d=204.1, 177.0, 161.7, 133.6, 129.8 (d,
JC,F =8.4 Hz), 126.7, 115.6 (d, JC,F =22.0 Hz), 71.3, 66.2, 43.2, 40.1 ppm;
IR (neat): ñ =3021, 2392, 1701, 1506, 1215, 1029, 758, 669 cm�1; MS (EI):
m/z (relative intensity): 218 [M]+ (70), 188 (50), 176 (50), 159 (100), 146
(60); HRMS: calcd for C13H11FO2: 218.07431; found: 218.07439.


2-(3-Methoxyphenyl)-7-oxabicyclo[3.3.0]oct-1-en-3-one (Table 2, entry 8):
Purified by column chromatography (1.8 � �15 cm) on silica gel with
hexane/ethyl acetate (3:1) as the eluent to obtain the title compound as a
light-yellow viscous oil (88 % yield; 81 % ee): HPLC conditions: AS-H
column, Hex:IPA =9:1, 1.0 mL min�1, 254 nm, Rt = 20.9, 47.0 min; Rf =0.3
(hexane/ethyl acetate (2:1)); [a]25


D =++21.48 (c= 0.011 in CHCl3);
1H NMR (CDCl3, 500 MHz): d=7.31 (t, J =7.5 Hz, 1H), 7.16 (s, 1H),
7.04 (d, J =8.0 Hz, 1 H), 6.90 (dd, J =2.5, 8.0 Hz, 1 H), 4.92 (d, J=


16.0 Hz, 1 H), 4.59 (d, J=16.0 Hz, 1H), 4.37 (t, J =7.5 Hz, 1 H), 3.82 (s,
3H), 3.29–3.33 (m, 1 H), 3.23 (dd, J =7.5, 11.5 Hz, 1 H), 2.84 (dd, J =6.5,
17.5 Hz, 1 H), 2.33 ppm (dd, J =4.0, 17.5 Hz, 1H); 13C NMR (CDCl3,
125 MHz): d =206.7, 177.7, 159.6, 134.5, 131.8, 129.6, 120.5, 114.3, 113.4,
71.3, 66.3, 55.2, 43.3, 40.3 ppm; IR (neat): ñ =3019, 2386, 1705, 1511,
1413, 1215, 1045, 1024, 922, 758, 669 cm�1; MS (EI): m/z (relative intensi-
ty): 230 [M]+ (100), 213 (5), 199 (10), 185 (20), 171 (20), 159 (30);
HRMS: calcd for C14H14O3: 230.09430; found: 230.09422.


2-(4-Chlorophenyl)-7-oxabicyclo[3.3.0]oct-1-en-3-one (Table 2,
entry 9):[12a] Purified by column chromatography (1.8 � �15 cm) on silica
gel with hexane/ethyl acetate (3:1) as the eluent to obtain the title com-
pound as a light-yellow oil (91 % yield; 77 % ee): HPLC conditions: AS-
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H column, Hex:IPA=98:2, 1.0 mL min�1, 254 nm, Rt =26.3, 32.0 min;
Rf = 0.3 (hexane/ethyl acetate (2:1)); 1H NMR (CDCl3, 500 MHz): d=


7.48 (d, J =9.0 Hz, 2H), 7.38 (d, J=9.0 Hz, 1 H), 4.92 (d, J =16.0 Hz,
1H), 4.57 (d, J= 16.0 Hz, 1 H), 4.38 (t, J=8.0 Hz, 1 H), 3.30–3.37 (m,
1H), 3.25 (dd, J =7.5, 11.0 Hz, 1H), 2.85 (dd, J =6.0, 18.0 Hz, 1H),
2.33 ppm (dd, J=3.5, 18.0 Hz, 1H); 13C NMR (CDCl3, 125 MHz): d=


205.3, 175.1, 159.7, 134.0, 129.3, 123.3, 114.1, 71.1, 66.3, 43.2, 40.2 ppm;
MS (EI): m/z (relative intensity): 236 [M]+ (20), 234 [M]+ (60), 204 (15),
192 (25), 169 (95), 141 (100).


2-(2-Methylphenyl)-7-oxabicyclo[3.3.0]oct-1-en-3-one (Table 2, entry 10):
Purified by column chromatography (1.8 � �15 cm) on silica gel with
hexane/ethyl acetate (3:1) as the eluent to obtain the title compound as a
colorless oil (49 % yield; 74% ee): HPLC conditions: AD-H column,
Hex:IPA= 9:1, 1.0 mL min�1, 254 nm, Rt =11.8, 12.6 min; Rf =0.4
(hexane/ethyl acetate (2:1)); [a]25


D =++31.48 (c= 0.012 in CHCl3);
1H NMR (CDCl3, 500 MHz): d =7.19–7.29 (m, 3H), 7.10 (d, J =7.5 Hz,
1H), 4.63 (d, J=16.0 Hz, 1H), 4.42 (t, J=7.5 Hz, 1 H), 4.36 (d, J=


15.5 Hz, 1 H), 3.38–3.42 (m, 1 H), 3.34 (dd, J =7.0, 11.0 Hz, 1 H), 2.85 (dd,
J =5.5, 17.5 Hz, 1H), 2.35 (dd, J =3.5, 17.5 Hz, 1 H); 2.18 ppm (s, 3H);
13C NMR (CDCl3, 125 MHz): d =202.3, 175.2, 159.8, 134.1, 129.3, 128.9,
123.2, 114.0, 111.3, 71.3, 66.3, 43.1, 40.2, 23.8 ppm; IR (neat): ñ =3021,
2397, 1737, 1510, 1419, 1215, 1043, 922, 758, 669 cm�1; MS (EI): m/z (rela-
tive intensity): 214 [M]+ (100), 199 (5), 183 (40), 169 (50), 154 (30), 141
(70); HRMS: calcd for C14H14O2: 214.09938; found: 214.09946.


2-Phenyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[3.3.0]oct-1-en-3-one
(Table 3, entry 1):[37] Purified by column chromatography (2.0 � �15 cm)
on silica gel with hexane/ethyl acetate (2:1) as the eluent to obtain the
title compound as a light-yellow solid (96 % yield; 80 % ee): HPLC condi-
tions: AD-H column, Hex:IPA=9:1, 1.0 mL min�1, 254 nm, Rt =43.8,
52.8 min; Rf =0.3 (hexane/ethyl acetate (2:1)); m.p.=159–160 8C;
1H NMR (CDCl3, 500 MHz): d =7.71 (d, J =8.0 Hz, 2 H), 7.36–7.46 (m,
5H), 7.30 (d, J =8.0 Hz, 2 H), 4.63 (dd, J =2.0, 17.0 Hz, 1 H), 4.04–4.09
(m, 2H), 3.18–3.23 (m, 1H), 2.78 (dd, J =6.5, 17.5 Hz, 1 H), 2.61 (dd, J=


9.0, 10.5 Hz, 1H), 2.40 (s, 3 H), 2.25 ppm (dd, J= 4.0, 18.0 Hz, 1H);
13C NMR (CDCl3, 125 MHz): d =206.4, 171.9, 144.0, 136.0, 133.6, 130.0,
129.8, 128.9, 128.7, 128.2, 127.4, 52.0, 48.3, 41.8, 40.7, 21.5 ppm; MS (EI):
m/z (relative intensity): 353 [M]+ (20), 198 (100), 171 (50), 141 (60), 128
(45).


2-Methyl-7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[3.3.0]oct-1-en-3-one
(Table 3, entry 2):[38] Purified by column chromatography (2.0 � �15 cm)
on silica gel with hexane/ethyl acetate (2:1) as the eluent to obtain the
title compound as a white solid (98 % yield; 88% ee): HPLC conditions:
AD-H column, Hex:IPA=9:1, 1.0 mL min�1, 254 nm, Rt =34.1, 37.1 min;
Rf = 0.2 (hexane/ethyl acetate (2:1)); m.p.=103–104 8C; 1H NMR (CDCl3,
500 MHz): d=7.73 (d, J =8.5 Hz, 2H), 7.34 (d, J =8.5 Hz, 2H), 4.23 (d,
J =16.0 Hz, 1H), 3.96–4.00 (m, 2H), 2.96–3.06 (m, 1 H), 2.54–2.62 (m,
2H), 2.44 (s, 3H), 2.03 (dd, J=3.0, 17.5 Hz, 1 H), 1.68 ppm (s, 3H);
13C NMR (CDCl3, 125 MHz): d =205.3, 171.0, 144.0, 134.1, 133.9, 129.9,
127.4, 52.6, 46.7, 41.6, 39.2, 21.5, 8.8 ppm; MS (EI): m/z (relative intensi-
ty): 291 [M]+ (30), 263 (5), 155 (10), 136 (100).


Diethyl 2-methyl-3-oxobicyclo[3.3.0]oct-1-ene-7,7-dicarboxylate (Table 3,
entry 3):[39] Purified by column chromatography (1.8 � �15 cm) on silica
gel with hexane/ethyl acetate (4:1) as the eluent to obtain the title com-
pound as a light-yellow viscous oil (91 % yield; 77% ee (S configura-
tion)): HPLC conditions: AS-H column, Hex:IPA=9:1, 1.0 mL min�1,
254 nm, Rt =12.5, 15.9 min; Rf =0.3 (hexane/ethyl acetate (4:1));
1H NMR (CDCl3, 500 MHz): d=4.21 (q, J=6.5 Hz, 2H), 4.17 (q, J =


6.5 Hz, 2 H), 3.16 (q, J =14.5 Hz, 2 H), 2.94 (m, 1 H), 2.74 (dd, J =7.0,
12.5 Hz, 1 H), 2.60 (dd, J=6.0, 18.0 Hz, 1 H), 2.04 (dd, J=3.0, 18.5 Hz,
1H), 1.68 (s, 3 H), 1.61 (t, J= 13.0 Hz, 3H), 1.24 (t, J= 7.0 Hz, 3H),
1.22 ppm (t, J =7.0 Hz, 3H); 13C NMR (CDCl3, 125 MHz): d=203.9,
177.7, 171.5, 170.9, 132.8, 61.9, 61.8, 60.8, 42.6, 41.3, 39.0, 33.9, 13.9 (over-
lapped), 8.4 ppm; MS (EI): m/z (relative intensity): 280 [M]+ (40), 235
(20), 206 (80), 178 (30), 133 (100).
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Tuning Photoinduced Energy- and Electron-Transfer Events in
Subphthalocyanine–Phthalocyanine Dyads
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In memoriam Dr. Juan Carlos del Amo, who died in the tragedy in Madrid on March 11th


Introduction


In recent years, a great deal of research has aimed at the un-
derstanding of the mutual interplay between energy- and


electron-transfer processes in synthetic molecular or supra-
molecular systems[1] designed to reproduce the fundamental
energy exchanges occurring in natural photosynthesis.[2]


These systems are based on electron-donor and -acceptor


Abstract: A series of subphthalocya-
nine–phthalocyanine dyads has been
prepared by means of palladium-cata-
lyzed cross-coupling reactions between
a monoalkynylphthalocyanine and dif-
ferent monoiodosubphthalocyanines.
Electronic coupling between the two
photoactive units is ensured by a rigid
and p-conjugated alkynyl spacer. In ad-
dition, the electronic characteristics of
the subphthalocyanine moiety were
modulated by the introduction of dif-
ferent peripheral substituents. Cyclic
and Osteryoung square-wave voltam-
metry experiments revealed that the
reduction potential of this subunit can
be decreased by about 400 mV on


going from thioether or no substituents
to nitro groups. As a consequence, the
energy level of the charge-transfer
state could be fine-tuned so as to gain
control over the fate of the photoexci-
tation energy in each subunit. The di-
verse steady-state and time-resolved
photophysical techniques employed
demonstrated that, when the charge-
transfer state lies high in energy, a
quantitative singlet–singlet energy-


transfer mechanism from the excited
subphthalocyanine to the phthalocya-
nine takes place. On the contrary, sta-
bilization of the radical pair by lower-
ing the redox gap between electron
donor and acceptor results in a highly
efficient photoinduced electron-trans-
fer process, even in solvents of low po-
larity such as toluene (FET�0.9).
These features, together with the extra-
ordinary absorptive cross section that
these molecular ensembles display
across the whole UV/Vis spectrum,
make them model candidates for appli-
cation in situations where broadband
light sources are needed.
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units linked by a well-defined spacer and thus mimick some
aspects of the protein-embedded multiporphyrin–quinone
assembly found in nature. Chemists, however, are not re-
stricted to these natural components and, though extensive
work has been dedicated to the study of porphyrin–quinone
dyads,[3] other photo- or electroactive moieties, which in
some cases provide novel or enhanced properties,[4] may be
employed in such artificial photosynthetic systems.


Phthalocyanines[5] (Pcs) are 18p-electron aromatic com-
pounds made of four isoindole units linked together through
their 1,3-positions by aza bridges. Two-dimensional aromatic
delocalization over these macrocycles gives rise to their ex-
ceptional optical and electrical properties, which have found
wide application in materials science.[5b] Subphthalocya-
nines[6] (SubPcs), lower homologues of phthalocyanines, are
14p-electron aromatic compounds comprising three N-fused
diiminoisoindole units. The C3 aromatic structure and cone-
shaped geometry of SubPcs makes them very promising can-
didates in the fields of supramolecular chemistry,[7] nonlinear
optics,[8] and photo- or electroactive systems.[9]


For these reasons, it is not surprising that many examples
of SubPc- and Pc-containing dyads and triads have been de-
scribed in the literature.[9,10] Nonetheless, the study of the in-
terchromophoric interactions, both in the ground and excit-


ed state, of covalently linked SubPc–Pc systems is still pend-
ing. Owing to the particular electronic properties of each of
these units,[5,8a,11] such an ensemble seems to be perfectly
suited for the study of intramolecular energy/electron-trans-
fer processes.[12] First, since the absorption of each chromo-
phore perfectly complements that of the other, a SubPc–Pc
dyad would cover a very wide section (up to 750 nm) of the
UV/Vis spectrum. Second, energy transfer from the higher
lying SubPc singlet excited state (ca. 2.1 eV) to the Pc sin-
glet (ca. 1.8 eV) seems a quite plausible deactivation path-
way, whereby the SubPc plays the role of a light-harvesting
antenna. Finally, the redox gradient can be easily tuned by
the introduction of different peripheral substituents on both
macrocycles, and thus control can be gained over the com-
petition between photoinduced energy- and electron-trans-
fer mechanisms.[9b]


Here we describe the design and synthesis of a series of
SubPc–Pc dyads 1 a–1 c, as well as the study of their most
relevant electrochemical and photophysical properties. The


two units are linked by a conjugated ethynyl spacer, which
allows efficient electronic communication.[12] The Pc frag-
ment is equipped with solubilizing, electron-donating octy-
loxy groups, and variation of the peripheral substituents of
the SubPc ring allows fine-tuning of its reduction potential
and therefore of the energy level of the charge-transfer
state, whose population may compete with energy-transfer
mechanisms. The synthetic approach envisaged for SubPc–
Pc dyads 1 a–c is centered on a palladium-mediated cross-
coupling reaction between different monoiodo-SubPcs and a
Pc bearing a single ethynyl group. The Pc and SubPc moiet-
ies were chosen so as to avoid the presence of a mixture of
more than one isomer in a given dyad. This strategy there-
fore requires the isolation of specifically substituted macro-
cycles resulting from the statistical condensation of two dif-
ferent phthalonitriles. Even if the syntheses of such unsym-
metrically substituted Pcs[13] and SubPcs[14] are now well
documented, they still represent a challenge as far as purifi-
cation is concerned. It is well known that strong aggregation
of Pcs in solution usually makes their chromatographic sepa-
ration a tedious process. Nonplanar SubPcs, in contrast,
show a much lower tendency to aggregate and in most cases


Abstract in Spanish: Se han preparado una serie de d�adas
de subftalocianina-ftalocianina a trav�s de reacciones de aco-
plamiento cruzado catalizadas por paladio entre una mo-
noalquinilftalocianina y distintas monoiodosubftalocianinas.
El empleo de un espaciador r�gido y p-conjugado de tipo al-
quinilo asegura el acoplamiento electr�nico entre ambas uni-
dades. Adem�s, las caracter�sticas electr�nicas de la unidad
de subftalocianina han sido moduladas mediante la introduc-
ci�n de diferentes sustituyentes perif�ricos. De hecho, los ex-
perimentos de voltametr�a c�clica y de onda cuadrada de Os-
teryoung han revelado que el potencial de reducci�n de esta
unidad puede disminuirse en aproximadamente 400 mV al ir
desde sustituyentes tio�ter o ningffln sustituyente, a grupos
nitro. Como consecuencia, el nivel de energ�a del estado de
transferencia de carga puede ajustarse con el fin de alcanzar
un control sobre el destino de la energ�a de fotoexcitaci�n en
cada subunidad. Las diversas t�cnicas fotof�sicas empleadas
han demostrado que, en aquellos casos en los que el estado
de separaci�n de cargas posee una energ�a elevada, se produ-
ce una transferencia de energ�a cuantitativa desde el estado
singlete de la subftalocianina al singlete de la ftalocianina.
Por el contrario, la estabilizaci�n del par radical mediante la
disminuci�n del gap redox entre el dador y el aceptor de elec-
trones da lugar a un proceso de transferencia electr�nica fo-
toinducida muy eficiente, incluso en disolventes de polaridad
moderada como el tolueno (FET ~0.9). Estas caracter�sticas,
junto con la intensa absorci�n que presentan estas mol�culas
en todo el espectro de UV/Vis, las convierte en excelentes can-
didatos para su aplicaci�n en aquellos casos en los que se ne-
cesiten fuentes de luz de banda ancha.
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even regioisomerically pure compounds can be isolated
from these complex mixtures.[14]


Results and Discussion


Synthesis and characterization : Pc 2 was synthesized in 14 %
yield by statistical condensation of 4,5-dioctyloxyphthaloni-
trile and 4-(3-hydroxy-3-methyl-1-butynyl)phthalonitrile in
dimethylaminoethanol (DMAE) in the presence of zinc
chloride (Scheme 1).[15] The presence of a bulky dimethylcar-
binol protecting group facilitated chromatographic separa-
tion of 2 from the other Pc derivatives formed. Deprotec-
tion of Pc 2 to give Pc 3 was achieved in 73 % yield by treat-
ment with NaOH in toluene.[16] The stacking of these Pc
macrocycles in solution produces broad features in the
1H NMR spectra, especially those corresponding to the aro-
matic protons. In the case of Pc 2, broad signals were detect-
ed between d=7 and 8 ppm and around d= 4 ppm, corre-
sponding to the aromatic and the OCH2 protons, respective-
ly. For Pc 3, only the aliphatic part of the spectrum could be
distinguished. Compounds 2 and 3 both exhibit the typical
electronic transitions of Pcs (Figure 1 a). From the relative
widths and intensities of the Q band of both macrocycles (at
685 nm), it can be inferred that, at the same concentration,
Pc 3 has a somewhat higher degree of aggregation in CHCl3,
which can be reduced by dilution. The IR features of both


Pcs are very similar. However, in the case of Pc 3, new
bands at 3306 and 2110 cm�1 were ascribed to the stretching
of the alkynyl C�H and C�C bonds, respectively.


Scheme 1. Synthesis of SubPc–Pc dyads 1a–c and reference compounds SubPcs 4 a–d, 5a–c and Pc 3.


Figure 1. UV/Vis spectra (CHCl3, 2.5� 10�5
m) of a) Pcs 2 and 3 and


b) SubPcs 4a–d.
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Monoiodo-SubPcs 4 a–d (Scheme 1) were likewise ob-
tained by statistical condensation of the two corresponding
phthalonitrile derivatives in the presence of boron trichlor-
ide in p-xylene at reflux.[17] Most compounds and isomers
could be isolated from the resulting reaction mixture by
column chromatography on silica gel with appropriate elu-
ents.[18] Unlike Pcs, SubPcs yield quite informative NMR
spectra, which helped in the identification of the desired iso-
mers. The electronic absorption spectra of 4 a–d (Figure 1 b)
display the typical B and Q bands of SubPcs at around 300
and 580 nm, respectively. The latter presents a red shift with
respect to unsubstituted SubPc, whose magnitude depends
on the nature of the peripheral substituents and which is es-
pecially evident for SubPcs 4 b–d. A less intense band
around 400 nm, attributed to n!p* transitions, was also
seen for 4 b.


SubPc–Pc dyads 1 a, 1 b, and 1 c were synthesized by stan-
dard Sonogoshira palladium cross-coupling with iodo-
SubPcs 4 a, 4 b, and 4 c, respectively, in the presence of cata-
lytic amounts of [PdCl2(PPh3)2] and CuI. Dry and deoxygen-
ated solvents (toluene or THF) must be utilized to minimize
formation of the bis-phthalocyanine derivative from 3 by ox-
idative homocoupling.[19] Notwithstanding this drawback, the
Pc dimer is formed in the very first steps of the mechanism
to generate the active catalytic species (Pd0). Therefore, the
addition of a small excess of Pc 3 (1.2 equiv) was found to
be essential for total SubPc consumption, which was moni-
tored by TLC. A remarkable dependence of the reaction
rate on SubPc peripheral substitution was noticed; electron-
poor aromatic rings react much faster (4 c>4 a>4 b). Com-
pound 4 d, bearing alkylsulfonyl functional groups, could not
be coupled under these conditions, and instantaneous de-
composition was observed instead. In fact, the addition of
triethylamine to toluene or THF solutions of 4 d resulted in
the total bleaching of the original pink color. The use of
other bases (diisopropylethylamine, 1,8-diazabicyclo-
[5.4.0]undec-7-ene) or lower temperatures reproduced quali-
tatively the same outcome. After chromatographic separa-
tion, dyads 1 a (dark blue solid), 1 b (green viscous solid),
and 1 c (green-blue solid) were obtained in 53, 45, and 69 %
yield, respectively. In all cases, the bis-Pc by-product was
isolated in 5–10 % yield. The three dyads are very soluble in
common organic solvents and were characterized by
1H NMR, IR, UV/Vis, MALDI-TOF MS, and elemental
analysis. Similar to Pcs, the 1H NMR spectra of 1 a–c show
very broad signals, but those corresponding to the OCH2


and SCH2 (for 1 b) protons could be clearly recognized.
MALDI-TOF MS experiments revealed the molecular ion
of 1 a–c as the most prominent peak, with an isotopic pat-
tern that compares well with the simulated one (see Sup-
porting Information).


Pentynyl-substituted SubPcs 5 a, 5 b and 5 c were synthe-
sized as test compounds in 78, 54, and 88 % yield, respec-
tively, according to the same cross-coupling methodology
starting from 1-pentyne and iodo-SubPcs 4 a, 4 b, and 4 c. In
this reaction, precursors 4 a–c followed the same reactivity
pattern aforementioned for the synthesis of the dyads, that


is, electron-deficient macrocycles reacted faster. Once more,
SubPc 4 d did not lead to the expected coupling compound
but decomposed on addition of the base. The characteriza-
tion of 5 a–c by 1H and 13C NMR, IR, UV/Vis, FAB-MS, and
elemental analysis confirmed the presence of the 1-pentynyl
group in the periphery of the macrocycle.


Electrochemistry : The solution electrochemistry of SubPc–
Pc dyads 1 a–c was studied by cyclic voltammetry (CV) and
Osteryoung square-wave voltammetry (OSWV) in dry THF
and o-dichlorobenzene (o-DCB). The results measured for
the dyads were compared with those of reference Pc 3 and
SubPcs 4 a–c. The CVs and OSWVs are presented in Fig-
ures 2 and 3, respectively. The OSWV peak potentials are
collected in Table 1.


Model Pc 3 exhibits two hardly resolvable one-electron
quasireversible oxidation waves on the CV anodic scan in
THF. The resolution of the oxidation waves was not im-
proved by changing the scan rate and the solvent (o-DCB).
In this aromatic solvent, the oxidation waves became slightly
less resolved than in THF. This indicates that the ZnPc com-
pound shows a slightly higher tendency toward aggregation
in o-DCB than in THF, which is in agreement with our own
recent experience.[10h] Because the anodic scan window is
much wider in o-DCB (0–1.5 V) than in THF (0–1.1 V), we
observed in this solvent a second oxidation wave around
1.3 V, which could be attributed to a third oxidation of the
Pc ring or the oxidation of nitrogen in the Pc unit. In the
cathodic scan, Pc 3 showed four electrochemically quasi-


Figure 2. Cyclic voltammograms (sweep rate 0.1 Vs�1) for dyads 1a–c,
SubPcs 4a–c, and Pc 3 in THF/TBAPF6 at room temperature.
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reversible processes in THF between 0 and �2.3 V (see
Table 1).


In the CVs of SubPc reference compounds 4 a and 4 c, no
macrocycle-based anodic waves were observed between 0
and +1.2 V in THF, while for 4 b an oxidation wave was
seen at 1081 mV in the OSWV. In contrast, in the cathodic
part of the voltammograms, these compounds displayed a
very rich electrochemistry, with the first reductive event at
�832 (4 a), �801 (4 b), and �452 mV (4 c). The reversibility
of this first cathodic wave was found to be greatly depend-
ent on the scan rate. Thus, for example, increasing the scan
rate to 600 mV s�1 for 4 a made this wave chemically reversi-
ble but electrochemically irreversible with DEp =110 mV.
The electron-withdrawing effect of the nitro groups is not
only reflected in the lower reduction potentials, but also in
the larger number of reductive processes observed (six pro-
nounced waves from �0.4 to �2.4 V, see Table 1). Other


weak reductions were observed for 4 a and 4 b that may be
due to decomposition products or impurities.


The voltammograms of SubPc–Pc dyads show some fea-
tures in common with their individual subunits. Owing to
the large number of redox processes, their assignment to
each electroactive component was achieved on the basis of
their OSWVs, which show more clearly resolved waves
(Figure 3). In the anodic part of the OSWVs in THF it is
clear that, after covalent bonding to the SubPc moiety in the
dyads, the Pc-based oxidations became more resolvable
under identical experimental conditions. This may indicate
intramolecular electronic interactions between the two com-
ponents or a lower degree of Pc ring stacking on attachment
of the nonplanar SubPc. In the cathodic sweep direction, the
origin of the reduction processes was assigned to one or
other electroactive component (see Table 1). The assign-
ment was facilitated by the difference in reversibility that
the waves of each moiety exhibited. For instance, one can
assign that the first reduction of 1 a to the SubPc unit, since
this reduction peak becomes chemically more reversible at
higher scan rates, as in the case of 4 a. On sweeping to
highly negative potentials (>�1.5 V) several waves were ob-
served, but most of them could not be assigned to either of
the subunits.


The electrochemical data collected in Table 1 show that
the redox potentials of both the Pc and SubPc moieties in
dyads 1 a–c changed to some extent compared to those of
model compounds 3 and 4 a–c, and this indicates some
degree of intramolecular electronic interaction between the
two fragments in the ground and/or charged states. Thus, for
example, when we carefully compare the redox potentials of
3, 1 a, and 4 a, we find that the first Pc-based oxidation and
reduction potentials are both slightly negatively shifted in
the dyad by 30 and 100 mV, respectively. Similar negative
shifts were also observed for 1 b and 1 c.


Photochemistry : The properties of the excited states of
dyads 1 a–c were analyzed by means of different photophysi-
cal techniques and compared to those of reference com-
pounds 3 and 5 a–c. The most relevant photophysical data
are collected in Table 2.


First, the steady-state absorption and emission spectra of
the three dyads and their individual components in various
solvents were compared. Aggregation phenomena, especial-
ly evident for dyad 1 c, were detected in CHCl3, toluene, and


Table 1. Electrochemical data [mV versus Ag/AgCl] of the redox processes of dyads 1 a–c, SubPcs 4a–c and Pc 3 detected by OSWV in THF solution at
room temperature under identical experimental conditions. Errors are estimated at about �5 mV.


E3
ox E2


ox E1
ox E1


red E2
red E3


red E4
red E5


red E6
red E7


red E8
red E9


red


3 840 750[a] �904 �1288 �1604 �2068 �2557
4a �832 �1980
1a 856[P] 720[P] �832[S] �1002[P] �1300[P] �1592[P] �1855[P/S] �1955[P/S]


4b 1081 �801 �934 �1881 �2313
1b >1200[S] 856[P] 740[a][P] �814[S] �933(2e)[P,S] �1364[P] �1769[P] �2066[P/S] �2365[P/S]


4c �452 �812 �1144 �1476 �1795 �2083
1c 848[P] 740[a][P] �437[S] �799[S] �944[P] �1080[S] �1161[P/S] �1486[P/S] �1858[P/S] �2120[P/S] �2287[P/S]


[a] Hardly resolved process, shoulder value: [P] =Pc-based redox processes; [S] =SubPc-based redox processes; [P/S] = not assignable.


Figure 3. Oxidative and reductive OSWVs for dyads 1 a–c, SubPcs 4a–c,
and Pc 3 in THF/TBAPF6 at room temperature.
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cyclohexane/pyridine by a concentration-dependent broad-
ening of the Q band of the Pc and reduction of its intensity
(see Supporting Information). In contrast, THF and toluene/
pyridine (25/1) were found to impede ring stacking, since
the spectra measured at different chromophore concentra-
tions were virtually identical in the range 10�7 to 10�4


m. In
all cases, though the individual contributions of the SubPc
and Pc to the electronic spectra of the dyads can be clearly
recognized, the spectra are not merely the sum of the spec-
tra of their macrocyclic components. As shown in Figure 4, a
small but clear bathochromic shift in both Q bands as well
as a more pronounced splitting of the Pc Q band is ob-
served, which indicates that p conjugation is extended
through the triple bond and confirms electronic communica-
tion between the two macrocycles.[10a] The absorption of
these SubPc–Pc ensembles covers a huge range of the UV/


Vis spectrum (up to 750 nm),[20] since each individual chro-
mophore fills regions of low absorption of the other.


In steady-state fluorescence experiments, the wavelength
gap between the Q bands of the two chromophores (>
100 nm) allowed the selective excitation of each macrocycle.
Each sample was accordingly irradiated at two different
wavelengths: 570 nm, where most of the radiation is absor-
bed by the SubPc unit, and 640 nm, where only the Pc is
able to absorb. Excitation at the blue edge of the absorption
bands was mandatory to avoid Rayleigh scattering overlap-
ping the fluorescence. Figure 5 displays the absorption and
emission spectra of 1 b in toluene/pyridine (25/1) as an ex-
ample. For dyads 1 a and 1 b, in which the SubPc moiety
bears no substituents or thioether groups, excitation of
either of the two units led to the detection of a major emis-
sion band with a maximum at 710 nm. These features, which
match the fluorescence signal of 3, are consistent with the
emission of the Pc component. An additional very weak
band centered around 600 nm, corresponding to the SubPc
fluorescence emission, can also be distinguished when excit-
ing at 570 nm.


Fluorescence quantum yields of 1 a and 1 b were then
measured to quantify the singlet emission from the Pc at
both wavelengths. As reference compounds, zinc phthalo-
cyanine (ZnPc, FF =0.30)[21] was used for lexc = 640 nm, and
subnaphthalocyanine (FF = 0.22)[11c] was employed at lexc =


570 nm. Interestingly, the fluorescence quantum yields deter-
mined (FF =0.19�0.01) were exactly the same in the two
dyads and for the two excitation wavelengths, as well as
being identical to that obtained for reference Pc 3 (see


Table 2. Summary of photophysical data acquired for SubPc-Pc dyads 1a–c and reference Pc 3 and SubPcs 5 a–c in toluene/pyridine (25/1), unless other-
wise specified.


lexc [nm] 5 a 5b 5c 3 1a 1 b 1c


lmax [nm] 573 (4.5) 595 (4.6) 596 (4.6) 686 (4.9) 698 (4.8) 701 (4.9) 702 (4.9)
(lg e)[a] 573 (4.5) 677 (4.8) 677 (4.9) 678 (5.0)


578 (4.5) 597 (4.6) 594 (4.6)
ESinglet [eV][b] 2.16 2.06 2.06 1.81 1.77[P] 1.77[P] 1.76[P]


FF
[b] 570 0.51 0.39 0.47 – 0.20[P] 0.19[P] 0.02[P]/0.002[c,P]


0.005[S] 0.005[S] 0.003[S]/0.003[c,S]


640 – – – 0.20 0.19[P] 0.19[P] 0.04[P]/0.01[c,P]


tS [ns] 590 3.1 2.8 3.3 – 2.9 3.2 difficult
370 – – – 3.1 2.7 3.0 to assign


ETriplet [eV][b] –[d] –[d] –[d] 1.12 1.11[P] 1.11[P] –[d]


kF [108 s�1] – 1.6 1.4 1.6 0.65
FD 570 0.59 0.61 0.46 – 0.55 0.50 0.059


646 – – – 0.54 0.55 0.56 0.15
tT [ms] 570 90 120 85 – 79 107 not detected


640 – – – 110 100 118 110
DGCT [eV][e] toluene: 2.14 toluene: 2.17 toluene: 1.73


CH2Cl2: 1.39 CH2Cl2: 1.42 CH2Cl2: 0.99
FEN 570 1.00�0.01 1.00�0.01 0.39�0.01
kEN [1010 s�1] 3�1 3�1 3�1
FET 570 – – 0.9�0.1[f]


640 – – 0.75�0.05
kET [1010 s�1] – – 5�1[S]/0.1[P]


[a] Only the Q band absorption maxima (in CHCl3) of both chromophores are given. [b] For dyads 1a–c : [P] =values assigned to a Pc excited state;
[S]=values assigned to a SubPc excited state. [c] In toluene/CH2Cl2 (4/1). [d] Phosphorescence was not detected. [e] Free energy level of the charge-
transfer state calculated as described in the Experimental Section. [f] Total electron-transfer quantum yield, obtained from the contributions of both
SubPc and Pc singlet excited states.


Figure 4. UV/Vis spectra (CHCl3, 2.5� 10�5
m) of SubPc–Pc dyad 1 a and


reference compounds 3 and 5a.
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Table 2). On the other hand, fluorescence quantum yields of
the SubPc unit in 1 a and 1 b were estimated to be less than
0.005 by using cresyl violet in methanol as reference (FF =


0.54),[22] much lower than those of references 5 a–c (FF =


0.39–0.51). Given the energy values for the singlet excited
state of both subunits (ca. 2.1 eV for SubPc and 1.7 eV for
Pc) and the fact that excitation at 570 nm mainly (>90 %)
populates the singlet SubPc, this outcome points to an effi-
cient energy-transfer process from the excited SubPc unit to
the Pc. Further evidence for energy transfer was obtained
from the excitation spectra of dyads 1 a and 1 b (Figure 6).
The excitation spectra of 1 a and 1 b are essentially coinci-
dent with the ground-state absorption spectra and revealing
contributions from both chromophoric subunits.


The quantum yield of the energy-transfer process FEN can
be calculated from the fluorescence quantum yields of the
dyads when selectively exciting the SubPc [FF(570 nm)] and
the Pc [FF(640 nm)] by Equation (1).


FFð570 nmÞ ¼ FFð640 nmÞFEN ð1Þ


In toluene/pyridine (25/1), FF(570 nm)=FF(640 nm) =


0.19�0.01; hence, the energy-transfer yield for 1 a and 1 b is
FEN =1�0.01. In addition, the fact that the fluorescence
quantum yields coincide with that of the reference Pc rules
out different deactivation pathways for the Pc-localized sin-
glet excited state of the dyad than for the singlet of 3. Quan-
titative energy-transfer events have also been observed in
carotenoid–Pc[10a] and porphyrin–Pc dyads.[12]


A very different scenario was noted for compound 1 c, in
which the SubPc unit is substituted with nitro groups. In this
case, the emission and excitation spectra were strongly de-
pendent on the solvent employed and, most importantly,
fluorescence emission from both the SubPc and Pc compo-
nents was substantially quenched (see Supporting Informa-
tion). The magnitude of this quenching was found to be de-
pendent on solvent polarity. For example, exciting the Pc
unit (lexc = 640 nm) in toluene/pyridine (25/1) or in the more
polar toluene/CH2Cl2 (4/1) resulted in Pc-based fluorescence
quantum yields of FF =0.04 and 0.01, respectively. Exciting
the SubPc moiety in both solvents resulted in the same
trend, though the smaller fluorescence quantum yields of
the Pc unit (see Table 2) indicate a less efficient energy-
transfer process for dyad 1 c. On the other hand, the SubPc-
based fluorescence yields were also slightly lower than in 1 a
and 1 b (FF�0.003 in both solvents). So, it seems that for
dyad 1 c the singlet excited states of both units undergo a
new nonradiative deactivation process, different from com-
pounds 1 a and 1 b, which will be detailed below.


The fluorescence lifetimes of 1 a–c were determined by
the time-correlated single-photon counting technique and
are listed in Table 2 together with those of the model com-
pounds. As in steady-state fluorescence experiments, the
samples were irradiated at two different wavelengths to
preferentially excite the SubPc (lexc = 580 or 590 nm) or the
Pc moiety (lexc = 370 nm). In each test, the detection wave-
length was set at 710 nm, the maximum of the Pc emission,
or at 590 nm, the maximum of the SubPc emission. A singlet
excited-state lifetime of about 3 ns was observed for the Pc
moieties of 1 a and 1 b, a value which is similar to that found
for reference compound 3 and for other zinc alkyloxyphtha-
locyanines[23] and thus confirms the absence of additional
deactivation pathways for the singlet Pc moiety in these
dyads. While SubPcs 5 a–c are strongly fluorescent with sin-
glet lifetimes of t0


s =2.8–3.3 ns, our failure to observe any
decay at their emission maximum in the dyads probably re-
flects a SubPc singlet lifetime close to or below the resolu-
tion limit of the apparatus used (ca. 30 ps). In fact, from the
SubPc-based fluorescence yields and the lifetime of the
model SubPcs, the singlet SubPc lifetime in dyads 1 a, 1 b,
and 1 c is estimated as 30, 36, and 21 ps, respectively, by
using Equation (2).


F0
F=FF ¼ t0


S=tS ð2Þ


Likewise, we estimate the rate constant for energy trans-
fer kEN using Equation (3).


Figure 5. Absorption and emission spectra (excitation at 570 and 640 nm)
of dyad 1 b in toluene/pyridine (25/1).


Figure 6. Absorption and excitation spectra of 1 a in toluene/pyridine
(25/1); lobs =707 nm.
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F0
F=FF ¼ 1þ kEN � t0


S ð3Þ


A value of kEN =3 � 1010 s�1 was obtained for dyads 1 a and
1 b. The rather complex fluorescence decay kinetics of dyad
1 c prevented assignment of the singlet lifetime in this
system. We note, however, that the average lifetime is short-
er than that of dyads 1 a and 1 b.


The energy of the triplet states of 1 a–c was elucidated
from the near-IR room-temperature phosphorescence emis-
sion spectrum determined in laser flash photolysis experi-
ments. Figure 7 illustrates the weak features recorded and
their kinetic decay. Disappearence of the signal in the pres-
ence of oxygen confirmed the assignment to triplet phos-
phorescence. Triplet energies and phosphorescence lifetimes
tP thus acquired for dyads 1 a and 1 b resembled those ob-
tained for Pc 3 (ET = 1.11 eV and tP =60�5 ms). In the case
of dyad 1 c, phosphorescence that was too weak to be de-
tected, which indicated lower population of the Pc triplet
excited state.


Triplet quantum yields were not calculated, but a lower
limit for this parameter can be estimated from measure-
ments of singlet-oxygen production. For the determination
of singlet-oxygen quantum yields FD, the dyads were irradi-
ated at two wavelengths and compared with a suitable refer-
ence compound: 1) for the selective excitation of the SubPc,
the samples were irradiated at 570 nm and C60 (FD = 0.95)[24]


was used as the reference, and 2) for the direct excitation of
the Pc unit, irradiation was performed at 646 nm and tetra-
phenylporphyrin (FD =0.62)[21] was used as reference com-
pound. The data obtained in these experiments are included
in Table 2.


Production of the triplet state was confirmed by time-re-
solved transient absorption measurements. The triplet–trip-
let absorption features of deoxygenated solutions of 1 a–c in
toluene/pyridine (25/1) were determined and compared to
the features of 3 and 5 a–c. Again, the samples were excited
at 570 and 640 nm. The transient spectra registered
(Figure 8), which match the triplet–triplet features of Pc 3
(see Supporting Information), were exactly the same at both
excitation wavelengths and for the three dyads, even though


1 c exhibited weaker signals that reflect a lower triplet quan-
tum yield. In all cases, the signal grew with the time constant
of our detection system (ca. 20 ns). Triplet-state lifetimes tT


were deduced from the analysis of the transient decay kinet-
ics (Figure 9) and are compiled in Table 2. Monoexponential
decays were recorded for all compounds and at all excita-
tion wavelengths, so the transient should be the product of
only one triplet species that, in view of the similarity in
spectral features and lifetimes, is assigned to the Pc triplet.
No additional transients could be observed within the time
resolution of our apparatus.


The outcome of these experiments (singlet-oxygen gener-
ation and time-resolved flash photolysis) further confirmed
the conclusions drawn from steady-state and time-resolved
fluorescence tests. First, an efficient singlet–singlet energy-
transfer event from the SubPc to the Pc unit indeed occurs
in 1 a and 1 b, since the spectral features and photophysical
parameters derived (FD =0.55�0.05 and tT = 100�20 ms)
are very similar regardless of the excitation wavelength and
equal to those of 3 (FD = 0.54 and tT = 110 ms). Figure 9 sum-
marizes the deactivation route in dyads 1 a and 1 b on photo-
excitation of the SubPc or the Pc component. First, because
of the near 100 % efficiency of energy transfer, these dyads
can be said to behave photophysically as phthalocyanines,
the only difference being that 1 a and 1 b maintain a strong
absorption across almost the whole UV/Vis spectrum,
whereby the SubPc antenna assists in the collection of elec-
tromagnetic radiation in the region below 600 nm.


Second, the Pc-based triplet undergoes no other process
than decay to the ground state or, in the presence of
oxygen, energy transfer to this species to produce singlet
oxygen. Dyads 1 a and 1 b can thus be used as singlet-oxygen
photosensitisers working throughout the UV and visible re-
gions with wavelength-independent quantum yield. This fea-
ture endows SubPc–Pc dyads with ideal properties for appli-
cation in situations where broadband light sources are used,
for example, in solar photoreactors.


Figure 7. Phosphorescence emission spectra (lexc =650 nm) of dyad 1 a
and Pc 3 and the corresponding decay signal (lobs =1100 nm) of dyad 1a
in argon-saturated toluene pyridine (25/1) at room temperature. The
same spectrum was found for dyad 1 b.


Figure 8. Left: Triplet–triplet transient absorption spectra of compound
1b in argon-saturated toluene/pyridine (25/1). Right: Decay signals at
500 nm (excitation at 570 or 640 nm).
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Third, a different deactivation route must be taking place
in dyad 1 c, as the fluorescence and singlet-oxygen quantum
yields are considerably lower and dependent on the direct
excitation of the SubPc or the Pc. Interestingly, compound
1 c has the lowest reduction potential of the three dyads
owing to the presence of electron-withdrawing nitro groups
in the periphery of the SubPc macrocycle. Taking into con-
sideration this fact, together with the high sensitivity of the
fluorescence to the polarity of the medium, the most reason-
able hypothesis for the deactivation of the singlet state of
both subunits is the formation of a radical ion pair (SubPcC�-
PcC+) by electron transfer from the Pc to the SubPc. An ap-
proximate free energy of the charge-transfer state relative
to the ground state DGCT of 1 a–c in toluene and CH2Cl2 can
be obtained from the first oxidation and reduction potentials
in THF with consideration of solvent and distance effects
(see Experimental Section). As can be noted from Table 2,
only dyad 1 c has a charge-transfer state lower in energy
than the singlet excited state of both chromophore subunits
in toluene.


In the specific case of 1 c, the efficiency of singlet–singlet
energy transfer FEN can be estimated from the ratio of the
fluorescence FF or singlet-oxygen quantum yields FD ob-
tained for the Pc unit when exciting the SubPc (lexc =


570 nm) or the Pc component (lexc�640 nm) [Eqs. (4) and
(5)].


FEN ¼ FFðPc, lexc ¼ 640 nmÞ=FFðPc, lexc ¼ 570 nmÞ ð4Þ


FEN ¼ FDðPc, lexc ¼ 646 nmÞ=FDðPc, lexc ¼ 570 nmÞ ð5Þ


Values obtained in toluene/pyridine (25/1) are FEN =


0.50�0.1 and FEN =0.39�0.05, respectively. Since FF


values have larger errors than FD values, an energy transfer
efficiency of 39 % was assumed for 1 c, significantly lower
than for dyads 1 a and 1 b (100 % efficiency). Under the as-
sumption that electron transfer accounts for this difference
and since the sum of the yields of all pathways leading to
the deactivation of the singlet excited state of the SubPc in
1 c must equal unity, an estimation of the electron transfer
efficiency from the excited SubPc unit of FET(SubPc) =


0.61�0.05 can be made. Combining this value with the yield
and rate constant of energy transfer, the rate constant of
electron-transfer from the singlet SubPc is estimated as
kET =5 � 1010 s�1.


Similarly, the yield of the electron-transfer process from
the Pc component FET(Pc) can be approximated from the
fluorescence or singlet-oxygen quantum yields of dyad 1 c
and dyads 1 a or 1 b by means of the Equations (6) and (7).


FETðPcÞ ¼ ½FFð1 a,1 bÞ�FFð1 cÞ�=FFð1 a,1 bÞ ð6Þ


FETðPcÞ ¼ ½FDð1 a,1 bÞ�FDð1 cÞ�=FDð1 a,1 bÞ ð7Þ


Using the data from Table 2 in toluene/pyridine (25/1),
values of FET(Pc)=0.78�0.05 and FET(Pc)=0.73�0.05
were derived. From these data it was concluded that
FET(Pc)= 0.75�0.05. By combining this value with the sin-
glet lifetime of model compound 3, the rate constant for
electron transfer from the Pc moiety was estimated as kET =


1 � 109 s�1. Finally, the total charge-transfer quantum yield
(FET) on excitation of the SubPc moiety in 1 c can be ob-
tained from the contribution of both components [Eq. (8)]


FET ¼ FETðSubPcÞ þFETðPcÞ �FEN ð8Þ


which affords a value of FET =0.9�0.1 in the low-polarity
toluene/pyridine (25/1) medium. In the more polar CH2Cl2,
given the lower Pc fluorescence quantum yields measured
(vide supra), we expect this value to be even higher.
Figure 10 illustrates the deactivation pathway in dyad 1 c on
SubPc or Pc excitation.


Since nanosecond transient absorption experiments failed
to detect the charge-transfer state, we must conclude that
charge recombination is faster than the time resolution of
our experiment (ca. 20 ns). Furthermore, since the triplet
quantum yield is clearly lower for dyad 1 c than for 1 a and
1 b, the radical ion pair does not recombine to a triplet state
as, for example, in carotenoporphyrin–fullerene triads,[25] but
to the singlet ground state. This limits somewhat the applica-
bility of these dyads to artificial photosynthesis or other ap-
plications where trapping of the charge-transfer state is re-
quired. Nevertheless, fine-tuning the Pc and SubPc energy
levels and redox properties, as well as coupling the dyads to


Figure 9. Photophysical processes occurring on a) SubPc or b) Pc excita-
tion of SubPc-Pc dyads 1a and 1b in toluene/pyridine (25/1).
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secondary electron donors or acceptors, may provide a
novel route to photoactive materials.


Summary and Conclusions


We have demonstrated that subphthalocyanines and phtha-
locyanines are ideal partners for the construction of molecu-
lar systems able to process light. The energy level of their
excited states and therefore of their optical transitions are
very well suited for the efficient absorption and directional
funneling, via energy-transfer processes, of photoexcitation
energy. Owing to the possibility of fine-tuning the redox gap
between the electron-donor and -acceptor moieties by the
introduction of different substituents around the macrocyclic
cores, the charge-transfer state may also be efficiently ac-
cessed via photoinduced electron-transfer processes. These
features, together with the extraordinary absorptive cross
section that these molecular ensembles display across the
whole UV/Vis spectrum, orders of magnitude higher than
those based on fullerenes and porphyrins, render them
model candidates for application in situations where broad-
band light sources are necessary.


Experimental Section


General remarks : UV/Vis spectra were recorded with Hewlett-Packard
8453 and Varian Cary 4E instruments. IR spectra were recorded on a
Bruker Vector 22 spectrophotometer. LSI-MS and HRMS spectra were
determined on a VG AutoSpec instrument. MALDI-TOF MS spectra
were recorded with a Bruker Reflex III spectrometer. NMR spectra were
acquired with a Bruker AC-300 instrument. Elemental analyses were per-
formed with a Perkin-Elmer 2400 apparatus. Column chromatography
was carried out on silica gel Merck-60 (230–400 mesh, 60 �), and TLC
on aluminum sheets precoated with silica gel 60 F254 (E. Merck). Chemi-
cals were purchased from Aldrich Chemical Co. and used as received
without further purification. 4,5-Dioctyloxyphthalonitrile,[26] 4-(3-hy-
droxy-3-methyl-1-butynyl)phthalonitrile,[27b] 4-nitrophthalonitrile,[28] 4-io-
dophthalonitrile,[27] and 4,5-dioctylthiophthalonitrile[29] were prepared ac-
cording to published procedures.


Electrochemistry : Cyclic voltammetry and Osteryoung square-wave vol-
tammetry were performed on a Windows-driven BAS 100w electrochemi-
cal analyzer (Bioanalytical Systems, West Lafayette, IN) at room temper-
ature with a three-electrode configuration in THF or o-dichlorobenzene
solutions containing the substrate (typically about 0.5–1 mmol dm�3) and
the supporting electrolyte. A glassy carbon (1 3 mm) disk served as the
working electrode, a platinum wire (1 1 mm) as counterelectrode, and a
commercial Ag/AgCl aqueous electrode as reference electrode. Both the
counter- and the reference electrodes were directly immersed in the elec-
trolyte solution. The surface of the working electrode was polished with
commercial Alpha Micropolish Alumina No. 1C (Aldrich) with a particle
size of 1.0 mm. Tetrabutylammonium hexafluorophosphate (nBu4NPF6,
Fluka, >99%) was recrystallized twice from ethanol and dried in
vacuum overnight prior to use and was employed as the supporting elec-
trolyte in 0.1 mol dm�3 concentration. Solutions were stirred and deaerat-
ed by bubbling argon for a few minutes prior to each voltammetric meas-
urement. Scan rate was 100 mV s�1, unless otherwise specified. OSWVs
were obtained for a sweep width of 25 mV, a frequency of 15 Hz, a step
potential of 4 mV, a SW amplitude of 25 mV, and a quiet time of 2 s.


Photophysics : Emission spectra were recorded with a Jobin Ybon Spex
Fluoromax-2 spectrofluorometer, and the data were analyzed by the Da-
tamax-Std. 2.20 software. A scan rate of 0.3 nm s�1 and 2 nm (emission)
and 1 nm (excitation) slits were employed. Fluorescence quantum yields
were determined by comparing the areas under the fluorescence spectra
recorded for optically matched solutions of the samples and suitable ref-
erences, correcting for refractive index changes where appropriate. For
the SubPc units, the range 570–650 nm was used, and for the Pc unit,
650–800 nm. Singlet-state energies were deduced from the crossing point
between the normalized absorption and fluorescence spectra. Time-re-
solved fluorescence experiments were carried out with a fluorescence
lifetime system based on the time-correlated single-photon counting tech-
nique (Edinburgh Instruments, Model FL900). The triplet-state proper-
ties, i.e., phosphorescence, transient absorption, and singlet-oxygen sensi-
tization, were studied by nanosecond laser flash photolysis using a Con-
tinuum Surelite 10 Nd:YAG laser (355 nm, 5 ns pulse width, 100 mJ per
pulse) to pump a Continuum OPO laser (410–700 nm, 5–10 mJ per
pulse). Triplet- and singlet-oxygen phosphorescence was detected with a
North Coast EOL-817P germanium photodiode. Transient absorption
was probed by a Photon Technology International (PTI) system compris-
ing a 75W OSRAM Xe lamp illuminator, a monochromator, and a Ha-
mamatsu R928 photomultiplier. In each case, the output of the detector
was fed to a Lecroy 9410 (150 MHz) digital oscilloscope for data acquisi-
tion and averaging and ultimately sent to a computer for storage and
analysis. The triplet energy was allocated as the maximum of the near-IR
emission band. The quantum yields of singlet-oxygen production were
determined by comparing the singlet-oxygen phosphorescence intensity
at 1270 nm recorded for optically matched solutions of the samples and
suitable references in the same solvent.[30]


The energy of the charge-transfer state (DGCS) was estimated from the
redox potentials by using Equation (9), where F is the Faraday constant,
e the electron charge, e0 the permittivity of vacuum, E(D+/D) and E(A/
A�) are the Pc oxidation and SubPc reduction potentials, respectively, in


Figure 10. Photophysical processes occurring upon a) SubPc or b) Pc exci-
tation of SubPc-Pc dyad 1c in toluene/pyridine (25/1).
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the solvent considered (see below), es is the relative permittivity of the
solvent, and a the center-to-center distance between the two aromatic
rings directly linked by the ethynyl spacer, taken as 6 �.


DGCS ¼ F½EðDþ=DÞ�EðA=A�Þ�� Fe
4pe0eSa


ð9Þ


Redox data (E(D+/D) and E(A/A�), obtained from the voltammograms
in THF) were corrected for the change in solvent polarity from Equa-
tion (10), where r is the molecular radius and eS1 and eS2 are the relative
permittivities of solvent 1 (THF) and solvent 2 (CH2Cl2 or toluene).


DGðS1!S2Þ ¼
NAe2


4pe2
0


�
1
r


�
1


eS2
� 1


eS1


��
ð10Þ


From the value of DG(S1!S2), the redox potentials in toluene or CH2Cl2


may be straightforwardly estimated from Equations (11) and (12).


EðDþ=DÞS2 ¼ EðDþ=DÞS1 þ DGðS1!S2Þ=F ð11Þ


EðA=A�ÞS2 ¼ EðA=A�ÞS1�DGðS1!S2Þ=F ð12Þ


[2,3,9,10,16,17-Hexaoctyloxy-23-(3-hydroxy-3-methyl-1-butynyl)-
29H,31H-phthalocyaninato(2�)-kN29,kN30,kN31,kN32]zinc(ii) (2): A so-
lution of 1,2-dicyano-4,5-dioctyloxybenzene (640 mg, 1.67 mmol), 1,2-di-
cyano-4-(3-hydroxy-3-methyl-1-butynyl)benzene (117 mg, 0.55 mmol),
and ZnCl2 (75 mg, 0.55 mmol) in DMAE (2 mL) was stirred at reflux
under an argon atmosphere for 16 h. After cooling to room temperature,
the crude mixture was treated with methanol/water (1/1) and the result-
ing suspension was centrifugated several times. The resulting green solid
was then purified by column chromatography on silica gel with CH2Cl2/2-
propanol (30/1) as eluent to afford phthalocyanine 2 as a green solid in
14% yield (113 mg). M.p. >250 8C; 1H NMR (CDCl3, 300 MHz, 25 8C,
TMS): d=8.0–7.0 (m, 9 H), 4.4–3.8 (m, 12H), 2.3–1.2 (m, 72H), 1.1–
0.8 ppm (m, 24 H); IR (KBr): ñ=2931, 2853, 2154, 1606, 1460, 1384,
1278, 1049 cm�1; UV/Vis (CHCl3): lmax (lg (e/dm3 mol�1 cm�1)) =672 (5.0),
615 (4.6), 358 (4.8), 293 nm (4.7); LSI-MS (m-NBA): m/z : 1429 [M+H]+ ;
elemental analysis calcd (%) for C85H118N8O7Zn: C 71.43, H 8.32, N 7.84;
found: C 71.80, H 8.12, N 7.34.


[2,3,9,10,16,17-hexaoctyloxy-23-ethynyl-29H,31H-phthalocyaninato(2�)-
kN29,kN30,kN31,kN32]zinc(ii) (3): A dry toluene solution (2 mL) of phtha-
locyanine 2 (100 mg, 0.07 mmol) and NaOH (3 mg, 0.075 mmol) was stir-
red under reflux in an argon atmosphere for 6 h. The solvent was re-
moved and the solid residue was extracted with CH2Cl2 and washed with
water. The organic phase was dried over MgSO4 and the solvent re-
moved. The resulting green solid was purified by column chromatography
on silica gel with hexane/ethyl acetate (4/1) as eluent. Pc 3 was obtained
as a green solid in 73% yield (70 mg). M.p. >250 8C; 1H NMR (CDCl3,
300 MHz, 25 8C, TMS): d=8.2–7.0 (m, 9 H), 4.5–3.7 (m, 12 H), 2.4–
0.8 ppm (m, 90 H); IR (KBr): ñ=3306, 2923, 2853, 2110, 1604, 1495,
1460, 1384, 1279, 1049 cm�1; UV/Vis (CHCl3): lmax (lg (e/
dm3 mol�1 cm�1))=686 (4.9), 615 (4.2), 357 (4.6), 289 nm (4.3); LSI-MS
(m-NBA): m/z : 1372 [M+H]+ . HRLSI-MS calcd for C82H112N8O6


66Zn
[M+]: 1370.7965; found: 1370.7982; elemental analysis calcd (%) for
C82H112N8O6Zn: C 71.83, H 8.23, N 8.17; found: C 72.22, H 7.95, N 7.89.


General procedure for the preparation of subphthalocyanines 4 a–d : BCl3


(9 mL, 1m in p-xylene) was added to a mixture of 4-iodophthalonitrile
(0.76 g, 3 mmol) and the corresponding phthalonitrile (6 mmol; see
Scheme 1) under argon atmosphere. The reaction mixture was stirred
under reflux for 30 min, allowed to reach room temperature and flushed
with argon. The reaction slurry was dissolved in toluene/THF (10/1) and
passed through a short silica plug. The solvent was removed by vacuum
distillation and the resulting dark solid was subjected to column chroma-
tography on silica gel with toluene/THF (100/1) (4a), hexane/ethyl ace-
tate (15/1) (4 b), toluene/THF (50/1) (4c), or CH2Cl2/hexane (3/1) (4d).


Chloro[2-iodo-7,12:14,19-diimino-21,5-nitrilo-5H-tribenzo[c,h,m]-
[1,6,11]triazacyclopentadecinato(2�)-kN22,kN23,kN24]-boron(iii) (4 a): ma-
genta solid; 217 mg (13 %); M.p. >250 8C; 1H NMR (CDCl3, 300 MHz,


25 8C, TMS): d=9.26 (d, 4J(H,H) =1.5 Hz, 1 H), 8.95–8.85 (m, 4H), 8.61
(d, 3J(H,H) =8.5 Hz, 1 H), 8.22 (dd, 3J(H,H) =8.5 Hz, 4J(H,H) =1.5 Hz,
1H), 8.0–7.9 ppm (m, 4 H); 13C NMR (75.5 MHz, 25 8C, TMS): Owing to
the low solubility of this compound, the 13C signals could not be detected
in any of the solvents examined (CDCl3, [D6]acetone, and CDCl3/CS2 (1/
2)), even after an acquisition time of 48 h; IR (KBr): ñ=2923, 1629,
1438, 1282, 1136, 953, 758 cm�1; UV/Vis (CHCl3): lmax (lg (e/
dm3 mol�1 cm�1))=570 (4.5), 537 (sh), 523 (sh), 309 (4.2), 272 nm (4.1);
LSI-MS (m-NBA): m/z : 556 [M]+ ; HRLSI-MS calcd for C24H11N6IBCl
[M+]: 555.9871, found: 555.9886; elemental analysis calcd (%) for
C24H11N6IBCl: C 51.79, H 1.99, N 15.10; found: C 51.76, H 2.06, N 15.10.


Chloro[2-iodo-9,10,16,17-tetraoctylthio-7,12:14,19-diimino-21,5-nitrilo-
5H-tribenzo[c,h,m][1,6,11]triazacyclopentadecinato(2�)-
kN22,kN23,kN24]boron(iii) (4 b): greenish viscous solid ; 713 mg (21 %);
1H NMR (CDCl3, 300 MHz, 25 8C, TMS): d=9.19 (d, 4J(H,H) =1.5 Hz,
1H), 8.59 (d, 3J(H,H) =8.5 Hz, 1 H), 8.58 (s, 2 H), 8.56 (s, 1 H), 8.54 (s,
1H), 8.17 (dd, 3J(H,H) =8.5 Hz, 4J(H,H) =1.5 Hz, 1 H), 3.4–3.1 (m, 8H),
2.0–1.8 (m, 8 H), 1.7–1.5 (m, 8H), 1.5–1.2 (m, 32H), 1.0–0.8 ppm (m,
12H); 13C NMR (CDCl3, 75.5 MHz, 25 8C, TMS): d=150.3, 150.2, 149.5,
149.3, 148.6, 147.5, 141.6, 141.5, 141.0, 140.9, 138.4, 132.0, 131.4, 129.6,
128.7, 128.4, 128.2, 128.1, 123.5, 119.7, 119.3, 119.1, 95.8, 33.7, 33.5, 31.8,
29.3, 29.2, 29.1, 28.4, 22.6, 14.1 ppm; IR (KBr): ñ =2954, 2924, 2852, 1596,
1461, 1419, 978, 785, 705 cm�1; UV/Vis (CHCl3): lmax (lg (e/
dm3 mol�1 cm�1))=593 (4.6), 577 (sh), 553 (sh), 429 (3.9), 357 (3.9),
309 nm (4.3); LSI-MS (m-NBA): m/z : 1133 [M]+; HRLSI-MS calcd for
C56H75N6IS4BCl [M]+ : 1133.3841, found: 1133.3821; elemental analysis
calcd (%) for C56H75N6IS4BCl: C 59.33, H 6.67, N 7.41, S 11.31; found: C
59.41, H 6.74, N 7.35, S 11.20.


Chloro[2-iodo-9,16-dinitro-7,12:14,19-diimino-21,5-nitrilo-5H-tribenzo-
[c,h,m][1,6,11]triazacyclopentadecinato(2�)-kN22,kN23,kN24]-boron(iii)
(4 c): dark purple solid; 116 mg (6 %); M.p. >250 8C; 1H NMR (CDCl3,
300 MHz, 25 8C, TMS): d= 9.76 (d, 4J(H,H) =2.0 Hz, 2 H), 9.28 (d, 4J-
(H,H) =1.5 Hz, 1H), 9.06 (d, 3J(H,H) = 8.5 Hz, 1 H), 9.00 (d, 3J(H,H) =


8.5 Hz, 1H), 8.83 (dd, 3J(H,H) =8.8 Hz, 4J(H,H) = 2.0 Hz, 1 H), 8.80 (dd,
3J(H,H) =8.8 Hz, 4J(H,H) =2.0 Hz, 1 H), 8.64 (d, 3J(H,H) =8.5 Hz, 1 H),
8.35 ppm (dd, 3J(H,H) =8.5 Hz, 4J(H,H) =1.5 Hz, 1H); 13C NMR
(CDCl3, 75.5 MHz, 25 8C, TMS): d=140.3, 132.1, 125.2, 124.8, 124.2,
123.5, 119.0, 118.8, 97.9 ppm; IR (KBr): ñ= 2922, 1617, 1525, 1440, 1342,
1317, 1261, 1183, 1097, 973, 793, 740, 647 cm�1; UV/Vis (CHCl3): lmax


(lg (e/dm3 mol�1 cm�1))=591 (4.5), 569 (4.4), 546 (4.2), 524 (4.1), 300 nm
(4.3); LSI-MS (m-NBA): m/z : 646 [M]+ ; HRLSI-MS calcd for
C24H9N8IO4BCl [M]+ : 645.9573, found: 645.9560; elemental analysis
calcd (%) for C24H9N8IO4BCl: C 44.58, H 1.40, N 17.33; found: C 44.59,
H 1.42, N 17.32.


Chloro[2-iodo-9,10,16,17-tetraoctylsulfonyl-7,12:14,19-diimino-21,5-ni-
trilo-5H-tribenzo[c,h,m][1,6,11]triazacyclopentadecinato(2�)-
kN22,kN23,kN24]-boron(iii) (4 d): dark purple solid; 832 mg (22 %);
1H NMR (CDCl3, 300 MHz, 25 8C, TMS): d= 9.9–9.75 (m, 4 H), 9.31 (d,
4J(H,H) =1.4 Hz, 1H), 8.64 (d, 3J(H,H) =8.5 Hz, 1 H), 8.42 (dd, 3J-
(H,H) =8.5 Hz, 4J(H,H) =1.4 Hz, 1H), 3.9–3.6 (m, 8H), 1.95–1.7 (m,
8H), 1.5–1.3(m, 8H), 1.35–1.1 (m, 32H), 0.9–0.75 ppm (m, 12H);
13C NMR (CDCl3, 75.5 MHz, 25 8C, TMS): d =153.8, 152.7, 150.2, 150.0,
147.8, 147.6, 141.1, 140.2, 140.1, 132.8, 132.6, 132.4, 131.6, 131.5, 130.5,
128.8, 128.7, 124.4, 98.9, 57.1, 31.6, 28.9, 28.2, 22.6, 22.5, 14.0 ppm; IR
(KBr): ñ=2954, 2926, 2853, 1781, 1615, 1316, 1277, 1130, 980, 803 cm�1;
UV/Vis (CHCl3): lmax (lg (e/dm3 mol�1 cm�1))=595 (4.7), 564 (4.3), 552
(4.1), 516 (4.0), 356 (sh), 306 nm (4.3); LSI-MS (m-NBA): m/z : 1261
[M]+ ; HRLSI-MS calcd for C56H75N6IS4O8BCl [M+]: 1260.3355, found:
1260.3348; elemental analysis calcd (%) for C56H75N6IS4O8BCl: C 53.31,
H 5.99, N 6.66, S 10.16; found: C 53.45, H 6.17, N 6.55, S 10.02.


General procedure for the synthesis of subphthalocyanines 5 a–c : Trie-
thylamine (0.5 mL) was added to a dry toluene solution (2 mL) of 1-pen-
tyne (5.5 mg, 0.081 mmol), [PdCl2(PPh3)2] (1.5 mg, 0.0022 mmol), CuI
(0.2 mg, 0.0011 mmol) and the corresponding monoiodosubphthalocya-
nine 4a–c (0.054 mmol) under an argon atmosphere. The solution was
stirred at room temperature for 16 (5a), 24 (5 b), or 10 h (5 c) and
quenched with water. SubPc 4 d did not lead to the expected coupling
compound but decomposed on addition of the base. The product was ex-
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tracted with CH2Cl2 (3 � 10 mL) and the organic phases were dried over
Na2SO4. The solvent was removed and the resulting pink solid was puri-
fied by column chromatography on silica gel with CH2Cl2/hexane (1/1)
(5a), (1/4) (5b) or (3/1) (5c) as eluent. SubPcs 5a and 5c were obtained
as shiny purple solids, and SubPc 5b as a viscous dark purple solid.


Chloro[2-(1-pentynyl)-7,12:14,19-diimino-21,5-nitrile-5H-tribenzo[c,h,m]-
[1,6,11]triazacyclopentadecinato(2�)-kN22,kN23,kN24]boron(iii) (5 a):
21 mg (78 %); m.p. >250 8C; 1H NMR (CDCl3, 300 MHz, 25 8C, TMS):
d=8.92 (s, 1 H), 8.95–8.85 (m, 4 H), 8.78 (dd, 3J(H,H) =8.1 Hz, 4J(H,H) =


2.2 Hz, 1 H), 8.0–7.9 (m, 5H), 2.51 (t, 3J(H,H) =6.9 Hz, 2 H), 1.73 (h, 3J-
(H,H) =7.3 Hz, 2H), 1.13 ppm (t, 3J(H,H) =7.3 Hz, 3H); 13C NMR
(CDCl3, 75.5 MHz, 25 8C, TMS): d=150.2, 150.0, 149.9, 149.4, 149.3,
133.1, 131.13, 131.08, 131.0, 130.2, 130.1, 129.3, 126.3, 125.5, 122.4, 122.1,
93.8, 80.8, 22.1, 21.6, 13.6 ppm; UV/Vis (CHCl3): lmax (lg (e/
dm3 mol�1 cm�1))=573 (4.5), 527 (sh), 308 (4.0), 273 nm (4.0); LSI-MS
(m-NBA): m/z : 497 [M]+ ; HRLSI-MS calcd for C29H18N6BCl [M]+ :
496.1374, found: 496.1345; Elemental analysis calcd (%) for
C29H18N6BCl: C 70.12, H 3.65, N 16.92; found: C 70.17, H 3.66, N 16.97.


Chloro[2-(1-pentynyl)-9,10,16,17-tetraoctylthio-7,12:14,19-diimino-21,5-
nitrilo-5H-tribenzo[c,h,m][1,6,11]triazacyclopentadecinato(2�)-
kN22,kN23,kN24]boron(iii) (5 b): 32 mg (54 %); 1H NMR (CDCl3,
300 MHz, 25 8C, TMS): d =8.89 (s, 1 H), 8.74 (d, 3J(H,H) =8.6 Hz, 1 H),
8.6–8.5 (m, 4H), 7.90 (d, 3J(H,H) =8.5 Hz, 1H), 3.4–3.1 (m, 8H), 2.52 (t,
3J(H,H) =7.0 Hz, 2 H), 1.9–1.2 (m, 50 H), 1.14 (t, 3J(H,H) =7.2 Hz, 3 H),
0.8 ppm (m, 12 H); UV/Vis (CHCl3): lmax (lg (e/dm3 mol�1 cm�1))=595
(4.6), 580 (sh), 553 (sh), 422 (4.1), 363 (4.3), 305 nm (4.6); LSI-MS (m-
NBA): m/z : 1074 [M+H]+; HRLSI-MS calcd for C61H83N6S4BCl [M+H]+


: 1072.5265, found: 1072.5301; elemental analysis calcd (%) for
C61H82N6S4BCl: C 68.23, H 7.70, N 7.83; found: C 68.37, H 7.96, N 7.76.


Chloro[2-(1-pentynyl)-9,16-dinitro-7,12:14,19-diimino-21,5-nitrilo-5H-
tribenzo[c,h,m][1,6,11]triazacyclopentadecinato(2�)-
kN22,kN23,kN24]boron(iii) (5 c): 28 mg (88 %); M.p. >250 8C; 1H NMR
(CDCl3, 300 MHz, 25 8C, TMS): d= 9.76–9.74 (m, 2H), 9.02 (d, 3J(H,H) =


8.5 Hz, 1H), 9.00 (d, 3J(H,H) =8.5 Hz, 1H), 8.92 (s, 1H), 8.85–8.7 (m,
3H), 8.03 (dd, 3J(H,H) = 8.1 Hz, 4J(H,H) =1.3 Hz, 1 H), 2.53 (t, 3J(H,H) =


7.2 Hz, 2H), 1.74 (h, 3J(H,H) =7.2 Hz, 2H), 1.14 ppm (t, 3J(H,H) =


7.2 Hz, 3H); 13C NMR ([D6]acetone, 75.5 MHz, 25 8C, TMS): d =153.8,
153.6, 152.4, 150.8, 150.7, 150.0, 148.6, 148.5, 134.3, 134.2, 133.6, 130.7,
130.3, 130.0, 126.8, 124.8, 124.4, 124.0, 123.0, 122.9, 122.4, 117.8, 117.6,
80.5, 61.1, 22.0, 21.1, 13.0 ppm; UV/Vis (CHCl3): lmax (lg (e/
dm3 mol�1 cm�1))=596 (4.6), 573 (4.5), 551 (4.3), 527 (4.2), 296 (4.4), 274
(4.5), 246 nm (4.4); LSI-MS (m-NBA): m/z : 587 [M]+ ; HRLSI-MS calcd
for C29H16N8O4BCl [M]+ : 586.1076, found: 586.1075; elemental analysis
calcd (%) for C29H16N8O4BCl: C 59.36, H 2.75, N 19.10; found: C 59.41,
H 2.79, N 19.04.


General procedure for the synthesis of SubPc–Pc dyads 1 a–c : Freshly
distilled triethylamine (0.5 mL) was added to a dry toluene solution of
monoalkynylphthalocyanine 3 (40 mg, 0.03 mmol), [PdCl2(PPh3)2] (1 mg,
0.0014 mmol), CuI (0.2 mg, 0.001 mmol), and the corresponding monoio-
dosubphthalocyanine 4a–d (0.026 mmol) under an argon atmosphere.
The mixture was stirred for 8 h (1a), 16 h (1b) or 3 h (1c) at room tem-
perature, quenched with water and extracted with CH2Cl2 (3 � 10 mL).
SubPc 4 d did not lead to the expected coupling compound but decom-
posed on addition of the base. The combined organic layers were dried
over Na2SO4. After removal of the solvent the greenish blue solid was
purified by column chromatography on silica gel with CHCl3/ethyl ace-
tate (40/1) and then hexane/dioxane (4/1) as eluents for 1 a, CHCl3/ethyl
acetate (50/1) and then hexane/dioxane (6/1) as eluents for 1b and
CHCl3/ethyl acetate (40/1) and then hexane/dioxane (4/1) as eluents for
1c.


Subphthalocyanine–phthalocyanine dyad 1a : Intense blue solid; 26 mg
(53 %); m.p. >250 8C; 1H NMR (CDCl3, 300 MHz, 25 8C, TMS): d=9.0–
8.5, 8.0–7.5 (m, 20 H), 4.2–3.3 (m, 12H), 2.2–1.3 (m, 72 H), 1.1–0.8 ppm
(m, 18 H); IR (KBr): ñ=2923, 2853, 2208, 1605, 1495, 1460, 1384, 1280,
1092, 1048, 973, 796 cm�1; UV/Vis (CHCl3): lmax (lg (e/dm3 mol�1 cm�1))=


698 (4.8), 677 (4.8), 641 (4.2), 617 (4.2), 578 (4.5), 528 (sh), 357 (4.7),
298 nm (4.6); MALDI-TOF MS (dithranol): m/z : 1796–1806 [M]+ (see
isotopic pattern in the Supporting Information); elemental analysis calcd


(%) for C106H122N14O6BClZn: C 70.74, H 6.83, N 10.89; found: C 71.26,
H 6.44, N 10.22.


Subphthalocyanine–phthalocyanine dyad 1 b : Green viscous solid; 28 mg
(45 %); 1H NMR (CDCl3, 300 MHz, 25 8C, TMS): d=9.0–8.5, 8.0–7.5 (m,
16H), 4.2–2.9 (m, 20H), 2.2–1.3 (m, 120 H), 1.1–0.8 ppm (m, 30 H); IR
(KBr): ñ=2954, 2924, 2852, 2208, 1597, 1456, 1280, 1092, 1048, 977, 785,
706 cm�1; UV/Vis (CHCl3): lmax (lg (e/dm3 mol�1 cm�1))=701 (4.9), 677
(4.9), 656 (4.4), 597 (4.6), 426 (sh), 357 (4.8), 296 nm (4.7); MALDI-TOF
MS (dithranol): m/z : 2372–2382 [M]+ (for isotopic pattern, see Support-
ing Information); elemental analysis calcd (%) for
C138H186N14O6S4BClZn: C 69.73, H 7.89, N 8.25; found: C 70.28, H 7.21,
N 8.04.


Subphthalocyanine-phthalocyanine dyad 1 c : Greenish blue solid; 34 mg
(69 %); m.p. >250 8C; 1H NMR (CDCl3, 300 MHz, 25 8C, TMS): d=9.5–
9.0, 8.0–7.0 (m, 18 H), 4.2–3.5 (m, 12H), 2.0–1.1 (m, 72 H), 1.1–0.8 ppm
(m, 18 H); IR (KBr): ñ=2924, 2854, 2200, 1605, 1529, 1494, 1459, 1384,
1339, 1279, 1093, 1048, 970, 797 cm�1; UV/Vis (CHCl3): lmax (lg (e/
dm3 mol�1 cm�1))=702 (4.9), 678 (5.0), 654 (sh), 594 (4.6), 586 (sh), 557
(sh), 538 (sh), 361 (4.8), 298 nm (4.8); MALDI-TOF MS (dithranol): m/
z : 1885–1895 [M]+ (for isotopic pattern, see Supporting Information); el-
emental analysis calcd (%) for C106H120N16O10BClZn: C 67.37, H 6.40, N
11.86; found: C 67.80, H 6.05, N 11.45.
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Assembly of Heteropoly Acid Nanoparticles in SBA-15 and Its Performance
as an Acid Catalyst


Shu-Yuan Yu, Li-Ping Wang, Bo Chen, Ying-Ying Gu, Jing Li, Han-Ming Ding, and
Yong-Kui Shan*[a]


Introduction


Many efforts have been dedicated to the utilization of meso-
porous materials as nanoreactors to prepare monodispersive
nanoparcticles or nanowires of uniform size, because of the
“particle-sieving effect” of mesoporous materials.[1–4] Many
nanoparticles or nanowires have been encapsulated into the
channels of mesoporous materials, such as Ge,[5] Ag,[6] Pd,[7]


Fe2O3,
[8] GaAs,[9] Ru–Ag,[10] and ruthenium–carbonyl com-


plexes,[11] by incorporation of inorganic precursors into the
channels by sorption, phase transition, ion exchange, com-
plex or covalent grafting, impregnation, and gas-phase
chemical-vapor infiltration or deposition with further treat-
ment. The mesopores or channels can be regarded as hosts
and the nanoparticles or nanowires as guests like in the
host–guest chemistry. In addition, all of these nanoparticles
or nanowires are composed of mono- or bimetal elements
or binary compounds or complexes; nanoparticles contain-
ing more than two components have not been found in liter-
ature. The reason may be that incorporation of multiple
component compounds into the pore canals of porous mate-
rials is more difficult than that of mono- or binary com-


pounds. Pure heteropoly acids, generally containing at least
four different types of elements, are obtained by the con-
densation of two or more different types of related oxoan-
ions in an acidic solution followed by extraction under
acidic conditions. Heteropoly acids exist as an equilibrium
system of many species in the synthetic procedures, which
makes the aforementioned methods unsuitable for the prep-
aration of the pure heteropoly acid nanocrystals inside chan-
nels of porous materials. Although the conventional wet im-
pregnation method may incorporate some heteropoly acid
molecules into the channels of mesoporous materials, the
amount of heteropoly acid is too small to form nanocrys-
tals.[11–13]


There are three important prerequisites for the confine-
ment of the heteropoly acid nanoparticles inside the pores
of porous materials. Firstly, the size of the pores must be
large enough to accommodate the heteropoly acid nanopar-
ticles. Secondly, the amount of heteropoly acid incorporated
into the pores should be enough. Thirdly, conditions of crys-
tallization have to be mild to prevent the loss of water of
crystallization. Therefore, our synthetic strategy was to use
the mesoporous silica SBA-15 with large pore diameter as a
host for limiting the growth of crystals inside the pores; to
apply high-vacuum (10�7 Torr) pretreatment for clearing
water molecules, nitrogen, and other contaminations from
the pores of the SBA-15 in order to provide more capacity;
and to finish crystallization of heteropoly acid at relatively
low temperature. In this way, we have successfully synthe-
sized heteropoly acid nanoparticles within the channels of
mesoporous silica SBA-15.


Abstract: Keggin-type 12-tungstophos-
phoric acid (TPA) nanocrystals have
been assembled inside the pores of
mesoporous silica through a vacuum
impregnation method by using large-
pore SBA-15 as a nanoreactor. The
product was characterized by Bruna-
uer–Emmet–Teller particle size distri-


bution (BET-PSD), NMR and FT-IR
spectroscopy, X-ray diffraction (XRD),
tranmsission electron microscopy


(TEM), differential thermal analysis
(DTA) and FT-IR of adsorbed pyri-
dine. The experimental results illustrate
that the TPA nanocrystals are excellent
Brønsted acid catalytic materials at
room temperature.
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Results and Discussion


12-Tungstophosphotic acid (TPA, H3[PW12O40]) was selected
as the heteropoly acid. The diameter of the Keggin-type
molecule is about 1 nm. Six loadings of TPA on SBA-15
ranging from 23–78 wt % were prepared.


The nitrogen adsorption–desorption isotherms and pore
size distribution at 77 K as shown in Figure 1 are of type IV


classification for SBA-15 and TPA60/SBA-15v, which shows
that both SBA-15 and TPA60/SBA-15v possess the character
of a mesoporous framework. The SBA-15 matrix has regular
mesoporous channels and a narrow gaussian pore size distri-
bution; its Brunauer–Emmet–Teller (BET) surface area and
pore volume are 760 m2 g�1 and 2.1 cm3 g�1, respectively, and
the pore diameters calculated by the Barrett–Joyner–Halen-
da (BJH) method are in the range of 23–55 nm. The average
pore size is approximately 36 nm. Figure 1b demonstrates
that the pore structure was preserved during the TPA as-
sembly process in the channels of SBA-15, but the BET sur-
face area, pore volume, and pore diameters decreased
sharply to 143 m2 g�1, 0.14 cm3 g�1, and 2–7 nm, respectively.


A well-defined step associated with the filling of the meso-
pores due to capillary condensation occurs approximately at
P/P0 =0.45–1.00 in TPA60/SBA-15v and at P/P0 = 0.70–1.00
in SBA-15. These phenomena can be attributed to the en-
capsulation of TPA inside the channels of SBA-15, and fur-
thermore, the high loading of about 60 wt % (determined by
inductively coupled plasma (ICP) measurements) may lead
to a partial blocking of the pores.


A 31P chemical shift of d=�15.4 ppm is observed by
NMR spectroscopy (Figure 2), which is just the same as that
of the bulk TPA.[14] It indicates that the crystals of TPA
exist in the pores of SBA-15 matrix and the structure of the
TPA did not experience modifications during the assembly


Figure 1. Nitrogen adsorption–desorption isotherm plots and pore size
distribution curve for SBA-15 (top) and TPA60/SBA-15v (bottom).


Figure 2. 31P NMR MAS spectrum of TPA60/SBA-15v.


Figure 3. FT-IR spectrum of a) bulk TPA, b) SBA-15, and c) TPA60/SBA-
15v.
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process; this result is different from those obtained by
means of common silica impregnation.[13,15, 16]


The FT-IR spectra for TPA60/SBA-15v and bulk TPA are
shown in Figure 3. For the bulk TPA, characteristic bands
are observed at 1081 (P�O), 985 (W=O), 890 (W-O-Wcorner),
and 802 cm�1 (W-O-Wedge), which coincide with those report-
ed in the literature for the [PW12O40]


3� Keggin unit.[17] The
bands of TPA60/SBA-15v appear at 1081, 982, 890, and
801 cm�1 without overlapping, which are also a good proof
of the existence of the Keggin structure [PW12O40]


3� anions
without depolymerization or degradation.


The XRD patterns for bulk TPA and TPA/SBA-15v are
displayed in Figure 4. No signal is detected in the small-


angle range for the large-pore SBA-15 matrix. The crystal
diffraction signals for the crystalline phase of TPA are per-
fectly offered by TPA/SBA-15v samples with a TPA loading
of 60 wt% and higher in the 2q region from 5 to 608 and the
broadening of these signals can be clearly seen in the pat-
terns. This broadening reveals that the TPA crystals are on
the nanoscale size, and the average crystal size calculated by
the Scherrer formula is about 20 nm, which is consistent
with the pore diameter of the SBA-15 matrix. The XRD
patterns show that by using the large-pore SBA-15 as a
nanoreactor, the Keggin structure TPA nanoparticles can be
prepared easily in the channels when the loading is approxi-
mately 60 wt % by the new vacuum impregnation method.
In earlier research, it was shown that no TPA crystal phase
exits in the TPA/SBA-15 materials prepared by traditional
wet impregnation below TPA loadings of 80 %.[18–20]


The TEM images for SBA-15 and TPA/SBA-15v and
TPA/SBA-15i samples are presented in Figure 5a-f. SBA-15
(Figure 5a) has channels with very large diameters, into
which TPA molecules can enter easily. TPA nanoparticles
can be found both in the pores and on the surface of the
matrix in TPA60/SBA-15v samples (Figure 5b,c); however,
most of the nanoparticles are distributed in the channels. As
the loading is increased, more TPA nanoparticles are
formed on the surface of the matrix, as shown in Figure 5d.
The crystal sizes of the TPA nanoparticles, both inside and
outside the pores, estimated from TEM image (Figure 5b–d)
are in agreement with those calculated from XRD. In addi-
tion no TPA nanoparticles are observed in the pores or on
the surface of the matrix in the TPA74/SBA-15i sample (Fig-
ure 5e). The results suggest that TPA nanoparticles can just


Figure 4. XRD patterns for a) TPA23/SBA-15v, b) TPA46/SBA-15v,
c) TPA60/SBA-15v, d) TPA67/SBA-15v, e) TPA73/SBA-15v, f) TPA78/SBA-
15v, and g) bulk TPA.


Figure 5. TEM images for large-pore SBA-15 (a), TPA60/SBA-15v (b,c), TPA73/SBA-15v (d), and TPA74/SBA-15i (e).
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be assembled in the channels of the large-pore SBA-15
through the vacuum impregnation method.


Thermal stability of TPA/SBA-15v has also been investi-
gated by XRD. The results show that the TPA nanoparticles
are quite stable up to 410 8C and degrade completely at
460 8C due to the destruction of the TPA Keggin structure
with formation of phosphate and tungsten trioxide species,
similar to an earlier report.[21] The initial decomposition
temperature of nanoparticles is a bit lower than that of bulk
TPA (465 8C);[22] this could be attributed to the interaction
between TPA and silica, which can weaken the stability of
TPA.[13]


The acidity of TPA73/SBA-15v and TPA74/SBA-15i with
the same loading of TPA was determined by FT-IR spec-
troscopy of adsorbed pyridine. The characteristic bands at
1540 and 1635 cm�1 are assigned to pyridine protonated by
Brønsted acid sites, while the bands from pyridine coordi-
nated to Lewis acid sites appear at 1450 and 1608 cm�1.[23, 24]


The intensities of the 1450 and 1540 cm�1 bands are listed in
Table 1. The Brønsted acid sites are estimated to be much


more numerous than the Lewis acid sites in both samples,
and the acidity of TPA73/SBA-15v is higher than that of
TPA74/SBA-15i according to the intensity ratio of the bands.


The catalytic activities of TPAx/SBA-15v and TPA74/SBA-
15i for the cyclodimerization reaction of a-methylstyrene
(AMS) have been investigated. The results are shown in
Table 2. The TPAx/SBA-15v catalysts exhibit high activities.
The conversions are more than 99 % and the selectivity of
the cyclic dimer (indan) increases with increasing the TPA
loading. The maximum selectivity of indan is observed over
TPA73/SBA-15v. The conversion of AMS catalyzed by
TPA73/SBA-15v and the selectivity of indan and linear
dimers are 100, 97.2, and 2.8 % respectively, while those cat-
alyzed by TPA74/SBA-15i are 83.9, 46.1, and 20.3 %, respec-
tively. The TPAx/SBA-15v catalyst has a higher activity
probably due to its higher acidity. The higher selectivity
might be due to its higher crystallinity.


Conclusion


12-Tungstophosphoric acid nanoparticles with diameters of
around 20 nm were successfully assembled inside the pores
of large-pore SBA-15 by the novel vacuum impregnation
method. We believe that this facile method of preparing
tungstophosphoric acid nanoparticles could be applicable in
synthesizing other multicomponent nanocrystals inside the
pore system of SBA-15 and other mesoporous materials as
the host for nanomanufacturing. Moreover, the tungstophos-
phoric acid nanoparticle system is an excellent acid catalytic
material operating at low temperatures.


Experimental Section


The siliceous large-pore SBA-15 was synthesized according to the proce-
dure reported previously.[25, 26] In a typical synthesis, Pluronic P123
(EO20PO70EO20) template (4.0 g) was dissolved with stirring in a solution
of water (30 g) and HCl (120 g, 2 m) at 40 8C, and 1,3,5-trimethylbenzene
(TMB; 6.0 g) was then added to this homogeneous solution. After 2 h,
tetraethoxysilane (TEOS; 8.5 g) was also added. The resulting mixture
was stirred at 40 8C for 20 h, and then aged at 100 8C for 24 h under static
conditions. The as-prepared sample was recovered by filtration and air-
dried. After the template was removed by calcination in air at 550 8C for
6 h, the large-pore SBA-15 (0.5 g) was pumped to a vacuum of 10�7 Torr
with a turbo pump. An excess aqueous solution of tungstophosphoric
acid (TPA) (10, 20, 30, 40, 50, 60 wt %) was introduced and kept in con-
tact for 24 h under vacuum. Then the solution was pumped out and the
solid was dried at 100 8C in air. The materials are denoted as TPAx/SBA-
15v, in which x denotes the loading amount of TPA as wt %, which was
determined by ICP. TPA was also impregnated into the SBA-15 with the
similar procedure except for the vacuum treatment. This sample is denot-
ed as TPA74/SBA-15i.


The cyclodimerization reaction of a-methylstyrene (AMS) was per-
formed in a continuous flow stainless steel fixed bed microreactor system
with N2 (20 mL min�1) as carrier gas. The catalyst (0.3 g) was pretreated
at 100 8C for 10 h. The reaction was carried out at room temperature
without extra heating.


Table 1. The intensity of B (1540 cm�1) and L (1450 cm�1) bands for
TPA73/SBA-15v and TPA74/SBA-15i.


T [ 8C] B (1540 cm�1) L (1450 cm�1)


TPA73/SBA-15v RT 1.928 0.912
100 2.595 0.602
150 2.904 0.582
200 3.109 0.564
250 3.106 0.548
300 2.550 0.539


TPA74/SBA-15i RT 1.235 0.514
100 2.098 0.285
150 2.626 0.192
200 3.025 0.142
250 3.253 0.111
300 2.985 0.119


Table 2. Cyclodimerization of a-methylstyrene catalyzed by TPAx/SBA-
15v and TPA74/SBA-15i.


Selectivity [%]
Conversion
[%]


indan linear
dimers


byproducts


TPA23/SBA-15v 99.8 20.3 68.1 11.6
TPA46/SBA-15v 99.0 37.0 51.5 11.5
TPA60/SBA-15v 99.0 53.4 35.0 11.6
TPA67/SBA-15v 99.8 89.7 3.1 7.2
TPA73/SBA-15v 100 97.2 2.8 0
TPA78/SBA-15v 100 66.7 27.0 6.3
TPA74/SBA-15i 83.9 46.1 20.3 33.6
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Dichlororuthenium(iv) Complex of meso-Tetrakis(2,6-
dichlorophenyl)porphyrin: Active and Robust Catalyst for Highly Selective
Oxidation of Arenes, Unsaturated Steroids, and Electron-Deficient Alkenes
by Using 2,6-Dichloropyridine N-Oxide


Jun-Long Zhang and Chi-Ming Che*[a]


Introduction


Metalloporphyrin oxidation catalysts not only constitute
unique biomimetic models for cytochrome P-450 enzymes
(which play an important role in biosynthesis, metabolism,
and oxidative transformations) but also have practical appli-
cations in organic oxidation reactions. A significant number
of metalloporphyrin oxidation catalysts have been devel-
oped since the leading works by Groves and co-workers,[1a]


and some of these can catalyze the hydroxylation of alkanes
and epoxidation of unfunctionalized alkenes with high
regio-, shape- and stereoselectivity under mild conditions.[1]


Ruthenium–porphyrin complexes are among the most ex-
tensively studied metalloporphyrin catalysts for hydrocarbon
oxidation.


In 1985, Groves and Quinn discovered that a sterically
bulky dioxoruthenium(vi) porphyrin, [RuVI(tmp)O2] (tmp=


meso-tetramesitylporphyrinato dianion), can catalyze the
aerobic epoxidation of alkenes.[2] Afterwards, Marchon and
co-workers observed the [RuVI(tmp)O2]-catalyzed aerobic
oxidation of unsaturated steroids.[3] Hirobe and co-workers
discovered the epoxidation of alkenes, hydroxylation of al-
kanes, and oxidation of arenes and steroids with heteroaro-
matic N-oxides such as 2,6-dichloropyridine N-oxide (2,6-
Cl2pyNO) in the presence of catalyst [RuVI(por)O2] or [RuII-
(por)(CO)] (por= porphyrin in general).[4] Groves and co-
workers reported the hydroxylation/epoxidation of hydro-
carbons with 2,6-Cl2pyNO catalyzed by the highly fluorinat-
ed ruthenium porphyrin [RuII(F20-tpp)(CO)] (F20-tpp=


meso-tetrakis(pentafluorophenyl)porphyrinato dianion).[5]


By employing chiral [RuVI(por*)O2] or [RuII(por*)(CO)] as
catalysts (por*=chiral porphyrin in general), we and Gross,
Berkessel, and Simonneaux realized the enantioselective ox-


Abstract: [RuIV(2,6-Cl2tpp)Cl2], pre-
pared in 90 % yield from the reaction
of [RuVI(2,6-Cl2tpp)O2] with Me3SiCl
and structurally characterized by X-ray
crystallography, is markedly superior to
[RuIV(tmp)Cl2], [RuIV(ttp)Cl2], and
[RuII(por)(CO)] (por=2,6-Cl2tpp, F20-
tpp, F28-tpp) as a catalyst for alkene ep-
oxidation with 2,6-Cl2pyNO (2,6-
Cl2tpp= meso-tetrakis(2,6-dichlorophe-
nyl)porphyrinato dianion; tmp=meso-
tetramesitylporphyrinato dianion; ttp =


meso-tetrakis(p-tolyl)porphyrinato dia-
nion; F20-tpp= meso-tetrakis(penta-
fluorophenyl)porphyrinato dianion;


F28-tpp =2,3,7,8,12,13,17,18-octafluoro-
5,10,15,20-tetrakis(pentafluorophenyl)-
porphyrinato dianion). The “[RuIV(2,6-
Cl2tpp)Cl2]+ 2,6-Cl2pyNO” protocol
oxidized, under acid-free conditions, a
wide variety of hydrocarbons including
1) cycloalkenes, conjugated enynes,
electron-deficient alkenes (to afford
epoxides), 2) arenes (to afford qui-
nones), and 3) D5-unsaturated steroids,


D4-3-ketosteroids, and estratetraene de-
rivatives (to afford epoxide/ketone de-
rivatives of steroids) in up to 99 %
product yield within several hours with
up to 100 % substrate conversion and
excellent regio- or diastereoselectivity.
Catalyst [RuIV(2,6-Cl2tpp)Cl2] is re-
markably active and robust toward the
above oxidation reactions, and turn-
over numbers of up to 6.4 � 103, 2.0 �
104, and 1.6 � 104 were obtained for the
oxidation of a,b-unsaturated ketones,
arenes, and D5-unsaturated steroids, re-
spectively.
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idation of hydrocarbons with 2,6-Cl2pyNO, PhIO, or dioxy-
gen.[6–9] We also reported the epoxidation of alkenes with
2,6-Cl2pyNO catalyzed by the [RuII(por)(CO)] grafted onto
mesoporous molecular sieve MCM-41[10a] and MCM-48,[10c]


Merrifield�s peptide resin,[10b] dendrimers,[10d] and soluble
polymers.[10e] A catalyst of [RuII(por)(CO)] immobilized in a
highly cross-linked polymer for the alkene epoxidation with
2,6-Cl2pyNO was subsequently reported by Severin and Nes-
tler.[11] The alkene epoxidation catalyzed by [RuVI(tmp)O2]
can also be performed with N2O as oxidant, as found by
Yamada and co-workers.[12] Recently, we reported the epoxi-
dation of cycloalkenes with 2,6-Cl2pyNO catalyzed by
[RuII(2,6-Cl2tpp)(CO)] (2,6-Cl2tpp =meso-tetrakis(2,6-di-
chlorophenyl)porphyrinato dianion).[13]


The [RuVI(por)O2]- or [RuII(por)(CO)]-catalyzed oxida-
tions show attractive features such as 1) almost complete b-
selectivity in the epoxidation of cholesteryl esters;[3a–c,10c–10e]


2) extremely high turnover number of up to 1.2 � 105 in the
hydroxylation of adamantane;[4e, 5] 3) high selectivity, versa-
tility, and reusability in the epoxidation of alkenes catalyzed
by the polymer-supported [RuII(por)(CO)];[10b] and 4) high
enantioselectivity for the asymmetric epoxidation of sty-
rene.[6c,7] However, [RuVI(por)O2] catalysts are unstable and
must be freshly prepared or generated in situ, whereas the
oxidation by stable catalysts [RuII(por)(CO)] (except for
por= F20-tpp) usually requires a long reaction time (24–48 h)
to complete. It would be of particular interest to develop a
stable ruthenium porphyrin oxidation catalyst that not only
shows extraordinary selectivity and versatility, but also ex-
hibits a high reactivity.


In a previous work, we found that the stable chiral di-
chlororuthenium(iv) porphyrin [RuIV(D4-por*)Cl2] (D4-
por*= D4-symmetric 5,10,15,20-tetrakis((1S,4R,5R,8S)-
1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethanoanthracen-9-yl)-
porphyrinato dianion), characterized by spectroscopic
means, exhibited substantially higher catalytic activity
toward asymmetric alkene epoxidation with 2,6-Cl2pyNO
than the carbonyl analogue [RuII(D4-por*)(CO)].[14a] This
finding prompted us to further develop the chemistry of di-
chlororuthenium(iv)–porphyrin complexes including the
methods of preparation and structural and reactivity studies.
Herein are described the epoxidation of a wide variety of al-
kenes and oxidation of arenes and steroids with 2,6-
Cl2pyNO catalyzed by the dichlororuthenium(iv)–porphyrin
complexes [RuIV(por)Cl2] (por=2,6-Cl2tpp, tmp, ttp) (ttp=


meso-tetrakis(p-tolyl)porphyrinato dianion), along with the
crystal structures of [RuIV(por)Cl2] (por=2,6-Cl2tpp, tmp)
and [{RuIV(F20-tpp)Cl}2O]. The selective oxidation of al-
kenes to aldehydes catalyzed by [RuIV(2,6-Cl2tpp)Cl2] has
recently been reported.[14b] The present work also reports
comparative oxidation studies using [RuII(2,6-Cl2tpp)(CO)],
[RuII(F20-tpp)(CO)], [RuII(F28-tpp)(CO)] (F28-tpp =


2,3,7,8,12,13,17,18-octafluoro-5,10,15,20-tetrakis(pentafluoro-
phenyl)porphyrinato dianion), [{RuIV(F20-tpp)Cl}2O], and
other related ruthenium catalysts. Strikingly, [RuIV(2,6-
Cl2tpp)Cl2] is a highly efficient catalyst for 2,6-Cl2pyNO oxi-
dation of electron-deficient a,b-unsaturated ketones (which


are usually poor substrates for metalloporphyrin-mediated
oxidation) with excellent substrate conversions (up to 95 %)
and product yields (up to 99 %) within several hours. Oxida-
tion of a,b :g,d-unsaturated alkenes and 2-substituted naph-
thalenes by the “[RuIV(2,6-Cl2tpp)Cl2]+2,6-Cl2pyNO” pro-
tocol shows that the electronic properties of the substrates
can affect the product regioselectivity. Prior to this work, re-
ports in the literature on ruthenium–porphyrin-catalyzed ox-
idations of arenes and steroids were sparse,[3,4d, 10c–10e] and in
very few cases metalloporphyrin complexes have been em-
ployed as catalysts for the oxidation of electron-deficient al-
kenes.[10b,e,14a, 15] Therefore, [RuIV(2,6-Cl2tpp)Cl2] is an excep-
tionally active, versatile, and robust metal catalyst toward
2,6-Cl2pyNO oxidation of alkenes compared with other met-
alloporphyrin catalysts.


Results and Discussion


Syntheses and X-ray crystal structures of [RuIV(2,6-
Cl2tpp)Cl2], [RuIV(tmp)Cl2], and [{RuIV(F20-tpp)Cl}2O]: Sev-
eral methods are known for preparation of [RuIV(por)Cl2]
complexes.[16] Gross and co-workers reported that [RuIV-
(por)Cl2] could be obtained by heating a solution of [RuII-
(por)(CO)] in CCl4.


[16b,d] The chiral complex [RuIV(D4-
por*)Cl2] was prepared by this method in 95 % yield.[14a] We
attempted to prepare [RuIV(2,6-Cl2tpp)Cl2] using this proce-
dure, but found that the conversion of [RuIV(2,6-
Cl2tpp)(CO)] to [RuIV(2,6-Cl2tpp)Cl2] was only 50 % even
after refluxing a solution of [RuIV(2,6-Cl2tpp)(CO)] in CCl4


for 48 h.
Interestingly, the reaction of freshly prepared [RuVI(2,6-


Cl2tpp)O2] with excess Me3SiCl in CH2Cl2 at room tempera-
ture gave [RuIV(2,6-Cl2tpp)Cl2] in 90 % yield (Scheme 1),


similar to the reaction of [RuVI(ttp)O2] with Me3SiCl to give
[RuIV(ttp)Cl2].[16c] A similar treatment of [RuVI(tmp)O2]
with Me3SiCl afforded [RuIV(tmp)Cl2] in 80 % yield. Howev-
er, when the reaction was extended to [RuVI(F20-tpp)O2], a
dinuclear complex, [{RuIV(F20-tpp)Cl}2O], was obtained in
62 % yield (Scheme 1); no [RuIV(F20-tpp)Cl2] was isolated.


The 1H NMR spectrum of [RuIV(2,6-Cl2tpp)Cl2] shows the
signal of the pyrrolic protons (Hb) at d=�53.4 ppm, similar
to the corresponding signals reported for the paramagnetic


Scheme 1. Preparation of [RuIV(2,6-Cl2tpp)Cl2] and [{RuIV(F20-
tpp)Cl}2O].
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[RuIV(tmp)Cl2]
[16d] and [RuIV(ttp)Cl2].[16c] The electrospray


mass spectrum of [RuIV(2,6-Cl2tpp)Cl2] shows the parent ion
peak at m/z= 1059.7. Complex [{RuIV(F20-tpp)Cl}2O] is dia-
magnetic and features the Hb signal at d=8.98 ppm in the
1H NMR spectrum; its FAB mass spectrum shows peaks at
m/z= 1109 and 1090 assignable to the fragments [Ru(F20-
tpp)Cl]+ and [Ru(F20-tpp)O]+ , respectively.


Figures 1 and 2 depict the structures of [RuIV(2,6-
Cl2tpp)Cl2], [RuIV(tmp)Cl2], and [{RuIV(F20-tpp)Cl}2O]. The
crystallographic data and selected bond lengths and angles
are given in Tables 1 and 2. Note that there are two inde-
pendent molecules in the asymmetric unit of [RuIV-
(tmp)Cl2]. The [RuIV(2,6-Cl2tpp)Cl2] molecule (Figure 1,
upper) has a crystallographic center of symmetry at the Ru
atom. For [{RuIV(F20-tpp)Cl}2O] (Figure 2, Ru�O:
1.8088(6) �), there is a crystallographic C2 axis that passes
through the bridging O atom and is perpendicular to the Cl-
Ru-O-Ru-Cl axis. The porphyrin rings are almost planar in
the two mononuclear complexes, with mean displacement of
0.0125 � for [RuIV(2,6-Cl2tpp)Cl2] and 0.0208, 0.0560 � for
[RuIV(tmp)Cl2] from the least-squares planes. Appreciable
dome distortions (mean displacement: 0.0935 �) are ob-
served for the porphyrin rings in [{RuIV(F20-tpp)Cl}2O], with


the Ru atoms being 0.30 � out of the corresponding mean
planes toward the O atoms. The Ru�Cl distances of
2.288(2) � in [RuIV(2,6-Cl2tpp)Cl2] and 2.292(4) � (average)
in [RuIV(tmp)Cl2] are slightly shorter than that in [{RuIV(F20-
tpp)Cl}2O] (2.322(2) �) and in the previously reported
[{RuIV(oep)Cl}2O] (2.320(6) �, oep= 2,3,7,8,12,13,17,18-oc-
taethylporphyrinato dianion).[17] [RuIV(2,6-Cl2tpp)Cl2] and
[RuIV(tmp)Cl2] are the first structurally characterized mono-
nuclear dichlororuthenium(iv)–porphyrin complexes.


We measured the cyclic voltammogram of [RuIV(tmp)Cl2]
(Figure 3), which shows a quasi-reversible oxidation couple
at E1/2 =0.80 V and a reversible reduction couple at E1/2 =


�0.02 V (vs Cp2Fe+ /0). With reference to previous studies
on the electrochemistry of related ruthenium–porphyrin
complexes,[16c,18] the quasi-reversible oxidation couple can be
assigned to the porphyrin-centered process, [RuIV-
(tmp)Cl2]�e�![RuIV(tmpC+)Cl2], whereas the reduction
couple can be assigned to the reduction of RuIV to RuIII.
The E1/2 of the RuIV/III couple for the related [RuIV-
(dpp)(pz)2] (dpp= 2,3,5,7,8,10,12,13,15,17,18,20- dodecaphe-
nylporphyrinato dianion, pz=pyrazolate) was reported to


Figure 1. Structures of [RuIV(2,6-Cl2tpp)Cl2] and [RuIV(tmp)Cl2] with
omission of hydrogen atoms. Thermal ellipsoids were drawn at a 30%
probability level. Note that the unit cell of [RuIV(tmp)Cl2] contains two
independent types of molecules, only one of which is shown here. Figure 2. Structure of [{RuIV(F20-tpp)Cl}2O] with omission of hydrogen


atoms. Thermal ellipsoids were drawn at a 30% probability level. The
upper part of this figure shows top and side views of the molecule along
the Cl1-Ru1-O1-Ru1’-Cl’ axis and the C2 axis, respectively.
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be �0.41 V versus Cp2Fe+ /0,[18b]


revealing that pz� is more effec-
tive than Cl� in stabilizing the
RuIV oxidation state.


Epoxidation of styrene cata-
lyzed by [RuIV(2,6-Cl2tpp)Cl2]
and other ruthenium–porphyrin
complexes


Effect of oxidants : Table 3 gives
the results for the reactions of
styrene with oxidants PhIO,
TBHP (tert-butyl hydroperox-
ide), UHP (urea hydrogen per-
oxide adduct), and 2,6-X2pyNO
(X=Cl, Br, Me, H) in the
presence of catalytic amounts
of [RuIV(2,6-Cl2tpp)Cl2] or
[RuII(2,6-Cl2tpp)(CO)]. Com-
plex [RuIV(2,6-Cl2tpp)Cl2] dis-
played a markedly higher reac-
tivity than [RuII(2,6-Cl2tpp)-


(CO)] for all these oxidants except PhIO (see the conver-
sion values in Table 3). The main product in the oxidation
with UHP and 2,6-X2pyNO (entries 5–11, 13) is styrene
oxide (up to 90 % yield). However, the oxidation with PhIO
or TBHP afforded benzaldehyde as the main product (up to
70 % yield, entries 1–4).


Of the four pyridine N-oxides shown in Table 3, 2,6-
Cl2pyNO was the most effective oxidant for the [RuIV(2,6-
Cl2tpp)Cl2]-catalyzed styrene epoxidation, featuring a sub-
strate conversion of 99 % and an epoxide yield of 89 %
(entry 7). The highest yield of styrene oxide in Table 3 cor-
responds to UHP, but this oxidant resulted in a low conver-
sion of �38 % (entries 5 and 6). Therefore, UHP was not
used as oxidant in subsequent oxidation reactions.


Table 2. Selected bond lengths [�] and angles [8] for [RuIV(2,6-
Cl2tpp)Cl2], [RuIV(tmp)Cl2], and [{RuIV(F20-tpp)Cl}2O].


[RuIV(2,6-Cl2tpp)Cl2]
Ru1�N1 2.035(7) Ru1�C1 2.288(2)
Ru1�N2 2.045(6)
N1-Ru1-N2 89.5(3) N1-Ru1-N2’ 90.5(3)
N1-Ru1-Cl1’ 89.0(2) N1’-Ru1-Cl1’ 91.0(2)
N2-Ru1-Cl1’ 90.9(2) N2’-Ru1-Cl1’ 89.1(2)


[RuIV(tmp)Cl2]
[a]


Ru1�N1 2.023(9) Ru1�N2 2.011(9)
Ru1�N3 2.033(8) Ru1�N4 2.029(9)
Ru2�N5 2.04(1) Ru2�N6 2.041(9)
Ru2�N7 2.014(9) Ru2�N8 2.04(1)
Ru1�Cl1 2.302(4) Ru1�Cl2 2.282(4)
Ru2�Cl3 2.290(3) Ru2�Cl4 2.292(3)
N1-Ru1-N2 89.5(4) N2-Ru1-N4 178.8(4)
N1-Ru1-N4 89.6(4) N2-Ru1-N3 90.6(4)
N1-Ru1-N3 179.5(4) N4-Ru1-N3 90.4(4)
Cl1-Ru1-Cl2 179.3(1) Cl3-Ru2-Cl4 179.3(1)


[{RuIV(F20-tpp)Cl}2O]
Ru1�O1 1.8088(6) Ru1�N2 2.019(5)
Ru1�N4 2.047(5) Ru1�N3 2.051(5)
Ru1�N1 2.056(5) Ru1�Cl1 2.322(2)
Ru1’�O1 1.8088(6)
O1-Ru1-N2 93.6(2) O1-Ru1-N4 93.4(2)
O1-Ru1-N1 93.0(2) O1-Ru1-N3 93.0(2)
N2-Ru1-N4 173.0(2) N2-Ru1-N3 89.9(2)
N3-Ru1-N4 89.5(2) N2-Ru1-N1 90.4(2)
N3-Ru1-N1 174.0(2) N1-Ru1-N4 89.5(2)
O1-Ru1-Cl1 179.6(2) N2-Ru1-Cl1 86.8(2)
N4-Ru1-Cl1 86.2(2) N3-Ru1-Cl1 87.2(2)
N1-Ru1-Cl1 86.9(2) Ru1-O1-Ru1’ 180.0(3)


[a] There are two types of independent molecules in the unit cell.


Table 1. Crystallographic data for [RuIV(2,6-Cl2tpp)Cl2], [RuIV(tmp)Cl2], and [{RuIV(F20-tpp)Cl}2O].


[RuIV(2,6-Cl2tpp)Cl2]· [RuIV(tmp)Cl2]· [{RuIV(F20-tpp)Cl}2O]·
2CHCl3·C6H14 0.5CHCl3 2H2O·CHCl3


formula C44H20Cl10N4Ru·
2CHCl3·C6H14


C56H52Cl2N4Ru·
0.5CHCl3


C88H16Cl2F40N8ORu2·
2H2O·CHCl3


Mr 1385.12 1012.67 2389.53
crystal system monoclinic monoclinic tetragonal
space group P21/c P21/c I41/a
l [�] 0.71073 0.71069 0.71073
T [K] 301 293 294
a [�] 12.322(3) 19.141(4) 27.128(3)
b [�] 18.903(4) 25.293(5) 27.128(3)
c [�] 12.828(3) 24.875(5) 31.137(5)
a [8] 90 90 90
b [8] 95.65(3) 94.95(3) 90
g [8] 90 90 90
V [�3] 2973(1) 11998(4) 22914(5)
Z 2 8 8
1calcd [gcm�3] 1.547 1.121 1.385
m(MoKa) [mm�1] 1.022 0.452 0.490
F(000) 1384 4184 9344
crystal size [mm] 0.25 � 0.1� 0.05 0.4� 0.4 � 0.1 0.38 � 0.10 � 0.10
R1 0.059 0.081 0.079
wR2 0.15 0.25 0.21
goodness-of-fit 0.93 0.97 1.16
largest diff. peak/hole [e��3] 0.618/�0.426 1.171/�0.503 0.998/�0.991


Figure 3. Cyclic voltammogram of [RuIV(tmp)Cl2] measured at a scan
rate of 50 mV s�1 in CH2Cl2 containing 0.1 mol dm�3 tertrabutylammoni-
um hexafluorophosphate at room temperature.
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Surprisingly, complex [{RuIV(F20-tpp)Cl}2O] could also cat-
alyze the oxidation of styrene with 2,6-Cl2pyNO, PhIO, and
TBHP (see Table S1 in the Supporting Information), al-
though this complex exhibited a lower catalytic efficiency
for styrene epoxidation than [RuIV(2,6-Cl2tpp)Cl2]. The 2,6-
Cl2pyNO oxidation of styrene in CH2Cl2 at 40 8C in the pres-
ence of 0.1 mol % of [{RuIV(F20-tpp)Cl}2O] afforded styrene
oxide, benzaldehyde, and phenylacetaldehyde in 67 %, 8 %,
and 25 % yield, respectively, with 25 % conversion within
24 h. With TBHP as oxidant, the oxidation of styrene cata-
lyzed by [{RuIV(F20-tpp)Cl}2O] gave benzaldehyde in 90 %


yield. This contrasts with the
low catalytic activity observed
for [{RuIV(ttp)X}2O] (X= Cl,
OMe, OEt).[19]


Time course : The 2,6-
Cl2pyNO epoxidation of styrene
catalyzed by [RuIV(2,6-
Cl2tpp)Cl2] in benzene or di-
chloromethane at room temper-
ature with a catalyst/substrate/
oxidant molar ratio of
1:1000:1100 exhibited no appar-
ent induction period and pro-
ceeded much more rapidly than
by [RuII(2,6-Cl2tpp)(CO)]
(which showed an induction
period of around 2 h) and
[{RuIV(F20-tpp)Cl}2O], as is evi-
dent from the time course plots
depicted in Figure 4 (cf. curves
B, F, and G). Dichloromethane
is a better solvent than benzene
for the [RuIV(2,6-Cl2tpp)Cl2]-
catalyzed reaction (cf. curves B
and E); in the former solvent,


the oxidation catalyzed by [RuIV(2,6-Cl2tpp)Cl2] was even
faster than by [RuVI(2,6-Cl2tpp)O2] (cf. curves B and C) and
was only slightly affected by the presence of dioxygen (cf.
curves B and D). No appreciable oxidation of styrene occur-
red with [{RuIV(ttp)(OEt)}2O] as catalyst (curve H).


Comparison with ruthenium complexes of perfluorinated por-
phyrin and Schiff bases : In view of the rapid oxidation of
hydrocarbons with 2,6-Cl2pyNO catalyzed by [RuII(F20-
tpp)(CO)],[5] we examined the catalytic activity of the per-
fluorinated porphyrin complex [RuII(F28-tpp)(CO)] toward
epoxidation of styrene by 2,6-Cl2pyNO, PhIO, or TBHP. To
our surprise, [RuII(F28-tpp)(CO)] is a less efficient catalyst
than [RuII(F20-tpp)(CO)], and even exhibited a lower cata-
lytic efficiency than [RuII(2,6-Cl2tpp)(CO)] (see Table 4).
For example, when 2,6-Cl2pyNO was used as oxidant, <5 %
conversion was observed after 24 h, with styrene oxide
formed in 32 % yield (entry 1 of Table 4). Addition of HBr
or HCl did not improve the conversion and product yield, in
contrast to the marked acceleration of the [RuII(2,6-
Cl2tpp)(CO)]- or [RuII(tmp)(CO)]-catalyzed hydrocarbon
oxidation upon addition of HX (X=Cl and Br).[4c]


Ruthenium Schiff base complexes depicted in Figure 5 are
poor or ineffective catalysts for the 2,6-Cl2pyNO epoxida-
tion of styrene (see Table S2 in the Supporting Information).
After a 24 h reaction, the conversions were <15 %, and the
main product was benzaldehyde, with an enantioselectivity
(if any) of <10 % ee for the epoxide product.


Reaction mechanism : The progress of the catalytic reaction
was followed through monitoring the changes of the Soret
(408 nm) and b band (515 nm) of [RuIV(tmp)Cl2] (4 �


Table 3. Epoxidation of styrene catalyzed by [RuIV(2,6-Cl2tpp)Cl2] and [RuII(2,6-Cl2tpp)(CO)] with different
oxidants.[a]


Entry Catalyst Oxidant Conv Yield [%][c]


[%][b] I II III


1 [RuIV(2,6-Cl2tpp)Cl2] PhIO 5 32 63 5
2 [RuII(2,6-Cl2tpp)(CO)] PhIO 41 30 61 9
3 [RuIV(2,6-Cl2tpp)Cl2] TBHP 64 12 70 18
4 [RuII(2,6-Cl2tpp)(CO)] TBHP 42 20 66 14
5 [RuIV(2,6-Cl2tpp)Cl2] UHP 38 90 2 8
6 [RuII(2,6-Cl2tpp)(CO)] UHP 20 86 8 6
7 [RuIV(2,6-Cl2tpp)Cl2] 2,6-Cl2pyNO 99 89 8 3
8 [RuII(2,6-Cl2tpp)(CO)] 2,6-Cl2pyNO 32 80 15 5
9 [RuIV(2,6-Cl2tpp)Cl2] 2,6-Br2pyNO 76 85 10 5
10 [RuII(2,6-Cl2tpp)(CO)] 2,6-Br2pyNO 20 86 8 6
11 [RuIV(2,6-Cl2tpp)Cl2] 2,6-Me2pyNO 28 66 20 12
12 [RuII(2,6-Cl2tpp)(CO)] 2,6-Me2pyNO [d] [d] [d] [d]


13 [RuIV(2,6-Cl2tpp)Cl2] pyNO 10 60 35 5
14 [RuII(2,6-Cl2tpp)(CO)] pyNO [d] [d] [d] [d]


[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/styrene molar ratio=1:550:500 (entries 1–6, 13 and 14,
for 24 h), 1:1100:1000 (entries 7–12 for 5 h). [b] Conversions were determined by GC using 1,4-dichloroben-
zene as standard. [c] Based on the amount of consumed substrates. [d] No reaction.


Figure 4. Time course plots for epoxidation of styrene with 2,6-Cl2pyNO
catalyzed by various ruthenium–porphyrin complexes at room tempera-
ture (catalyst/substrate/oxidant molar ratio =1:1000:1100).
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10�4
m). For a solution of styrene and [RuIV(tmp)Cl2] in a


molar ratio of 10 000:1 in CH2Cl2, the absorbance at 408 nm
decreased slightly (<5 %) and the 515 nm band shifted to
526 nm after 2 h. One equivalent of 2,6-Cl2pyNO (relative
to styrene) was then added to this solution, but the conver-
sion of styrene was low (15 %) after a reaction time of 1 h.
This is in contrast to the styrene conversion of 68 % found


when a similar CH2Cl2 solution of [RuIV(tmp)Cl2] and 2,6-
Cl2pyNO (also in the molar ratio of 10 000:1) was allowed to
react with styrene for 1 h. Thus, addition of 2,6-Cl2pyNO at
the beginning of the reaction was important for the catalysis.
In the absence of styrene, a solution of 2,6-Cl2pyNO and
[RuIV(tmp)Cl2] (10 000:1) in dichloromethane was monitored
by UV-visible spectrophotometry. For the initial 2 h, the ab-
sorbance at 408 and 515 nm did not change and no shift of
the b band was observed. Upon subsequent addition of one
equivalent of styrene (relative to 2,6-Cl2pyNO) and stirring
the mixture for 1 h, the conversion of styrene and the yield
of styrene oxide based on consumed styrene were found to
be 69 % and 90 %, respectively; there was no shift in lmax of
the Soret band (408 nm) and b band (515 nm), but only a
slight decrease (10 %) in the absorbance at 408 nm.


1H NMR spectroscopy (in CDCl3) was employed to moni-
tor the progress of styrene oxidation with 2,6-Cl2pyNO cata-
lyzed by [RuIV(tmp)Cl2] with 1,3,5-tribromobenzene as inter-
nal standard. Figure 6 shows the time course of the reaction.
The amount of [RuIV(tmp)Cl2] slightly decreased (<5 %,
based on the intensity of the phenyl proton signal at
12.5 ppm) in the absence of styrene (catalyst/2,6-Cl2pyNO
molar ratio =1:100) for the first 20 min. After styrene was
added, the conversion of styrene was only 14 % and the
amount of the catalyst [RuIV(tmp)Cl2] was reduced to 83 %
of its initial amount after 2 min. After that, the conversion
of styrene and the yield of styrene oxide based on consumed
styrene dramatically increased (from 14 % to 96 % and 10 %
to 90 %, respectively), but the amount of the [RuIV(tmp)Cl2]
catalyst only decreased from 83 % to 77 % after 20 min. This
is not consistent with [RuIV(tmp)Cl2] being the active species
in these catalytic reactions.


We scaled up the epoxidation reaction [catalyst
(0.02 mmol), styrene (20 mmol), and 2,6-Cl2pyNO
(22 mmol)], which was completed within 2 h. The 1H NMR


Table 4. Epoxidation of styrene with different oxidants catalyzed by
[RuII(F28-tpp)(CO)], [RuII(F20-tpp)(CO)], and [RuII(2,6-Cl2tpp)(CO)].[a]


Entry Catalyst Oxidant Conv. Yield [%][c]


[%][b] I II III


1 [RuII(F28-tpp)(CO)] 2,6-Cl2pyNO <5 32 64 4
2 [RuII(F20-tpp)(CO)] 2,6-Cl2pyNO 54 67 20 13
3 [RuII(2,6-Cl2tpp)(CO)] 2,6-Cl2pyNO 62 92 7 1
4 [RuII(F28-tpp)(CO)] PhIO 15 32 56 14
5 [RuII(F20-tpp)(CO)] PhIO 44 21 68 11
6 [RuII(2,6-Cl2tpp)(CO)] PhIO 41 30 61 9
7 [RuII(F28-tpp)(CO)] TBHP 35 0 92 0
8 [RuII(F20-tpp)(CO)] TBHP 74 0 99 0
9 [RuII(2,6-Cl2tpp)(CO)] TBHP 42 20 66 14


[a] Reaction conditions: CH2Cl2, 40 8C, 24 h, catalyst/oxidant/styrene
molar ratio=1:1100:1000. [b] Conversions were determined by GC using
1,4-dichlorobenzene as standard. [c] Based on the amount of consumed
substrates.


Figure 5. Schematic structures of ruthenium Schiff base complexes.


Figure 6. Time course plots for epoxidation of styrene with 2,6-Cl2pyNO
catalyzed by [RuIV(tmp)Cl2] (catalyst/styrene/2,6-Cl2pyNO= 1:100:100).
The reactions were monitored by 1H NMR spectroscopy (300 MHz,
CDCl3) with 1,3,5-tribromobenzene as internal standard.
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spectrum of the reaction mixture showed that the pyrrolic
proton signal of [RuIV(tmp)Cl2] at �54 ppm decreased in in-
tensity (30 %) and some unassigned broad peaks at �10,
�12, and �23 ppm developed.[20] Interestingly, when the re-
action mixture was stirred for 72 h at room temperature, sty-
rene oxide was found to be partly converted into phenyl
acetylaldehyde in 14 % yield (based on styrene epoxide).
We note that neither [RuII(tmp)(CO)] nor [RuIV(tmp)Cl2]
catalyzed ring opening of styrene epoxide. Based on this
finding, we propose that the [RuIV(tmp)Cl2] catalyst con-
verts to some other species, presumably a RuIII species ac-
cording to the work by Groves and co-workers,[5] which
functions as Lewis acid for epoxide-ring-opening reactions
similar to that of iron(iii)–porphyrin catalysts.[21]


RuV–oxo species or RuIV–oxo–porphyrin radical cation
have generally been proposed as the reactive intermediate
in ruthenium–porphyrin-catalyzed oxidation of hydrocar-
bons by 2,6-Cl2pyNO.[5,22] In this work, [RuII(F28-tpp)(CO)]
provided an opportunity to examine the electronic effect of
the porphyrinato ligand on catalytic oxidation. It is known
that b-halogenation induces a large anodic shift in the oxida-
tion potential of porphyrinato ring, thus disfavoring the for-
mation of porphyrin p radical cation in the [Ru(F28-tpp)]
case, and RuV–oxo species of F28-tpp would be expected to
be oxidizing. Indeed, we found that the reaction of [RuVI-
(F28-tpp)O2] with styrene is ten times faster than that of
[RuVI(F20-tpp)O2] in CH2Cl2 at room temperature.[23] How-
ever, as shown by entries 1–3 of Table 4, with 2,6-Cl2pyNO
as oxidant and at 40 8C for 24 h, [RuII(F28-tpp)(CO)] exhibit-
ed lower reactivity (conversion: <5 %) toward epoxidation
of styrene than [RuII(2,6-Cl2tpp)(CO)] and [RuII(F20-
tpp)(CO)] (conversion: 62 % and 54 %, respectively). Simi-
lar findings were found with PhIO or TBHP used as a termi-
nal oxidant. Thus [RuII(F28-tpp)(CO)] is not an effective cat-
alyst for catalytic oxidation, in contrast to the increased re-
activity of [RuVI(F28-tpp)O2] relative to that of [RuVI(F20-
tpp)O2] and [RuVI(2,6-Cl2tpp)O2].[23]


Nam, Que, and co-workers reported the formation and
characterization of an adduct complex formed between an
iron–porphyrin and iodosylbenzene;[24a] Collman and co-
workers showed small but appreciable dependence of selec-
tivity on the nature of oxygen atom donor used in the iron–
porphyrin- and manganese–corrole-catalyzed epoxidation of
styrene and cis-cyclooctene.[25] Figure 7 depicts the plots of
logkrel (see Experimental Section) versus Hammett s+ sub-
stituent constant for the [RuIV(2,6-Cl2tpp)Cl2]-catalyzed ep-
oxidation of styrenes with 2,6-Cl2pyNO, 2,6-Br2pyNO, and
2,6-Me2pyNO as oxidants, which show linear correlation
with slopes (1+) of �1.35, �1.07, and �0.61, respectively
(R=0.998, 0.995, and 0.996, respectively). With 2,6-
Cl2pyNO, the 1+ value is �0.72 when a heterogenized
[RuII(2,6-Cl2tpp)(CO)] catalyst was used,[10a] which is about
twofold smaller than that using [RuIV(2,6-Cl2tpp)Cl2] as cat-
alyst. The ligation of pyridine N-oxide, solvent, or other nu-
cleophile generated during the catalysis to the putative
“RuV=O” intermediate[5] could account for the different 1+


values.


Following the work of Nam[24b] and Collman,[25] we exam-
ined competitive epoxidation of styrene and cis-cyclooctene
using different pyridine N-oxides as oxidants and [RuIV(2,6-
Cl2tpp)Cl2] as catalyst. As shown in Table 5, the use of dif-


ferent pyridine N-oxides did not affect the selectivity of the
reactions. This is consistent with the proposal that a reactive
“RuV=O” species was responsible for the oxidation.[5] Based
on these observations, and the suggestion by Groves and co-
workers,[5] a small amount of RuIII species, generated from
the RuIV in situ, was transformed to a “RuV=O” species
upon addition of 2,6-Cl2pyNO. However, the possibility of
the formation of pyridine N-oxide-coordinated RuIV=O spe-
cies similar to that proposed by Gross and Ini[6d] cannot be
excluded.


Figure 7. Hammett correlation studies (log krel vs s+) for [RuIV(2,6-
Cl2tpp)Cl2]-catalyzed epoxidation of styrenes p-YC6H4CH=CH2 (Y=


MeO, Me, F, H, Cl) and 3-NO2C6H4CH=CH2 with 2,6-Cl2pyNO, 2,6-
Br2pyNO, and 2,6-Me2pyNO.


Table 5. Competitive epoxidation of styrene and cis-cyclooctene with dif-
ferent pyridine N-oxides catalyzed by [RuIV(2,6-Cl2tpp)Cl2].[a]


Entry Catalyst Convcis-cyclooctene/Convstyrene
[b]


T [8C] IV V VI VII


1 [RuIV(2,6-Cl2tpp)Cl2] 25 1.70 1.77 1.84 1.88
2 [RuIV(2,6-Cl2tpp)Cl2] 0 2.40 2.45 2.65 2.46
3 [RuII(2,6-Cl2tpp)(CO)] 25 1.67 1.70 [c] [c]


[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/styrene/cis-cyclo-
octene molar ratio=1:1100:1000:1000. [b] Determined by GC using 1,4-
dichlorobenzene as standard. [c] No reaction.
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Epoxidation of conjugated
enynes and electron-deficient
alkenes : Epoxidation of conju-
gated enynes and electron-defi-
cient alkenes (such as a,b-un-
saturated ketones) provides
useful intermediates for organic
synthesis.[26] Although several
efficient methods for these re-
actions with metal catalysts,[27]


including the Weitz–Scheffer
reaction, can give the corre-
sponding epoxides in high
yields and enantioselectivity,
electrophilic oxidants are less
studied for these transfor-
mations.[10b, 14a, 15,28] The previ-
ously reported “[RuII(Pybox)-
(Pydic)] + PhI(OAc)2” protocol
(Pybox = bis(oxazolinyl)pyri-
dine; Pydic=pyridine-2,6-dicarb-
oxylate)[28] and ferric porphy-
rin–peroxo complexes[15] could
only give the epoxides in mod-
erate yields (60–70 %). Jacob-
sen and co-workers have re-
ported the asymmetric epoxida-
tion of cinnimate esters cata-
lyzed by chiral Mn–salen com-
plexes.[29] Recently, we reported
that [RuIV(D4-por*)Cl2]


[14a] and
other ruthenium–porphyrin
complexes[10b,e] catalyzed the
epoxidation of electron-defi-
cient alkenes with less than
70 % conversion. In this work,
we found that the [RuIV(2,6-
Cl2tpp)Cl2]-catalyzed 2,6-
Cl2pyNO oxidation of 1) elec-
tron-deficient alkenes (1–7, 10–
12, 19, 20); 2) allylic substituted
cyclohexenes (13, 14); 3) cyclo-
pentenone (15) and cyclohexe-
nones (16, 17); 4) conjugated
alkene (18); and 5) conjugated
enynes (8, 9) (see Table 6) af-
forded the corresponding epox-
ides 21–24, 26–36, 38, 40, and
41 or other oxidation products
(25, 37, 39) in up to 99 % yield with up to 99 % substrate
conversion and with high regio- and diastereoselectivity and
catalytic product turnover after a reaction time of 6–8 h.
These results are unprecedented for metalloporphyrin catalysts.


Treatment of 1,4-naphthoquinone (1, 1 mmol) with 2,6-
Cl2pyNO (1.1 mmol) and catalyst [RuIV(2,6-Cl2tpp)Cl2]
(1 mmol) in CH2Cl2 at 40 8C for 6 h afforded 21 in 99 % yield
with substrate conversion of 95 % (entry 1 in Table 6).


When [RuIV(tmp)Cl2], [RuIV(ttp)Cl2], [RuII(2,6-
Cl2tpp)(CO)], or [RuII(F20-tpp)(CO)] was used as catalyst, a
considerably longer reaction time was required to attain
similar substrate conversion (>80 %, entries 2–5 in Table 6).
The m-oxo dimer [{RuIV(F20-tpp)Cl}2O] was not effective for
this transformation, as only 7 % substrate conversion was at-
tained after a reaction time of 24 h (entry 6 in Table 6). To
further investigate the stability of the catalyst toward the ox-


Table 6. Oxidation of a,b-unsaturated ketones and conjugated enynes with 2,6-Cl2pyNO catalyzed by rutheni-
um–porphyrin complexes.[a]


Entry Catalyst Substrate Product t [h] Conv [%] Yield [%][b] TON[c]


1 [RuIV(2,6-Cl2tpp)Cl2] 1 21 6 95 99 940
2 [RuIV(tmp)Cl2] 1 21 8 90 99 890
3 [RuIV(ttp)Cl2] 1 21 10 80 95 760
4 [RuII(2,6-Cl2tpp)(CO)] 1 21 48 80 99 790
5 [RuII(F20-tpp)(CO)] 1 21 12 90 99 890
6 [{RuIV(F20-tpp)Cl}2O] 1 21 24 7 99 69
7[d] [RuIV(2,6-Cl2tpp)Cl2] 1 21 48 65 99 6.4� 103


8 [RuIV(2,6-Cl2tpp)Cl2] 2 22[e] 6 96 99 950
9 [RuIV(2,6-Cl2tpp)Cl2] 3 23[e] 6 80 99 790
10 [RuIV(2,6-Cl2tpp)Cl2] 4 24[e] 6 78 99 770
11 [RuIV(tmp)Cl2] 4 24[e] 6 65 99 640
12[f] [RuIV(2,6-Cl2tpp)Cl2] 5 25 12 42 85 350
13 [RuIV(2,6-Cl2tpp)Cl2] 6 26 6 85 99 840
14 [RuIV(2,6-Cl2tpp)Cl2] 7 27[g] 6 98 90 880
15 [RuIV(2,6-Cl2tpp)Cl2] 8 28[h] 6 95 88 840
16 [RuIV(2,6-Cl2tpp)Cl2] 9 29 6 99 99 980
17 [RuIV(2,6-Cl2tpp)Cl2] 10 30 8 38 90 340
18 [RuIV(2,6-Cl2tpp)Cl2] 11 31 8 46 92 420
19 [RuIV(2,6-Cl2tpp)Cl2] 12 32 8 72 90 650
20 [RuIV(2,6-Cl2tpp)Cl2] 13 33 2 99 99 980
21 [RuIV(2,6-Cl2tpp)Cl2] 14 34 2 99 99 980
22 [RuIV(2,6-Cl2tpp)Cl2] 15 35 6 95 99 940
23 [RuIV(2,6-Cl2tpp)Cl2] 16 36 6 95 90 860
24 [RuIV(2,6-Cl2tpp)Cl2] 17 37 8 75 99 740
25 [RuIV(2,6-Cl2tpp)Cl2] 18 38 +39 6 99 50 (38), 50 (39) 490
26[f] [RuIV(2,6-Cl2tpp)Cl2] 19 40 8 99 80 790
27 [RuIV(2,6-Cl2tpp)Cl2] 20 41 8 95 85 810


[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/substrate molar ratio=1:1100:1000, unless otherwise
noted. [b] Isolated yield based on the amount of consumed substrate. [c] Turnover number. [d] Catalyst/oxi-
dant/substrate molar ratio =1:10 000:11000. [e] Configuration: trans. [f] Catalyst/oxidant/substrate molar
ratio=1:2200:1000. [g] cis :trans =9:1. [h] cis :trans = 10:1.
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idation process, we examined the epoxidation of 1 in the
presence of 0.01 mmol % of [RuIV(2,6-Cl2tpp)Cl2], and a
turnover number of up to 6.4 � 103 was achieved (entry 7 in
Table 6).


Complex [RuIV(2,6-Cl2tpp)Cl2] can efficiently catalyze the
epoxidation of chalcone and trans-cinnimate esters 2–4, pro-
ducing the corresponding epoxides 22–24 in 99 % yield with
substrate conversions of 78–96 % within 6 h (entries 8–10 in
Table 6). In contrast, the [RuIV(D4-por*)Cl2]-catalyzed 2,6-
Cl2pyNO epoxidation of 2 and 4 gave 22 and 24 with sub-
strate conversion of 18 and 48 %, respectively, after 16 h.[14a]


For the oxidation of 4, [RuIV(2,6-Cl2tpp)Cl2] also exhibited a
higher catalytic efficiency than [RuIV(tmp)Cl2] (entries 10
and 11 in Table 6). The oxidation of 2’-hydroxychalcone (5)
was also examined. The aromatic ring hydroxylation product
25 was obtained with the C=C bond remaining intact (yield:
85 %, conversion: 42 %, entry 12 in Table 6). It should be
noted that when coumarin (6) was employed as a substrate,
the epoxide 26 was obtained in nearly quantitative yield
(entry 13 in Table 6) within 6 h, whereas a similar epoxida-
tion by dimethyldioxirane would require 14 days.[30]


Epoxidation of 7 and 8 catalyzed by [RuIV(2,6-Cl2tpp)Cl2]
(entries 14 and 15 in Table 6) gave 27 and 28, respectively,
with high conversions. trans-Epoxides were found as side
products (for 27, cis/trans =9:1; for 28, cis/trans =10:1). This
is comparable to the epoxidation catalyzed by chiral Mn–
salen complexes (which gave a mixture of cis- and trans-27
in a ratio of 73:10),[29] [RuIV(D4-por*)Cl2] (cis-/trans-28=


86:12),[14a] and polymer-supported ruthenium porphyrin
(cis-/trans-28=13:1).[10b] In addition, conjugated enyne 9
with a double bond in the cyclohexene ring could be epoxi-
dized to afford 29, which is an important intermediate in the
synthesis of a-allenic alcohols,[31] in high yield (entry 16 in
Table 6).


Due to electronic and steric effects, cyclic enones 10–12
derived from indanone, tetralone, and benzosuberone are
known to be sluggish substrates toward oxidation.[32] Inter-
estingly, these substrates were epoxidized to 30–32, respec-
tively, in 90–92 % yields with up to 72 % conversion within
8 h by using catalyst [RuIV(2,6-Cl2tpp)Cl2] (entries 17–19 in
Table 6).


trans-Epoxides of allylic cycloalkenes are versatile build-
ing blocks for organic synthesis and construction of biologi-
cally active natural products,[33,34] and recently manganese–
and ruthenium–porphyrin complexes were proved to be effi-
cient catalysts for the synthesis of this class of epoxides.[13]


As shown in entry 20 of Table 6, by using [RuIV(2,6-
Cl2tpp)Cl2)] as catalyst, 13 was converted into 33 in 99 %
yield and 99 % conversion within 2 h at 40 8C, with a moder-
ate selectivity of trans/cis =1:5, which is different from that
obtained using manganese–porphyrin catalysts (cis/trans=


1:4).[13] Strikingly, for 14 with a protected 3-hydroxyl group,
the trans-epoxide 34 was obtained in 99 % yield with turn-
over number (TON) of 980 within 2 h (entry 21 in Table 6).


To examine the diastereoselectivity in epoxidation of elec-
tron-deficient cycloalkenes catalyzed by [RuIV(2,6-
Cl2tpp)Cl2], we performed the epoxidation of allylic substi-


tuted cyclopentenone 15 and cyclohexenone 16. As shown
in entries 22 and 23 of Table 6, 15 and 16 were converted
into trans-epoxides 35 and 36, respectively, in up to 99 %
yield with 95 % conversion and with a TON of up to 940
after 6 h at 40 8C. A TON of 3000 was achieved when the
epoxidation of 15 was performed for 48 h with lower catalyst
loading. Evidently, [RuIV(2,6-Cl2tpp)Cl2] exhibited a mark-
edly higher reactivity and product turnover than [RuII(2,6-
Cl2tpp)(CO)] (48 h, TON=80)[13] in catalyzing these epoxi-
dation reactions.


It is interesting to note that the [RuIV(2,6-Cl2tpp)Cl2]-cata-
lyzed oxidation of isophorone 17 afforded a,b-unsaturated
diketone 37 in 99 % yield (entry 24 in Table 6). This is differ-
ent from the results using metal peroxide as oxidant, which
gave the epoxide as major product.[35] A manganese por-
phyrin has also been reported to catalyze the oxidation of
17 to the diketone product 37 (with oxygen as oxidant in the
presence of triethyl amine).[36] This may be due to the pres-
ence of g-CH2 and a-CH3 groups in 17; the g-CH2 group
would be more readily oxidized than the alkene double
bond, the latter is obstructed by the a-CH3 group.


We are interested in the regioselective epoxidation of
electron-deficient a,b :g,d conjugated alkenes. Previous work
has shown that the a,b-double bond is more reactive to-
wards a nucleophilic oxidant than the g,d-bond, but this re-
gioselectivity has rarely been encountered with electrophilic
oxidants.[37] For example, dimethyldioxirane was reported to
oxidize (E,E)-cinnamylideneacetophenones to give the cor-
responding diepoxides with minor a,b-monoepoxide.[37c] In
this work, different conjugated alkenes 18–20 were em-
ployed to investigate the electronic effect of these alkenes
on the regioselectivity of the oxidations under our reaction
conditions (entries 25–27, Table 6). First, epoxidation of 18
gave g,d-monoepoxide 38 in 50 % yield and aldehyde 39 in
50 % yield after 6 h, revealing that the “[RuIV(2,6-
Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol favored oxidation of
terminal double bonds. The (E,E)-cinnamylideneacetophe-
none substrate 19 was chosen as it contains an electron-with-
drawing carbonyl group. Oxidation of 19 afforded the
a,b :g,d-diepoxide 40 as the main product (80 % yield); only
minor g,d-monoepoxide (5 % yield) was detected. A 60 %
yield of a,b :g,d-diepoxide was obtained by using dimethyl-
dioxirane as oxidant.[37c,38] For substrate 20, which contains
an electron-withdrawing COOMe group, the major product
was trans-a,b-monoepoxide 41 (yield: 85 %), with trans-g,d-
monoepoxide obtained in 10 % yield; this shows that the
less electron-rich C=C bond of 20 was favorably epoxidized.
To our knowledge, this is the first catalytic epoxidation of
electron-deficient a,b :g,d-conjugated alkene to afford trans-
a,b-monoepoxides with an adjacent COOMe group, which
is a useful building block for natural product synthesis.[39]


The present finding is comparable to the results obtained
for the Darzens reaction involving stoichiometric reactions
between aldehyde and a-halo carbonyl compounds.[39]


Oxidation of arenes : Oxidative transformation of arenes to
quinones is of importance due to the biological activities
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and synthetic applications of quinones. In particular, p-ben-
zoquinones are useful building blocks for the synthesis of
antitumor compounds such as chaloxone and Strepomycetes
metabolite LL-C10037a.[40] From a biological perspective,
arenes can be metabolized in vivo by cytochrome P-450 to
form quinones.[40b] From a chemical point of view, prepara-
tion of quinones by direct oxidation of arenes would be an
advanced synthetic method.[41] The most commonly em-
ployed procedures for oxidation of arenes require an excess
of metal-based oxidants such as CrO3, which pose severe
problems to the environment.[42] Metal catalysts such as
methyltrioxorhenium(viii) (MTO) as well as iron– and man-
ganese–porphyrin complexes have been reported for these
oxidations.[43] However, product turnover numbers (TONs)
of less than 100 were observed. Hirobe and co-workers first
reported that the “ruthenium–porphyrin +2,6-Cl2pyNO”
protocol could be employed to selectively convert aromatic
compounds to quinones in the presence of HBr or HCl with
turnover numbers of up to 500.[4d,f] Groves and co-workers
reported that oxidation of benzene with 2,6-Cl2pyNO cata-
lyzed by [RuII(F20-tpp)(CO)] gave 1,4-benzoquinone in the
absence of acid.[5] Encouraged by these findings, we exam-
ined the “[RuIV(2,6-Cl2tpp)Cl2]+ 2,6-Cl2pyNO” protocol for
oxidation of arenes in the absence of an acid additive.


The oxidation reactions were carried out in CH2Cl2 in
sealed flasks at 40 8C and were followed by TLC (Table 7).
Alkoxybenzene derivatives such as m-trimethoxybenzene
(44) and m-dimethoxybenzene (45) were oxidized to p-ben-
zoquinones 54 and 55 in 99 % yield with 99 % and 94 % con-
versions, respectively (entries 3 and 5 in Table 7). For the
oxidation of 44, the turnover number can be as high as 2.0 �
104 (entry 4 in Table 7). For less reactive substrates such as
naphthalene (42) and phenanthrene (43), the oxidations
gave 1,4-naphthoquinone (1) and 9,10-phenanthroquinone
(53) in 99 % yield with 40 and 58 % conversions, respectively
(entries 1 and 2 in Table 7). Using Herrmann�s “MTO+


H2O2 + Ac2O+ HOAc” protocol, a highly concentrated (up
to 83 %) H2O2 solution would be required to achieve good
substrate conversion.[43e]


2-Methylnaphthalene (46) was oxidized by the “[RuIV(2,6-
Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol to give 6- and 2-
methyl-1,4-naphthoquinones (56 and 57) in a ratio of 6.6:1
with high conversion (80 %, entry 6 in Table 7); this ratio is
higher than that obtained by using the “[RuII(2,6-
Cl2tpp)(CO)]+ 2,6-Cl2pyNO” protocol (the ratio of 56/57 is
3.3:1, conversion= 46 %). Previous work by Meunier and
Bernadou showed that the Fe– and Mn–porphyrin-catalyzed
oxidation of 46 resulted in lower regioselectivities (the 56/57
ratio varied from 0.5 to 2.5:1).[43g] Our results (56/57= 6.6:1)
are also different from those observed by using the “MTO+


hydrogen peroxide” protocol, in which case, compound 57
was obtained as the main product (56/57 is up to 1:7.5).[44] 6-
Substituted-1,4-naphthoquinones could be used as key build-
ing blocks in the synthesis of natural products such as (+)-
cordiaquinone B and some terphenylquinones, which could
be prepared through Diels–Alder condensation between
conjugated dienes and p-benzoquinones.[45] In this work, we


obtained this kind of product in 70 % yield through a one-
step oxidation of commercially available 2-methylnaphtha-
lene. To investigate the generality of the oxidation of 2-sub-
stituted naphthalenes, methoxyl 2-naphthalene (47) and
methyl 2-naphthoate (48) were used as substrates. As shown
in Table 7 (entry 7), oxidation of 47 gave two products 58
and 59 in a ratio of 45:55 and the conversion was up to
95 %. When 48 was used as substrate, only 6-substituted 1,4-
naphthoquinone 60 was obtained (99 % yield, entry 8 in
Table 7). These results indicate that, for 2-substituted naph-
thalenes, an electron-withdrawing group at the 2-position of-
fered better regioselectivity (COOMe>Me>OMe).


For heteroatom-containing compounds such as benzoin-
dole, benzofuran, and benzothiophene (49–51), the reactions
afforded the products 61–63 in 95 % yield with 99 % conver-
sion (entries 9–11 in Table 7). Previously, these oxidation
products were prepared by stoichiometric oxidation with ox-
odiperoxomolybdenum(vi).[46]


Estrone and its methoxy derivative form an important
class of arenes which are of interest in medicinal chemistry.


Table 7. Oxidation of arenes with 2,6-Cl2pyNO catalyzed by [RuIV(2,6-
Cl2tpp)Cl2].[a]


Entry Substrate Product t [h] Conv [%] Yield [%][b] TON[c]


1 42 1 12 40 99 400
2 43 53 12 58 99 570
3 44 54 6 99 99 980
4 44 54 48 68 99 2.0� 104


5 45 55 6 94 99 930
6 46 56+57 12 80 87 (56), 13 (57) 800
7 47 58+59 12 95 45 (58), 55 (59) 950
8 48 60 6 68 99 670
9 49 61 6 99 95 940
10 50 62 6 99 95 940
11 51 63 6 99 95 940
12 52 64 8 99 88 870


[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/substrate molar
ratio=1:4400:1000 (entries 1 and 2), 1:2200:1000 (entries 3, 5–12),
1:60000:30000 (entry 4). [b] Isolated yield based on the amount of con-
sumed substrate. [c] Turnover number.
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Hirobe and co-workers first reported the oxidation of es-
trone with cytochrome P-450 as catalyst, resulting in selec-
tive oxidation at the C7-position of estrone to give 10b-hy-
droxy-1,4-estradiene-3,17-dione.[47a] The oxidation of estrone
using the “[RuII(2,6-Cl2tpp)(CO)]+2,6-Cl2pyNO +HX” pro-
tocol was also reported,[47a] which afforded an intractable
dark liquid. In this work, a similar result was found with the
“[RuIV(2,6-Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol. However,
by changing the 3-hydroxy group of estrone to a methoxy
group, the C6-position of 52 was oxidized with the
“[RuIV(2,6-Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol to ketone 64
in 88 % yield with 99 % conversion (entry 12 in Table 7).
The “[RuIV(2,6-Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol there-
fore affords the selective oxidation of the benzylic C�H
bonds at the C6-position of protected estrone.


Oxidation of D5- and D4-steroids and estratetraene deriva-
tives : The biochemistry of steroids is of considerable interest
in the context of drug discovery, particularly for the treat-
ment of malignant diseases.[48] Selective oxidation of steroids
could lead to new epoxide and ketone derivatives that are
important intermediates for further structural elaboration of


steroid skeletons. In this work,
we found that the “[RuIV(2,6-
Cl2tpp)Cl2]+2,6-Cl2pyNO” pro-
tocol displayed remarkable effi-
ciencies in 1) oxidation of D5-
unsaturated steroids 65–74 to
form epoxides 75–84, respec-
tively (Table 8), 2) oxidation of
D4-3-ketosteroids 85–88 to form
diketo-, or triketosteroids
(Table 9), and 3) oxidation of
estratetraene derivatives 92–94
to form epoxides 95–97, respec-
tively (Table 10).


b-Selective epoxidation of D5-
unsaturated steroids : 5b,6b-Ep-
oxides can be found in some
naturally occurring D5-unsatu-
rated steroids that exhibit anti-
tumor activities.[49] Previous at-
tempts to achieve metal-medi-
ated stereoselective b-epoxida-
tion of D5-unsaturated steroids
employed protocols such as
“vanadium or molybdenum cat-
alyst+alkyl hydroperoxide”,[50a]


“FeIII or TiIII acetylacetonates +


hydrogen peroxide”,[50b]


“KMnO4-copper or iron
sulphate”,[50c,f] bisoxazolineruthe-
nium(ii) complexes,[50g] and
“methyltrioxorhenium(MTO)+


H2O2”.[50h] Metalloporphyrin
complexes of manganese[50d]


and ruthenium[3,10c–e] have pre-
viously been used as catalysts for epoxidation of D5-unsatu-
rated steroids. Nevertheless, all the reported metal-catalyzed
oxidation protocols suffer from low product-turnover num-


Table 8. Epoxidation of D5-unsaturated steroids with 2,6-Cl2pyNO catalyzed by ruthenium–porphyrin com-
plexes.[a]


Entry Catalyst Substrate Product t Conv Yield [%][b] b :a TON[d]


[h] [%] (a+b) ratio[c]


1 [RuIV(2,6-Cl2tpp)Cl2] 65 75 0.5 100 95 >99:1 950
2 [RuIV(tmp)Cl2] 65 75 2 100 95 84:1 950
3 [RuIV(ttp)Cl2] 65 75 2.5 100 89 3:1 890
4 [RuII(2,6-Cl2tpp)(CO)] 65 75 12 100 92 >99:1 920
5 [RuII(F20-tpp)(CO)] 65 75 12 100 90 8:1 900
6[e] [RuIV(2,6-Cl2tpp)Cl2] 65 75 48 75 73 >99:1 1.6� 104


7 [RuIV(2,6-Cl2tpp)Cl2] 66 76 1 100 93 >99:1 930
8 [RuIV(2,6-Cl2tpp)Cl2] 67 77 1 100 96 >99:1 960
9 [RuIV(2,6-Cl2tpp)Cl2] 68 78 1 100 95 >99:1 950
10 [RuIV(2,6-Cl2tpp)Cl2] 69 79 1 99 97 >99:1 960
11 [RuIV(2,6-Cl2tpp)Cl2] 70 80 1 100 90 26:1 900
12 [RuIV(2,6-Cl2tpp)Cl2] 71 81 1 100 85 7:1 850
13 [RuIV(2,6-Cl2tpp)Cl2] 72 82 1 100 94 >99:1 940
14 [RuIV(2,6-Cl2tpp)Cl2] 73 83 1 100 96 >99:1 960
15 [RuIV(2,6-Cl2tpp)Cl2] 74 84 1 100 92 >99:1 920


[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/substrate molar ratio=1:1100:1000 (except for
entry 6). [b] Isolated yield based on starting substrate. [c] Determined by 1H NMR spectroscopy as described
in reference [51]. [d] Turnover number. [e] Catalyst/oxidant/substrate molar ratio=1:33000:30 000.


Table 9. Oxidation of D4–3-ketosteroids with 2,6-Cl2pyNO catalyzed by
[RuIV(2,6-Cl2tpp)Cl2].[a]


Entry Substrate Product t [h] Conv [%] Yield [%][b] TON[c]


1 85 89 6 99 92 910
2 86 90 6 99 95 940
3 87 88 1 99 99 980
4 88 91 4 99 89 880


[a] Reaction conditions: CH2Cl2, 40 8C, catalyst/oxidant/substrate molar
ratio=1:2200:1000 (entries 1 and 2) or 1:1100:1000 (entries 3 and 4).
[b] Isolated yield based on the amount of consumed substrate. [c] Turn-
over number.
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bers (less than 100), except for the ruthenium–porphyrin
complexes grafted on dendrimers or soluble polymers
(which gave TONs of up to 900).[10d,e]


We first employed cholesterol acetate 65 as a substrate to
examine the [RuIV(2,6-Cl2tpp)Cl2]-catalyzed epoxidation of
D5-unsaturated steroids with 2,6-Cl2pyNO. The reaction was
completed within 0.5 h when conducted in CH2Cl2 with cata-
lyst/2,6-Cl2pyNO/65 molar ratio of 1:1100:1000, and afforded
a mixture of a- and b-75 in 95 % yield, with b :a ratio of
>99:1 (entry 1 in Table 8).[51] Changing the catalyst to
[RuIV(tmp)Cl2], [RuIV(ttp)Cl2], or [RuIV(por)(CO)] (por=


2,6-Cl2ttp, F20-tpp) increased the reaction time to 2–12 h for
completion of the reaction under similar conditions (en-
tries 2–5 in Table 8). It is remarkable that, with a catalyst/
2,6-Cl2pyNO/65 molar ratio of 1:33 000:30000, the [RuIV(2,6-
Cl2tpp)Cl2]-catalyzed epoxidation of 65 gave an extremely
high turnover number of 1.6 � 104, and the b :a ratio was
maintained at >99:1 (entry 6 in Table 8).


Epoxidation of D5-steroids 66–74 by using the “[RuIV(2,6-
Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol with catalyst/2,6-
Cl2pyNO/substrate molar ratio of 1:1100:1000 gave epoxides
76–84, respectively, in 85–97 % yields within 1 h (entries 7–
15 in Table 8). The D5-steroid with a free C3-OH group (71)
was converted to its epoxide 81 with moderate b-selectivity
(b :a =7:1) in 85 % yield (entry 12 in Table 8). No ketone
product was observed. The D5-steroids with other C3-sub-
stituents were oxidized to their epoxides with almost com-
plete b-selectivity (entries 7–10 and 13–15 in Table 8). Inter-
estingly, the methanesulfonate and tosylate derivatives 68
and 69 (key intermediates in the conversion of epoxide to
diene) were converted into the epoxides without detectable
decomposition of the methanesulfonyl and tosyl groups. The
17-substituted steroids 72–74 also gave the products 82–84,
respectively, in high yields and excellent selectivities (en-
tries 13–15, Table 8), revealing that substituents at the 17-
position have little effect on the reactions. It is especially
striking that the [RuIV(2,6-Cl2tpp)Cl2]-catalyzed epoxida-
tions of the benzoic ester 66 and the long-chain aliphatic
ester 67 with 2,6-Cl2pyNO (entries 7 and 8 in Table 8) were
completed within 1 h. In contrast, epoxidations of these two


substrates by “[RuVI(tmp)O2]+


air”[3] and “dendritic rutheni-
um–porphyrin+2,6-Cl2py-
NO”[10d] require 24 h for com-
pletion.


Oxidation of D4-3-ketosteroids :
D4-3-Ketosteroids exhibit useful
therapeutic actions. They are
involved in the biosynthetic
step of the steroid nucleus in
vivo and are key starting mate-
rials for the synthesis of steroid
derivatives that are potential in-
hibitors of aromatase.[52] It
should be noted that D4-3-ke-
tosteroids are a,b-unsaturated


ketones. Holland and co-workers showed that oxidation of
D4-3-ketosteroids with excess sodium peroxide gave D4-3,6-
diketosteroids in moderate yields.[53a] Marchon and co-work-
ers observed that D4-3-ketosteroids such as D4-cholestene-3-
one 85 (Table 9) could not be oxidized using the
“[RuVI(tmp)O2]+ air” protocol.[3b]


We performed the [RuIV(2,6-Cl2tpp)Cl2]-catalyzed oxida-
tion of 85 and progesterone (86) in CH2Cl2 at 40 8C for 6 h
with catalyst/2,6-Cl2pyNO/substrate molar ratio of
1:2200:1000 and obtained the D4-cholestene-3,6-dione (89)
and D4-pregnene-3,6,20-trione (90) in 92 and 95 % yields
(entries 1 and 2 in Table 9), respectively. No hydroxylated
products or epoxides were detected in the reaction mixtures
(even with the 2,6-Cl2pyNO/substrate molar ratio of 1.1:1).
This is different from the oxidation of D5-cholestene-3-one
by the “[RuVI(tmp)O2]+air” system,[53b] which gave a mix-
ture of 89, 6b-hydroxy-D4-cholestene-3-one, and 6a-hydroxy-
D4-cholestene-3-one. The oxidation of D5-cholestene-3-one
to 89 can also be effected by employing the “[RuIV(2,6-
Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol with 2,6-Cl2pyNO/sub-
strate molar ratio of 2.2:1, and again, no hydroxylated prod-
ucts or epoxides were detected (89 is usually obtained from
oxidation of D5-3b-alcohol or D5-3-one by using chromium
oxidants[53c,d]).


Interestingly, changing the substituent at the C17 position
in the D ring resulted in a change in the nature of the oxida-
tion product. Oxidation of 85 and 86 using this protocol
gave D4-3,6-diones (89 and 90, entries 1 and 2 in Table 9).
However, with a hydroxyl group at the C17-position (87),
the reaction was fast, affording D4-androstene-3,17-dione
(88) in 98 % overall yield within 1 h (entry 3 in Table 9).
The oxidation of 88 proceeded more slowly and gave the b-
epoxide 91 in 89 % yield after 4 h as shown in entry 4 of
Table 9 (the structure of 91 was determined by X-ray crystal
analysis, see Figure S1 in the Supporting Information). Such
dependence of the oxidation product on the C17-substituent
has not been observed for the oxidation of D4-3-ketosteroids
with TBHP or sodium peroxide[53] or the oxidation of D5-un-
saturated steroids using the “[RuIV(2,6-Cl2tpp)Cl2]+ 2,6-
Cl2pyNO” protocol described above.


Table 10. Epoxidation of estratetraene derivatives with 2,6-Cl2pyNO catalyzed by [RuIV(2,6-Cl2tpp)Cl2] and
[RuIV(tmp)Cl2].[a]


Entry Catalyst Substrate Product Conv [%] Yield [%][b] TON[c]


1 [RuIV(2,6-Cl2tpp)Cl2] 92 95 99 90 890
2 [RuIV(tmp)Cl2] 92 95 99 88 870
3 [RuIV(2,6-Cl2tpp)Cl2] 93 96 99 95 940
4 [RuIV(2,6-Cl2tpp)Cl2] 94 97 99 92 910


[a] Reaction conditions: CH2Cl2, 40 8C, 8 h, catalyst/oxidant/substrate molar ratio= 1:4000:1000. [b] Isolated
yield based on the substrate consumed. [c] Turnover number.
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Oxidation of estratetraene derivatives with C=C bond at D
ring : Steroids with an epoxide group at the C17-position of
D ring are key intermediates for natural product synthe-
sis.[54] These epoxides are usually prepared through stoichio-
metric reactions that either give low to moderate diastereo-
selectivity or require tedious experimental procedures. For
example, the C17-epoxides of estrone and its derivatives
(which have potential uses in oral contraceptive treatment
of hyperandrogenism and in the treatment of hormone-de-
pendent breast cancer in postmenopausal women[55]) can be
obtained by oxidation using m-CPBA with a diastereoselec-
tivity of a/b= 80:20,[55a, 56a,56c] by ring closure of trans-bromo-
hydrin with strong inorganic base,[56c,e] and by reaction of
the carbonyl group (C17) at D ring with sulfur ylide
(Me3SOI/KOtBu).[55c–e] However, there are few reports on
the synthesis of the C17-epoxides of unsaturated steroids
through catalytic processes.[10d,57]


We observed that treatment of the estratetraene deriva-
tives 92–94 with 2,6-Cl2pyNO in CH2Cl2 in the presence of
catalyst [RuIV(2,6-Cl2tpp)Cl2] at 40 8C for 8 h (catalyst/2,6-
Cl2pyNO/substrate molar ratio=1:4000:1000) led to epoxi-
dation of the double bond between C17 and C19 of 92 and
between C16 and C17 of 93 and 94 to give epoxides 95–97,
respectively, in 90–95 % yields with virtually complete b-se-
lectivity for 95 and a-selectivity for 96 and 97 (entries 1, 3,
and 4 in Table 10); the b-configuration of 95 and a-configu-
ration of 96 were confirmed by X-ray crystal analysis, see
Figure S2 in the Supporting Information). A similar reaction
was observed when [RuIV(tmp)Cl2] was used as catalyst
(entry 2 in Table 10). Surprisingly, in these cases, the CH2


group at the C6-position in B ring was concomitantly oxi-
dized to ketone (such oxidation could not be prevented
even when the 2,6-Cl2pyNO/substrate molar ratio was re-
duced to 1.1:1). This is unusual in the oxidation chemistry of
estratetraene derivatives and is different from the TBHP ep-
oxidation of the analogues of 92 catalyzed by the Sharpless
catalysts[57] and other oxidation methods,[56,58] and from the
2,6-Cl2pyNO epoxidation of 92 catalyzed by a [RuII-
(por)(CO)]-based dendritic ruthenium–porphyrin com-
plex,[10d] neither of which resulted in oxidation of the benzyl-
ic CH group at the C6-position.


Conclusion


The structurally characterized [RuIV(2,6-Cl2tpp)Cl2] shows a
markedly higher efficiency in catalyzing epoxidation of elec-
tron-deficient alkenes with 2,6-Cl2pyNO than the carbonyl-
ruthenium(ii)–porphyrin complexes [RuII(por)(CO)] (por=


2,6-Cl2ttp, F20-tpp) and other dichlororuthenium(iv)–por-
phyrin complexes [RuIV(tmp)Cl2] and [RuIV(ttp)Cl2]. The
epoxidation of a variety of a,b-unsaturated ketones with
2,6-Cl2pyNO catalyzed by [RuIV(2,6-Cl2tpp)Cl2] can be com-
pleted in a few hours, and exhibited high regio- and diaster-
eoselectivities with up to 99 % substrate conversion. The
“[RuIV(2,6-Cl2tpp)Cl2]+2,6-Cl2pyNO” protocol is applicable
to the oxidation of arenes and affords quinones with up to


99 % substrate conversion and almost complete product se-
lectivity within several hours. [RuIV(2,6-Cl2tpp)Cl2] is also a
powerful catalyst for oxidation of steroids with 2,6-Cl2pyNO
under mild conditions. By employing this catalyst, the oxida-
tion of D5-unsaturated steroids can be completed within 0.5
or 1 h and displayed up to >99 % b-selectivity and up to
97 % epoxide yield; while the oxidation of D4-3-ketosteroids
to D4-3,6-diketosteroids or b-epoxide (which proceeded with
up to 99 % product yields within 1–6 h) is sensitive to the
substituent(s) at the remote C17-position. For oxidation of
estratetraene derivatives with C=C bond at D ring, both the
C=C and the benzylic C�H bonds at the C6-position in B
ring are oxidized, affording a new class of steroid derivatives
in up to 95 % yields. Product turnover numbers in the oxida-
tion of electron-deficient alkenes, arenes, and steroids by
using the “[RuIV(2,6-Cl2tpp)Cl2]+ 2,6-Cl2pyNO” protocol
can be as high as 6.4 �103, 2.0 �104, and 1.6 �104, respective-
ly. These results demonstrate that [RuIV(2,6-Cl2tpp)Cl2] is an
active, robust, and versatile catalyst for highly selective oxi-
dation of arenes, unsaturated steroids, and electron-deficient
alkenes using 2,6-Cl2pyNO as oxidant.


Experimental Section


General : m-CPBA, alkenes 1–4, 6, 13, 17, arenes 42–46, 50, 51, and ste-
roids 65–67, 70, 71, 73, 74, 85–88 were purchased from Aldrich and
Acros. Alkenes 5,[59] 7–9,[29, 31, 60] 10–12,[61] 14–17,[13] 18,[62] 19, 20,[37] arenes
47, 48,[63, 64] 49,[65] estrone derivative 52,[66] cholesteryl esters 68, 69,[67]


72,[68] estratetraene derivatives 92,[69] 93,[70] 94,[71] oxidant 2,6-X2pyNO
(X= Cl, Br, Me, H),[72] the porphyrin ligands,[73] and related ruthenium
complexes of porphyrins[10] and Schiff bases[74] were prepared according
to the published procedures. All solvents were of AR grade. 1H and
13C NMR spectra were obtained on a Bruker DPX 300 or 400 spectrome-
ter by using tetramethylsilane (TMS) as an internal standard, with the
chemical shifts relative to TMS. Infrared spectra were recorded by using
Bio-Rad FTS-7 FT-IR spectrometer. UV-visible spectra were measured
on a Milton Roy Spectronic 3000 diode-array spectrophotometer. Mass
spectra were recorded on a Finnigan MAT95 (FAB), Finnigan LCQ
quadrupole ion trap (electrospray), or Jasco (EI and HRMS) mass spec-
trometer. GC measurements were carried out on a HP 5890 Series II gas
chromatograph equipped with a flame ionization detector and a 3396 Ser-
ies II integrator. Electrochemical studies were performed on a Princeton
Applied Research Model 273 A potentiostat/galvanostat coulometer with
a three-electrode cell system (working electrode: glassy carbon, counter
electrode: platinum wire, reference electrode: 0.1m Ag/AgNO3 in
MeCN). Elemental analysis was performed by the Institute of Chemistry,
the Chinese Academy of Sciences.


Preparation of [RuIV(2,6-Cl2tpp)Cl2] and [RuIV(tmp)Cl2]:m-CPBA
(0.17 g, 1 mmol) was added to a solution of [RuII(2,6-Cl2tpp)(CO)] or
[RuII(tmp)(CO)] (0.1 mmol) in CH2Cl2 (30 mL). The mixture was stirred
at room temperature for 30 min and then flashed through an alumina
column. Removal of solvent in vacuo gave [RuVI(por)O2] (por =2,6-
Cl2ttp or tmp). The freshly prepared [RuVI(por)O2] was dissolved in
CH2Cl2 (20 mL) and treated with Me3SiCl (0.2 mL). The resulting mix-
ture was stirred at room temperature under argon until the reaction
reached completion (monitored by UV-visible spectroscopy). The solvent
was removed by evaporation, and the residue was washed with methanol
(5 � 15 mL) and recrystallized from CH2Cl2/MeOH, affording [RuIV(2,6-
Cl2tpp)Cl2] or [RuIV(tmp)Cl2] as a dark red solid.


Data for [RuIV(2,6-Cl2tpp)Cl2]: Yield: 90%; 1H NMR (400 MHz, CDCl3):
d=9.51 (d, 8 H; phenyl-H), 8.81 (t, 4H; phenyl-H), �53.4 ppm (br s, 8H;
pyrrole-H); IR (KBr): ñ=1010 cm�1 (oxidation state marker band); UV/
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Vis (CH2Cl2): lmax (log e)= 410 (5.20), 520 nm (4.11); elemental analysis
calcd (%) for C44H20Cl10N4Ru·CH3OH·0.5 CH2Cl2 (1134.76): C 48.16, H
2.22, N 4.94; found: C 48.39, H 1.91, N 4.83; electrospray MS: m/z :
1059.7 [M]+ , 1024.9 [M�Cl]+ , 989.9 [M�2 Cl]+ .


Data for [RuIV(tmp)Cl2]: Yield: 80 %; 1H NMR (400 MHz, CDCl3): d=


12.47 (s, 8H; phenyl-H), 4.08 (s, 24H; o-CH3), 3.85 (s, 12 H; p-CH3),
�54.3 ppm (br s, 8H; pyrrole-H); IR (KBr): ñ=1015 cm�1 (oxidation
state marker band); UV/Vis (CH2Cl2): lmax (log e)=408 (5.23), 515 nm
(4.24); elemental analysis calcd (%) for C56H52Cl2N4Ru·2 H2O·1.5 CH2Cl2


(1116.44): C 61.86, H 5.33, N 5.02; found: C 61.92, H 5.14, N 5.21; elec-
trospray MS: m/z : 952.7 [M]+ , 917.2 [M�Cl]+, 882.8 [M�2Cl]+.


Preparation of [{RuIV(F20-tpp)Cl}2O]: This complex was prepared accord-
ing to the same procedure as that for the preparation of [RuIV(2,6-
Cl2tpp)Cl2] except that [RuII(F20-tpp)(CO)] was used instead of [RuII(2,6-
Cl2tpp)(CO)]. Yield: 62%; 1H NMR (400 MHz, CDCl3): d= 8.98 ppm (s,
16H; pyrrole-H); UV/Vis (CH2Cl2): lmax (loge)=394 (5.42), 512 (4.11),
640 nm (4.32); elemental analysis calcd (%) for C88H16Cl2F40N8OR-
u2·2CHCl3·C6H14 (2559.03, a sample recrystallized from CHCl3/hexane):
C 45.06, H 1.26, N 4.38; found: C 45.10, H 1.06, N 4.26; FAB MS: m/z :
1109 [Ru(F20-tpp)Cl]+ , 1090 [Ru(F20-tpp)O]+ , 1071 [Ru(F20-tpp)]+ .


General procedure for 2,6-Cl2pyNO oxidation of arenes, steroids, and
electron-deficient alkenes catalyzed by ruthenium–porphyrin complexes :
A mixture of substrate (1 mmol), 2,6-Cl2pyNO, and ruthenium porphyrin
in CH2Cl2 (5 mL) was stirred under argon at 40 8C (for the molar ratio of
catalyst/2,6-Cl2pyNO/substrate, see Tables 3–10). The completion of the
reaction was determined by 1H NMR spectroscopy by monitoring the ap-
propriate signal of the protons on the alkene double bond or on the aro-
matic ring. Pure oxidation product was obtained after flash chromatogra-
phy on silica gel column with ethyl acetate-hexane (1:4 v/v) as eluent.
The oxidation products 21–41,[26a,30, 37, 75] 53–55,[4d] 56–60,[43] 61–63,[46] 64,[47]


75–84,[3,76, 77] and 89–91[53] were characterized as reported in the literature.
For characterization of 95–97, see the spectral data included in Support-
ing Information.


Competitive epoxidation of substituted styrenes versus styrene with 2,6-
X2pyNO (X=Cl, Br, Me) catalyzed by [RuIV(2,6-Cl2tpp)Cl2]: Complex
[RuIV(2,6-Cl2tpp)Cl2] (0.5 mmol) was added to a solution of styrene
(0.5 mmol), substituted styrene (0.5 mmol), and 2,6-X2pyNO (0.55 mmol)
in CH2Cl2 (5 mL). The reaction mixture was stirred for 2 h at room tem-
perature. The amounts of styrenes before and after the reaction were de-
termined by GC. The relative rates krel were determined by the Equa-
tion (1) in which Yf and Yi are the final and initial quantities of substitut-
ed styrene; Hf and Hi are the final and initial quantities of styrene.


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


X-ray crystal structure determinations of [RuIV(2,6-Cl2tpp)Cl2], [RuIV-
(tmp)Cl2], [{RuIV(F20-tpp)Cl}2O], 91, 95, and 96 : Diffraction-quality crys-
tals of [RuIV(2,6-Cl2tpp)Cl2]·2 CHCl3·C6H14, [RuIV(tmp)Cl2]·0.5 CHCl3,
and [{RuIV(F20-tpp)Cl}2O]·2 H2O·CHCl3 were obtained by slow diffusion
of hexane into solutions of the complexes in CHCl3, whereas those of 91,
95, and 96 were obtained by slow evaporation of their solutions in ethyl
acetate/hexane. The data were collected on a MAR diffractometer with a
300 mm image plate detector for [RuIV(2,6-Cl2tpp)Cl2]·2CHCl3·C6H14 and
[RuIV(tmp)Cl2]·0.5 CHCl3, and on a Bruker SMART diffractometer for
[{RuIV(F20-tpp)Cl}2O]·2 H2O·CHCl3, 91, 95, and 96 using graphite-mono-
chromatized MoKa radiation. The structures were refined by full-matrix
least-squares against F2 by using SHELXL-97[78] program on PC.


CCDC-251906 ([RuIV(2,6-Cl2tpp)Cl2]), �251907 ([RuIV(tmp)Cl2]),
�251902 ([{RuIV(F20-tpp)Cl}2O]), �251903 (91), �251904 (95), �251905
(96) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Electronic Energy Levels in all-trans Long Linear Polyenes: The Case of the
3,20-Di(tert-butyl)-2,2,21,21-tetramethyl-all-trans-3,5,7,9,11,13,15,17,19-
docosanonaen (ttbp9) Conforming to Kasha�s Rule


Javier Catal�n,*[a] Henning Hopf,*[b] Cornelia Mlynek,[b] Dagmar Klein,[b] and
Pinar Kilickiran[b]


Introduction


Although the spectroscopic behaviour of polyenes has been
widely studied,[1–5] a number of questions remain unan-
swered that are addressed in this paper. This may have been
the result of the experimental difficulties posed by the high
instability of polyenes, which very often prevent recording
of the spectroscopic data required to reliably elucidate their
photophysical behaviour. The photolability of these unsub-
stituted hydrocarbons is substantially reduced by the pres-


ence of substituents such as b-ionylidene or phenyl groups
at the terminal carbon atoms, constituting the well-known
carotinoid or diphenylpolyene families; however, the inter-
action between the p-electrons in the polyene structure and
such substituents may conceal or alter the actual photophys-
ical properties of the polyene chain. The use of methyl sub-
stituents to stabilise polyenes[6,7] has provided some results
of a high photophysical significance that are commented on
below.


Polyene chromophores occur in such prominent structures
as visual pigments,[8] the carotenoid antenna of photosynthe-
sis[9] and vitamins A[10] and D.[11] By virtue of their molecular
structure, with alternate double and single carbon bonds,
they are prototypes for such important structural transfor-
mations as cis–trans isomerisations.[12] Also, their potential
metallic character makes them candidates for constructing
molecular nanostructures capable of conducting charge
along the linear polyene chain.[5] For all these reasons, poly-
enes continue to be a priority research topic.


The currently accepted photophysical model for unsubsti-
tuted polyenes, which has been extended to their derivatives,
was developed by Hudson and Kohler[13] and establishes the
following energy sequence for electronic states in the poly-


Abstract: The absorption, fluorescence
and fluorescence excitation spectra for
3,20-di(tert-butyl)-2,2,21,21-tetrameth-
yl-all-trans-3,5,7,9,11,13,15,17,19-doco-
sanonaen (ttbP9) in dilute solutions of
2-methylbutane were recorded at tem-
peratures over the range 120–280 K.
The high photostability of this nonaene
allows us to assert that it exhibits a
single fluorescence and that this can be
unequivocally assigned to emission
from its 11Bu excited state, it being the
first excited electronic state. Available


photophysical data for this polyene and
the wealth of information reported for
shorter all-trans polyenes allow us to
conclude that if the first excited elec-
tronic state for the chromophore pos-
sessed 21Ag symmetry, then the energy
of such a state might have been so
close to that of the 11Bu state that: 1)


the radiationless internal conversion
mechanism would preclude the obser-
vation of the emission from the 11Bu


state reported in this work and 2) the
21Ag state reached through internal
conversion would be vibrationally cou-
pled to 11Bu and would facilitate the
detection of the emission from 21Ag,
which was not observed in any of the
solvents used in this work. The spectro-
scopic and photochemical implications
of these findings for other polyenes are
discussed.
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enes beyond octatetraene: 11Ag !21Ag<11Bu, in which 11Ag


is the ground electronic state, and 21Ag and 11Bu are the first
two excited singlet states. While the transition 11Ag!21Ag is
forbidden, 11Ag!11Bu is strongly dipole-allowed. As a
result, Hudson and Kohler believe that 11Ag!11Bu gives the
first absorption band and 11Ag!21Ag the emission band, the
energy gap between the excited electronic states 11Bu and
21Ag increasing with increasing length of the polyene chain.
Most experimental evidence for octatetraene, pentaene and
hexaene is consistent with the assumptions of this model.
However, there exist conflicts with it as well:


1) Thus, in 1978 Gavin et al.[14] showed that, consistent with
the model of Hudson and Kohler, octatetraene in the
condensed phase exhibits emission with a large Stokes
shift (3500 cm�1) in n-hexane, but no shift in the gas
phase (i.e. , the emission originates from the 11Bu state),
which is not consistent with the model. In 1984, Heim-
brook et al.[15] reported that octatetraene in a free jet
only exhibits 11Bu!11Ag emission, which is also inconsis-
tent with the model. In 1990, Bowman et al.[6] found oc-
tatetraene in the gas phase to additionally exhibit slight
emission resulting from the transition 21Ag!11Ag, and in
1991, Petek et al.[16] observed both octatetraene emis-
sions also in a free jet.


2) Gavin et al.[14] reported also relevant experimental facts:
the emission 11Bu!11Ag of octatetraene in the gas phase
at 295 K exhibits a quantum yield of 0.10�0.05[14,15] and
a lifetime of 14.8�0.4 ns; on the other hand, the emis-
sion 21Ag!11Ag of this compound in n-hexane at the
same temperature exhibits a quantum yield of 0.02�
0.01[14,15] and a lifetime of 4.4�0.4 ns. As a result, the ra-
diation constants for the two emissions, namely, 6.7
(�3.5) �106 and 4.6 (�2.7) �106 s�1, can be assumed to
be identical within experimental error.


3) Snyder et al.[17] noted an abrupt fluorescence change
from hexaene to heptaene in EPA (diethyl ether/l-meth-
ylbutane/ethanol= 5:5:2) matrix at 77 K: while hexaene
only exhibited the emission 21Ag!11Ag, heptaene exhib-
ited the additional emission 11Bu!11Ag, which was the
stronger. This evidence allowed heptaene to be deemed
an anti-Kasha compound.[18] It should be emphasised
that no comparable change occurs in the corresponding
dimethyl derivatives; in fact, deca-2,4,6,8-tetraene,[19]


2,10-dimethyl-1,3,5,7,9-undecapentaene,[20] 2,13-dimethyl-
1,3,5,7,9,11-tridecahexaene,[20] and 2,4,6,8,10,12,14-hexa-
decaheptaene[7] all exhibit the typical behaviour model-
led by Hudson and Kohler (namely, 21Ag!11Ag emission
that is strongly shifted from the 11Ag!11Bu absorp-
tion).


A hypothetical prediction of the Hudson and Kohler
model as the polyene chain is lengthened would lead to non-
fluorescent all-trans polyenes, since the 21Ag state would
quench the 11Bu state by internal conversion, and, in addi-
tion, the 21Ag state would not emit because it would not be
coupled to 11Bu.


Also worth noting is the differential behaviour of a,w-di-
phenylpolyenes. According to Bachilo et al.,[21] derivatives
with polyene chains that contain three or more double
bonds are doubly fluorescent in the condensed phase.


In this work, we synthesised and elucidated the structure
and photophysics of the longest polyene (3,20-di(tert-butyl)-
2,2,21,21-tetramethyl-all-trans-3,5,7,9,11,13,15,17,19-docosa-
nonaen (ttbP9)) bearing only alkyl groups on its terminal
carbon atoms studied so far. The compound consists of a
chain that contains nine double bonds in an all-trans config-
uration and four tert-butyl groups that not only make the
compound photophysically highly stable, but also result in
the presence of a large number of vibrational modes and in
a dramatically reduced energy gap between the electronic
state 11Bu—which can be populated by direct excitation—
and the potential state 21Ag. This is bound to enormously fa-
cilitate radiationless internal conversion mechanisms deacti-
vating the 11Bu state to other, potentially lower energy
states. This in turn should allow one to expose previously
obscure states below 11Bu, which can be readily populated
by absorption from the 11Ag the ground state.


The polyene structure studied, which has nine double
bonds, must be regarded as a good photophysical model for
carotenoid compounds, which play an important role in pho-
tosynthesis and many other important biological processes.


Experimental Section


Preparation of 3,20-di(tert-butyl)-2,2,21,21-tetramethyl-all-trans-
3,5,7,9,11,13,15,17,19-docosanonaen (ttbP9): Zinc dust (1.04 g,
15.83 mmol) and anhydrous pyridine (0.56 g, 7.08 mmol, 0.57 mL) were
added to a solution of TiCl4 (1.80 g, 9.48 mmol, 1.04 mL) in anhydrous
THF (100 mL) at 0 8C under nitrogen. The mixture was stirred for 30 min
at 0 8C and 9-tert-butyl-10,10-dimethyl-undeca-2,4,6,8-tetraenal (250 mg,
1.02 mmol) dissolved in anhydrous THF (30 mL) was added. After stir-
ring the suspension for 1 h at 0 8C, ice water, diethyl ether and finally 2 n


HCl were added until the aqueous phase became clear. The organic
phase was separated, the aqueous layer was extracted carefully with di-
ethyl ether and the organic layers were combined, neutralised
(NaHCO3), and dried with sodium sulfate. After removal of the solvent
in vacuo, the residue was purified by column chromatography on silica
gel with pentane providing 194 mg (83 %) of the nonaene as a dark-red
solid, m. p. 172 8C. Crystals suitable for X-ray structural analysis were ob-
tained by recrystallisation from chlorobenzene. 1H NMR (400.1 MHz,
CDCl3, int. TMS): d=1.23 (s, 18H; tBu), 1.37 (s, 18H; tBu), 6.07 (d, 3J=


11.7 Hz, 2H; 4-, 19-H), 6.11–6.17 (dd, 3J =10.72, 3J=14.29 Hz, 2 H; 6-,
17-H), 6.29–6.38 (m, 10H; 7-, 8-, 9-, 10-, 11-, 12-, 13-, 14-, 15-, 16-H),
6.81–6.88 ppm (dd, 3J =11.80, 3J =14.16 Hz, 2H; 5-, 18-H); 13C NMR
(100.6 MHz, CDCl3): d=31.74, 33.72 (q, CH3 of tBu), 37.92, 38.98 (C of
tBu), 124.04 (d, C-4, �19), 132.41 (d, C-6, �17), 132.96 (d, C-5, �18),
132.35, 132.91, 133.23, 133.45, 133.92 (d, C-7, �8, �9, �10, �11, �12,
�13, �14, �15, �16), 157.91 ppm (C-3, �20); IR (KBr): ñ =2954 (m),
1215 (m), 1005 cm�1 (vs); UV/Vis (acetonitrile): lmax (log e)=460 (4.97),
432 (4.98), 408 (4.79), 390 (4.48, sh), 372 (4.15, sh), 330 (3.76), 266 nm
(4.02); MS (EI, 70 eV): m/z : 460 (100) [M+], 403 (14), 346 (22), 57 (76);
HRMS: calcd: 460.407; found: 460.406. The all-trans-configuration of the
hydrocarbon was established by X-ray structural analysis.[22]


Spectroscopic measurements : Absorption and emission spectroscopic
measurements were made on solutions containing a ttbP9 concentration
of approximately 4� 10�6


m in 2-methylbutane (2-MB), by using Suprasil
quartz cells of 1 cm path length. The sample temperature, which ranged
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from 120 to 280 K, was controlled by an Oxford DNI1704 cryostat equip-
ped with an ITC4 controller and interfaced to the spectrophotometers.
UV/Vis and emission spectra were recorded on a Cary-5 spectrophotom-
eter and an Aminco-Bowman AB2 spectrofluorimeter, respectively.


Corrected fluorescence and excitation spectra were obtained on a preca-
librated Aminco-Bowman spectrofluorimeter. Samples of ttbP9 were ex-
cited to the third peak of the first absorption band (ca. 404 nm) by using
light from a continuous wave (CW) 150 W xenon lamp for steady-state
spectra. Emission excitation spectra were obtained by monitoring light at
520 nm. The slit widths used in the excitation and emission monochroma-
tors were 16 and 2 nm, respectively, for emission measurements, and 2
and 16 nm for excitation measurements.


Quantum yields were calculated from spectra for freshly prepared sam-
ples at 298 K recorded on the Aminco-Bowman instrument. The absor-
bances used correspond to the third peak of the first absorption band for
both the standard DPO (DPO =a,w-diphenyloctatetraene; for which the
ff values at 298 K in cyclohexane and benzene are 0.09[23] and 0.15,[24] re-
spectively) and ttbP9, and are 0.20.


The benzene, cyclohexane and 2-MB used were Merck Uvasol grade and
contained less than 0.005 % water.


Fluorescence lifetimes were determined relative to glycogen scattering
solutions, using modulation measurements made with excitation at fre-
quencies over the range 90–250 MHz on an SLM 48000 spectrofluorime-
ter furnished with solid Pockels cells.


Results and Discussion


Figure 1 shows the absorption spectra for ttbP9 in 2-MB at
temperatures between 120 and 280 K. The figure exposes
the amazing thermochromism of this linear polyene. As
shown in Figure 2 the position of the 0–0 transition for this
band is strongly correlated with the sample temperature
[Eq. (1)], with n=12, r=0.99986 and sd=0.1 nm (n=number
of points, r=correlation coefficient, sd= standard deviation).


l0�0 ¼ ð�0:086� 0:0005ÞT þ 481:2� 0:99 ð1Þ


Extrapolation to 0 K gives 481.2�0.09 nm for the position
of the 0–0 component, which must, therefore, correspond to
the totally planar conformation of the compound. Also, be-
cause the 0–0 component of ttbP9 can be measured precise-
ly in any type of medium, the compound can in principle be
used as an accurate molecular thermometer.[25]


As can be seen from Figure 1, the electronic transition
11Ag!11Bu in ttbP9 is highly structured and spans a broad
spectral range (360–490 nm).


The emission of ttbP9 in 2-MB upon excitation to its third
vibronic peak (404 nm, Figure 3) exhibits no Stokes shift;
nor does it change appreciably upon direct excitation of the
0–0 component. The excitation spectra (Figure 3) acceptably
match the corresponding absorption spectra (Figure 1). Con-
sequently, the emission can only be produced by a pure
sample of ttbP9. In fact, no trace of emissions subject to
large Stokes shifts was found over the spectral range exam-
ined.


Figure 3 shows the excitation and emission spectra for
ttbP9 in 2-MB at 280, 220 and 120 K. For easier comparison,
they were normalised with respect to their second peaks.
The emission spectra clearly reveal the absence of a 0–0
component. This is highly significant as it indicates that 1)
any Stokes shift is negligible and 2) the process is extremely
efficient as the emission of the 0–0 component is virtually
completely quenched by the bulk solution; this is particular-
ly remarkable on account of the high dilution used. The
spectra exhibit acceptable mirror symmetry at the three
temperatures studied.


As with the absorption spectra (Figure 1), lowering the
temperature resulted in bathochromic shifts in the emission
excitation spectra (Figure 3). Thus, the second excitation
peak was shifted by �158 cm�1 from 280 to 220 K and by
�477 cm�1 from 280 to 120 K. Interestingly, the correspond-
ing emission spectra (Figure 3) exhibited similar bathochro-
mic shifts; thus, the second emission peak was shifted by
�182 cm�1 from 280 to 120 K and by �484 cm�1 from 280 to
120 K. This confirms that the transition that gives the first


Figure 1. UV-visible absorption spectra of a solution of ttbP9 in 2-MB
(4 � 10�6


m) between 280 and 120 K.


Figure 2. Wavelength of the 0–0 transition 11Ag!11Bu of ttbP9 in 2-MB
versus experimental temperature.
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absorption band for these compounds, 11Ag!11Bu, is also
responsible for their emission (i.e. , that the absorption leads
to 11Bu and the emission originates from this state as well).
The emission has ff =0.0004 and tf = 133 ps, hence kf =3 �
106 s�1.


The spectra of Figure 3 contain no band for any other
fluorescence exhibiting a large Stokes shift. The absence of
the 21Ag!11Ag emission postulated by the Hudson and
Kohler model cannot be explained by means of a self-ab-
sorption process, for the reason that no absorption band ap-
pears in the spectral region in which the 21Ag!11Ag transi-
tion would have to be located. That is, the Hudson and
Kohler model predicts that the 0–0 component of the
21Ag!11Ag transition would be located at 555 nm (i.e.,
18 034 cm�1, see Table 1 and the corresponding comments in
text).


In 1950, Kasha[18] envisaged the photophysical significance
of the radiationless internal conversion mechanism and
wrote [that] “the phenomenon of internal conversion is
manifested by the appearance of a unique luminescence, re-
gardless of which state of a given multiplicity is excited. It
yields a most useful spectroscopic criterion: The emitting
electronic level of a given multiplicity is the lowest excited
level of that multiplicity.” This criterion has come to be
known as Kasha�s rule. Fifty years on, few molecular sys-
tems have been found to contradict it. The best-known ex-
ception is no doubt azulene, the fluorescence of which starts
from its second excited singlet and thus corresponds to an
S2!S0 transition. Recently, Christensen et al.[7,17] studied the
fluorescence of heptaene and identified anti-Kasha behav-
iour in longer polyenes; according to these authors, hep-
taene exhibits double fluorescence due to an S1!S0 transi-
tion (21Ag!11Ag) and an S2!S0 transition (11Bu!11Ag).


Based on the solvatochromic behaviour of unsubstituted
polyenes (octatetraene, pentaene, hexaene and heptaene)
established by Snyder et al.,[17] we estimated the energies for
the 0–0 components of the transitions 11Bu!11Ag and
21Ag!11Ag in 2-MB at room temperature (see Table 1). The
data for all-trans polyenes containing 4–7 double bonds in
their chains allows us to extrapolate the values for the 0–0
components in nonaene (also shown in Table 1). This in turn
allows us to estimate the energy gap between the 11Bu and
21Ag states in nonaene: 6712 cm�1.


Let us now estimate the energy gap for ttbP9. D�Amico
et al.[26] reported that the presence of two methyl groups at


Figure 3. Corrected excitation (blue) and emission (red) spectra of a so-
lution of ttbP9 in 2-MB (4 � 10�6


m) measured at 280 (top), 220 (middle)
and 120 K (bottom).


Table 1. Transition energies [cm�1] for 11Ag!11Bu and 21Ag!11Ag for
the unsubstituted polyenes (octatetraene, pentaene, hexaene, heptaene)
in 2-MB, estimated from the solvatochromic relationships established by
Snyder et al.[17] and their corresponding energy gaps.


Absorption Emission
(11Ag!11Bu) [ttbP] (21Ag!11Ag) DE


octatetraene 32 978 28 602 4376
decapentaene 29 984 24 550 5434
dodecahexaene 27 437 21 689 5748
tetradecaheptaene 25 897 19 472 6425
nonaene 24 746[a] [21 925][b] 18 034[a] 6712


[a] Transition energies for absorption of the unsubstituted nonaene, ex-
trapolated from the corresponding energy values of octatetraene, pen-
taene, hexaene, and heptaene. [b] 0–0 energy component for the transi-
tion 11Ag!11Bu of ttbP9.
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the a- and w-positions in a polyene decreased the energy
gap by about 1000 cm�1, as the exclusive result of a red shift
by approximately 1000 cm�1 in the transition 11Bu!11Ag,
since, according to these authors, “the 21Ag!11Ag transition
is almost unaffected by these substitutions”. Table 1 includes
the position of the 0–0 component for ttbP9 in 2-MB; the
results expose an increased red shift for the transition
11Bu!11Ag by effect of the substitution with four tert-butyl
groups at the a- and w-positions in the polyene. The shift,
which can be estimated to be about 2800 cm�1 for ttbP9,
would reduce the hypothetical energy gap for this com-
pound in 2-MB at room temperature to only 3900 cm�1.


If an electronic state (21Ag) were present only 3900 cm�1


below 11Bu in the Jablonski diagram for ttbP9, then one
could estimate the radiationless internal conversion constant
for the transformation of the state reached through absorp-
tion (11Bu) into the forbidden state 21Ag. This is one of the
molecular systems in which, similar to the particle-in-a-box
model, the stability of the electronic states increases with in-
creasing chain length; this is also the case with linear poly-
acenes, with which polyenes have frequently been compared
in spectral terms. Let us use the S1!S0 internal conversion
constants of the linear polyacenes benzene, naphthalene, an-
thracene, pentacene and hexacene, all in cyclohexane at
293 K, recently obtained by Nijegorodov et al.[27] with a view
to establishing the energy-gap law. As can be seen from
Figure 4, the logarithm of the corresponding kIC values
varies linearly with the energy gap between S1 and S0, which
facilitates extrapolation of this behaviour.


Based on this figure, a gap of 3900 cm�1 results in kIC =


2.9 � 1011 s�1. This should only be taken as a lower limit for
kIC as internal conversion is a radiationless process, so it
must obey Fermi�s golden rule [Eq. (2)] in which f1 and f2


are the electronic wave functions of S1 and S2, respectively;
q11 and q2k the nuclear wave functions for the appropriate vi-
brational levels of S1 and S2, respectively; J is the nuclear
energy operator and 1 the number of isoenergetic levels
present in S1 relative to the S2 levels involved in the internal
conversion process.


kCI / hf2jJjf1i2
X


k


X
lhq2kjq1li2 1 ð2Þ


As previously shown for acenes, the vibrations involved in
this process are of the C�H type and their number increases
substantially with the presence of the tert-butyl substituents.
For this reason, the number of available isoenergetic states
in ttbP9 must be quite large, as must kIC as determined from
the energy-gap law as a result. Therefore, if ttbP9 possessed
a state 3900 cm�1 below 11Bu in the Jablonski diagram, the
latter would be deactivated at room temperature by internal
conversion, with a rate constant above 1012 s�1; this would
contradict the experimentally observed fluorescence of this
compound from its 11Bu state, for which kf =3 � 106 s�1. Also,
lowering the temperature from 280 to 120 K shifts the 0–0
component for the transition 11Ag!11Bu of ttbP9 in 2-MB
hypsochromically by about 700 cm�1, so the energy gap for
the compound at 120 K must be 3200 cm�1 and its emission
cannot change significantly. One other interesting fact is
that the quantum yield changes little from cyclohexane to
benzene (ff is 0.00043 in the former and 0.00041 in the
latter); by contrast, the energy gap can be about 700 cm�1


smaller, consistent with the red shift in the 0–0 component
for ttbP9 between the two solvents.[25]


We should bear in mind that for azulene, Kasha�s rule
breaks down because it exhibits an unusually large energy
gap between its S2 and S1 states (13 980 cm�1) with kIC =


7x108 s�1;[28] however, this is not the case with ttbP9, for
which the gap as small as 3900 cm�1 yields a large kIC =


1012 s�1. Accordingly, if the forbidden state 21Ag is closer to
11Bu in ttbP9 than in octatetraene, why do 21Ag and 11Bu not
couple one with another in ttbP9 thus allowing 21Ag to emit,
as they supposedly do in octatetraene?


Based on the aforementioned, the first singlet state in the
Jablonski diagram for ttbP9 must be 11Bu, which can be di-
rectly reached by absorption of light, so the emission must
also correspond to the transition 11Bu!11Ag and the com-
pound obeys Kasha�s rule. This, however, does not exclude
the potential generation of other molecular structures of
ttbP9 from the 11Bu state; however, it is rather inconsistent
with the presence of an excited electronic state only
3900 cm�1 below 11Bu and usurping the assignation of the S1


state in the Jablonski diagram for the photophysical process-
es of ttbP9.


The stability of ttbP9 and its photophysical evidence
compel extended studies to longer polyenes in order to
check whether they also exhibit a single fluorescence due to
the transition 11Bu!11Ag and to examine its behaviour, and
also to shorter polyenes with a view to checking whether
they behave like ttbP9 or why they do otherwise.


Figure 4. Logarithm of the internal conversion constant (S1!So) versus
the corresponding energy gap (S1–So) for the polyacenic compounds: (1)
benzene, (2) naphthalene, (3) anthracene, (4) tetracene, (5) pentacene,
and (6) hexacene, all of them measured by Nijegorodov et al.[27] (log kIC =


�0.260�0.003)DE+12.48�0.09; r=0.9996 and sd=0.074 kK).
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Ring-Closing Olefin Metathesis on Ruthenium Carbene Complexes:
Model DFT Study of Stereochemistry


Sergei F. Vyboishchikov[a, b] and Walter Thiel*[a]


Introduction


Though discovered in the 1950s, olefin metathesis acquired
importance as an efficient method for the formation of
carbon–carbon double bonds only much later.[1–4] At pres-
ent, it is used extensively in organic synthesis. The applica-
tions include ring-opening metathesis polymerization
(ROMP), ring-closing metathesis (RCM), ring-opening
metathesis (ROM), acyclic diene metathesis polymerization
(ADMET), and cross-metathesis (CM). Ring-closing meta-


thesis deserves special attention because it provides a pow-
erful method for synthesizing large unsaturated rings from
a,w-diene precursors. In practice, broad usage of RCM was
initially hampered by the nonselectivity of the early hetero-
geneous metathesis catalysts and their sensitivity toward
functional groups, but more recently, a number of well-de-
fined homogeneous organotransition–metal catalysts have
been developed. Schrock�s rhenium, molybdenum, and tung-
sten alkoxyimine or alkoxycarbene complexes are an impor-
tant class of such catalysts.[5] They exhibit high activity, are
quite tolerant to functional groups, and can be easily tuned
to a particular substrate by appropriately chosen alkyl sub-
stituents. Their main drawback is high sensitivity to water
and air. The ruthenium-based catalysts introduced by
Grubbs et al.[4,6,7] with the general formula [(PR3)2X2Ru=


CHR’] (X=halide) exhibit high performance and superb
tolerance against many common functional groups and are
quite insensitive towards air and water. An even higher ac-
tivity can be achieved if one of the trialkylphosphane li-
gands is replaced by an N-heterocyclic (Arduengo-type) car-
bene (NHC).[8–11] Another subgroup of ruthenium-based cat-


Abstract: Ring-closing metathesis
(RCM) is the key step in a recently re-
ported synthesis of salicylihalamide
and related model compounds. Experi-
mentally, the stereochemistry of the re-
sulting cycloolefin (cis/trans) depends
strongly on the substituents that are
present in the diene substrate. To gain
insight into the factors that govern the
observed stereochemistry, density func-
tional theory (DFT) calculations have
been carried out for a simplified di-
chloro(2-propylidene)(imidazole-2-yli-
dene)ruthenium catalyst I, as well as
for the real catalyst II with two mesityl
substituents on the imidazole ring.
Four model substrates are considered,
which are closely related to the systems


studied experimentally, and in each
case, two pathways A and B are possi-
ble since the RCM reaction can be ini-
tiated by coordination of either of the
two diene double bonds to the metal
center. The first metathesis yields a car-
bene intermediate, which can then un-
dergo a second metathesis by ring clo-
sure, metallacycle formation, and met-
allacycle cleavage to give the final cy-
cloolefin complex. According to the
DFT calculations, the stereochemistry
is always determined in the second


metathesis reaction, but the rate-deter-
mining step may be different for differ-
ent catalysts, substrates, and pathways.
The ancillary N-heterocyclic carbene
ligand lies in the Ru-Cl-Cl plane in the
simplified catalyst I, but is perpendicu-
lar to it in the real catalyst II, and this
affects the relative energies of the rele-
vant intermediates and transition
states. Likewise, the introduction of
methyl substituents in the diene sub-
strates influences these relative ener-
gies appreciably. Good agreement with
the experimentally observed stereo-
chemistry is only found when using the
real catalyst II and the largest model
substrates in the DFT calculations.
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alysts are carbene complexes with chelating bis(phosphane)
ligands and hence cis stereochemistry.[12]


According to the generally accepted H�risson–Chauvin
mechanism,[13] the actual metathesis occurs between a transi-
tion-metal carbene complex and an olefin moiety. In detail,
it consists of series of formal [2+2] cycloadditions and cyclo-
reversions, that is, olefin coordination to the transition-
metal carbene complex to form a p complex, followed by
migratory insertion of the olefin ligand into the metal–car-
bene bond to yield a metallacyclobutane, breaking of two
different bonds in the metallacyclobutane to form another p


complex, and dissociation to give the products (see
Scheme 1). These general mechanistic features may vary de-
pending on the particular catalyst chosen. Ruthenium–car-
bene catalysts were studied mechanistically both in so-
lution[14–18] and in the gas phase.[19–23] There is substantial evi-
dence[17–21] that the reaction favors the dissociative pathway,
that is, the reactive catalytic species formed from pentacoor-
dinate [(PR3)2X2Ru=CHR’] or [(PR3)(NHC)X2Ru=CHR’] is
actually the tetracoordinate 14-electron complex
[(PR3)X2Ru=CHR’] or [(NHC)X2Ru=CHR’], respectively.
The subsequent steps in the catalytic cycle have not yet
been characterized experimentally, and it has remained un-
clear, for example, whether the incoming olefin coordinates
to the 14-electron intermediate in cis or trans position with
respect to the ancillary ligand and whether the metallacyclo-
butane is actually an intermediate or merely a transition
state.[18]


Such issues can be examined by means of quantum-chemi-
cal calculations. Until recently, theoretical calculations on
olefin metathesis remained scarce. There were early compu-
tational studies on titanium-[24] and later on molybdenum-
catalyzed[25–27] metathesis. Metathesis reactions on model
ruthenium–carbene complexes [(PH3)2Cl2Ru=CH2] were ex-
amined by using Car–Parrinello molecular dynamics,[28] but
without addressing mechanistic details. Two extensive stud-
ies on Grubbs-type catalysts have been published recent-
ly,[29,30] which are complementary in essence. While our
work[29] mostly concentrated on comparison of various possi-
ble reaction pathways, Cavallo[30] focused on substituent,
ligand, and solvent effects. It was shown that the reaction
takes place according to the dissociative mechanism with
trans orientation of the incoming olefin,[29] because the other
possibilities are impeded by a high barrier for initial olefin
coordination. The ruthenacyclobutane was found to be a


true intermediate, which is more stable than the olefin car-
bene complex for NHC-containing systems but less stable
for phosphane systems.[29, 30] Thus, the rate-determining step
is either olefin insertion (for phosphane-containing cata-
lysts) or the reverse reaction of ruthenacycle cleavage (for
NHC-containing catalysts). The role of the solvent lies
mainly in facilitating phosphane dissociation while not af-
fecting olefin coordination.[30] In recent extensive computa-
tional work, Adlhart and Chen[31] showed that the reaction
profile strongly depends on the olefin substrate as well as on
ancillary ligands. Another computational study on a model
system was presented by Bernardi et al. ,[32] who considered
three different pathways (one dissociative and two associa-
tive with or without “carbenoid” intermediates of the kind
[(PR3)2ClRu�CH2Cl)]. According to this work, the carbe-
noids may play a role in the associative mechanism by facili-
tating ruthenacycle formation. In another recent paper,[33]


Cavallo and Costabile addressed the mechanism of enantio-
selectivity in asymmetric Ru-catalyzed RCM reactions with
chiral NHC ligands, which induce enantioface selectivity
through a chiral folding of NHC substituents.


The ring-closing metathesis of dienes consists of two suc-
cessive metathesis reactions (Scheme 2). The only difference
from usual cross-metathesis is ring closing in the fifth step,
which in this case is an intramolecular process and will
therefore have a barrier because of the distortions needed
to coordinate the remaining C=C bond. In the intermolecu-
lar case, the coordination of a sterically unencumbered
second olefin is normally barrier-free.


Our interest in the mechanism of ruthenium-catalyzed
metathesis was prompted by surprising stereochemical ob-
servations made in the RCM step of the total synthesis of
salicylihalamide.[34,35] This metabolite, isolated from the
marine sponge Haliclona, attracted attention due to its pro-
nounced antitumor activity. In recent years, several synthetic


Scheme 1. Generalized H�risson–Chauvin mechanism of olefin metathesis.
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routes to salicylihalamide were reported.[34–39] Though differ-
ing in many aspects, some of the stategies proposed[34–36,39]


take advantage of ring-closing olefin metathesis with ruthe-
nium catalysts to form a 12-membered ring that is essential
to the salicylihalamide structure. Analogous cyclizations
were performed[35] in model compounds (Scheme 3). Both in


the model and the full salicylihalamide
system, different stereochemistry with re-
spect to the newly formed double bond
was observed[35] depending on the sub-
stituents R and R1. Cyclization of the
model system yielded the cis product ex-
clusively in the case R=H, whereas for
R= tBuMe2Si (TBS) the cis/trans ratio
was 70/30. Similarly, for the full system,
the cis product also prevailed for R= H,
while R=TBS gave a cis/trans ratio of
60/40. However, inverted cis/trans ratios
of 34/66 and 32/68 were observed for R=


CH3 and for R= CH3OCH2, respectively.
The fact that these results are remarkably independent of
the solvent used[40] suggests that the H-substituted substrate
is intrinsically more prone to form the cis configuration of
the double bond, while other substituents shift the prefer-
ence toward the trans product. Understanding these selectiv-


ities is of importance for any rational syntheses that strive
for maximum yield of the biologically active trans product.
Both double bonds of the substrate that participate in RCM
are located quite far away from the substituent R, so that a
direct electronic effect can hardly be envisioned, and the
reasons for the observed stereochemistry are unclear.[35]


They are investigated computationally in the present paper.


Model Systems and Computational Methods


Scheme 4 defines the model system chosen for computational study. The
H-substituted system I (R=H, R’=H) and the Me-substituted system II
(R= CH3, R’=H) are simplified substrates with a terminal vinyl group.
Like the experimentally studied model systems (Scheme 3), substrates III
(R= H, R’= CH3) and IV (R =CH3, R’=CH3) carry two additional
methyl groups at the terminal double bond. Most of the potential-surface
scans employed I and II, but the most relevant reaction steps were also
studied for III and IV.


Based on our previous results,[29] we assume a dissociative catalytic mech-
anism. We used two different catalytic species to assess the influence of
substituents at the imidazole ring. Simplified catalyst I—dichloro(2-pro-
pylidene)(imidazol-2-ylidene)ruthenium—contains an unsubstituted imi-
dazole ring, while catalyst II includes two mesityl substituents at this
ring, like the real catalyst.[35] The initial reaction steps up to formation of


Scheme 2. Mechanism of ring-closing olefin metathesis.


Scheme 3. Ring closure in experimentally studied systems. Refs. [34] and
[35]: R=H, Me, MOM, TBS; R1 = MOM; R2 =CH2CH2OPMB. Ref. [35]:
R =H, TBS; R1 = MOM; R2 = H (model study).


Scheme 4. The computationally studied model systems.
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the second olefin carbene complex (see below) were followed only with
catalyst I. The subsequent stereo-differentiating steps were investigated
for both catalysts.


The quantum-chemical calculations were carried out by using density
functional theory (DFT).[41, 42] The gradient-corrected BP86 functional
was employed, which combines the Becke exchange[43] and Perdew corre-
lation[44] functionals. For ruthenium we used a small-core quasirelativistic
effective core potential with the associate (7s6p5d)/[5s3p3d] valence basis
set contracted according to a (31111/411/311) scheme.[45] The other ele-
ments were represented by the 6-31G(d) basis[46] with one set of d polari-
zation functions at all non-hydrogen atoms. Spherical d functions were
used throughout. Thus, the level of theory corresponds to that used in
our previous publication.[29]


Geometries were optimized without any constraints. The TURBOMOLE
package[47] was employed by taking advantage of the efficient RI-DFT
approach.[48] Minima were optimized with a set of 3N�6 internal coordi-
nates using a default Newton–Raphson-based procedure with BFGS Hes-
sian update, available in TURBOMOLE. Transition states were located
by a series of constrained minimizations with subsequent interpolation of
the remaining gradient. The procedure was repeated until the gradient
vanished within the conventional thresholds of TURBOMOLE
(0.001 Hartree Bohr�1). The nature of optimized transition states was con-
firmed by analytic computation of the harmonic force constants employ-
ing either TURBOMOLE or Gaussian 03.[49] For transition metal com-
pounds, the chosen DFT approach (BP86 functional with medium-size
basis sets) normally provides realistic geometries, relative energies, and
vibrational frequencies.[42, 50–53] For further validation, in particular for
ruthenium systems, we refer to our previous paper.[29]


A fundamental difference between the previously studied parent
system[29] and the present RCM system lies in the much larger conforma-
tional flexibility of the latter. Energy differences between conformers of
the same reactant and product can easily exceed those between cis and
trans isomers. Hence, some systematic approach is needed. We adopted
the following strategy. First, the initial olefin carbene complex was opti-
mized by DFT using some reasonable starting conformation of the diene.
Then, numerous conformational searches were done using simulated an-
nealing at 2000 K and subsequent cooling to 300 K followed by a regular
geometry optimization to generate other conformers. These runs were
performed with the Cerius2 program[54] making use of the UFF force
field.[55–57] The catalyst moiety and the olefin double bond along with four
neighboring atoms were kept fixed at the DFT geometry. For substrate I,
artificially high charges were placed at the hydrogen and oxygen atoms
to enforce the relevant hydrogen bond (vide infra). For all other atoms,
the charges were set to zero. About 20 generated conformers of lowest
energy were selected and optimized by DFT. The most stable of these
DFT-optimized structures was chosen. This conformation was retained
during all steps of the reaction. In reality, of course, a large number of
low-energy conformers will be able to react. Our use of just one such
low-energy conformer assumes that it is representative for the ensemble
of reacting species.


Results


In our choice of model systems (Scheme 4) we have four dif-
ferent substrates I–IV and two different catalysts I and II.
Moreover, in the RCM reaction, each of the two double
bonds of the diene may coordinate to the catalyst and ini-
tiate the reaction, and this gives rise to two different path-
ways A and B (Scheme 4). Combinatorially, there are thus
16 reaction sequences to be considered, and each pathway
will branch at some point to a cis or trans product.


To limit the computational effort, we performed complete
explorations of reaction pathways only for simplified sub-
strates and catalysts. The insights thus gained were used to


focus on the relevant reaction steps for the more complex
substrates and catalysts. The presentation of results in this
section reflects this strategy. Computed energies for the re-
action sequences considered are collected in Tables 1–10,
while structural drawings are shown in Figures 1–12 and S1–
S10 (Supporting Information).


Catalyst I, substrates I and II, path B. Initiation and first
metathesis reaction : We began the study of the reaction
pathway from the product of coordination of the diene sub-
strate I to the simplified catalyst I (Figure 1). For the sake


of conciseness, we first consider only pathway B. This olefin
carbene complex is labeled in Figure 1 as H-1. This species
is qualitatively similar to the olefin carbene intermediate
known from the parent system (II-6 in ref. [29]). An impor-
tant difference is the orientation of the ligands. The 2-pro-
pylidene group in H-1 is no longer perpendicular to the
equatorial plane, but partly rotated. Note that conforma-
tional preferences in certain carbene complexes were con-
sidered earlier.[58–61]


With such orientation of the carbene ligand, the perpen-
dicular conformation of the olefin is no longer preferred.
Thus, the olefin double bond is almost parallel to the Ru=


Ccarbene bond. The transformation into metallacycle H-2 pro-
ceeds through transition state H-TS12. The metallacycle
then rearranges to an isobutene carbene complex H-3,
which has a perpendicular conformation of the carbene and
isobutene ligands. The barriers for metallacycle formation
and breaking are of similar magnitude (about 7 kcal mol�1);
the former is slightly higher (Table 1). This differs somewhat
from the energy profile of the parent system,[29] where met-
allacycle cleavage was found to be the rate-determining
step, although the difference between the two stages was
not very pronounced and the absolute value of the barrier
was higher.[29] The final stage of the process is isobutene dis-
sociation, which yields carbene complex H-4. In the parent
system this reaction is known to proceed without a transi-
tion state.[29] By analogy, the dissociation energy in H-3


Figure 1. Chain initiation for H-substituted substrate I, catalyst I, path-
way B.
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(about 9 kcal mol�1) is assumed to be the required activation
energy. However, this dissociation is unlikely to be rate-de-
termining, since the energetic costs are largely compensated
by entropy gain, which is expected to be around
10 kcal mol�1 in the gas phase at 298 K.


The carbene complex H-4 has a rotamer with respect to
the Ru=Ccarbene bond (H-4a, Figure 1), which is more stable
by 0.5 kcal mol�1. There is a substantial barrier for the con-
version between H-4 and H-4a (internal rotation about the
Ru=Ccarbene bond), but their respective precursors, H-3 and
H-3a, can be easily transformed into each other. In princi-
ple, both H-4 and H-4a can serve as a starting point for sub-
sequent ring closure. In both of these complexes, the car-
bene ligand is oriented perpendicular to the equatorial
plane. Therefore, the stereochemical course of the reaction
is not determined at this stage, that is, formation of cis and
trans product is equally possible starting from H-4 or H-4a.
The organic chain of the diene substrate does not undergo
substantial changes during the entire H-1!H-2!H-3/
H3a!H-4/H-4a process, and the hydroxyl and carbonyl
groups remain almost coplanar throughout due to hydrogen
bonding.


The initiation reactions for the Me-substituted system II
(see Figure S1 in the Supporting Information) are in general
similar to those in the H-substituted system I, although
there is a noteworthy difference that the methoxyphenyl
group in all the complexes II is twisted away from the car-
bonyl group by about 608 (C-C-C-Ocarbonyl dihedral angle).
The energetics resemble those in the H-substituted system I.


Ring closure and formation of cis products : Qualitatively,
the ring closure part of the RCM reaction involves the same
elementary processes as the initiation stage: coordination of
the second double bond, metallacycle formation and break-
ing, and olefin dissociation. However, some of these steps
play a different role during ring closure. First, double-bond
coordination, which is normally barrier-free and brings an
energy gain, is now an intramolecular process and should
proceed through a transition state, because the required
conformational changes may cost energy. Second, ring for-
mation and cleavage may now be restrained by the presence
of the organic chain. All these factors can influence the ge-
ometry and energy of the relevant species.


First, we consider the coordination of the free double
bond in H-4 (substrate I) to the ruthenium atom to give the


cyclic olefin carbene complex H-5/H-5a (Figures 2 and 3,
Table 2). This species is important, because the position of
the carbene ligand may determine the choice of cis or trans
product. However, an almost perpendicular arrangement of
the carbene is found, which still allows for the formation of


both cis or trans product. Therefore, coordination of the
second double bond is not decisive for the cis/trans prefer-
ence in the simplified system under consideration. Energeti-
cally, H-5a is 9.3 kcal mol�1 below H-4a, which is equal to
the coordination energy of the initial substrate to the cata-
lyst to form H-1. This indicates that even large conforma-
tional variations do not lead to any substantial destabiliza-


Figure 2. Model catalyst I, ring closure for H-substituted system I (cis
pathway).


Table 2. Ring closure for substrates I (R=H) and II (R= Me), catalyst I
(R’’=H), and pathway B: energies DE [kcal mol�1] relative to 5.


Species cis trans
H Me H Me


TS56 5.93 11.58 9.48 7.79
6 2.77 3.69 5.70 3.25
TS67 14.16 8.00 14.15 12.85
DE67 11.39 4.31 8.45 9.60
Product 6.39 6.54 4.76 10.98


Figure 3. Alternative ring closure for model catalyst I and H-substituted
system II (cis pathway).


Table 1. Chain initiation for substrates I (R =H) and II (R =Me), cata-
lyst I (R’’=H), and pathway B: energies DE [kcal mol�1] relative to 1.


Species H Me


TS12 7.58 7.64
2 3.45 3.53
TS23 10.38 9.84
DE23 6.93 6.31
3 0.07 0.55
3a 0.76 0.57
4 9.30 9.25
4a 7.95 7.87
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tion. Clearly, the conversion H-4a!H-5a passes through
many small minima and transition states that correspond to
conformational changes; it is pointless to look for all of
them. We assume that such conformational changes cannot
have barriers higher than or comparable to ring closure and
cleavage. Entropically, ring closure is unfavorable, with an
entropy contribution to DG


o


298 that cannot exceed about
10 kcal mol�1 at 298 K. Hence, coordination of the second
double bond is not the rate-determining step, and the actual
cis/trans discrimination must take place in one of the subse-
quent reaction steps. Note that the hydrogen bond persists
again in all the structures and holds the carbonyl and the hy-
droxyl groups in one plane.


The formation of the metallacycle occurs through the
transition state H-TS56-cis with a barrier of 6 kcal mol�1.
Metallacycle cleavage (H-6-cis!H-TS67-cis) must over-
come a barrier of 11.4 kcal mol�1 and is the rate-determining
step in this case.


The reaction of the Me-substituted system II (see Figures
S2 and S3 in the Supporting Information) proceeds similarly
to that of H-substituted system I in terms of structure of the
reacting species. The methoxyphenyl and carbonyl groups
are not coplanar in II, as for the chain initiation process.
Conversely, the very small barrier for metallacycle cleavage
(4.3 kcal mol�1) indicates that metallacycle formation is rate-
determining.


Ring closure and formation of trans products : The trans prod-
ucts are formed instead of the cis ones when the carbene
carbon atom in H-5/Me-5 rotates in the opposite direction.
In the resulting metallacycle the cis or trans structure of the
product is already determined. Therefore, it is the process
5!TS56!6!TS67!7 that decides the cis/trans preference.


In the H-substituted system I (see Figure S4 in the Sup-
porting Information and Table 2), the entire reaction profile
for the trans reaction lies higher than that for the cis system.
The barrier for metallacycle formation is 9.5 kcal mol�1, that
is, 3.5 kcal mol�1 more than in the cis system. The barrier for
metallacycle cleavage is 8.5 kcal mol�1, which formally
means that metallacycle formation is rate-determining. The
difference is very small, however. In the Me-substituted case
II (see Figure S5 in the Supporting Information), trans met-
allacycle formation and cleavage have barriers of about 7.8
and 9.6 kcal mol�1, respectively.


For comparison of the cis and trans pathways, we assume
that the highest of the two relevant barriers (metallacycle
formation and cleavage) are characteristic of the reaction.
The cis/trans barriers are 11.4/9.5 kcal mol�1 for substrate I,
and 11.6/9.6 kcal mol�1 for substrate II. Therefore, the trans
isomer should be equally preferred for both systems, despite
the dissimilarity of the energy profiles.


We should also consider a different pathway that starts
from carbene complex 4-a (Table 3, Figures S6 and S7), in
which the organic chain in the carbene is in the trans posi-
tion to the NHC ligand. The energy profile for the reaction
5-a!7-a is rather different from that of the process 5!7. In
the case of the cis product, metallacycle formation is the


rate-determining step. For the trans product, the two barri-
ers are comparable. The rate-determining cis/trans barriers
are 10.6/7.8 kcal mol�1 for I and 12.3/8.1 kcal mol�1 for II.
Hence, the trans product is again preferred in both cases,
somewhat less so in I.


Catalyst I, substrates I and II, path A: ring closure. As
shown in Scheme 4, ring-closing metathesis can start from
either of the double bonds in the diene substrate and lead
to the same final cycloolefin product. All the intermediate
stages of the two processes, albeit qualitatively similar, pro-
ceed via different intermediates and transition states. This
compels us to study both possibilities separately. We only
discuss the final part of the reaction for the H-substituted
system I, that is, ring closure starting from olefin carbene
complex H-5 A (Figures 4 and S8). There are no large quali-
tative differences in geometry between the cis and trans
pathways. However, the energetics differ substantially. The
energy barriers both for metallacycle formation and break-
ing are lower for the cis process (Table 4). Formally, metalla-


cycle formation is the rate-determining step for the cis reac-
tion (DE� =8.5 kcal mol�1), whereas for the trans pathway
metallacycle cleavage has a slightly higher barrier (DE� =


12.2 kcal mol�1). In both cases, the difference between the
two stages is small, but the cis reaction is clearly preferred
(cis/trans 8.5/12.2 kcal mol�1).


In the Me-substituted system II (see Figures S9 and S10 in
the Supporting Information), the cis pathway exhibits a
higher barrier for metallacycle formation (ca. 7 kcal mol�1),
contrary to the H-substituted system I. In the trans reaction,
metallacycle cleavage is rate-determining, with DE� =


Table 3. Alternative pathway for ring closure for substrates I (R=H)
and II (R =Me), catalyst I (R’’= H) and pathway B: energies DE [kcal
mol�1] relative to 5a.


Species cis trans
H Me H Me


TS56-a 8.13 12.31 7.08 10.59
6-a 0.18 3.44 2.24 5.87
TS67-a 3.87 6.95 10.02 15.21
DE67 3.69 3.51 7.78 9.33
Product 1.05 4.88 7.91 13.63


Table 4. Alternative pathway for ring closure for substrates I (R=H)
and II (R=Me), catalyst I (R’’=H), and pathway A: energies DE [kcal
mol�1] relative to 5a.


Species cis trans
H Me H Me


TS56-a 8.49 7.03 11.60 7.55
6-a 5.95 5.79 2.64 2.00
TS67-a 13.16 11.38 14.80 11.37
DE67-a 7.21 5.59 12.16 9.37
Product 5.38 3.67/3.38[a] 4.80 4.96


[a] Two different conformations.
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9.4 kcal mol�1. Thus, to compare the cis and trans pathways,
we need to contrast the cis-metallacycle formation barrier
(7.0 kcal mol�1) with the trans-metallacycle cleavage barrier
(9.4 kcal mol�1). Hence, formation of the cis product is more
favorable by 2.4 kcal mol�1. To sum up, both substrates favor
the cis product, but the difference to the trans product is
more pronounced in the case of the H-substituted system
(3.7 kcal mol�1).


Catalyst II: general considerations. For catalyst I, with an
unsubstituted NHC spectator ligand, we have identified the
steps in the RCM reaction that can be rate-determining and
decide the preference for cis or trans product. As described
above, these are either metallacycle formation or cleavage,
depending on the particular case. However, there are no
striking differences between cis and trans pathways that
would unambiguously explain the stereochemistry found in
the experimental work.[35] The corresponding differences in
energy barriers for catalyst I are small and cannot be direct-
ly transferred to the real catalyst II, which has two mesityl
substituents on the imidazole ring. Thus, catalyst II may dis-
play different behavior, mainly because of the steric bulk
created by the mesityl groups, which can change the confor-
mational preferences of the organic substrate chain. Mesityl
substitution is known[30] to alter the orientation of the NHC
ligand with respect to the carbene moiety, such that the
plane of the NHC becomes roughly parallel to the M=


Ccarbene bond. In such a situation, one of the mesityl groups
will be directed toward the carbene ligand and thus affect
the organic chain. This effect should be more pronounced
for ring closure and subsequent steps than for the initiation
process, because the interaction of the mesityl group with
the substituted carbene should be larger than that with the
initial 2-propylene ligand.


For a more realistic description, it thus seems mandatory
to include the mesityl groups in the computations. This is ex-
pensive, however, since the number of basis functions in-
creases to more than 800. The compromise chosen by us was
to follow reaction pathways starting from the transition


state TS56-R forward to give cycloolefin complex 7-R and
backward to give carbene olefin complex 5-R, but ignoring
the previous stages of the reaction. In other words, we
assume that the structure of TS56-cis/trans-R can be directly
derived from the respective transition state TS56-cis/trans
for the simplified catalyst I by replacing the hydrogen atoms
in the 2,5-positions of the ligand ring by mesityl groups. The
reason for starting from TS56 is that it has a clearly different
structure for cis and trans isomers, while it is not known
from the beginning whether 5-R will be analogous to the
simplified system or different. The subsequent pathway is
then followed as usual by locating the intermediates 5-R
and 6-R and transition states TS-56-R and TS-67-R. In the
following sections, we present the energetically favored
pathways (starting from 5 or 5a).


Catalyst II, substrates I and II, path A : All structures opti-
mized for catalyst II (Figures 5–8) share the common char-
acteristic[30] that the NHC plane is parallel to the M=Ccarbene


bond, which significantly affects the steric situation of the
organic chain. Apart from the orientation of the ancillary
NHC ligand, not much else is changed in H-TS56-trans-R-A


Figure 5. Path A for real catalyst II ring closure for H-substituted system
I (cis pathway).


Figure 6. Path A for real catalyst II, ring closure for H-substituted system
I (trans pathway).


Figure 4. Path A for model catalyst I, ring closure for H-substituted
system I (cis pathway).
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compared to H-TS56-trans-A (Figure 6). Now, the key ques-
tion is which transition state leads to this olefin carbene
structure. Following the reaction pathway backward starting
from H-TS56-cis-R-A and H-TS56-trans-R-A yields two dif-
ferent olefin carbene structures, H-5-cis-R-A and H-5-trans-
R-A, respectively. The former is more stable by
1.4 kcal mol�1. Both complexes have a clear in-plane orienta-
tion of the carbene moiety. This is probably caused not only
by the steric bulk of the mesityl groups, but also by the al-
tered electronic situation at the metal center due to reorien-
tation of the p-accepting NHC ligand. The organic chain in
the carbene ligand is slightly tilted away from the NHC
ligand. Thus, H-5-cis-R-A and H-5-trans-R-A structurally
correspond to H-5a rather than to H-5. H-5-cis-R-A and H-
5-trans-R-A have a perpendicular orientation of the olefin
double bond with respect to the Ru=Ccarbene bond. The tran-
sition state for the cis pathway, H-TS-67-cis-R, is a rather
early one, with a C···C distance of about 2.2 �, while that
for the trans pathway, H-TS-67-trans-R, is a late one, with d-
(C···C)�2.45 �. This is consistent with the higher energy of
H-TS-67-trans-R.


The energetics of the reactions for catalyst II differ
strongly from those of catalyst I. The barrier for metallacy-
cle formation is now much lower, while that for metallacycle
cleavage is of the same order of magnitude as before. Obvi-
ously, this is due to the in-plane orientation of the carbene
moiety in catalyst II as opposed to a nearly perpendicular
orientation in catalyst I. Since the position of the carbene
ligand in TS56 is always in-plane, a substantial part of the
reorganization costs (internal rotation of the carbene ligand)
is saved. For the same reason, the relative energy of the
metallacycle is much lower for catalyst II. Nonetheless, the
metallacycle forms a distinct minimum on the potential
energy surface. Hence, for catalyst II, metallacycle cleavage
is the only step of the reaction that can be rate-determining.
In contrast, we have seen that either metallacycle formation
or cleavage can be rate-determining in the case of the sim-
plified catalyst I. Energetic comparison (Table 5) of the cis


and trans pathways favors the cis pathway (DE� =


6.1 kcal mol�1) over the trans pathway (DE� = 12.9 kcal
mol�1).


The Me-substituted substrate II is not very different from
the H-substituted substrate I in the case of the cis pathway.
The olefin carbene complex has a perpendicular orientation
of the olefin double bond and a roughly in-plane position of
the carbene moiety. The subsequent reaction steps are anal-
ogous to the corresponding stages for substrate I. The rela-
tive energies are slightly higher for Me-6-cis-R-A and
H-TS67-cis-R-A than for H-6-cis-R-A and H-TS67-R-A, re-
spectively. This is probably due to a more flexible chain of
the Me-substituted substrate II, which allows for better sta-
bilization of the sterically more demanding early reaction
stages (TS56-R and 6-R), while this stabilization is less im-
portant in Me-TS67-R-A. Consequently, the metallacycle
cleavage barrier is just 2.2 kcal mol�1 higher than for sub-
strate I.


The situation is different in the case of the trans pathway
(Figures 6 and 8). In Me-5-trans-R-A, the olefin double
bond is parallel to the Ru=Ccarbene bond, which is in contrast
to the other olefin carbene structures for catalyst II. The
carbene ligand, however, lies approximately in the in-plane
position, though the organic chain is slightly elevated
toward the NHC ligand. The parallel position of the double
bond in Me-5-trans-R-A should be more suitable for forma-


Figure 8. Path A for real catalyst II, ring closure for Me-substituted
system II (trans pathway).


Table 5. Ring closure for substrates I (R =H) and II (R =Me), catalyst II
(R’’=mesityl), and pathway A: energies DE [kcal mol�1] relative to 5-R.


Species cis trans
H Me H Me


TS56-R 0.95 1.46 –[a] 2.01
6-R �3.20 �3.06 �5.6 �3.43
TS67-R 2.93 5.23 7.26 8.04
DE67-R 6.13 8.29 12.92 11.47
Product 0.39/0.62[b] 3.26 4.4 3.65


[a] The transition state could not be reliably located due to a flat PES,
but the barrier is expected to be less than 4 kcal mol�1. [b] Two different
conformations.


Figure 7. Path A for real catalyst II, ring closure for Me-substituted
system II (cis pathway).
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tion of a new bond, and the barrier for metallacycle forma-
tion is again rather low (2 kcal mol�1). The relative energy of
the metallacycle Me-6-trans-R-A is roughly the same as for
Me-6-cis-R-A, and slightly higher than for H-6-trans-R-A.
The transition state Me-TS67-trans-R-A lies above that for
the cis reaction. As a consequence, the barrier for metallacy-
cle cleavage is 3.3 kcal mol�1 higher on the trans pathway
than on the cis pathway. Hence, the cis product is still pre-
ferred for the Me-substituted system II, but to a lesser
extent than in the case of the H-substituted system I, since
DDE�


cis�trans(I)= 6.8 kcal mol�1, while DDE�
cis�trans(II)=


3.2 kcal mol�1.
The product of the reaction, that is, the olefin carbene


complex, always has an in-plane arrangement of the carbene
ligand relative to the Ru-Cl-Cl plane, and a perpendicular
orientation of the olefin double bond with respect to the C=


Ccarbene bond. However, internal rotation of the olefin is es-
sentially free, and several almost degenerate conformers
were found in some cases. Energetically, the product olefin
complex 7-R lies 3–4 kcal mol�1 higher than the isodesmic
starting complex 5-R, the difference between the products
of various pathways being negligible.


Catalyst II, substrates I and II, path B : As discussed before,
the initial coordination of either of the two double bonds of
the diene substrate to the catalyst center can lead to the
same cycloolefin product. The energetics of these two path-
ways are rather similar for catalyst I, such that neither can
be preferred or excluded a priori for catalyst II. Thus, the
attack of the diene by path B must also be considered. Simi-
larly to path A, we omit the calculation of the initial part of
the reaction and focus on the final part starting from the
olefin carbene complex 5-R-B (Figures 9 and 10).


First, we describe the cis and trans pathways for H-substi-
tuted substrate I. As for the A-side attack, the olefin car-
bene complexes H-5-cis-R-B and H-5-trans-R-B (Figures 9
and 10) are already different for the cis and trans pathways,
since they have a roughly in-plane position of the carbene
moiety. This would seem to suggest that the stereochemistry


of the reaction (i.e. , whether the cis or trans product is
formed) is already determined at this stage. However, it
must be checked whether the two isomers are interconverti-
ble, that is, whether there is a low-barrier process allowing
transformation between them. Apparently, such a process
will involve internal rotation of the carbene moiety about
the Ru=Ccarbene bond. This rotation can proceed either by
moving the organic chain towards the ancillary NHC ligand,
or in the opposite direction. The result is expected to be the
same, but the respective transition states and barriers will be
different. As expected, carbene rotation toward the NHC
ligand leads to a considerable repulsion between the carbon
chain and the NHC mesityl group and is thus sterically hin-
dered. Indeed, the corresponding barrier is about
9.4 kcal mol�1. Conversely, the opposite rotation is unproble-
matic and occurs with a barrier as low as 2.5 kcal mol�1.
Thus, the difference between H-5-cis-R-B and H-5-trans-R-
B is insignificant for our purposes.


The olefin double bond in H-5-cis-R-B is skewed with a
dihedral angle C=C-Ru-Ccarbene of 1258. H-5-trans-R-B shows
a nearly parallel orientation of the double bond. As expect-
ed, the parallel olefin position facilitates metallacycle forma-
tion. Thus, the barrier for metallacycle formation is lower
for the trans pathway (ca. 1 kcal mol�1) than for the cis path-
way (ca. 2.9 kcal mol�1). The transition state H-TS56-cis-R-B
has a much shorter C···C distance (2.17 �) than H-TS56-
trans-R-B (2.52 �) (Figures 9 and 10), which indicates a
later transition state in the former. Consistent with the
Hammond postulate, H-6-cis-R-B is less stable than H-6-
trans-R-B by 4.4 kcal mol�1.


The subsequent transition state for metallacycle cleavage
is also lower for the trans pathway, by 1.7 kcal mol�1, but the
resulting products H-7-cis-R-B and H-7-trans-R-B are very
close in energy. H-7-cis-R-B can have both parallel and per-
pendicular orientation of the olefin double bond with re-
spect to the C=CH2 bond, whereby the parallel conformer is
negligibly lower in energy. For H-7-trans-R-B, only a parallel
structure was found to be a minimum. As a consequence of
the above-mentioned energy differences between the cis and


Figure 9. Path B for real catalyst II, ring closure for H-substituted system
I (cis pathway).


Figure 10. Path B for real catalyst II, ring closure for H-substituted
system I (trans pathway).


Chem. Eur. J. 2005, 11, 3921 – 3935 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3929


FULL PAPERRing-Closing Metathesis: A DFT Study



www.chemeurj.org





trans pathways, the barrier for metallacycle cleavage differs
as well: DE�


cis(H)=7.4 kcal mol�1, while DE�


trans(H)=


10.1 kcal mol�1. This indicates a clear preference for the cis
pathway, although the difference DDE�


cis�trans(H) of
2.7 kcal mol�1 should not be prohibitive for the trans reac-
tion. To better understand the energy variation along the
final part of the reaction pathway, one should take into ac-
count the steric hindrance between the mesityl group and
the cycloolefin organic chain. Since the angle CNHC-Ru-
Ccarbene increases on passing from 6-R-B to TS67-R-B to
7-R-B, the steric repulsion should decrease. Apparently, the
cis pathway is more hindered, and the relief is more pro-
nounced. The same effect can be partially responsible for
the slightly higher barrier for cis metallacycle formation
mentioned above. The closeness of the relative energies of
the cycloolefin carbene product complexes H-7-R-B can
also be accounted for by the higher flexibility of H-7. Since
both the cycloolefin ligand and the carbene can rotate rela-
tively freely, there is always room to avoid possible steric re-
pulsion effects. However, the metallacycle and TS67 are
largely confined to arrangements imposed by their bonding
framework.


We now also consider the final part of the reaction for the
Me-substituted substrate II with catalyst II (Figures 11 and
12). In the case of the initial olefin carbene complex Me-5-


cis-R-B the parallel orientation of the double bond is prefer-
red (contrary to substrate I). As expected, this orientation is
well suited for metallacycle formation and leads to a low
barrier of 1.5 kcal mol�1. More important is the difference in
the energy of the metallacycle. Relative to the respective
olefin carbene species 5-R-B, Me-6-cis-R-B is more stable
by 3 kcal mol�1 than metallacycle H-6-cis-R-B. Apparently,
the stabilization due to higher chain flexibility in the com-
pact structure of the metallacycle plays a larger role than in
Me-5-cis-R-B and in the corresponding transition state Me-
TS56-cis-R-B. The total effect is that the metallacycle is in a
deeper minimum for the Me-substituted substrate II. As a


result, metallacycle cleavage has a slightly larger barrier (by
1.5 kcal mol�1) than for the H-substituted substrate I. For
the loosely bound cycloolefin carbene product complex, the
difference in energy between the two substrates is negligi-
ble.


For the trans pathway the two substrates differ much less.
The entire reaction profile is even lower for Me-substituted
substrate II, but only very slightly. The barrier for metallacy-
cle cleavage is about 0.3 kcal mol�1 smaller for Me-substitut-
ed substrate II, and the resulting cycloolefin carbene prod-
uct complex has three different conformations, of which the
parallel one is still the most stable.


Comparison of the cis and trans pathways for H-substitut-
ed system I clearly favors the cis product, with
DDE�


cis�trans(H) of 2.7 kcal mol�1. For the Me-substituted
system II, the difference between the rate-limiting barriers
DDE�


cis�trans(H) is only 0.9 kcal mol�1, also in favor of the cis
reaction.


Catalyst II, substrates I and II, Gibbs free energies : Above,
we discussed the potential energy surface (PES) of the ring-
closing metathesis in terms of equilibrium electronic ener-
gies. The computed relative energies DE provide estimates
for reaction and activation energies. However, the reaction
rate depends on the Gibbs free energy barrier DG� rather
than on DE�. The conversion from DE� to DG� includes
the zero-point vibrational energy (ZPE) and the tempera-
ture-dependent enthalpy and entropy contributions. The typ-
ical effect of the ZPE is to decrease energy barriers, while
the entropy factor can act in both directions. The computed
entropy contributions are dominated by low frequencies,
which often suffer from anharmonicity and are quite sensi-
tive to the basis set and method used. Even a small system-
atic inaccuracy in the frequency evaluation may cause a sig-
nificant error in the resulting DS8 values. Such error sources
should be taken into account when considering the DG8
values obtained within the harmonic-oscillator/rigid-rotor
approximation. In our study of the parent system,[29] we


Figure 11. Path B for real catalyst II, ring closure for Me-substituted
system II (cis pathway).


Figure 12. Path B for real catalyst II, ring closure for Me-substituted
system II (trans pathway).


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3921 – 39353930


S. F. Vyboishchikov and W. Thiel



www.chemeurj.org





found that the relative DG
o


298 values do not differ strongly
from the relative energies DE, unless the process in question
involves coordination or dissociation.


In our present study of ring-closing metathesis, the coordi-
nation of the second double bond to the metal center may
also be affected by entropy. For the H-substituted substrate
I (attack A), the olefin complex is stabilized by about
5.3 kcal mol�1 in terms of DG


o


298 compared to DE, which im-
plies that ring closure can exhibit a substantial DG� barrier.
Binding the second double bond significantly reduces chain
flexibility, and the emerging Ru�C bonds in the olefin car-
bene complex generally lead to higher harmonic frequencies
and thus to decreased entropy and increased zero-point
energy (the former effect is more important for DG). Even
though this causes a substantial change in the barrier (DG�


versus DE�), the cis/trans preference is not affected, because
the resulting olefin carbene complex can easily undergo cis/
trans isomerization (vide supra).


The influence of entropy on the later stages of the reac-
tion (except for the dissociation of the resulting cycloolefin)
is minor. For the cis pathway A in substrate I the barrier to
metallacycle formation on the DG


o


298 surface is just
0.4 kcal mol�1 higher than the corresponding DE value,
while the barrier to metallacycle cleavage is lowered by
0.6 kcal mol�1 (see Tables 5 and 6). In the case of trans path-


way A with substrate I, the decrease in the barrier to metal-
lacycle cleavage is larger (about 3.3 kcal mol�1), but the pref-
erence for the cis pathway is preserved, since
DDG�


cis�trans(H)= 3.9 kcal mol�1. For cis pathway A with Me-
substituted substrate II, the same qualitative changes are
found, with a decrease in the barrier to metallacycle cleav-
age of 2.8 kcal mol�1.


In the case of pathway B (see Tables 7 and 8) the transi-
tion from DE to DG8 leads to a slight destabilization of the
metallacycle 6-R-B and the transition state TS56-R-B, with
a concominant increase in the barrier to metallacycle forma-
tion. Since the ZPE contributions tend to decrease barriers,
the observed rise is apparently entropically determined and
is caused by the new C�C bond emerging in the ring. Con-
sistent with these considerations, the barrier for metallacycle
cleavage changes in the opposite way, that is, DG� is lower
than DE� by typically 2–3 kcal mol�1. In spite of these oppo-
site trends in barriers to metallacycle formation and cleav-
age due to entropy effects, metallacycle breaking remains


the stereo-differentiating step in all four cases, and the cis
pathway remains favored also on the DG


o


298 scale, by
3.5 kcal mol�1 for substrate I and 2.0 kcal mol�1 for substrate
II (see Table 8).


Catalyst II, substrates III and IV, path A : In the calculations
described up to this point, we have neglected two terminal
methyl substituents at the double bond in the diene sub-
strate (R’=H, see Scheme 4) under the tacit assumption
that their influence on the reaction kinetics is minor. In
view of the small energy differences between cis and trans
pathways, it seems necessary to examine their role. Since we
are most interested in the stereo-differentiating stages, the
reaction will differ from the unsubstituted case only for
path A, in which the corresponding double bond is involved
in ring closure. Thus, we decided to follow path A for the di-
methylated substrates III and IV (see Scheme 4) and cata-
lyst II, starting from the olefin carbene complex 5 until for-
mation of the product olefin complex. The structures were
obtained by reoptimization of the corresponding species
without methyl groups.


The results for DE obtained for the dimethyl-substituted
substrates III and IV are presented in Table 9. They differ
considerably from those for the unsubstituted cases I and II
(Table 5). Most notably, metallacycle 6 is strongly destabi-
lized. This effect is more pronounced for the Me-substituted
system IV, in which the metallacycle becomes higher in
energy than olefin carbene complex 5. This change is unlike-
ly to be of steric origin, since the newly added methyl
groups are more remote from the methyl groups in 6 than in
5. It can be rationalized by noting that the extra methyl
groups will afford enhanced p donation of the double bond
in the p complex and s donation in the carbene complex,


Table 6. Ring closure for substrates I (R =H) and II (R =Me), catalyst II
(R’’=mesityl), and pathway A: Gibbs free energies DG


o


298 [kcal mol�1]
relative to 5-R.


Species cis trans
H Me H Me


TS56-R 1.34 2.56 –[a] 2.38
6-R �2.37 �0.5 �2.81/�2.30[b] �1.71
TS67-R 3.14 4.95 6.78 7.35
DG�


298 5.51 5.45 9.59/9.18 9.06
Product �1.32 3.39 4.4 2.86/3.56[b]


[a] See footnote a of Table 5. [b] Two different conformations.


Table 7. Ring closure for substrates I (R =H) and II (R =Me), catalyst II
(R’’=mesityl), and pathway B: energies DE [kcal mol�1] relative to 5-R-
B.


Species cis trans
H Me H Me


TS56-R-B 2.88 1.52 0.97 0.63
6-R-B �1.64 �4.60 �6.06 �6.61
TS67-R-B 5.79 4.32 4.05 3.14
DE67-R-B 7.43 8.92 10.11 9.75
Product-par-B 3.13 2.92 3.2 2.18
Product-perp-B 3.27 – – 4.92/5.17[a]


[a] Two different conformations.


Table 8. Ring closure for substrates I (R =H) and II (R =Me), catalyst II
(R’’=mesityl) and pathway B: Gibbs free energies DG


o


298 [kcal mol�1] rel-
ative to 5-R-B.


Species cis trans
H Me H Me


TS56-R-B 4.43 2.57 1.35 3.83
6-R-B 0.33 �1.33 �3.89 �2.55
TS67-R-B 4.91 4.68 4.25 5.45
DG�


298 4.58 6.01 8.09 8.00
product-par-B 1.93 0.93 2.02 3.68
product-perp-B 1.78 – –
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which stabilize both 5 and 7 without having much influence
on 6. The immediate consequence of this destabilization of
the metallacycle is that the transition state TS56 is also ele-
vated over 5, thus increasing the barrier for metallacycle for-
mation, which is no longer negligible. As expected, the
nature of the transition state is also altered: in the dimethyl-
substituted substrates III and IV this is a much later transi-
tion state, which is manifested in substantially smaller
Ccarbene···Colefin distances (by 0.10–0.15 �). As seen from
Table 9, the magnitude of the barrier to metallacycle forma-
tion correlates closely with the relative energy of the metal-
lacycle. The computed barriers are lower for substrate III
(cis 3.9 kcal mol�1, trans 2.3 kcal mol�1) than for substrate IV
(cis 6.4 kcal mol�1, trans 5.2 kcal mol�1).


The second direct consequence of destabilization of the
metallacycle by the terminal methyl groups is the strong de-
crease in the barrier to metallacycle cleavage. This is consis-
tent with the Hammond postulate, since TS-67 becomes en-
ergetically closer to 6, which is now higher in energy than 7.
A decrease of 5–8 kcal mol�1 is observed in all cases com-
pared with substrates I and II (see Tables 5 and 9). For the
cis pathway this results in a negligible metallacycle cleavage
barrier, while for the trans pathway a significant barrier per-
sists.


To summarize, the PES is influenced by terminal methyl
groups in a consistent manner: the barrier to metallacycle
formation substantially increases with a simultaneous de-
crease in the barrier to metallacycle cleavage. Consequently,
metallacycle cleavage remains the rate-determining step
only for the trans pathway in the H-substituted system III,
whereas metallacycle formation becomes rate-determining
in all other cases. When comparing the cis and trans path-
ways we find that the cis reaction is preferred by
2.4 kcal mol�1 (6.45/3.91 kcal mol�1) for substrate III, where-
as the trans process is favored by 1.2 kcal mol�1 (6.41/
5.19 kcal mol�1) for substrate IV.


Turning to the Gibbs free energies DG8 (Table 10), the
rate-determining steps remain the same as before (Table 9),
with changes in the barriers (DG� vs DE�) that are analo-
gous to those discussed for substrates I and II (see above;
increase for metallacycle formation and decrease for metal-
lacycle cleavage). On the DG


o


298 scale, the trans reaction be-
comes more favored by 2.3 kcal mol�1 for substrate III, with
a rate-determining metallacycle cleavage barrier DG�


trans =


4.2 kcal mol�1, whereas the cis reaction is slightly preferred


for substrate IV, with DG�
cis/DG�


trans =6.5/7.0 kcal mol�1 for
metallacycle formation.


Note that all calculations for substrates III and IV here
refer to path A (see Scheme 4). The alternative path B is
also accessible, but the second RCM stage (ring closure) is
in this case the same as for substrates I and II. Comparison
of the corresponding barriers DE� (see Tables 7 and 9)
shows that path A is always favored over path B for sub-
strates III and IV in the second stereo-differentiating RCM
stage. However, when considering the Gibbs free energy
barriers DG� (see Tables 8 and 10), the lowest rate-deter-
mining barriers are found on path B for the cis product
(Table 8) and on path A for the trans product (Table 10).
For both substrates, the relevant free energy barriers lie
within 1 kcal mol�1 (cis/trans =4.6/4.2 kcal mol�1 for III and
6.0/7.0 kcal mol�1 for IV).


Discussion and Conclusions


We have studied ring-closing metathesis by second-genera-
tion ruthenium-containing Grubbs catalysts for four sub-
strates related to salicylihalamide (Scheme 4). Either of two
diene double bonds can coordinate to the metal center to
give rise to two different pathways A and B. The first part
of the reaction (from initial diolefin coordination to the car-
bene intermediate 5) was investigated with a simplified cata-
lyst I, which has hydrogen atoms in place of mesityl groups.
The subsequent second part, which involves ring closure,
formation of the metallacycle, and metallacycle cleavage to
form the final cycloolefin complex, was considered both for
the simplified catalyst I and the real catalyst II (with mesityl
groups). With catalyst I, both metallacycle formation and
cleavage can be rate-determining steps, and the final stereo-
chemistry results from a complicated interplay between
both: for pathway A, the computations show a preference
for the trans product, whereas pathway B clearly favors the
cis product both in the H-substituted substrate I and, to a
lesser extent, in the Me-substituted substrate II.


The main difference between catalysts I and II is the posi-
tion of the ancillary NHC ligand, which lies in the Ru-Cl-Cl
plane in I, but is perpendicular to it in II. This substantially
changes the conformational preferences in the carbene
ligand. For catalyst I, the olefin carbene complex exhibits a
perpendicular out-of-plane orientation of the carbene


Table 10. Ring closure for substrates III (R=H, R1 =Me) and IV (R=


Me, R1 = Me), catalyst II (R’’=mesityl) and pathway A: Gibbs free ener-
gies DG


o


298 [kcal mol�1] relative to 5-R-A.


Species cis trans
H Me H Me


TS56-R-A 6.47 6.54 3.52 6.98
6-R-A 2.82 4.19 �0.96 4.28
TS67-R-A 3.12 4.40 3.20 7.20
DG�


298 0.20 0.21 4.16 2.92
product-perp �3.89 �2.25 �1.52 �1.97


Table 9. Ring closure for substrates III (R =H, R1 =Me) and IV (R=


Me, R1 =Me), catalyst II (R’’=mesityl) and pathway A: energies DE
[kcal mol�1] relative to 5-R.


Species cis trans
H Me H Me


TS56-R-B 3.91 6.41 2.30 5.19
6-R-B 0.01 3.09 �4.09 2.38
TS67-R-B 0.70 3.83 2.36 5.70
DE67-R 0.69 0.74 6.45 3.32
product-perp �3.82 �1.30 �2.40 �1.97
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moiety, such that both the cis and the trans products can still
be formed. For catalyst II, an in-plane orientation is prefer-
red, with an apparent cis/trans distinction. However, the cis
and trans olefin carbene complexes can be transformed into
each other, so it is only later, at the metallacycle cleavage
stage, that the stereochemistry is determined. For catalyst II,
path A shows a preference for the cis product, which is
more pronounced for the H-substituted substrate
(DDE�


cis�trans(H/Me)= 6.8/3.2 kcal mol�1). For pathway B, the
cis product is also favored, but to a lesser extent
(DDE�


cis�trans(H/Me)= 2.7/0.8 kcal mol�1).
The results for the dimethylated substrates III and IV


differ notably from those for the substrates I and II without
terminal methyl groups (catalyst II, path B). The main effect
of the extra methyl groups is destabilization of the metalla-
cycle, which changes the relative importance of the metalla-
cycle formation and cleavage steps. In this case, the former
turns out to be the rate-determining step, while metallacycle
cleavage generally becomes a low-barrier process, except for
the trans product of substrate III. On the basis of the com-
puted DE� barriers, the cis reaction is preferred for sub-
strate III (DDE�


cis�trans =�2.5 kcal mol�1), while the trans
product is slightly favored for substrate IV (DDE�


cis�trans =


1.3 kcal mol�1).
Taking into account ZPE and entropy effects, that is, con-


sidering Gibbs free energies DG
o


298 rather than energies DE,
strongly affects the results for coordination and dissociation
reactions (steps 1, 4, and 8 in Scheme 2). Moreover, ring clo-
sure (coordination of the second double bond, step 5 in
Scheme 2) gains a substantial free energy barrier due to a
marked entropy loss. However, the stereochemistry of the
products is not determined in any of these steps, but rather
during either metallacycle formation or cleavage (steps 6
and 7 in Scheme 2), which are influenced less strongly by
ZPE and entropy effects: the barriers for metallacycle for-
mation are increased slightly (typically by 0–2 kcal mol�1),
while those for metallacycle cleavage are lowered somewhat
more (typically by 1–3 kcal mol�1). These shifts do not affect
the qualitative conclusions on cis/trans preference for sub-
strates I and II, but they modify the qualitative picture for
substrates III and IV, for which the rate-limiting DG� barri-
ers for the cis and trans products now lie within 1 kcal mol�1


in each case.
Before attempting a comparison with the available experi-


mental data on stereochemical preferences,[34, 35] one should
first remember possible limitations of our theoretical ap-
proach:


1) The chosen substrates (Scheme 4) are closely related to
the experimentally studied systems (Scheme 3), but are
generally not identical, except for substrate III (=25 in
ref. [35])


2) The chosen catalyst II differs from the experimentally
employed catalyst[34,35] in the equatorial carbene ligand
(2-propylidene instead of benzylidene), but this should
be of no concern if the RCM reaction proceeds by a dis-
sociative mechanism with stereo-differentiation in the


second part (Scheme 2). In this case, catalyst II will rep-
resent the catalytically active species.[34,35]


3) The chosen model system does not include solvent or
any environmental effects. The experiments[34,35] are car-
ried out in toluene at 80 8C.


4) All DFT calculations refer to a single low-energy confor-
mation of the model system (see Computational Meth-
ods), whereas a large number of low-energy conforma-
tions are sampled in the experiment.


5) The intrinsic accuracy of DFT calculations is limit-
ed.[29, 42,50–53]


6) Finally, when converting from DE to DG
o


298, the necessa-
ry corrections are evaluated in the harmonic-oscillator/
rigid-rotor approximation, which is known to be prob-
lematic for low-energy vibrations. In the chosen model
systems, there are typically around 25 vibrations under
100 cm�1, which strongly contribute to the vibrational
entropy and may cause some numerical uncertainty in
the computed DG


o


298 values.


Given all these caveats, it is clear that quantitative agree-
ment between theory and experiment cannot be expected.
In view of the significant differences in the computational
results for catalysts I and II, it is also obvious that one
should attempt a comparison with experiment only for the
realistic catalyst II (with mesityl groups). Here, the comput-
ed DFT barriers DE� favor the cis product for substrates I
and III with R= H (see Scheme 4), in qualitative accord
with experiment,[34,35] while they do not give uniform predic-
tions for substrates II and IV with R= Me (slight preference
for cis and trans, respectively). Substrates III and IV are
closest to the experimentally studied systems[35] labeled 25 b
(cis/trans =100/0) and 36 c (cis/trans = 34/66); the quoted ob-
served product distributions are consistent with the relevant
DFT barriers DE� for III (cis/trans =3.9/6.5 kcal mol�1) and
IV (cis/trans =6.4/5.2 kcal mol�1). This should be considered
as partly fortuitous, however, because the clear cis/trans dis-
tinction for substrates III and IV is lost on the DG


o


298 scale,
where the relevant free energy barriers now lie within
1 kcal mol�1 (vide supra).


Is it possible to rationalize these computational results a
posteriori in a qualitative manner? Two factors appear to be
of prime importance, namely, the relative stability of the
metallacycle in the second part of the RCM reaction and
the flexibility of the chain in the substrate. When going
from the model catalyst I to the real catalyst II, the steric
constraints imposed by the two additional mesityl groups
favor the compact metallacycle structure; hence, for sub-
strates I and II, the metallacycle is formed easily with cata-
lyst II, such that its cleavage becomes rate-determining for
all pathways. The trans metallacycle is generally more stable
than the cis metallacycle (see Tables 5 and 7), and this con-
tributes to smaller cis cleavage barriers and consequently to
a general preference for the cis product. The cis/trans dis-
tinction is more pronounced for substrate I (R= H) than for
substrate II (R=Me) because the former is conformational-
ly more restrained by the O�H···O hydrogen bond in the
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chain (see Scheme 4). This hydrogen bond is preserved in
substrate I on all pathways (see Figures 5, 6, 9, and 10),
while the absence of such a restraining factor enables sub-
strate II to relax the sterically less favorable cis structures
(see Figures 7, 8, 11, and 12), such that their energies ap-
proach those of the trans structures (see Tables 5 and 7).
The greater flexibility of the chain in substrate II thus leads
to a smaller cis preference. When going from substrates I/II
to III/IV, the addition of two terminal methyl groups at one
of the double bonds (see Scheme 4) makes the situation
even more complex: the second part of the RCM reaction
remains unaltered for path B, but changes drastically for
path A, since the added methyl groups destabilize the metal-
lacycle significantly through electronic effects (see above)
and thus reduce the cleavage barriers significantly (see
Table 9). As a consequence, path A is generally favored
over path B for substrates III and IV, and the barriers for
metallacycle formation and cleavage become closer to each
other. Substrate III (R= H) has a more stable trans metalla-
cycle and therefore shows a cis preference, like substrate I
(see above), whereas substrate IV (R=Me) has similar cis
and trans barriers, like substrate II, but with a slight trans
preference (see Table 9). These considerations indicate that
the computational results obtained can indeed be explained
in terms of qualitative concepts such as the flexibility of the
substrate (presence or absence of hydrogen bonds) and the
stability of the metallacycle intermediate (influenced by
steric constraints from the catalyst or electronic effects of
terminal methyl groups). However, in view of the mechanis-
tic complexity, these rationalizations are only a posteriori
and not predictive in a qualitative sense.


In more general terms, the present DFT study illustrates
the difficulties of correctly treating subtle stereochemical
issues in ring-closing metathesis. It has been established that
the cis/trans stereochemistry of the cycloolefin product is de-
termined in the second part of the RCM reaction, either
during metallacycle formation or cleavage. The precise
course of events depends on the chosen catalyst and sub-
strate, and both of the a priori possible pathways must be
considered. Subtle changes in any of these factors can influ-
ence the stereochemical outcome of the RCM reaction
through relatively small shifts in the relevant barriers (DE�,
DG�), even though the overall reaction mechanism remains
unaltered (Scheme 2).
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Self-Assembled Structure in Room-Temperature Ionic Liquids
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Feng Shi,[b] Feng Zhou,[b] and Weimin Liu*[b]


Introduction


Self-assembled supramolecular nanostructures constructed
from various types of amphiphiles have recently received a
great deal of attention.[1] The amphiphiles studied include
traditional surfactants,[2] block copolymers,[3] fullerene-modi-
fied derivatives such as water-soluble penta-substituted full-
erene potassium salt,[4] and the mixture of traditional surfac-
tants/fullerene-modified derivatives,[5] and even fully hydro-
philic inorganic giant ions such as polyoxometalates.[6] Sol-
vents for this work used include water and supercritical
carbon dioxide (scCO2).[7] In water, amphiphilic aggregates,
whose formation is driven by mainly hydrophobic forces,
have been abundantly investigated.[1] Different types of
stable aggregates with controlled size distribution and well-
defined shapes such as spherical, wormlike or rodlike mi-
celles, unilamellar and multilamellar vesicles,[1,8–11] and re-
cently disk-like micelles[12] and regular hollow icosahedra[13]


in dilute salt-free cationic/anionic surfactant solutions have
been observed.


Even though surfactants have been extensively used to
broaden the application ranges for scCO2,


[7,14] scarcely any


work concerning surfactant aggregates in ionic liquids has
been reported despite recent primary observations.[15] In the
last few years, interest in the properties of room-tempera-
ture ionic liquids (RTILs) has increased considerably. RTILs
have been used as clean solutions and catalysts for green
chemistry and as electrolytes for batteries, in photochemis-
try, and in electrosynthesis because of their novel properties
such as negligible vapor pressure and the fact that volatile
organic components are not created during their reactions.
RTILs have also been shown to be potentially excellent lu-
bricants by us.[16] However, little is known about surfactant
aggregation behavior in RTILs.


Very recently, we reported Zn2+-induced vesicle forma-
tion[17] by Zn2+-ligand complexation between the anionic
surfactant zinc 2,2-dihydroperfluoroctanoate [Zn(OOC-
CH2C6F13)2] and the zwitterionic surfactant tetradecyldime-
thylamine oxide (C14DMAO) in aqueous solutions. By
simply mixing C14DMAO and Zn(OOCCH2C6F13)2, we pre-
pared a La-phase with unilamellar and multilamellar vesi-
cles in aqueous solutions and attempted to provide a new
method for preparing nanoscale semiconductor ZnS parti-
cles by means of a vesicle template.[17,18]


We have placed self-assembling systems in ionic liquids,
and we report herein on the first self-assembled surfactant
vesicles formed by Zn(OOCCH2C6F13)2 alone or by mixtures
of C14DMAO and Zn(OOCCH2C6F13)2. The two common
RTILs I and II were used and these RTILs are slightly


Keywords: ionic liquids · self-as-
sembly · surfactants · vesicles


Abstract: Self-assembled vesicles, structurally equivalent to some hydrotropes,
have been obtained from a Zn2+–fluorous surfactant or in the mixture of Zn2+–
fluorous surfactant/zwitterionic surfactant in room-temperature ionic liquids
(RTILs). The existence of bilayers arranged in vesicles in RTILs would be very ex-
citing, open several new possibilities as reaction media, and increase our under-
standing of the physical and chemical factors for self-assembling systems in RTILs.
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yellow and display low viscosity at room temperature. The
resulting surfactant self-assemblies in the ionic liquids were
characterized by negative staining transmission electron mi-
croscopy (TEM) and freeze-fracture TEM (FF-TEM) obser-
vations, small-angle X-ray scattering (SAXS), and rheologi-
cal measurements. ZnS particles were obtained with the
spherical and regular hexahedral structure of ZnS crystalline
samples prepared by a flow of H2S gas into vesicles in ionic
liquids.


Results and Discussion


Vesicles determined by TEM and SAXS : In comparison
with the considerable number of investigations of self-as-
sembled structures of amphiphilic compounds in aqueous
solutions, only a few reports of nanostructures for surfac-
tants in ionic liquids have appeared.[15] Such nanostructures
are in thermodynamic equilibrium (the samples do not
change their appearance with time for more than four
weeks). It is hoped that studies of such self-assembled sur-
factant nanospheres will increase our understanding of the
physical and chemical factors that determine the self-assem-
bly of surfactants in ionic liquids and open new ways for ex-
ploiting the wider applications of ionic liquids, particularly
in chemical processes where hazardous solvents are replaced
by green solvents.


Zn(OOCCH2C6F13)2 has a high surface activity but is
almost insoluble in water even above 70 8C. However,
Zn(OOCCH2C6F13)2 can easily be dissolved in RTILs by
heating the sample to 70–75 8C under agitation. The slightly
yellow and mildly viscous RTILs become transparent puce-
colored viscoelastic solutions. Equilibration at 25 8C for four
months showed no visible change of the solutions (Fig-
ure 1a). We were surprised by the transparent puce-color of


the solutions. Initially, we speculated that the color was at-
tributed to an impurity of the Zn(OOCCH2C6F13)2. Thus, we
did some experiments and characterization such as elemen-
tal analysis, solubility measurements in different solvents,
and the determination of the phase behavior of


Zn(OOCCH2C6F13)2 in ionic liquids to try to establish the
nature of the impurity of Zn(OOCCH2C6F13)2.
Zn(OOCCH2C6F13)2 is sparingly soluble in water or chloro-
form but is much more soluble in acetone and ethanol. In
the latter two solvents, we observed transparent, colorless,
low viscous solutions, suggesting that the purity of the
sample of Zn(OOCCH2C6F13)2 was very high (>99 %),
which thus suggested that the origin of the color was not as-
sociated with an impurity. The phenomenon of colored solu-
tions from fluorous ionic liquids functioning as surfactants
in conventional room-temperature ionic liquids was also ob-
served by Davis and co-workers.[19] In accord with their find-
ings, we thus considered that the presence of the Zn2+–fluo-
rous surfactant in the conventional IL phase is responsible
for the observed puce color, but the basis of the origin of
the color is unclear. Investigations to address this issue and
other facets of the chemistry of fluorous surfactants in ionic
liquids, such as the phase behavior, are in progress in our
laboratory, and will be reported in due course.


Preliminary measurements showed that
Zn(OOCCH2C6F13)2 reduces the surface tension (g) in a
manner analogous to aqueous surfactant solutions. The de-
crease in g and color change might indicate that
Zn(OOCCH2C6F13)2 molecules can adsorb at the surface of
ionic liquids and that the ionic liquid forms solvatophobic
interactions with the hydrocarbon or fluorocarbon portion
of Zn(OOCCH2C6F13)2. Well-defined self-assembled surfac-
tant bilayer vesicles in the ionic liquids were identified by
negative-staining TEM. As shown in Figure 1b, the well-de-
fined bilayer vesicles are clearly visible and the diameters of
the nanospheres range from about 30 to more than 90 nm.


To investigate vesicle formation for the same system in
water,[17] we prepared the sample by mixing C14DMAO and
Zn(OOCCH2C6F13)2 with a cC6F13CH2COO�= 0.18 in II. The
same transparent deep puce color and viscoelastic solutions
were also obtained, which indicates that the mixed solutions
of C14DMAO and Zn(OOCCH2C6F13)2 in ionic liquids dis-
play the same self-assembled aggregation behavior as
Zn(OOCCH2C6F13)2 in ionic liquids. The sample was exam-
ined by negative-staining TEM and FF-TEM (Figure 2).
Nanospheres similar to those in Figure 1b were observed
with diameters of about 20 to 150 nm, and multilamellar


Figure 1. a) RTIL I (left sample, slightly yellow) and Zn(OOCCH2C6F13)2


in I (right sample, transparent deep puce color); b) a typical negative-
staining TEM image of the self-assembled surfactant bilayer vesicles of
Zn(OOCCH2C6F13)2 in I, phosphotungstic acid was used as the negatively
charged dye.


Figure 2. Negative-staining (left) and freeze-fracture (right) TEM images
of self-assembled surfactant nanospheres of C14DMAO and
Zn(OOCCH2C6F13)2 in II. Phosphotungstic acid was used as the negative
charged dye.
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vesicles were visible in the FF-TEM image. Clusters of
nanospheres could also be seen in the negative-staining
TEM image.


Small-angle X-ray scattering (SAXS) profiles of
C14DMAO/Zn(OOCCH2C6F13)2 and Zn(OOCCH2C6F13)2 in
ionic liquids (Figure 3) also clearly demonstrate the forma-


tion of lamellar aggregate structures. Both the systems have
the same scattering curves with two scattering peaks at q=


1.21 and 2.44 nm�1, which correspond to the 001 and 002
planes of a layered structure. A d spacing distance (2p/qmax)
of 5.19 nm was obtained. The calculated length of the two
surfactant molecules is about 2.70 nm,[20] indicating the d
spacing of 5.19 nm includes a polar layer containing ionic
liquid. Such a bilayer structure has been commonly ob-
served in mixtures of polyelectrolyte/surfactant complexes[21]


and cationic/anionic surfactant systems;[1,8] however, hardly
any observations have been reported about such a bilayer
structure for surfactant mixtures in ionic liquids.[15]


Macroproperties of the vesicle-phase and preparation of
ZnS precipitates by using the vesicle-phase as the reaction
medium : The macroproperties of Zn(OOCCH2C6F13)2/
C14DMAO and Zn(OOCCH2C6F13)2 ionic liquid solutions
were characterized by rheological measurements of the os-
cillatory shear. Two typical rheograms of the oscillatory
shear for two samples of 100 mm C14DMAO/11 mm


Zn(OOCCH2C6F13)2 (cC6F13CH2COO�=0.18) and 11 mm


Zn(OOCCH2C6F13)2 in ionic liquid II at 25.0�0.1 8C are
shown in Figure 4. The rheograms of the two samples dis-
play the typical characteristics for solutions consisting of
vesicles, and phase behavior similar to that for the same sur-
factant composition but with charged surfactant vesicle
phases in aqueous solutions.[11,17] Both moduli are nearly fre-


quency-independent in the C14DMAO/Zn(OOCCH2C6F13)2


and Zn(OOCCH2C6F13)2 systems. For the C14DMAO/
Zn(OOCCH2C6F13)2 system, the storage modulus with G’
�40 Pa, is about one order of magnitude higher than the
loss modulus with G’’�4.0 Pa. For the Zn(OOCCH2C6F13)2


system, G’�10 Pa and G’’�1.0 Pa. The complex viscosity
(jh* j ) values linearly decrease over the whole frequency
range from 0.005 to 10 Hz; the slope is �1 for the two
systems. Comparing the two rheograms, one can see that
the G’, G’’, and jh* j values in the Zn(OOCCH2C6F13)2


system are much lower than those in the C14DMAO/
Zn(OOCCH2C6F13)2 system.


The rheological variation from the low viscosity of the
ionic liquids to the viscoelastic fluid of surfactants in ionic
liquids demonstrates that the solutions are highly viscoelas-


Figure 3. Small-angle X-ray scattering curves of the C14DMAO (100 mm)/
Zn(OOCCH2C6F13)2 (11 mm) mixture and Zn(OOCCH2C6F13)2 (11 mm)
alone in ionic liquid II. The scattering peaks for both systems can be in-
dexed as a bilayer lamellar structure, but no scattering peaks for the
ionic liquids were observed.


Figure 4. Rheograms for the C14DMAO/Zn(OOCCH2C6F13)2 mixture
(top) and Zn(OOCCH2C6F13)2 alone (bottom) in ionic liquid II. Plots of
the storage modulus G’, loss modulus G’’, and complex vesicosity jh* j as
a function of the angular frequency. T =25.0�0.1 8C.
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tic, have high yield stress values, and therefore behave like
Bingham fluids—typical properties of vesicle solutions.[11, 17 ]


Conductivity measurements of the aggregate solutions show
that the conductivity values do not significantly change for
the aggregate solutions compared with the ionic liquids (I
and II have k�3.8 and �1.8 mS cm�1, respectively). Both
samples of 11 mm Zn(OOCCH2C6F13)2 or 100 mm


C14DMAO/11 mm Zn(OOCCH2C6F13)2 in ionic liquid I have
the same value, k�3.8 mScm�1, which demonstrates that
the ionic liquid is the continuous phase and that the ionic
surfactant makes no contribution to the conductivity.


The first aim of the present study was to prepare self-as-
sembled nanostructures formed by surfactants in ionic liq-
uids, which should open up several new possibilities as reac-
tion media. The second aim, and why we chose
Zn(OOCCH2C6F13)2 as an organozinc precursor in ionic liq-
uids, was provide a route to synthesize nanoscale semicon-
ductor ZnS particles with an S source. ZnS particles were
obtained by allowing H2S gas to flow at room temperature
into Zn(OOCCH2C6F13)2 and C14DMAO bilayer vesicle so-
lutions prepared in ionic liquids. In this reaction, when H2S
gas is injected into the Zn(OOCCH2C6F13)2 and C14DMAO
mixed solutions, Zn2+ is precipitated by H2S to form nano-
scale semiconductor ZnS particles. After H2S gas was inject-
ed into the Zn(OOCCH2C6F13)2 and C14DMAO bilayer vesi-
cle solutions (24 h), stable transparent puce-colored visco-
elastic solutions were obtained.


The spherical and regularly hexahedral re-united struc-
tures of crystalline ZnS are clearly visible in the TEM
images of the resulting ZnS particles (Figure 5). We will not


discuss controlling the size and morphology of ZnS particles
by the present synthesis route, because it is clear that nei-
ther the size nor the shape of the original vesicles is pre-
served.


The most noteworthy phenomenon is that the water-in-
soluble surfactant, Zn(OOCCH2C6F13)2, is highly soluble in
ionic liquids and forms self-assembled supramolecular nano-
structures. A tempting explanation is to assume that the zinc
moiety of Zn(OOCCH2C6F13)2 or the zinc complex moiety
of C14DMAO and Zn(OOCCH2C6F13)2 may act as a solvo-
phobic group, whereas the hydro- and fluorocarbon part of
Zn(OOCCH2C6F13)2 or C14DMAO and Zn(OOCCH2C6F13)2


behaves as a solvophilic group. Taken together these then
would provide the driving force to form the nanostructures
through weak attractive intermolecular interactions such as
dipole–dipole and van der Waals forces. However, the ionic
groups could also display strong electrostatic interactions
between the ionic liquids and the surfactants, and the mech-
anism of the self-assembly of surfactant nanostructures in
ionic liquids merits further discussion.[19] Thus, the formation
of the mixed complex is not essential for the assembly. How-
ever, we would like to confirm that the phase behavior of
Zn(OOCCH2C6F13)2 alone differs from that of the mixture
of C14DMAO/Zn(OOCCH2C6F13)2 in ionic liquids. This
should be compared with the results of C14DMAO/
Zn(OOCCH2C6F13)2 in water,[17] in which we did not find
the self-assembled structure for Zn(OOCCH2C6F13)2 alone.


Conclusion


Herein we report the self-assembly of stable surfactant
nanospheres from a Zn2+–fluorous surfactant, which should
open unique opportunities to design nanoscale architectures
in green solvents. Such nanostructures are interesting not
only from the standpoint of the assembly of advanced mate-
rials and environmental concerns, but also may be useful in
applications in nanoscience such as the present synthesis of
semiconductor ZnS particles and in formulations for the
pharmaceutical, personal care, or household products, and
even ultimately as drug and gene delivery systems.


Experimental Section


Materials : C14DMAO was a gift from
the Clariant AG Gendorf (Frankfurt
Am Main, Germany) and was deliv-
ered as a 25 % solution. It was crystal-
lized twice from acetone and charac-
terized by melting point (130.2–
130.5 8C); the cmc was 1.4�
10�4 mol L�1. Zn(OOCCH2C6F13)2,
purity=99 %, was a gift from
Hoechst-Gendorf (Frankfurt Am
Main, Germany) and was used with-
out further purification. The ionic liq-
uids were synthesized as described in
reference [16].


Methods : The required amount of Zn(OOCCH2C6F13)2 only or mixed
with C14DMAO was added to the ionic liquid. The samples were pre-
pared at 70 8C under stirring and then thermostated at 25 8C for equilibri-
um (4 months). Very stable, transparent deep puce-colored solutions
were obtained.


For the negative-staining TEM images, about 4 mL of the ionic liquid so-
lution was transferred onto a TEM grid (copper grid, 3.02 mm, 200 mesh,
coated with Formvar film) and stained with 2% phosphotungstic acid.
After drying the solution by using a filter paper in air, negative-staining
TEM images were recorded on a CEM 902 electron microscope (Zeiss,
Germany) operating at an accelerating voltage of 80 kV. For the FF-
TEM images, about 4 mL of the sample solution was placed on a 0.1-mm
thick copper disk and covered with a second copper disk. The copper
sandwich with the sample was frozen by plunging this sandwich into


Figure 5. TEM images showing the spherical and regularly hexahedral re-united ZnS masses obtained from
Zn(OOCCH2C6F13)2 and C14DMAO bilayer vesicle ionic liquid solutions on injecting H2S. Some regularly
hexahedral re-united masses were visible and marked by hexagons.
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liquid propane which had been cooled with liquid nitrogen. For fracturing
and replication, a freeze-fracture apparatus (Balzer BAF 400, Germany)
was used at a temperature of �140 8C. Pt/C was deposited at a 458 angle.
The samples were examined with a Zeiss CEM 902.


Small-angle X-ray scattering (SAXS) measurements were carried out at
room temperature on a modified Kratky compact camera. The evacuated
camera was mounted on a sealed X-ray tube equipped with a copper
target. The scattering intensities were measured with a linear position-
sensitive, gas-filled detector (Mbraun, Germany) by monitoring the scat-
tering curves in the q range (q=4p/lsinq/2, q is the scattering angle and
l is the wavelength of the radiation). The sample solutions were injected
into a 1-mm diameter quartz capillary mounted in a steel cuvette. The
data collection time for each scattering curve was about 15 h.


The rheological measurements were carried out with a Bohlin CS 10
stress-controlled rheometer using a cone plate measuring system and a
double gap system. The lowest possible stress value was about 3 mPa.
The viscoelastic properties of C14DMAO/Zn(OOCCH2C6F13)2 and
Zn(OOCCH2C6F13)2 alone vesicle-phase samples were determined from
the oscillatory measurements from 0.001 to 10 Hz, whereby alternatively
the strain amplitude or the stress amplitude were kept constant.


For the TEM images of the ZnS particles, a drop of the resulting trans-
parent puce-colored viscoelastic solution of the ZnS particles was placed
on a carbon-coated, Formvar-covered TEM grid (copper grid, 3.02 mm,
200 mesh) and subsequently the excess solution was drawn off. The grids
were then examined by using a JEOL 100CX-II transmission electron mi-
croscope operating at 100 kV.
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Inhibition of Mitosis by Glycopeptide Dendrimer Conjugates of Colchicine


David Lagnoux, Tamis Darbre, M. Lienhard Schmitz,* and Jean-Louis Reymond*[a]


Introduction


Dendrimers are tree-like macromolecules composed of a
core, a branched structure, and end groups that form the
dendrimer surface.[1] One particularly attractive potential
application of dendrimers is in drug delivery, whereby an in-
active dendrimer–drug conjugate is delivered to a diseased
cell and is degraded within the cell to release the active
principle, for example by a cascade release mechanism.[2]


Dendrimers are already in use as gene transfection agents.[3]


In principle, a dendritic drug-delivery system should include
a tissue- or cell-targeting molecule and an inactive prodrug
that can be released by a selective triggering mechanism.
Folic acid has been placed at the surface of dendrimers as a
targeting device for the release of methotrexate to cancer
cells.[4] Arrays of multiple carbohydrate moieties at a den-
drimer surface, which may be assembled by a variety of den-
drimer-assembly chemistries,[5] should provide optimal tar-
geting devices. Various glycoprotein receptors occur at cell


surfaces, where they mediate cell-cell recognition and the
uptake of macromolecules.[6] For example, galactose and N-
acetyl-galactosamine groups are known to bind to asialogly-
coprotein receptors and have been used to target anticancer
compounds to hepatic cancer cells.[7]


A key aspect of dendrimer-mediated drug delivery is that
the dendrimer should undergo biodegradation within the
target cell after delivery. Dendrimers consisting of peptide
building blocks would be optimally suited for this purpose
since they would be sensitive to proteolytic cleavage. We
have recently prepared peptide dendrimers consisting of al-
ternating sequences of proteinogenic a-amino acid and di-
amino acid building blocks.[8] These dendrimers can be pre-
pared by Fmoc-based solid-phase peptide synthesis and pro-
vide functional artificial protein models exhibiting enzyme-
like catalytic properties and binding affinities.[9] We have
also discovered that these dendrimers are readily degraded
by proteases, with cleavage occurring both at the surface
and within the branches of the dendrimers.[10] This suggests
that peptide dendrimers might be suitable for targeting
drugs to cancer cells. One interesting drug is the well-known
antimitotic agent colchicine, which is able to bind tubulin
and thus prevents its assembly during mitosis.[11] This process
precludes cell division and can induce apoptosis. The anti-
proliferative function of colchicine makes it an interesting
agent for tumor therapy, but its use is restricted as it lacks
specificity and inhibits proliferation of both tumor cells and


Abstract: Glycopeptide dendrimers
have been prepared bearing four or
eight identical glycoside moieties at
their surface (b-glucose, a-galactose, a-
N-acetyl-galactose, or lactose), natural
amino acids within the branches (Ser,
Thr, His, Asp, Glu, Leu, Val, Phe), 2,3-
diaminopropionic acid as the branching
unit, and a cysteine residue at the core.
These dendrimers have been used as
drug-delivery devices for colchicine.
Colchicine was attached to the den-
drimers at the cysteine thiol group


through a disulfide or thioether link-
age. The biological activities of the gly-
copeptide dendrimer conjugates were
evaluated in HeLa tumor cells and
non-transformed mouse embryonic fi-
broblasts (MEFs). The concentrations
of glycopeptide dendrimer drug conju-
gates required to achieve inhibition of


cell proliferation by interference with
the tubulin system were found to be
higher (IC50 > 1 mm) compared to the
required colchicine concentration. On
the other hand, the glycopeptide den-
drimer conjugates inhibited the prolif-
eration of HeLa cells 20–100 times
more effectively than the proliferation
of MEFs. In comparison, non-glycosy-
lated dendrimers and colchicine itself
showed a selectivity of 10-fold or less
for HeLa cells.
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healthy cells. Therefore, it is of potential interest to produce
colchicine derivatives that show a bias towards the inhibi-
tion of tumor cells.


Herein, we report the preparation of glycopeptide den-
drimer–drug conjugates of colchicine equipped with surface
glycosides as targeting devices. The dendrimers display mul-
tiple glycoside moieties at the surface and carry a covalently
bound colchicine unit at the core. The dendrimers are
shown to inhibit mitosis much more potently in cancer cells
as compared to non-transformed fibroblasts (as a model for
healthy cells), presumably by a mechanism involving cellular
uptake followed by intracellular degradation and release of
active colchicine, which can then bind to tubulin (Figure 1).


Although less potent than colchicine itself, these glycopep-
tide dendrimer–drug conjugates show an enhanced selectivi-
ty towards cancer cells versus immortalized but non-trans-
formed cells.


Results and Discussion


Design : Colchicine (1) is a tricyclic plant alkaloid that has a
cytostatic effect triggered by a binding interaction to tubu-
lin, which prevents cell division.[12] Colchicine is abundant
and inexpensive, yet is not useful therapeutically due to its
toxicity, presumably as a result of a lack of selectivity. Its
usefulness as a drug might therefore be improved if it could
be deployed within a selective drug-delivery device. Colchi-
cine can be readily modified at various positions.[13] In par-
ticular, it is possible to append various groups at the C(7)
amide position and preserve bioactivity, as long as these
groups are relatively small in size. We envisaged that conju-


gating colchicine to the core of a peptide dendrimer would
form a biologically inactive derivative, but that degradation
of the conjugate might release a smaller fragment carrying
colchicine, which should be biologically active. The peptide
dendrimer would be functionalized with glycosidic groups to
facilitate cellular uptake and provide optimal water solubili-
ty (Figure 1).


Synthesis of colchicine and glycoside components : Colchi-
cine 1 was first modified at C(7) to allow conjugation to
peptide dendrimers (Scheme 1). Deacetylation at C(7) was
performed by using a known procedure involving the inter-


Figure 1. Hypothetical mechanism for mitosis inhibition by glycopeptide
conjugates of colchicine. The glycopeptide dendrimer drug conjugate is
taken into the cell (1), and is then degraded by intracellular proteases to
release colchicine (2). Colchicine binds to tubulin and inhibits its poly-
merization (3), thereby blocking mitosis.


Scheme 1. Synthesis of colchicine and carbohydrate building blocks. Con-
ditions : a) 1) Boc2O, Et3N, DMAP, CH2Cl2, 3 h, 25 8C (30 %), 2) NaOMe,
MeOH, 0 8C, 30 min (80 %); b) CF3CO2H/CH2Cl2, 1:1, 25 8C, 3 h (100 %);
c) ClCH2COCl, Na2CO3, acetone/H2O, 0 8C, 3 h (26 %); d) PySSCH2CH2-
CONHS, DMAP, CH2Cl2, 2 h, 25 8C (54 %); e) 1) HBr/AcOH, CH2Cl2,
25 8C, 3 h, 2) Bu4N


+ HSO4
� , N-hydroxyphthalimide, CH2Cl2/1 m aq.


Na2CO3, 25 8C, 15 h (22 %); f) MeNHNH2, 25 8C, 15 h (76 %); g) N-hy-
droxyphthalimide, Et3N, Et2O·BF3, CH2Cl2, 25 8C, 3 h (64 %); h) 1) H2,
Pd/C, MeOH/CH2Cl2, 25 8C, 2 h (52 %); 2) MeNHNH2, 25 8C, 15 h
(80 %); i) 4-pentenol, Et2O·BF3, 95 8C, 4 h, then Ac2O/pyridine, 25 8C,
24 h (60 %); j) NaIO4, cat. RuCl3, CCl4/CH3CN/H2O, 25 8C, 3 h (73 %);
k) ClCH2COCl, H2O/acetone, Na2CO3, 0 8C, 1 h (67 %).
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mediacy of the Boc derivative 2 to give deacetylcolchicine
3.[14] The amino group was then acylated to give either the
7-chloroacetamido derivative 4,[15] to be used for thioether
bond formation with the core cysteine of the dendrimers, or
the dithiopyridyl-propionyl derivative 5,[16] to be used for di-
sulfide coupling to cysteine. Penta-O-acetyl-a-d-glucopyran-
oside (6) was converted to the corresponding bromide by
reaction with hydrogen bromide,[17] and then glycosylated
with N-hydroxyphthalimide under phase-transfer conditions,
as described for the reaction with N-hydroxysuccinimide,[18]


to give intermediate 7. Deacetylation and removal of the
phthalimide protection was finally accomplished by treat-
ment with methylhydrazine to give the sensitive b-d-gluco-
pyranosyloxyamine (8). Oxyamine 8 was purified by precipi-
tation from ethanol/dichloromethane, and would be used in
oxime ligation for glycodendrimer synthesis. The related a-
d-galactopyranosyloxyamine (11) was prepared by using a
known procedure[19] involving a-selective glycosylation of
tetra-O-benzyl-a-d-galactose (9)[20] with N-hydroxyphthal-
imide to give intermediate 10, followed by a short hydroge-
nation for debenzylation, removal of the phthalimide pro-
tecting group by treatment with methylhydrazine, and purifi-
cation by precipitation as above. Glycosylation of N-acetyl-
galactosamine 12 with 4-penten-1-ol using Et2O·BF3 as cata-
lyst followed by acetylation gave the corresponding a-d-gal-
actopyranoside 13.[21] Oxidation of the vinyl group with
NaIO4 and a catalytic amount of RuCl3


[22] gave the corre-
sponding acid 14, ready for amide bond formation with N-
terminal amino acids on a solid support. Finally, chloroace-
tylation of amino-fluorescein 15 gave N-chloroacetamido-
fluorescein 16 for glycopeptide dendrimer labeling studies.


Synthesis of glycopeptide dendrimer–colchicine conju-
gates : The peptide dendrimers were prepared by solid-phase
peptide synthesis (SPPS). All of the dendrimers possessed a
cysteine residue at the core for the conjugation of colchi-
cine. Various combinations of hydrophilic (serine, threonine,
histidine, aspartate, glutamate) and hydrophobic (leucine,
valine, phenylalanine) amino acid residues were used within
the branches. Three different synthetic strategies were ex-
plored for the attachment of carbohydrates at the dendrimer
surface.


The first approach relied on chemoselective ligation[23] of
oxyamine glycosides to surface carbonyl groups generated
by periodate cleavage of N-terminal serine or threonine res-
idues (Scheme 2 and Scheme 3). This strategy has been used
previously for the glycosylation of peptides[24] and peptide
dendrimers.[25] The peptide dendrimer 17 was first prepared
by SPPS, then cleaved and purified by preparative HPLC.
Colchicine was then coupled to the cysteine thiol group as
the chloroacetamide derivative 4 to give conjugate 18
(Scheme 2). Oxidation of the N-terminal serine residues
gave the corresponding glyoxamides. MS analysis showed a
molecular mass with +16 relative to the value expected for
the peptide dendrimer. This was attributed to oxidation of
the thioether linkage to a sulfoxide.[26] The glyoxamide den-
drimer 19 thus obtained was combined with either b-d-glu-
copyranosyloxyamine (8) or a-d-galactopyranosyloxyamine


(11) under catalysis by acetic acid to give the oxime-linked
glycopeptide dendrimer–colchicine conjugates 20 and 21, re-
spectively. In a similar sequence, the threonine-terminated
dendrimer 22 was prepared and coupled to dithiopyridylpro-
pionyl-colchicine 5 by disulfide exchange to yield the den-
drimer–colchicine conjugate 23 (Scheme 3). Subsequent oxi-
dation with sodium periodate produced the corresponding
glyoxamide-terminated dendrimer 24. As for dendrimer 18
above, MS analysis revealed a mass difference of + 16,


Scheme 2. Synthesis of oxime-linked glycopeptide colchicine conjugates
20 and 21. Conditions: a) 4, aq. phosphate buffer pH 8, 25 8C, 15 h
(58 %); b) NaIO4, H2O, 25 8C, 2 h (62 %); c) 8, H2O/AcOH, 25 8C, 15 h
(64 %); d) 11, H2O/AcOH, 25 8C, 15 h (36 %). Branching points in the
dendrimers consist of Dap ((S)-2,3-diaminopropionic acid).


Scheme 3. Synthesis of glycopeptide dendrimer colchicine conjugate 25.
Conditions: a) 5, MeOH, CH3CN, 25 8C, 2 h (60 %); b) NaIO4, H2O,
25 8C, 2 h (56 %); c) d-GalNAc-a-ONH2, H2O, AcOH, 25 8C, 15 h (23 %).
Branching points in the dendrimers consist of Dap ((S)-2,3-diaminopro-
pionic acid).
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which was attributed to a single oxidation of the disulfide
bridge. Subsequent coupling with N-acetyl-a-d-galactopyran-
osyl-oxyamine[19] in the presence of acetic acid finally gave
peptide dendrimer conjugate 25. It should be noted that at-
tempts to functionalize the dendrimers on a solid support
using glycosyloxyamines and levulinate end groups were un-
successful.


In the second approach to glycopeptide dendrimer synthe-
sis, the carbohydrate was attached to the N-termini by re-
ductive amination (Scheme 4).[27] This approach is known to


modify whole proteins,[28] and has recently been applied by
Stoddart et al. for the preparation of glycodendrimers.[29]


Treatment of dendrimer 17 with lactose in the presence of
sodium cyanoborohydride in methanol resulted in clean con-
version to glycodendrimer 26 bearing eight galactose end
groups. The product was purified by semipreparative HPLC
and coupled with the thiopyridyl-activated colchicine 5 to
yield conjugate 27.


In the third approach, the dendrimers were directly func-
tionalized with a carbohydrate during SPPS by amide bond
formation to the N-terminal residues (Scheme 5). O-Acetyl-
protected 4-(a-N-acetyl-galactosyloxy)butyric acid 14 was
used for amide bond formation to the N-terminal residues
at the dendrimer surface under standard peptide-coupling
conditions. Deprotection and cleavage from the resin gave
the O-acetyl-protected glycodendrimer 28, which was then
coupled with the thiopyridyl derivative of colchicine 5 to
give 29. The O-acetyl protecting groups were then removed
by treatment with methanolic ammonia to provide the gly-
copeptide dendrimer colchicine conjugate 30 bearing four
N-acetyl-galactosamine moieties at the surface. In a similar
approach, glycopeptide dendrimer 31 bearing eight N-
acetyl-galactosamine moieties was obtained after N-terminal


coupling with 14, followed by cleavage from the resin, de-
acetylation of the crude cleavage product with methanolic
ammonia, and purification. Dendrimer 31 was then coupled
with either thiopyridylcolchicine 5 or the chloroacetyl-fluo-
rescein derivative 16 to produce the glycopeptide dendrimer
conjugates 32 and 33, respectively.


Finally, chloroacetylcolchicine 4 was conjugated to pep-
tide dendrimers available from other projects,[9] bearing a
variety of non-carbohydrate surface groups (carboxylate,
ammonium, and acetyl groups), to provide dendrimer conju-
gates 34–38 (Scheme 6).


Biological evaluation : The biological activities of the vari-
ous colchicine derivatives were compared by using immor-
talized mouse embryonic fibroblasts (MEFs) and HeLa
cervix carcinoma cells, which are oncogenically transformed


Scheme 4. Synthesis of lactose-capped peptide dendrimer colchicine con-
jugate 27. Conditions: a) lactose, NaBH3CN, AcOH, MeOH, 70 8C, 15 h
(44 %); b) 5, CH3CN, MeOH, 25 8C, 2 h (58 %). Branching points in the
dendrimers consist of Dap ((S)-2,3-diaminopropionic acid).


Scheme 5. Synthesis of (GalNAc)4 and (GalNAc)8 glycopeptide dendri-
mer colchicine conjugates 30 and 32. Conditions: a) 5, CH3CN/MeOH,
25 8C, 2 h (30 %); b) NH4OH, MeOH/H2O, 25 8C, 12 h (79 %); c) 5,
CH3CN/MeOH, 25 8C, 2 h (13 %); d) 16, aq. phosphate buffer, pH 8,
MeOH, 25 8C, 15 h (20 %). Branching points in the dendrimers consist of
Dap ((S)-2,3-diaminopropionic acid).
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by the papillomavirus proteins E6 and E7. As colchicine
binding to tubulin inhibits mitosis and thus cell division, the
determination of cell numbers allows a direct comparison of
the biological activities of colchicine and its derivatives.
Equal numbers of cells were plated and either left untreated
or incubated with various concentrations of some of the
compounds, including the lactose-terminated dendrimer 27
and the GalNAc-terminated dendrimers 30 and 32. After
three days, the cell number was determined. The dendrimers
were found to be generally much less active than colchicine
itself or its chloroacetyl analogue 4 (Figure 2). Optimal in-


hibition of cell division was observed at a concentration of
5 mm.[30] A survey of the cytostatic activities of the colchicine
glycopeptide dendrimer conjugates against MEFs and HeLa
tumor cells was therefore carried out at this concentration
(Table 1). While glycopeptide dendrimer 31 not bearing a


colchicine substituent was not cytostatic, all glycopeptide
dendrimer conjugates of colchicine showed cytostatic activi-
ty. The glycopeptide conjugates generally showed a higher
selectivity against the HeLa tumor cells over the non-trans-
formed MEF cells when compared to colchicine itself. The
effect was most pronounced with dendrimer 20 bearing
eight oxime-linked b-glucose units at its surface. In future
studies, it will be interesting to determine whether dendri-
mer 20 also shows this bias for other tumor cells.


The non-glycosylated dendrimers 34–38 were generally
found to be less active than the glycopeptide dendrimers.
Only dendrimer conjugates 34 and 35 showed bioactivity
comparable to that of the glycopeptide dendrimer conju-
gates, albeit without noticeable selectivity towards HeLa
cells as observed for the glycopeptide dendrimers such as
20. The activity of 34 and 35 in comparison to the less active
dendrimers 36–38 might stem from the presence of the neg-
atively charged carboxylate groups at the surface, although
there are also other differences in amino acid composition.
The bioactivity of 34 and 35 further indicates that the
nature of the colchicine–dendrimer link (thioether, sulfox-
ide, disulfide, thiosulfoxide) is not the primary determinant
of bioactivity of the conjugates.


The effect of the tumor cell selective conjugate 20 was in-
vestigated in more detail. To test whether it affects the spin-
dle apparatus or acts by additional pathways, human lung
cancer H1299 cells were transiently transfected to express
green fluorescent protein (GFP)-tagged tubulin and re-


Scheme 6. Peptide dendrimer conjugates of colchicine. Branching points
are formed by 1,3-diamino-2-propyloxy-acetic acid in dendrimers 34, 35,
37, 38 and by (S)-1,2-diaminopropionic acid in dendrimer 36.


Figure 2. Concentration dependence of the cytostatic effect of colchicines
1 and 4 and of the glycopeptide dendrimer conjugates 27, 30, and 32. The
indicated concentrations of colchicine and its derivatives were added to a
constant number of HeLa cells. After three days, the cell number was de-
termined, which is given on the y axis.


Table 1. Inhibition of mitosis by colchicine glycopeptide and peptide
dendrimer conjugates.


Compd Dend.
surf.[a]


Link[b] Colch.[c] HeLa
[%][d]


MEF
[%][e]


Selec.[f]


blank 100.0 100.0 1
1 0.2 2.4 12
4 0.2 0.6 3
20 8 � Glc oxime S(O) 0.7 113.8 163
21 8 � Gal oxime S(O) 2.1 92.2 44
25 8 � GalNAc oxime SS(O) 0.9 93.4 104
27 8 � Lac amine SS 0.4 34.1 85
30 4 � GalNAc amide SS 0.5 47.9 96
32 8 � GalNAc amide SS 0.3 6.6 22
31 8 � GalNAc amide – 95.6 81.8 1
34 4 � glutarate – S 3 2 1
35 4 � glutarate – S 1 10 10
36 4 � lysine – S 16 106 7
37 4 � proline – S 48 86 2
38 4 � acetyl – S 17 84 5


[a] Glycoside type at dendrimer surface. [b] Type of glycopeptide link.
[c] Link between colchicine and cysteine thiol. [d] Percent HeLa tumor
cells after 3 days in culture with 5 mm of indicated compounds. [e] Percent
surviving MEF cells after three days in culture with 5 mm of indicated
compounds. [f] Ratio of percent surviving MEFs to HeLa cells.
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mained either untreated or were incubated with colchicine
or conjugate 20. Immune fluorescence microscopy revealed
a normal cell morphology for control cells, while treated
cells often displayed double or inadequately separated
nuclei, which is indicative of a disturbed tubulin system
(Figure 3). These results suggest that the colchicine den-


drimer conjugate 20 acts in the same manner as colchicine
itself, that is, by disrupting tubulin function.


Glycopeptide dendrimer fluorescein conjugate 33 was in-
cubated with cultures of HeLa or MEF cells under the con-
ditions of the bioassay. HPLC analysis of the supernatant
did not reveal any noticeable degradation of the conjugate,
showing only unchanged dendrimer. When the cells were
washed and examined under a fluorescence microscope,
both the HeLa and MEF cells showed a homogeneous weak
fluorescein fluorescence, indicating that the dendrimers
were able to enter inside the cells during the course of the
experiment.


A possible mechanism of action of our dendrimer–colchi-
cine conjugates involves either passive or active uptake of
the dendrimer-bound colchicine into the cells, followed by
intracellular proteolytic degradation of the peptide structure
to release an active colchicine compound, which then inter-
feres with tubulin and blocks mitosis. The proposed pro-
drug-type mechanism of action involving dendrimer degra-
dation would also explain the fact that structurally diverse
glycopeptide dendrimer conjugates show similar activities.


Conclusion


A series of glycopeptide dendrimer colchicine conjugates
has been prepared using different strategies for glycoside at-
tachment. The glycoside attachment methods used have in-
cluded oxime bond formation to N-terminal glyoxyamide
generated by periodate cleavage of N-terminal serine or
threonine residues, reductive alkylation of peptide amino
termini with lactose/NaBH3CN, and amide bond formation
with an acetylated carboxypropyl glycoside directly on a
solid support as the last step of the peptide dendrimer syn-
thesis followed by cleavage and deacetylation. The latter
strategy proved to be the most practical because only the


colchicine conjugation step was necessary after the solid-
supported peptide dendrimer synthesis. Non-glycosylated
peptide dendrimer colchicine conjugates have also been pre-
pared.


Cytostatic properties have been investigated against HeLa
cells, as a model for cancer cells, and MEF cells, as a model
for immortalized but non-transformed cells. Although the
dendrimer conjugates were found to be less active than col-
chicine itself, the glycopeptide dendrimer colchicine conju-
gates showed enhanced selectivity towards HeLa cells over
MEF cells as compared to colchicine. Non-glycosylated pep-
tide dendrimer colchicine conjugates were generally found
to be less active and less selective than the glycosylated con-
jugates. Dendrimers without colchicine were inactive. The
bioactivity of glycopeptide dendrimer conjugate 20 has been
traced to the inhibition of mitosis and nuclear separation
during cell division, as observed for colchicine itself. There
was no degradation of the dendrimers in the cell culture
medium. The bioactivity of the glycopeptide dendrimer col-
chicine conjugates can best be explained in terms of inter-
nalization followed by degradation with the release of an
active colchicine derivative.


These experiments show that glycopeptide dendrimers
can be readily prepared and provide a suitable selective ve-
hicle for the delivery of cytotoxic compounds to cancer cells.
Dendrimer glycosylation induces a selective cytotoxicity to-
wards Hela cells over MEF cells. This effect might become
even more pronounced when applied to cell types express-
ing specific receptors for carbohydrates, such as hepatic
cancer cells. Optimization of the dendritic glycopeptide
array for optimal targeting to such cells and for the delivery
of drugs other than colchicine is currently under investiga-
tion.


Experimental Section


General : Preparative HPLC purifications were performed on a Waters
Prepak cartridge packed with 500 g of RP-C18, particle size 20 mm, pore
size 300 �, flow rate 100 mL min�1, eluent A: 0.1% TFA in water;
eluent B: acetonitrile/water (3:2) + 0.1% TFA; gradient +1% B min�1,
detection by UV at l = 214 nm.


Semipreparative RP-HPLC purifications were performed on a Vydac
218 TP510, C18, 1.0 cm � 25 cm, flow rate 4 mL min�1, eluent A: 0.1 %
TFA in water; eluent B: acetonitrile/water (3:2) + 0.1 % TFA, gradient
+1 % B min�1, detection by UV at l = 220 nm.


N-[(tert-Butoxy)carbonyl]colchicine : Di(tert-butyl) pyrocarbonate
(1.55 g, 7.10 mmol, 6.0 equiv) was added portionwise to a mixture of col-
chicine 1 (0.40 mg, 1.25 mmol), Et3N (0.2 mL, 1.43 mmol, 1.1 equiv), and
4-(dimethylamino)pyridine (0.18 mg, 1.46 mmol, 1.2 equiv) in CH2Cl2


(3 mL), and the mixture was stirred for 3 h at 25 8C. The solvent was then
removed in vacuo and the residue was purified by flash chromatography
on silica gel (AcOEt/acetone, 4:1, Rf = 0.28) to give N-Boc-colchicine
(0.187 mg, 0.38 mmol, 30%) as a yellow solid. 1H NMR (400 MHz,
CDCl3): d = 7.55 (s, 1 H), 7.18 (d, J = 10.88 Hz, 1 H), 6.74 (d, J =


10.88 Hz, 1H), 6.51 (s, 1 H), 5.13 (q, J = 6.11 Hz, 1 H), 3.95 (s, 3H), 3.92
(s, 3H), 3.88 (s, 3 H), 3.64 (s, 3H), 2.70–2.43 (m, 3 H), 2.26 (s, 3H), 1.95
(m, 1 H), 1.54 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d = 179.9,
164.7, 154.2, 154.1, 151.8, 151.2, 142.3, 137.5, 136.3, 134.7, 133.3, 126.7,
113.7, 107.8, 85.5, 62.2, 62.1, 58.5, 57.0, 56.7, 33.3, 30.8, 30.3, 28.5,


Figure 3. H1299 cells expressing GFP-tubulin were treated for 30 h as in-
dicated and analyzed by immune fluorescence microscopy. The mal-
formed double nuclei are shown by arrows. Typical examples are shown.
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26.2 ppm; EI-MS: m/z : 500 [M+]; HRMS: calcd for C27H33NO8 500.2284;
found 500.2295.


N-[(tert-Butoxy)carbonyl]deacetylcolchicine (2): A mixture of N-Boc-
colchicine (89.3 mg, 0.18 mmol) and NaOMe (36.2 mg, 0.67 mmol,
3.7 equiv) in MeOH (2 mL) was stirred for 30 min at 0 8C. It was then
neutralized by the addition of NH4Cl and the solvent was evaporated.
The residue was purified by flash chromatography on silica gel (AcOEt/
acetone, 4:1, Rf = 0.39) to give 2 (65.8 mg, 0.144 mmol, 80%) as a pale-
yellow solid. 1H NMR (300 MHz, CDCl3): d = 7.48 (s, 1H), 7.26 (d, J =


10.74 Hz, 1H), 6.79 (d, J = 10.74 Hz, 1 H), 6.51 (s, 1 H), 4.98 (d, J =


7.72 Hz, 1H), 4.38 (m, 1 H), 3.97 (s, 3 H), 3.91 (s, 3H), 3.88 (s, 3H), 3.63
(s, 3H), 2.52–2.21 (m, 3H), 1.66 (m, 1H), 1.35 ppm (s, 9H); 13C NMR
(75 MHz, CDCl3): d = 180.2, 164.6, 154.9, 154.1, 151.8, 142.2, 136.6,
135.6, 134.9, 131.8, 126.3, 112.7, 107.8, 80.5, 62.1, 61.2, 61.0, 56.9, 56.7,
53.7, 38.3, 30.6, 28.9 ppm; MS (ES+ ): m/z : 458.14 [M+]; HRMS: calcd
for C25H31NO7 458.2178; found 458.2175.


Deacetylcolchicine (3): A solution of compound 2 (158.1 mg,
0.346 mmol) in CH2Cl2 (4 mL) containing TFA (0.4 mL) was stirred for
3 h. Toluene was then added, the mixture was concentrated in vacuo, and
the residue was purified by flash chromatography on silica gel (CH2Cl2/
MeOH, 9:1, Rf = 0.34) to give compound 4 (123.1 mg, 0.345 mmol, quan-
titative) as a yellow solid. 1H NMR (300 MHz, CDCl3): d = 7.66 (s, 1 H),
7.33 (d, J = 11.11 Hz, 1H), 6.88 (d, J = 11.11 Hz, 1 H), 6.57 (s, 1 H), 4.12
(m, 1 H), 3.92 (s, 3H), 3.91 (s, 6H), 3.57 (s, 3 H), 2.71–2.59 (m, 2 H), 2.48–
2.28 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d = 179.6, 164.7, 154.7,
151.6, 147.4, 142.2, 137.3, 137.2, 134.4, 132.0, 125.1, 114.4, 108.3, 61.9,
61.9, 57.2, 56.7, 54.5, 36.4, 30.2 ppm; EI-MS: m/z : 357 [M+]; HRMS:
calcd for C20H23NO5 357.157623; found 357.157530.


N-[2-(Chloromethyl)carbonyl]deacetylcolchicine (4): A solution of chlo-
roacetyl chloride (30 mL, 0.376 mmol, 1.1 equiv) in acetone (0.1 mL) was
added dropwise to a solution of 3 (135.0 mg, 0.378 mmol) and Na2CO3


(20 mg) in water/acetone (1 mL, 1:1) at 0 8C. The resulting mixture was
stirred for 1 h and then the solvent was removed in vacuo. The residue
was extracted with AcOEt, the solvent was removed from the extract,
and the crude product was purified by flash chromatography on silica gel
(CH2Cl2/MeOH, 19:1, Rf = 0.37) to give 4 (42.8 mg, 0.097 mmol, 26%)
as a yellow solid. 1H NMR (400 MHz, CDCl3): d = 7.40 (s, 1 H), 7.32 (d,
J = 10.84 Hz, 1H), 7.12 (d, J = 7.16 Hz, NH), 6.83 (d, J = 10.84 Hz,
1H), 6.54 (s, 1 H), 4.63 (m, 1H), 4.03 (m, 2H), 4.00 (s, 3 H), 3.94 (s, 3H),
3.91 (s, 3H), 3.64 (s, 3H), 2.56 (m, 1H), 2.44 (m, 1H), 2.85 (m, 1 H),
1.91 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d = 180.1, 166.4, 164.8,
154.3, 151.9, 150.8, 142.5, 136.8, 136.1, 134.6, 131.3, 126.2, 113.2, 108.1,
62.1, 62.1, 57.1, 56.8, 53.3, 43.1, 37.5, 30.4 ppm; EI-MS: m/z : 434 [M+];
HRMS: calcd for C22H24ClNO6 434.1370; found 434.1382.


N-[3-(2-Pyridyldithio)propionyl]deacetylcolchicine (5): A solution of 3
(46.7 mg, 0.131 mmol) in CH2Cl2 (0.5 mL) was treated with N-succinimid-
yl 3-(2-pyridyldithio)propionate (80 %, 51.1 mg, 0.131 mmol, 1.0 equiv)
and DMAP (16.6 mg, 0.131 mmol, 1.0 equiv). The resulting mixture was
stirred for 2 h at 25 8C. Thereafter, the solvent was removed in vacuo and
the residue was purified by flash chromatography on silica gel (CHCl3/
MeOH, 94:6, Rf = 0.54) and subsequently precipitated from CH2Cl2/pe-
troleum ether to give the thiopyridyl-activated colchicine 5 (39.5 g,
0.071 mmol, 54%) as an orange solid. 1H NMR (300 MHz, CDCl3): d =


8.48 (m, J = 4.89 Hz, 1H), 7.65–7.56 (m, 3H), 7.47 (s, 1 H), 7.28 (d, J =


10.82 Hz, 1 H), 7.14–7.10 (m, NH), 6.81 (d, J = 10.82 Hz, 1 H), 6.53 (s,
1H), 4.67 (m, 1 H), 3.98 (s, 3H), 3.94 (s, 3 H), 3.90 (s, 3H), 3.65 (s, 3 H),
3.01 (m, 2 H), 2.69 (m, 2H), 2.68–2.25 (m, 3 H), 1.93–1.83 ppm (m, 1 H);
13C NMR (75 MHz, CDCl3): d = 180.1, 171.1, 164.7, 160.1, 154.1, 151.9,
151.6, 150.2, 142.4, 137.8, 136.8, 135.8, 134.8, 131.6, 126.4, 121.9, 121.1,
112.9, 108.0, 62.2, 62.1, 57.0, 56.8, 53.0, 37.6, 36.4, 35.8, 30.6 ppm; LSI-
MS: m/z : 555 [M+]; HRMS: calcd for C28H30N2O6S2 555.1623; found
555.1632.


O-(2,3,4,6-Tetra-O-acetyl-b-d-glucopyranosyl)-N-oxyphthalimide (7): A
30% solution of HBr in AcOH (8.2 mL, 0.142 mol, 11 equiv) was added
dropwise to a solution of a-d-glucose pentaacetate 6 (5.06 g, 0.013 mol)
in CH2Cl2 (30 mL) at 0 8C. The resulting mixture was stirred at 0 8C for
30 min and then at room temperature for 3 h. After the addition of fur-
ther CH2Cl2, the solution was washed with cold water and with a cold so-


lution of NaHCO3. The organic phase was then dried with Na2SO4 and
concentrated in vacuo to give tetra-O-acetyl-a-d-glucopyranosyl bromide.
This product was dissolved in CH2Cl2 (100 mL) and treated with tetrabu-
tylammonium hydrogen sulfate (4.41 g, 0.013 mol, 1.0 equiv) and N-hy-
droxyphthalimide (10.6 g, 0.065 mol, 5 equiv) dissolved in 1m aqueous
Na2CO3 solution (100 mL) and the resulting mixture was vigorously stir-
red overnight at 25 8C. Thereafter, CH2Cl2 was added and the mixture
was washed with water, aqueous NaHCO3 solution, and saturated aque-
ous NaCl solution. The organic phase was dried with Na2SO4 and concen-
trated. The residue was purified by flash chromatography on silica gel
(CH2Cl2/AcOEt, 9:1, Rf = 0.40) to furnish 7 (1.44 g, 2.9 mmol, 22%) as a
white solid. 1H NMR (300 MHz, CDCl3): d = 7.88–7.77 (m, 4 H), 5.32–
5.24 (m, 3H), 5.11 (dd, J = 6.30 and 1.59 Hz, 1 H), 4.34 (dd, J = 12.42
and 4.89 Hz, 1 H), 4.14 (dd, J = 12.42 and 2.64 Hz, 1H), 3.80–3.74 (m,
1H), 2.20 (s, 3 H), 2.06 (s, 3H), 2.04 (s, 3H), 2.03 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d = 171.3, 170.8, 170.2, 170.0, 163.3, 135.5, 129.5,
124.6, 105.8, 73.1, 73.1, 70.3, 68.8, 62.5, 21.4, 21.3, 21.3 ppm.


O-b-d-Glucopyranosyl-oxyamine (8): Compound 7 (170 mg, 0.34 mmol)
was dissolved in methylhydrazine (2.0 mL, 37.59 mmol) and the solution
was stirred overnight at 25 8C. The solvent was then evaporated in vacuo
and the residue was purified by precipitation from the minimum volume
of MeOH and CH2Cl2. After filtration, compound 8 (51 mg, 0.26 mmol,
76%) was obtained as a white solid. TLC: CH2Cl2/EtOH, 1:1, Rf = 0.38;
1H NMR (300 MHz, D2O): d = 4.49 (d, J = 8.46 Hz, 1H), 3.86 (dd, J =


12.51 and 2.19 Hz, 1H), 3.65 (dd, J = 12.51 and 5.90 Hz, 1 H), 3.46–
3.19 ppm (m, 4H); 13C NMR (75 MHz, D2O): d = 107.5, 78.3, 78.3, 74.1,
72.0, 63.2 ppm; HRMS: calcd for C6H14NO6


+ 196.0821; found 196.0824.


O-(2,3,4,6-Tetra-O-benzyl-a-d-galactopyranosyl)-N-oxyphthalimide (10):
Et2O·BF3 (9.0 mL, 71.66 mmol, 4 equiv) was added to a solution of tetra-
O-benzyl-d-galactose 9 (9.74 g, 18.00 mmol), N-hydroxyphthalimide
(2.92 g, 18.00 mmol, 1.0 equiv), and Et3N (2.5 mL, 17.93 mmol, 1 equiv)
in CH2Cl2 (70 mL) at 0 8C. The mixture was stirred for 3 h at 25 8C and
then washed with water and a saturated solution of NaHCO3. The organ-
ic phase was concentrated and the residue was purified by flash chroma-
tography on silica gel (hexane/AcOEt, 7:3, Rf = 0.46) to yield 10 (7.89 g,
11.50 mmol, 64%) as a white solid. 1H NMR (300 MHz, CDCl3): d =


7.86–7.73 (m, 4 H), 7.61–7.29 (m, 20H), 5.71 (d, J = 3.78 Hz, 1H), 5.13
(d, J = 11.49 Hz, 1 H), 5.04–4.79 (m, 5H), 4.66–4.51 (m, 3H), 4.33 (dd, J
= 10.56 and 3.87 Hz, 1H), 4.22–4.17 (m, 2H), 3.70–3.57 ppm (m, 2H);
13C NMR (75 MHz, CDCl3): d = 164.0, 139.4, 139.2, 138.9, 138.6, 135.1,
129.6, 129.0, 128.9, 128.9, 128.9, 128.8, 128.4, 128.3, 128.2, 128.2, 128.1,
124.2, 103.3, 78.8, 76.0, 75.6, 75.6, 74.1, 73.8, 73.5, 71.6, 68.8 ppm.


O-a-d-Galactopyranosyl-oxyamine (11): A mixture of compound 10
(1.70 g, 2.48 mmol) and 10 % Pd/C (214 mg, 1.98 mmol, 0.8 equiv) in
CH2Cl2/MeOH (1:1, 5 mL) was stirred under a hydrogen atmosphere for
2 h at 25 8C. The catalyst was then removed by filtration through Celite,
and the filtrate was concentrated. The solid residue was purified by flash
chromatography on silica gel (CH2Cl2/MeOH, 8.5:1.5; TLC: CH2Cl2/
MeOH, 9:1, Rf = 0.23) to yield O-a-d-galactopyranosyl-N-oxyphthal-
imide (0.42 g, 1.28 mmol, 52%) as a white solid. This product (0.809 g,
2.49 mmol) was dissolved in methylhydrazine (22.2 mL, 0.42 mol) and the
solution obtained was stirred overnight at 25 8C. It was then concentrated
in vacuo and the residue was purified by precipitation from the minimum
volume of MeOH and CH2Cl2. After filtration, compound 11 (0.387 mg,
1.98 mmol, 80%) was obtained as a white solid; TLC: CH2Cl2/EtOH, 1:1,
Rf = 0.38; 1H NMR (300 MHz, D2O): d = 4.96 (d, J = 3.93 Hz, 1H),
3.92–3.88 (m, 2 H), 3.82–3.68 ppm (m, 4H); 13C NMR (75 MHz, D2O): d


= 104.3, 73.4, 71.8, 71.7, 70.3, 63.6 ppm; LSI-MS (DTT/DTE): m/z : 196
[M]; HRMS: calcd for C6H13NO6


+ 196.0821; found 196.0815.


4-Pentenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-d-galactopyranoside
(13): Dry 4-pentenol (8 mL, 78 mmol, 34 equiv) and freshly distilled
Et2O·BF3 (0.05 mL, 0.42 mmol, 0.19 equiv) were added to N-acetyl-galac-
tosamine 12 (501 mg, 2.26 mmol) and the mixture was stirred for 4 h at
95 8C. The excess 4-pentenol was then removed in vacuo and the residue
was dissolved in Ac2O (5 mL) and pyridine (10 mL). After allowing the
reaction to proceed for 24 h, toluene was added and the solution was
concentrated. The residue was purified by flash chromatography on silica
gel (AcOEt/hexane, 4:1, Rf = 0.33) to yield 13 (552 mg, 1.33 mmol,
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60%) as an orange oil. 1H NMR (400 MHz, CDCl3): d = 5.85–5.75 (m,
1H), 5.58 (d, J = 9.68 Hz, 1H), 5.36 (d, J = 2.44 Hz, 1H), 5.15 (dd, J =


11.4 and 3.30 Hz, 1 H), 5.05–4.98 (m, 2 H), 4.85 (d, J = 3.68 Hz, 1H),
4.59–4.30 (m, 1H), 4.16–4.03 (m, 3H), 3.72–3.66 (m, 1 H), 3.47–3.41 (m,
1H), 2.15 (s, 3H), 2.14–2.04 (m, 2H), 2.03 (s, 3 H), 1.99 (s, 3H), 1.95 (s,
3H), 1.74–1.67 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d = 171.6,
171.0, 171.0, 170.5, 138.3, 115.9, 98.3, 69.1, 68.4, 68.0, 67.3, 62.6, 48.4, 30.9,
29.1, 23.9, 21.4, 21.4, 21.3 ppm; EI-MS: m/z : 416 [M+]; HRMS: calcd for
C6H13NO6 416.1920; found 416.1906.


3-Carboxypropyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-d-galactopy-
ranoside (14): NaIO4 (1.66 g, 7.74 mmol, 4.1 equiv) and RuCl3 (20 mg,
0.076 mmol, 0.04 equiv) were added to a solution of 13 (783 mg,
1.89 mmol) in CCl4 (3.5 mL)/CH3CN (3.5 mL)/H2O (5 mL) and the mix-
ture was stirred for 3 h at room temperature. It was then extracted with
CH2Cl2 and the extracts were washed with H2O. The combined organic
layers were concentrated and the residue was purified by flash chroma-
tography on silica gel (Et2O/CH2Cl2/MeOH, 7:2.5:0.5 + 1 % AcOH, Rf


= 0.48) to yield 14 (599 mg, 1.38 mmol, 73 %) as a colorless oil. 1H NMR
(400 MHz, CDCl3): d = 6.14 (d, J = 9.68 Hz, 1H), 5.33 (d, J = 2.48 Hz,
1H), 5.10 (dd, J = 11.32 and 3.24 Hz, 1H), 4.83 (d, J = 3.52 Hz, 1 H),
4.57–4.50 (m, 1H), 4.14–4.05 (m, 3H), 3.80–3.75 (m, 1 H), 3.47–3.41 (m,
1H), 2.50–2.32 (m, 2H), 2.13 (s, 3H), 2.11–2.05 (m, 2H), 2.02 (s, 3H),
1.96 (s, 3H), 1.96 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d = 177.7,
171.6, 171.6, 171.1, 170.9, 98.4, 69.0, 68.1, 67.9, 67.3, 62.5, 48.3, 31.9, 25.4,
23.4, 21.3, 21.2, 21.2 ppm; EI-MS: m/z : 434 [M+]; HRMS: calcd for
C6H13NO6Na 456.1481; found 456.1495.


Chloroacetamido-fluorescein (16): A solution of chloroacetyl chloride
(23 mL, 0.29 mmol, 1.1 equiv) in acetone (0.1 mL) was added dropwise to
a solution of fluoresceinamine 15 (90.1 mg, 0.26 mmol) and Na2CO3


(14.4 mg) in water/acetone (1 mL, 1:1) at 0 8C. The resulting mixture was
stirred for 1 h and then the solvent was removed in vacuo. After extrac-
tion with AcOEt and removal of the solvent, the crude product was puri-
fied by flash chromatography on silica gel (acetone/AcOEt/hexane,
3:2:5) to give 16 (74 mg, 0.17 mmol, 67 %) as a yellow solid. 1H NMR
(400 MHz, [D6]acetone): d = 8.42 (dd, J = 2.02 and 0.48 Hz, 1 H), 7.95
(dd, J = 8.31 and 2.02 Hz, 1H), 7.24 (dd, J = 8.31 and 0.48 Hz, 1H),
6.74 (d, J = 2.32 Hz, 2H), 6.72 (s, 1 H), 6.70 (s, 1H), 6.64 (d, J =


2.44 Hz, 1H), 6.62 (d, J = 2.44 Hz, 1 H), 4.32 ppm (s, 2 H); 13C NMR
(75 MHz, [D6]acetone): d = 206.9, 206.9, 206.9, 166.7, 160.9, 154.0, 153.9,
146.3, 141.7, 130.9, 130.8, 128.1, 127.0, 126.0, 122.4, 115.9, 115.0, 114.0,
113.9, 112.3, 104.0, 44.7 ppm; EI-MS: m/z : 423 [M+]; HRMS: calcd for
C22H14ClNO6 424.0587; found 424.0572.


[{(NH2-Ser)2DapLeu}2DapAsp]2DapCysHisNH2 (17): The dendrimer syn-
thesis was carried out by means of standard Fmoc SPPS. In each step, the
resin was acylated with 3 equivalents of the suitably protected Fmoc-
amino acid or Fmoc-protected (S)-2,3-diaminopropanoic acid in the pres-
ence of 3 equiv of BOP (benzotriazol-1-yl-oxy-tris(dimethylamino)phos-
phonium hexafluorophosphate) and 5 equiv of DIEA (N,N-diisopropyl-
ethylamine). After reaction for 30 min, the resin was successively washed
with DMF, MeOH, and CH2Cl2 (2 � with each solvent) and then checked
for free amino groups by carrying out a TNBS (2,4,6-trinitrobenzenesul-
fonic acid) test. The Fmoc protecting group was removed by treating the
resin with a 20% solution of piperidine in DMF for two periods of
10 min, and then the resin was separated from the solution by filtration.
The resin was again washed with DMF, MeOH, and CH2Cl2 (2 � with
each). At the end of the synthesis, the resin was dried and the product
was cleaved using trifluoroacetic acid/1,2-ethanedithiol/water/triisopro-
pylsilane (94:2.5:2.5:1) for 4 h. The peptide was precipitated with methyl
tert-butyl ether and then dissolved in a water/acetonitrile mixture. Start-
ing with 50 mg of NovaSyn TGR resin (0.25 mmol g�1), dendrimer 17 was
obtained as a colorless foamy solid after purification by preparative
HPLC (16.2 mg, 13 %). MS (ES + ): calcd for C86H151N33O35S: 2238.08,
found: 2238.50.


[{(NH2-Ser)2DapLeu}2DapAsp]2DapCys(S-Colch)HisNH2 (18): Dendri-
mer 17 (7.8 mg, 3.32 mmol) was dissolved in an oxygen-free phosphate
buffer solution (0.3 mL, pH 8, 0.1 mm) and a solution of chloroacetylcol-
chicine 4 (1.4 mg, 3.23 mmol, 1 equiv) in degassed MeOH (50 mL) was
added. The mixture was stirred overnight under nitrogen. Subsequent pu-


rification by semipreparative RP-HPLC gave 18 (5.1 mg, 1.93 mmol,
58%). MS (ES + ): calcd for C108H174N34O41S: 2635.23, found: 2636.39.


[{(CHO-CO)2DapLeu}2DapAsp]2DapCys(S(O)-Colch)HisNH2 (19): Den-
drimer 18 (1.7 mg, 0.45 mmol) was dissolved in H2O (100 mL) and NaIO4


(4.9 mg, 22.9 mmol, 51 equiv) was added. The solution was stirred for 2 h
under nitrogen and then worked-up by semipreparative RP-HPLC. The
fraction corresponding to the main peak (tR = 14.4 min; A/B = 70:30 to
40:60 in 30 min) was collected and lyophilized to give 19 (0.7 mg,
0.28 mmol, 62%). MS (ES + ): calcd for C100H133N25O43S: 2403.87, found:
2403.36.


[{(d-Glc-b-ONCH-CO)2DapLeu}2DapAsp]2DapCys(S(O)-Colch)HisNH2


(20): Dendrimer 19 (1.0 mg, 0.40 mmol) was dissolved in H2O (0.1 mL)
containing 2 drops of AcOH, and oxyamine 8 (7.7 mg, 39.5 mmol,
12 equiv/aldehyde function) was added. The solution was kept overnight
under nitrogen at 25 8C and then worked-up by semipreparative HPLC.
Collection of the fraction corresponding to the main peak (tR = 9.6 min;
A/B = 70:30 to 40:60 in 30 min) and lyophilization gave 20 (1.0 mg,
0.25 mmol, 64%). MS (ES+ ): calcd for C148H222N34O82S: 3819.4, found:
3820.25.


[{(d-Gal-a-ONCH-CO)2DapLeu}2DapAsp]2DapCys(S(O)-Colch)HisNH2


(21): Treating dendrimer 19 (0.7 mg, 0.28 mmol) as above, but using oxy-
amine 11 (3.9 mg, 20.00 mmol, 9 equiv/aldehyde function), followed by
purification by semipreparative HPLC and isolation of the fraction corre-
sponding to the main peak (tR = 18.4 min; A/B = 80:20 to 50:50 in
30 min) gave dendrimer 21 (0.4 mg, 0.10 mmol, 36%). MS (ES + ): calcd
for C148H222N34O82S: 3819.4, found: 3820.88.


[{(NH2-Thr)2DapLeu}2DapAsp]2DapCysHisNH2 (22): Starting with
50 mg of NovaSyn TGR resin (0.25 mmol g�1), the dendrimer was pre-
pared by standard Fmoc-SPPS (see the preparation of 17). Cleavage, pre-
cipitation, and purification by preparative HPLC gave, after lyophiliza-
tion of the fraction corresponding to the main peak (tR = 20.0 min; A/B
= 90:10 to 60:40 in 30 min), dendrimer 22 (20.3 mg, 16 %) as a colorless
foamy solid. MS (ES+ ): calcd for C94H167N33O35S: 2350.20, found:
2351.25.


[{(NH2-Thr)2DapLeu}2DapAsp]2DapCys(SS(CH2)2Colch)HisNH2 (23):
Dendrimer 22 (4.7 mg, 1.39 mmol) was dissolved in degassed MeOH/
CH3CN (1:1, 0.2 mL) and dithiopyridylpropionylcolchicine 5 (8.0 mg,
14.4 mmol, 10 equiv) was added. The solution was kept at 25 8C for 2 h
under nitrogen. Purification by semipreparative RP-HPLC, isolation of
the fraction corresponding to the main peak (tR = 10.8 min; A/B =


80:20 to 50:50 in 30 min), and lyophilization gave dendrimer 23 (3.2 mg,
0.84 mmol, 60 %). MS (ES + ): calcd for C117H192N34O41S2: 2793.34, found:
2793.75.


[{(CHO-CO)2DapLeu}2DapAsp]2DapCys(S(O)S(CH2)2Colch)HisNH2


(24): Dendrimer 23 (3.2 mg, 0.84 mmol) was dissolved in H2O (0.2 mL)
and NaIO4 (9.2 mg, 43 mmol, 51 equiv) was added. The solution was kept
at 25 8C for 2 h under nitrogen. Purification by semipreparative RP-
HPLC and isolation of the fraction corresponding to the main peak (tR =


23.6 min; A/B = 80:20 to 50:50 in 30 min) gave dendrimer 24 (1.2 mg,
0.47 mmol, 56%), which was used directly for the next step.


[{(d-GalNAc-a-ONCH-CO)2DapLeu}2DapAsp]2DapCys(S(O)S-
(CH2)2Colch)HisNH2 (25): Dendrimer 24 (1.2 mg, 0.40 mmol) was dis-
solved in H2O (0.15 mL) containing 2 drops of AcOH, and a-d-N-acetyl-
galactosyloxyamine (3.5 mg, 14.8 mmol, 4.6 equiv/aldehyde function) was
added. The solution was kept at 25 8C overnight under nitrogen. Purifica-
tion by semipreparative RP-HPLC, isolation of the fraction correspond-
ing to the main peak (tR = 20.8 min; gradient: A/B = 80:20 to 50:50 in
30 min), and lyophilization gave dendrimer 25 (0.4 mg, 0.09 mmol, 23%).
MS (ES + ): calcd for C165H248N42O82S2: 4193.60, found: 4196.00.


[{(Lactyl-NH-Ser)2DapLeu}2DapAsp]2DapCysHisNH2 (26): Dendrimer
17 (4.5 mg, 1.38 mmol) was dissolved in MeOH (1 mL) containing 3 drops
of AcOH. Lactose (12.2 mg, 33.9 mmol, 25 equiv) and NaBH3CN (1.9 mg,
30.2 mmol, 22 equiv) were added and the mixture was stirred overnight at
70 8C. The methanol was then evaporated and the residue was purified by
semipreparative RP-HPLC. Collection of the fraction corresponding to
the main peak (tR = 26.0 min; gradient: A/B = 100:0 to 70:30 in 30 min)
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and lyophilization gave 26 (3.0 mg, 0.60 mmol, 44%) as a white solid. MS
(ES + ): calcd for C182H327N33O115S: 4847.05, found: 4848.13.


[{(Lactyl-NH-Ser)2DapLeu}2DapAsp]2DapCys(SS(CH2)2Colch)HisNH2


(27): Dendrimer 26 (2.4 mg, 0.48 mmol) was dissolved in degassed
MeOH/CH3CN (1:1, 0.2 mL) and dithiopyridylpropionylcolchicine 5
(2.6 mg, 4.69 mmol, 10 equiv) was added. The solution was kept at 25 8C
for 2 h under nitrogen. Purification by semipreparative RP-HPLC, collec-
tion of the fraction corresponding to the main peak (tR = 16.0 min; gra-
dient: A/B = 80:20 to 50:50 in 30 min), and lyophilization gave dendri-
mer 27 (1.5 mg, 0.28 mmol, 58%). MS (ES + ): calcd for C205H352N34O121S2:
5290.19, found: 5291.63.


[(d-Ac3GalNAc-a-O(CH2)3CO-Leu)2DapHis]2DapCysAspNH2 (28):
Starting with 100 mg of NovaSyn TGR resin (0.25 mmol g�1), the den-
drimer was prepared by standard Fmoc-SPPS (see the preparation of 17).
For the final coupling step, the resin was treated with 3 equiv of 14 for
5 h. Cleavage from the resin, precipitation, and purification by prepara-
tive HPLC gave, after lyophilization of the fraction corresponding to the
main peak (tR = 6.8 min; gradient: A/B = 40:60 to 10:90 in 30 min), gly-
codendrimer 28 (13.4 mg, 19%) as a colorless foamy solid. MS (ES + ):
calcd for C124H189N23O53S: 2880.25, found: 2881.25.


[(d-Ac3GalNAc-a-O(CH2)3CO-Leu)2-DapHis]2DapCys(SS(CH2)2Colch)-
AspNH2 (29): Dendrimer 28 (5.0 mg, 1.67 mmol) was dissolved in de-
gassed MeOH/CH3CN (1:1; 0.2 mL) and dithiopyridylpropionylcolchicine
5 (9.2 mg, 16.6 mmol, 10 equiv) was added. The solution was kept at 25 8C
for 2 h under nitrogen and purified by semipreparative RP-HPLC. Col-
lection of the fraction corresponding to the main peak (tR = 22.8 min;
gradient: A/B = 50:50 to 20:80 in 30 min) and lyophilization gave den-
drimer 29 (1.7 mg, 0.49 mmol, 30%). MS (ES + ): calcd for
C147H214N24O59S2: 3323.39, found: 3324.25.


[(d-GalNAc-a-O(CH2)3CO-Leu)2-DapHis]2DapCys(SS(CH2)2Colch)AspNH2


(30): A mixture of MeOH/H2O/NH4OH (100 mL, 8:1:1) was added to
dendrimer 29 (0.9 mg, 0.25 mmol). The solution was stirred overnight at
25 8C. Subsequent evaporation of the solvent and semipreparative HPLC
purification gave, after lyophilization of the fraction corresponding to the
main peak (tR = 8.2 min; gradient: A/B = 60:40 to 30:70 in 30 min),
dendrimer 30 (0.6 mg, 0.20 mmol, 79 %) as a yellow solid. MS (ES + ):
calcd for C123H190N24O47S2: 2819.27, found: 2819.63.


[{(d-GalNAc-a-O(CH2)3COSerThr)2DapGlyGlu}2DapLeuHis]2Dap-
CysAspNH2 (31): Starting with 150 mg of NovaSyn TGR resin
(0.25 mmol g�1), the dendrimer was prepared by standard Fmoc-SPPS
(see the preparation of 17). For the final coupling step, the resin was
treated with 3 equiv of 14 for 5 h. The resin was dried and the cleavage
was carried out using CF3CO2H/1,2-ethanedithiol/H2O/triisopropylsilane
(94:2.5:2.5:1) for 4 h. The peptide was precipitated with methyl tert-butyl
ether and then dissolved in a water/acetonitrile mixture. The dendrimer
was directly deacetylated with MeOH/H2O/NH4OH (2 mL, 8:1:1). The
solution was stirred overnight at 25 8C and then the methanol was evapo-
rated in vacuo. Purification by preparative HPLC gave, after lyophiliza-
tion of the fraction corresponding to the main peak (tR = 23.4 min; gra-
dient: A/B = 100:0 to 70:30 in 30 min), glycodendrimer 31 (14.6 mg,
7%) as a colorless foamy solid. MS (ES + ): calcd for C232H379N57O119S:
5899.51, found: 5901.63.


[{(d-GalNAc-a-O(CH2)3COSerThr)2DapGlyGlu}2DapLeuHis]2DapCys-
(SS(CH2)2Colch)-AspNH2 (32): Dendrimer 31 (4.2 mg, 0.69 mmol) was
dissolved in degassed MeOH/CH3CN (1:1, 0.2 mL) and dithiopyridylpro-
pionylcolchicine 5 (3.6 mg, 6.5 mmol, 10 equiv) was added. The solution
was stirred at 25 8C for 2 h under nitrogen and purified by semiprepara-
tive RP-HPLC. Collection of the fraction corresponding to the main
peak (tR = 24.0 min; gradient: A/B = 100:0 to 30:70 in 30 min) and lyo-
philization gave dendrimer 32 (0.6 mg, 0.09 mmol, 13 %). MS (ES + ):
calcd for C255H404N58O125S2: 6342.65, found: 6345.00.


[{(d-GalNAc-a-O(CH2)3COSerThr)2DapGlyGlu}2DapLeuHis]2Dap-Cy-
s(SCH2CONH-Fluorescein)AspNH2 (33): Dendrimer 31 (3.4 mg,
0.57 mmol) was dissolved in an oxygen-free phosphate buffer solution
(0.1 mL, pH 8, 0.1 mm) and a solution of 16 (0.7 mg, 1.65 mmol, 2.9 equiv)
in degassed MeOH (40 mL) was added. The mixture was stirred overnight
under nitrogen. Subsequent purification by semipreparative RP-HPLC,
collection of the fraction corresponding to the main peak (tR = 12.0 min;


gradient: A/B = 80:20 to 60:40 in 20 min) gave 33 (0.7 mg, 0.11 mmol,
20%). MS (ES + ): calcd for C254H392N58O125S: 6286.58, found: 6290.75.


[(HO2C(CH2)3CO-His)2DipPhe]2DipCys(S-Colch)IleNH2 (34): A sample
of the purified peptide dendrimer (3.6 mg, 1.54 mmol) was dissolved in an
oxygen-free phosphate buffer solution (0.3 mL, pH 8, 0.1 mm) and a solu-
tion of chloroacetylcolchicine 4 (1.0 mg, 2.3 mmol, 1.5 equiv) in degassed
MeOH (50 mL) was added. The mixture was stirred overnight under ni-
trogen. Subsequent purification by semipreparative RP-HPLC (tR =


18.0 min; A/B = 70:30 to 50:50 in 20 min) gave 34 (2.5 mg, 0.90 mmol,
58%). MS (ES + ): calcd for C108H142N24O32S: 2318.99, found: 2319.50.


[(HO2C(CH2)3CO-His)2DipPhe]2DipCys(S-Colch)PheNH2 (35): A
sample of the purified peptide dendrimer (6.1 mg, 2.53 mmol) was dis-
solved in an oxygen-free phosphate buffer solution (0.6 mL, pH 8,
0.1 mm) and a solution of chloroacetylcolchicine 4 (1.0 mg, 2.3 mmol,
0.9 equiv) in degassed MeOH (50 mL) was added. The mixture was stir-
red overnight under nitrogen. Subsequent purification by semipreparative
RP-HPLC (tR = 37.6 min; A/B = 90:10 to 40:60 in 50 min) gave 35
(2.1 mg, 0.75 mmol, 30%). MS (ES + ): calcd for C111H140N24O32S: 2352.98,
found: 2354.00.


[(Lys)2DapLeu]2DapCys(S-Colch)LeuNH2 (36): A sample of the purified
peptide dendrimer (4.3 mg, 2.53 mmol) was dissolved in an oxygen-free
phosphate buffer solution (0.3 mL, pH 8, 0.1 mm) and a solution of chlo-
roacetylcolchicine 4 (1.0 mg, 2.3 mmol, 0.9 equiv) in degassed MeOH
(50 mL) was added. The mixture was stirred overnight under nitrogen.
Subsequent purification by semipreparative RP-HPLC (tR = 30.0 min;
A/B = 100:0 to 50:50 in 50 min) gave 36 (2.9 mg, 1.39 mmol, 55%). MS
(ES + ): calcd for C76H130N20O17S: 1626.96, found: 1628.00.


[(Pro)2DipAsp]2DipCys(S-Colch)AspNH2 (37): A sample of the purified
peptide dendrimer (4.3 mg, 2.53 mmol) was dissolved in an oxygen-free
phosphate buffer solution (0.3 mL, pH 8, 0.1 mm) and a solution of chlo-
roacetylcolchicine 4 (1.0 mg, 2.3 mmol, 0.9 equiv) in degassed MeOH
(50 mL) was added. The mixture was stirred overnight under nitrogen.
Subsequent purification by semipreparative RP-HPLC (tR = 15.4 min;
A/B = 80:20 to 40:60 in 40 min) gave 37 (2.5 mg, 1.19 mmol, 47%). MS
(ES + ): calcd for C72H104N16O26S: 1640.70, found: 1641.50.


[(AcSer)2DipPhe][(AcHis)(AcAsp)DipLeu]DipCys(S-Colch)HisNH2


(38): A sample of the purified peptide dendrimer[9c] (4.1 mg, 2.53 mmol)
was dissolved in an oxygen-free phosphate buffer solution (0.3 mL, pH 8,
0.1 mm) and a solution of chloroacetylcolchicine 4 (1.0 mg, 2.3 mmol,
0.9 equiv) in degassed MeOH (50 mL) was added. The mixture was stir-
red overnight under nitrogen. Subsequent purification by semipreparative
RP-HPLC (tR = 32.6 min; A/B = 90:10 to 40:60 in 50 min) gave 38
(1.8 mg, 0.73 mmol, 30%). MS (ES + ): calcd for C85H118N20O28S: 1898.81,
found: 1899.25.


Cell culture experiments : HeLa cervix carcinoma cells, mouse embryonic
fibroblasts (MEFs), and human lung cancer H1299 cells were grown at
37 8C in DMEM (Dulbecco�s modified Eagle medium), 10% heat-inacti-
vated foetal calf serum, and 1% (v/v) penicillin/streptomycin (all from
Life Technologies, Grand Island, NY). All cells were grown in a humidi-
fied incubator in an atmosphere containing 5% CO2. One day prior to
the addition of colchicine or glycopeptide dendrimer conjugates, equal
numbers of cells were seeded on 6-well plates. After three days of incu-
bation, cells were trypsinized and the cell number was determined in du-
plicate by counting in a Neubauer chamber. H1299 cells were transiently
transfected with 50 ng of GFP-tubulin[31] using Rotifect (Roth) according
to the instructions of the manufacturer, and were analyzed by fluores-
cence microscopy.
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An Electrophilic Cleavage Procedure for the Asymmetric Dihydroxylation:
Direct Enantioselective Synthesis of Cyclic Boronic Esters from Olefins**


Claas H. Hçvelmann and Kilian MuÇiz*[a]


Dedicated to Professor Jos� Barluenga on the occasion of his 65th birthday.


Introduction


Since its original discovery in 1980, the osmium(viii)-cata-
lysed Sharpless asymmetric dihydroxylation (AD reaction),
which converts olefins into non-racemic vicinal diols, has de-
veloped into the most versatile oxidative catalytic process
available today.[1–3] Its optimised protocol is characterised by
a high substrate generality and broad functional group toler-
ance.[4]


The overall catalytic cycle is initiated by formation of the
catalyst upon complexation of osmium tetroxide to a Cin-
chona alkaloid ligand L*. This chiral complex then differen-
tiates the enantiotopic face of the olefinic substrate effi-
ciently to generate osma(vi) glycolates with high enantio-
meric excess. Reoxidation of the osmium centre is accom-
plished by hexacyanoferrate(iii), which gives an osmium(viii)
glycolate and, upon hydrolytic cleavage, the free diol and
the regenerated osmium tetroxide. This process represents
the so-called first AD cycle and is characterised by forma-
tion of diols with high enantiomeric excesses (Figure 1,
right). In principle, the reaction can take an alternative
course at the stage of the osma(viii) glycolate upon direct
oxidation of a second olefin. This pathway is denominated
the secondary cycle and proceeds through a bisglycolate
ester with usually low diastereoselectivity, because the
remote stereochemical information of the primary glycol
entity is largely uneffective. Subsequent hydrolysis leads to
liberation of a diol with lower enantiomeric excess than the
one from the primary cycle. Under the optimised biphasic
Sharpless AD conditions,[4] formation of a bisglycolate is
prevented and the hydrolytic cleavage occurs at the stage of
the monoglycolate osmium ester.


Abstract: A variation within the
osmium-catalysed asymmetric dihy-
droxylation (AD) of olefins is de-
scribed that yields cyclic boronic esters
from olefins in a straight-forward
manner. This process represents the
first real product alteration in asym-
metric dihydroxylation, since all previ-
ous protocols lead to free diols exclu-
sively. A protocol based on the Sharp-
less AD conditions (for enantioselec-
tive oxidation of prochiral olefins) was
developed that gives cyclic boronic


esters with excellent enantiomeric ex-
cesses (ee�s). Some of the ee�s are
higher than those reported for conven-
tional AD. The unprecedented role of
phenyl boronic acid on the course of
the AD reaction was investigated in
detail. PhB(OH)2 does not interfere
with the chiral ligand, leaving the enan-


tioselective step of olefin oxidation
intact. The main role of the boronic
acids—apart from protecting the diol
products against potential overoxida-
tion—relies on removing the diol entity
in an electrophilic cleavage, which is in
contrast to the conventional hydrolytic
cleavage of the AD protocols. Thus, a
mechanistically new cleavage for enan-
tioselective dihydroxylation reactions is
introduced within the present work.
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oxidation
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In the past, extensive investigation on the course of the
primary cycle have dealt with the question on the exact
mechanism for olefin oxidation with the osmium(viii) oxi-
dant. Here, different primary oxidation steps were debated
both in experimental[5] and theoretical[6] investigations.
Among rare changes on the established conditions for oxi-
dation of the osma(vi) glycolate, development of dihydroxy-
lation reactions under aerobic conditions or in the presence
of hydrogenperoxide as terminal oxidant have emerged re-
cently.[7] Apart from this intensive search for alternative re-
oxidation, further alteration in order to obtain chiral prod-
ucts other than free diols has remained uninvestigated.
Some years ago, Narasaka and Sharpless reported use of
phenyl boronic acid as turnover-generating reagent in achi-
ral dihydroxylations under strictly anhydrous conditions
(OsO4, CH2Cl2, NMO) to form racemic boronic esters.[8,9]


Herein, we describe the first development of an asymmet-
ric PhB(OH)2-promoted dihydroxylation that gives rise di-
rectly to enantiomerically pure boronic esters from olefins
and thereby establish a new cleavage concept for AD reac-
tions.


Results and Discussion


Our experimentation started from the discovery that the
presence of phenyl boronic acid is compatible with the gen-
eral Upjohn conditions for olefin dihydroxylation and thus
does not demand anhydrous conditions at all. This process
was found to be general and provided quantitative transfor-
mation of alkenes such as (E)-stilbene, styrene, a- and b-
methyl styrene, 2-vinyl naphthalene, 1-decene, indene, and
methyl and benzyl cinnamate to their corresponding cyclic
boronic esters. It furthermore set the basis for the applica-


tion of chiral ligands in order to
render the overall process
enantioselective.


Diastereoselective dihydroxyla-
tion : Under Upjohn conditions,
dihydroxylation of enantiopure
olefins led to boronic esters
with complete diastereoselectiv-
ity. For example, oxidation of
2,3,4-triacetyl-O-glucal and
2,3,4-tribenzyl-O-glucal provid-
ed the corresponding boronic
esters as single stereoisomers
each and in good isolated yields
(Scheme 1). These results
match with those from a con-
ventional dihydroxylation de-
scribed earlier[10] and rely on an
efficient stereochemical induc-
tion through the chiral glucal
motif of the substrate.


This sequence represents a uniquely efficient approach
toward boronic ester protection of the anomeric centre in
carbohydrate chemistry. This type of ester has met with sig-
nificant interest over past years in the construction of sugar-
based sensors.[11]


Enantioselective dihydroxylation : To devise a highly enan-
tioselective version of the Narasaka/Sharpless process,[8,9] it
was decided to combine the standard Sharpless AD proce-
dure[1,4] with phenyl boronic acid. Upon addition of
1.2 equivalents of PhB(OH)2 to the otherwise unchanged
conditions for enantioselective AD reaction, completely se-
lective olefin oxidation and concomitant formation of cyclic
boronic esters 4 took place (Scheme 2). These were the only
detectable products at quantitative olefin conversion. Impor-
tantly, free diols were never observed.


A series of ten different substrates, with different aromat-
ic, aliphatic and electron-demanding substitution patterns,
was submitted to dihydroxylation in the presence of phenyl
boronic acid and (DHQD)2PHAL as a chiral ligand
(Table 1). All the corresponding cyclic boronic esters were
isolated in high to excellent yields, showing the catalytic
process to be general. In almost all cases, already the crude


Figure 1. Current understanding of the catalytic asymmetric Sharpless dihydroxylation. L*=Cinchona alkaloid-
based ligand.


Scheme 1. Diastereoselective dihydroxylation of glucals under Upjohn
conditions.
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products from aqueous work-up were analytically pure ac-
cording to 1H and 13C NMR. Complete enantioselection was
observed in oxidations of (E)-stilbene and benzyl cinnamate.
Other substrates such as styrene, a- and b-methyl styrene,
methyl cinnamate and 2-vinyl naphthalene gave boronic
esters with high to excellent enantiomeric excesses (ee�s) in
the range of 95–98 %. In general, enantiomeric excesses of
the products were determined after deprotection of the
cyclic boronic esters under standard conditions (H2O2, H2O,
then NaOH). Epimerisation during course of deprotection
was never observed and the final vicinal diol products were
isolated in over 90 % chemical yield. For (E)-stilbene and
indene oxidation, the enantiomeric excesses were deter-
mined both at the stage of the boronic esters and the free


diols, respectively. Their complete agreement demonstrates
the absence of any racemisation during boron removal. All
obtained ee values and absolute configurations are in excel-
lent agreement with those from the original Sharpless AD
reactions.[12] Identical values were obtained for reactions
which were carried out with commercially available AD-mix
samples. For oxidations of stilbene, styrene and indene, AD
mix-b gave identical values regarding yields (99, 95 and
96 %, respectively) and enantiomeric excesses (99, 96 and


58 %, respectively). The excel-
lent yields of boronic esters are
particularly noteworthy for sub-
strates such as styrene, b-
methyl styrene or 2-vinyl naph-
thalene, which tend to suffer
from overoxidation under cer-
tain aqueous conditions.[13] We
observed benzaldehyde and 2-
naphthaldehyde formation in
the range of 7–16 % under stan-
dard AD reactions. This is not
the case in the present protocol,
which leads to protection of the
chiral diol entities as boronic
esters immediately after the pri-
mary oxidation step.


As expected, use of
(DHQ)2PHAL led to enantio-
complimentary induction
(Table 1, entry 2). Oxidations of
(E)-stilbene employing other li-
gands such as (DHQD)2AQN
and DHQD-PCB gave 99 and
95 % ee, respectively, and isolat-
ed chemical yields of more than
95 %. Apparently, the presence
of phenyl boronic acid does not
affect the crucial step of enan-
tioselective olefin functionalisa-
tion with the OsO4–Cinchona
alkaloid complex. In view of
the high ratio for phenyl boron-
ic acid:Cinchona alkaloid of


24:1, complete removal of the stereoinducing Lewis basic
ligand as the primary source of chiral information through
deleterious complexation to the Lewis acidic boron centre
was an evident possibility. Otherwise, even low concentra-
tions of free Cinchona alkaloid would still lead to a kineti-
cally favoured enantioselective pathway, since the AD reac-
tion benefits from a highly ligand-accelerated catalysis.[14]


Thus, already at the outset of the present investigation there
had been a reasonable chance to maintain asymmetric in-
duction under the given conditions. Even so, 1H and 11B
NMR spectroscopic control experiments included titration
of a solution of DHQD-PCB with phenyl boronic acid;
these experiments revealed no detectable complexation at
all of the basic quinuclidine unit of the chiral ligand to the


Table 1. Boronic esters from PhB(OH)2-aided catalytic olefin oxidation.


Entry Substrate 3 Product 4 Yield [%][a] ee [%][b] Config.[c]


1 (E)-stilbene 99 99 (99)[d] R,R


2[e] (E)-stilbene 99 99 S,S


3 styrene 94 96 R


4 a-methyl styrene 97 94 R


5 b-methyl styrene 94 98 R,R


6 methyl cinnamate 92 98 S,R


7 benzyl cinnamate 95 99 S,R


8 2-vinyl naphthalene 93 98 R


9 1-decene 88 82 R


10 indene 98 61 (61)[d] R,S


[a] Isolated yield at quantitative conversion. [b] Determined by HPLC after deprotection to the free diol.
[c] Determined on the diol stage by comparison with literature values for optical rotation and HPLC retention
times. [d] Determined on the boronic ester stage. [e] With (DHQ)2PHAL as ligand.


Scheme 2. Enantioselective catalytic synthesis of cyclic boronic esters
from olefins.
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Lewis acidic boron reagent within NMR timescale. This
characterises the boron centre an oxophilic, but not azaphil-
ic Lewis acid.


Asymmetric dihydroxylation of cyclopentadiene was car-
ried out under Upjohn conditions due to the problematic
base conditions of the original AD procedure (Scheme 3).


This reaction gave a single compound (>96 % purity) and
the potentially formed meso-derivative was not observed in
the 300 MHz 1H NMR spectrum. The only product was the
chiral bis-boronic ester which was isolated in >99 % ee.
This result matches earlier elegant work from Sharpless on
per-dihydroxylation of polyalkenes.[15] In addition, the ster-
eochemistry of the second step of oxidation is consistent
with the Kishi rules on dihydroxylation of cyclic allylic
ethers and esters.[16]


Substituted aryl boronic acids are compatible with this
new AD protocol (Scheme 4, Table 2). For the case of (E)-
stilbene as standard AD substrate, no electronic effect re-
garding the substituent was detected and dihydroxylation
under the usual conditions consistently gave the respective
aryl boronic esters with essentially complete enantioselec-
tion (99 % ee). The example of 4-biphenyl boronic acid
(entry 4) is particularly noteworthy, since it allows for direct
access to the respective chiral boronic esters, which are im-
portant derivatives for determination of absolute configura-


tion of diols by means of circular dichroism spectroscopic
analysis.[17]


Mechanistic discussion : It has been a common feature in all
dihydroxylation protocols established so far[1,3] that removal
of the diol entity from the intermediate osma(vi) glycolate
represents the decisive step for catalyst regeneration. This is
usually accomplished through the hydrolytic cleavage of the
osmium–oxygen bonds (Figure 2, left). Regarding the aryl
boronic acid variants, already the earlier anhydrous condi-
tions in the racemic protocol[8,9] pose the underlying mecha-
nistic question on diol removal in the intermediary step
prior to catalyst regeneration. Surprisingly, the importance
of the exact working mode of diol removal by the phenyl
boronic acid had not been clarified in these earlier proto-
cols[5] and has remained largely unappreciated.


Given the inherent properties of phenyl boronic acid, it
appears reasonable to assume cleavage by the unique elec-
trophilic character of the boron centre (Figure 2, right). The
role of boronic acid in this cleavage does not rely on a
simple proton effect as revealed by control experiments
with Brønsted acids such as acetic acid or toluene sulfonic
acid. These additives gave significantly lower conversion.


Scheme 3. Enantioselective dihydroxylation of cyclopentadiene. Assumed
absolute S,S,S,S configuration made on the basis of the regular face selec-
tivity of the AD.[1]


Scheme 4. Dihydroxylation in the presence of substituted aryl boronic
acids.


Table 2. Catalytic asymmetric synthesis of aryl boronic esters.


Entry Ar Product Yield [%][a] ee [%][b]


1 Ph 4a 99 99
2 4-F-Ph 7 97 99
3 4-MeO-Ph 8 95 99
4 4-Ph-Ph 9 98 99


[a] Isolated yield at quantitative conversion. [b] Determined by HPLC
after deprotection to free 1,2-diphenyl ethanediol.


Figure 2. Hydrolytic cleavage versus electrophilic cleavage of osma glyco-
lates.


Figure 3. Catalytic cycle for phenyl boronic acid-initiated turnover in
enantioselective olefin dihydroxylation.
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The resulting overall catalytic cycle is depicted in
Figure 3. The stereochemically decisive initial stages are un-
changed with respect to the parent Sharpless process. Thus
ligation of the chiral Cinchona alkaloid ligand to osmium
tetroxide furnishes the asymmetric catalyst for differentia-
tion of the prochiral olefin faces. Asymmetric dihydroxyla-
tion and dissociation of the ligand then leads to the glyco-
late osmium(vi) ester, which is reoxidised to the correspond-
ing glycolate osmium(viii) ester. At this stage, the osmium–
diolate entity is cleaved by the above-mentioned electrophil-
ic cleavage (Figure 3). In such a scenario, initial interaction
between the electrophilic boron centre and the basic oxygen
atom of the glycol entity weakens the osmium–oxygen bond
and ultimately leads to transesterification from osmium to
boron. This releases boronic esters with high enantiomeric
excess and regenerates the osmium tetroxide catalyst.


The high enantiomeric excesses obtained by our proce-
dure are the consequences of a well-balanced electrophilic
character of the boronic acid. While it is completely cooper-
ative with the stereoinducing ligand, it renders the rate for
this cleavage process sufficiently fast in order to overcome
the competitive hydrolytic cleavage. This is further strength-
ened by the observation that the hydrolysis-aiding methyl
sulfonamide effect[1,4] is completely absent in the presence
of phenyl boronic acid. For example, a qualitative compari-
son on the respective rates (and enantiomeric excesses) for
boronic acid promoted asymmetric dihydroxylation of stil-
bene (Table 1, entry 7) are essentially identical for reactions
with and without methyl sulfonamide addition. Therefore,
product formation ocurrs exclusively through the electro-
philic cleavage pathway and boronic esters are the only
products from this new AD version.


Moreover, since the rate of the electrophilic cleavage
process at least equals the one from sulfonamide-based AD
protocols, any occurrence of secondary cycle catalysis is effi-
ciently surpressed. Thus, the highly enantioselective osmium
tetroxide Cinchona alkaloid catalyst from the Sharpless AD
process constantly dominates the catalysis.


Finally, formation of boronic esters does not proceed
through the alternative pathway of diol condensation with
ArB(OH)2.


[18] A control experiment showed that reaction of
free stilbene diol with PhB(OH)2 in MeOD/D2O (1:1, v/v) is
comparably slow at room temperature and gives only an in-
complete yield, even after a prolonged reaction time of 24 h.


In summary, we have described a new electrophilic cleav-
age concept for the Sharpless asymmetric dihydroxylation
reaction. This has resulted in the development of a one-step
synthesis of enantiopure boronic esters through the asym-
metric dihydroxylation of olefins in the presence of phenyl-
boronic acid. This new procedure is noteworthy, since it is
more convenient than the previous racemic protocol
(osmate instead of OsO4 as osmium source, cheap re-oxi-
dant instead of anhydrous NMO) and combines the power
of the AD with the advantage of boronic ester protection.


Experimental Section


General : Potassium osmate K2[OsO2(OH)4] was purchased from Aldrich
and stored under argon. Methyl cinnamate, benzyl cinnamate, indene, 2-
formyl naphthaldehyde, (DHQD)2PHAL, (DHQ)2PHAL,
(DHQD)2AQN and DHQ-PCB were purchased from Fluka. Phenyl bor-
onic acid, styrene, stilbene, a-methyl styrene and b-methyl styrene and 1-
decene were purchased from Aldrich. 2-Vinyl naphthalin was synthesised
following a literature Wittig procedure.[19]


All other solvents were reagent grade and used as received. Column
chromatography was performed with silica gel (Merck, type 60, 0.063–
0.2 mm and Machery Nagel, type 60, 0.015–0.025 mm). Optical rotations
were measured on a Perkin–Elmer 341 polarimeter. Concentrations are
given in g per 100 mL in dichloromethane. NMR spectra were recorded
on Bruker DPX 300 MHz and Bruker DRX 500 MHz spectrometers. All
chemical shifts in the NMR experiments are reported as ppm downfield
from TMS. The following calibrations were used: CDCl3 d =7.26 and
77.00 ppm, C6D6 d=7.16 and 128.00 ppm. Multiplicities are given by the
common abbreviations (s, singlet; d, doublet; t, triplet, q, quartet; m,
multiplet; ps for pseudo). IR spectra were recorded on a Nicolet Magna
550 FT-IR spectrometer. MS and HRMS experiments were performed on
a Kratos MS 50 within the service centres at the Kekul�-Department,
Bonn. HPLC determinations were carried out on a Knauer Wellchrome
(injection valve A0258, pump K-100, solvent organizer K-1500, UV-de-
tector K-2600). The reported values refer to 254 nm detection wave-
length.


General synthetic procedure for dihydroxylation under Upjohn condi-
tions (Procedure A): A solution of K2[OsO2(OH)4] (3.2 mg, 0.01 mmol)
and phenyl boronic acid (146 mg, 1.2 mmol) in tert-butanol and water
(10 mL, 1:1, v/v) was stirred at room temperature. NMO was added as a
1.2m solution in water (1.0 mL) and the resulting solution was stirred.
The substrate (1.0 mmol) was added in one portion and the solution was
sealed and stirred for 12 h at room temperature. It was worked up by ad-
dition of an aqueous solution of sodium thiosulfate and extracted with di-
chloromethane. The organic phase was separated, dried over MgSO4 and
evaporated to dryness to leave the crude products.


Where appropriate, column chromatography (silica gel, hexane/ethyl ace-
tate, 4:1, v/v) gave the analytically pure products as described below.


General synthetic procedure for dihydroxylation under Sharpless AD
conditions (Procedure B): A solution of K2[OsO2(OH)4] (3.2 mg,
0.01 mmol), potassium carbonate (410 mg), potassium hexacyanoferrate-
(iii) (980 mg), phenyl boronic acid (146 mg, 1.2 mmol) and the Cinchona
alkaloid ligand (0.05 mmol) in tert-butanol and water (10 mL, 1:1, v/v)
was stirred at room temperature. The substrate (1.0 mmol) was added in
one portion and the solution was sealed and stirred for 12 h at room tem-
perature. It was worked up by addition of an aqueous solution of sodium
thiosulfate and extracted with water and dichloromethane. The organic
phase was separated, dried over MgSO4 and evaporated to dryness to
leave the crude products.


Where appropriate, column chromatography (silica gel, hexane/ethyl ace-
tate, 4:1, v/v) gave the analytically pure products as described below.


General procedure for cleavage of boronic esters : The boronic ester
(1 mmol) was dissolved in ethyl acetate/acetone (10 mL 1:1, v/v) and a
solution of H2O2 (35 % in H2O, 2 equiv, 0.17 mL) was added upon stir-
ring. The resulting solution was stirred for a period of 3–4 h at room tem-
perature. The remaining H2O2 was reduced upon addition of an aqueous
solution of Na2S2O3 at room temperature. The reaction mixture was ex-
tracted twice with ethyl acetate (2 � 20 mL), the organic layers were sepa-
rated, washed with an aqueous solution of NaOH (1 m, 10 mL), dried
over MgSO4 and filtered. The solvents were removed under reduced
pressure. If required, the colourless solids were purified by column chro-
matography (silicagel, hexanes/ethyl acetate, 3:1, v/v) to give the analyti-
cally pure diols.


Dioxoborolane 2 a from oxidation of triacetyl glucal : This compound was
synthesised according to the general procedure A from 2,3,4-tribenzyl-O-
glucal (272 mg, 1 mmol). After column chromatography (silica gel, ethyl
acetate), 2a was obtained as a white solid (302 mg, 0.77 mmol, 77%).


Chem. Eur. J. 2005, 11, 3951 – 3958 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3955


FULL PAPERAsymmetric Dihydroxylation



www.chemeurj.org





[a]20
D =� 22.3 (c=0.2 in acetone); 1H NMR (300 MHz, CDCl3, 25 8C,


TMS): d=1.97 (s, 3H; C(O)CH3), 2.00 (s, 3H; C(O)CH3), 2.02 (s, 3 H;
C(O)CH3), 4.14–4.20 (m, 2 H; CH2OAc), 4.29–4.36 (m, 1H; CHOAc),
4.77 (dd, J =3.2, 6.2 Hz, 1 H; CHOAc), 5.12–5.21 (m, 1H; CHOAc),
5.26–5.29 (m, 1H; CHOB), 6.39 (dd, J= 1.2, 6.1 Hz, 1 H; CHOB), 7.30–
7.38 (m, 3H; CHAr), 7.64–7.68 ppm (m, 2H; CHAr); 13C NMR (75 MHz,
CDCl3): d =20.58, 20.70, 20.82, 63.29, 67.45, 67.60, 70.51, 73.90, 97.90,
128.02, 132.35, 135.18, 162.32, 169.28, 169.59, 170.65 ppm; MS (70 eV):
m/z (%): 392 (100), [M+],346 (22), 276 (9); HRMS: calcd for
C18H21


10BO9: 391.1313; found: 391.1312.


Dioxoborolane 2b from oxidation of tribenzyl glucal : This compound
was synthesised according to the general procedure A from 2,3,4-triben-
zyl-O-glucal (416 mg, 1 mmol). After column chromatography (silica gel,
ethyl acetate), 2b was obtained as a white to light purple solid (450 mg,
0.84 mmol, 84%). [a]20


D =�34.9 (c =0.1 in acetone); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=3.64 (d, J= 2.4 Hz, 1H; CHOBn), 3.71–3.75 (m,
2H; OCHCH2OBn, OCHCHHOBn), 3.88 (dd, J =4.1, 4.9 Hz, 1 H;
OCHCHHOBn), 4.39 (d, J =11.3 Hz, 1 H; PhCHHO), 4.47 (d, J=


12.1 Hz, 1H; CHOBn), 4.50 (d, J =10.0 Hz, 1H; PhCHHO), 4.53 (d, J=


10.0 Hz, 1 H; PhCHHO), 4.55 (d, J=12.1 Hz, 1H; PhCHHO), 4.56 (d,
J =11.3 Hz, 1 H; PhCHHO)H), , 4.65 (d, J=12.1 Hz, 1H; PhCHHO),
4.77 (m, 1 H; CHOB), 6.02 (d, J=6.2 Hz, 1H; CHOB), 7.77–7.83 (m,
17H; CHAr), 8.19 (d, J =1.5 Hz, 2 H; CHAr), 8.22 ppm (d, J =1.4 Hz, 1H;
CHAr); 13C NMR (75 MHz, CDCl3, 25 8C): d =69.06, 70.29, 72.12, 72.78,
73.25, 74.45, 76.81, 79.86, 98.84, 127.48, 127.50, 127.63, 127.71, 127.88,
128.12, 128.19, 128.31, 131.83, 134.95, 135.47, 137.64, 137.81 ppm; MS
(70 eV): m/z (%): 536 (100), [M+],446 (12), 356 (14); HRMS: calcd for
C33H33


10BO6: 535.2405; found: 535.2513.


(R,R)-2,4,5-Triphenyl-1,3,2-dioxaborolane (4 a):[20] This compound was
synthesised according to the general procedure B from stilbene (180 mg,
1 mmol). Yield: 300 mg (1.00 mmol, 99%). [a]20


D =�70 (c=0.5 in chloro-
form); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=5.35 (s, 2 H;
CHOB), 7.37–7.55 (m, 13H; CHAr), 8.00 ppm (m, 2H; CHAr); 13C NMR
(75 MHz, CDCl3, 25 8C): d=86.96, 125.85, 127.96, 128.39, 128.82, 131.84,
135.23, 140.39 ppm; IR (KBr): ñ=3460, 3095, 3045, 2917, 2395, 2340,
1597, 1451, 1390, 1340, 1318, 1220, 1215, 1105, 1060, 1000, 780, 775, 695,
650, 640, 510 cm�1; MS (70 eV): m/z (%): 300 (100), [M+], 222 (20), 194
(40), 178 (5), 167 (18), 151 (10), 107 (22), 90 (45); HRMS: calcd for
C20H17


10BO2: 299.1358; found: 299.1330; HPLC data for determination of
enantiomeric excess: CHIRALCEL OD-H, n-hexane/2-propanol, 95:5
(v/v), 0.3 mL min�1, retention times: 13.7 min [(R,R)], 15.5 min [(S,S)].
Determination of enantiomeric excess was carried out at the stage of the
free (R,R)- and (S,S)-1,2-diphenylethylenediol: CHIRALCEL OB-H, n-
hexane/2-propanol, 90:10 (v/v), 1.0 mL min�1, retention times: 13.0 min
[(R,R)], 17.6 min [(S,S)].


(R)-2,4-Diphenyl-1,3,2-dioxaborolane (4 b):[21] This compound was syn-
thesised according to the general procedure B from styrene (0.12 mL,
1 mmol). Yield: 211 mg (0.94 mmol, 94%). [a]20


D =�43.1 (c =0.5 in ace-
tone); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =4.09 (dd, J =7.5,
9.0 Hz, 1H; CHHOB), 4.62 (dd, J =8.3, 9.0 Hz, 1 H; CHHOB), 5.47 (dd,
J =7.5, 8.3 Hz, 1 H; CHOB), 7.19–7.43 (m, 8 H; CHAr), 7.80–7.83 ppm (m,
2H; CHAr); 13C NMR (100 MHz, CDCl3, 25 8C): d =73.34, 78.89, 125.56,
127.86, 128.15, 128.72, 131.63, 135.00, 141.12 ppm; MS (70 eV): m/z (%):
224 (100) [M+], 151 (18), 147 (44),107 (9), 90 (48); HRMS: calcd for
C14H13


10BO2: 223.1045; found: 223.1056. Determination of enantiomeric
excess was carried out at the stage of free 1-phenylethylenediol: CHIR-
ALCEL OB-H, n-hexane/2-propanol, 90:10 (v/v), 0.5 mL min�1, retention
times: 16.0 min [(R)], 20.2 min [(S)].


(R)-4-Methyl-2,4-diphenyl-1,3,2-dioxaborolane (4 c): This compound was
synthesised according to the general procedure B from a-methyl styrol
(0.13 mL, 1 mmol). Yield: 230 mg (0.97 mmol, 97%). [a]20


D =�154 (c =0.5
in acetone); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d= 1.66 (s, 3 H;
CH3), 4.29 (s, 2H; CH2OB), 7.16–7.41 (m, 8H; CHAr), 7.87–7.90 ppm (m,
2H; CHAr); 13C NMR (100 MHz, CDCl3, 25 8C): d=29.58, 78.78, 83.39,
124.15, 127.17, 127.81, 128.40, 131.50, 134.91, 146.01 ppm; IR (KBr): ñ=


3445, 3090, 3060, 3045, 2985, 2940, 2920, 2370, 2340, 1600, 1495, 1435,
1385, 1360, 1240, 1220, 1085, 1010, 750, 690, 640 cm�1; MS (70 eV): m/z
(%): 238 (5) [M+], 223 (100), 162 (5), 147 (5), 119 (11), 104 (26), 91 (16),


77 (10); HRMS: calcd for C15H15
10BO2: 236.1121; found: 236.1121. Deter-


mination of enantiomeric excess was carried out at the stage of the bis-
benzoate of the free 2-phenylpropylenediol: CHIRALCEL OB-H, n-
hexane/2-propanol, 97:3 (v/v), 1.0 mL min�1, retention times: 25.6 min
[(S)], 27.2 min [(R)].


(R,R)-5-Methyl-2,4-diphenyl-1,3,2-dioxaborolane (4 d): This compound
was synthesised according to the general procedure B from b-methyl
styrol (0.13 mL, 1 mmol). Yield: 224 mg (0.94 mmol, 94%). [a]20


D =�75
(c= 0.5 in acetone); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d= 1.42 (d,
J =6.2 Hz, 3 H; CH3), 4.34 (dq, J=6.2, 7.5 Hz, 1 H; CH3CHOB), 4.91 (d,
J =7.5 Hz, 1H; PhCHOB), 7.12–7.43 (m, 8 H; CHAr), 7.77–7.81 ppm (m,
2H; CHAr); 13C NMR (75 MHz, CDCl3, 25 8C): d=21.17, 81.72, 86.10,
125.63, 127.86, 128.23, 128.73, 131.58, 134.98, 140.60 ppm; IR (KBr): ñ=


3450, 3050, 3015, 3025, 3015, 1760, 1730, 1600, 1500, 1440, 1400, 1380,
1360, 1290, 1205, 1100, 1020, 780, 695, 680, 650 cm�1; MS (70 eV): m/z
(%): 238 (100) [M+], 223 (12), 194 (55), 105 (33), 90 (100); HRMS: calcd
for C15H15


11BO2: 238.1165; found: 238.1156. Determination of enantio-
meric excess was carried out at the stage of free 1-phenylpropylenediol:
CHIRALPAK AD, n-hexane/2-propanol, 90:10 (v/v), 0.5 mL min�1, re-
tention times: 18.1 min [(S,S)], 21.6 min [(R,R)].


(S,R)-4-(Methoxycarbonyl)-2,5-diphenyl-1,3,2-dioxaborolane (4 e): This
compound was synthesised according to the general procedure B from
methyl cinnamate (162 mg, 1 mmol). Yield: 260 mg (0.92 mmol, 92%).
[a]20


D =�47.4 (c =0.5 in acetone); 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d =3.70 (s, 3H; CO2CH3), 4.69 (d, J=6.0 Hz, 1H; PhCHOB), 5.44
(d, J =6.0 Hz, 1H; MeO2CCHOB), 7.17–7.37 (m, 8 H; CHAr), 7.77–
7.81 ppm (m, 2H; CHAr); 13C NMR (100 MHz, CDCl3, 25 8C): d=52.69,
81.82, 82.48, 125.30, 127.92, 128.50, 128.82, 132.04, 135.22, 140.31,
170.96 ppm; IR (KBr): ñ =3475, 3051, 3022, 2950, 2895, 2397, 2362, 1752,
1740, 1600, 1502, 1425, 1403, 1205, 1100, 1020, 997, 782, 695, 652 cm�1;
MS (70 eV): m/z (%): 282 (2) [M+], 223 (6), 205 (32), 176 (70), 105 (33),
59 (100); HRMS: calcd for C16H15


10BO4: 281.1097; found: 281.1087. De-
termination of enantiomeric excess was carried out at the stage of free
methyl 3-phenyl-2,3-dihydroxy propionate: CHIRALCEL OB-H, n-
hexane/2-propanol, 95:5 (v/v), 0.7 mL min�1, retention times: 41.6 min
[(R,S)], 46.8 min [(S,R)].


(S,R)-4-(Benzyloxycarbonyl)-2,5-diphenyl-1,3,2-dioxaborolane (4 f): This
compound was synthesised according to the general procedure B from
benzyl cinnamate (238 mg, 1 mmol). Yield: 339 mg (0.95 mmol, 95%).
[a]20


D =�32 (c =0.5 in acetone); 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=4.73 (d, J= 6.2 Hz, 1 H; PhCHOB), 5.18 (dd, J =12.2, 29.8 Hz, 2H;
PhCH2O2C), 5.42 (d, J =6.2 Hz, 1 H; BnO2CCHOB), 7.12–7.37 (m, 8 H;
CHAr), 7.81–7.84 ppm (m, 2 H; CHAr); 13C NMR (75 MHz, CDCl3, 25 8C):
d=31.06, 67.16, 81.71, 82.34, 125.24, 127.80, 128.21, 128.36, 128.44,
128.53, 128.67, 131.90, 135.13, 140.11, 170.09 ppm; IR (KBr): ñ =3485,
3057, 3018, 2963, 2395, 2355, 1760, 1598, 1495, 1452, 1440, 1400, 1365,
1280, 1200, 1105, 1025, 1000, 770, 705, 680, 660, 525 cm�1; MS (70 eV):
m/z (%): 335 (7) [M+], 238 (21), 224 (81), 205 (15), 176 (100), 105 (38),
59 (96); HRMS: calcd for C22H19


10BO4: 357.1413; found: 357.1401. Deter-
mination of enantiomeric excess was carried out at the stage of the
bisbenzoate from the free benzyl 3-phenyl-2,3-dihydroxy propionate:
CHIRALCEL OB-H, n-hexane/2-propanol, 97:3 (v/v), 0.8 mL min�1, re-
tention times: 21.0 min [(S,R)], 24.5 min [(R,S)].


(R)-4-(2’-Naphthyl)-2-phenyl-1,3,2-dioxaborolane (4 g): This compound
was synthesised according to the general procedure B from 2-vinyl naph-
thalene (154 mg, 1 mmol). Yield: 255 mg (0.93 mmol, 93%). [a]20


D =�68.3
(c= 0.5 in acetone); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =4.32
(dd, J=7.7, 9.0 Hz, 1 H; CHHOB), 4.83 (dd, J=8.2, 9.0 Hz, 1 H;
CHHOB), 5.79 (dd, J =7.7, 8.2 Hz, 1H; CHOB), 7.44–7.60 (m, 6 H;
CHAr), 7.84–7.93 (m, 4H; CHAr), 8.00–8.04 ppm (m, 2H; CHAr);
13C NMR (100 MHz, CDCl3, 25 8C): d=73.24, 79.07, 123.16, 124.70,
126.18, 126.40, 127.72, 127.94, 127.97, 128.82, 131.69, 133.19, 135.06,
135.61, 138.35 ppm; MS (70 eV): m/z (%): 274 (16) [M+], 156 (80), 127
(100), 77 (21); HRMS: calcd for C18H15


11BO2: 274.1165; found: 274.1161.
Determination of enantiomeric excess was carried out at the stage of free
1-(2-naphthyl)ethylenediol: CHIRALCEL OD, n-hexane/2-propanol,
90:10 (v/v), 1.0 mL min�1, retention times: 12.6 min [(R)], 15.7 min [(S)].
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(R)-4-n-Octyl-2-phenyl-1,3,2-dioxaborolane (4 h): This compound was
synthesised according to the general procedure B from decene (0.2 mL,
1 mmol). Yield: 229 mg (0.88 mmol, 88 %). [a]20


D =�39 (c=0.5 in ace-
tone); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =0.89 (t, J =6.9 Hz,
3H; CH3), 1.29–1.56 (m, 12H; CH2), 1.58–1.68 (m, 1H; CHH), 1.70–1.75
(m, 1 H; CHH), 3.95 (dd, J =7.1, 8.8 Hz, 1 H; CHHOB), 4.42 (dd, J =7.7,
8.8 Hz, 1H; CHHOB), 4.57 (ddd, J =6.0, 7.1, 7.7 Hz, 1H; CHOB), 7.35–
7.40 (m, 2 H; CHAr), 7.45–7.50 (m, 1H; CHAr), 7.81–7.83 ppm (m, 2 H;
CHAr); 13C NMR (75 MHz, CDCl3, 25 8C): d =14.06, 22.63, 24.95, 29.21,
29.47, 29.50, 31.84, 36.17, 71.20, 77.57, 127.76, 131.33, 134.80, 162.36 ppm;
IR (KBr): ñ =3445, 3080, 3070, 3030, 2960, 2905, 2395, 2340, 1610, 1505,
1425, 1405, 1385, 1350, 1305, 1220, 1095, 1015, 980, 970, 860, 760, 700,
650, 640 cm�1; MS (70 eV): m/z (%): 260 (20) [M+], 231 (5), 203 (5), 175
(10), 147 (100), 118 (36), 105 (17), 91 (20), 69 (10), 55 (11); HRMS: calcd
for C16H25


11BO2: 259.1984; found: 259.1985. Determination of enantio-
meric excess was carried out at the stage of the bisbenzoate from the
free decane-1,2-diol: CHIRALCEL OB-H, n-hexane/2-propanol, 95:5
(v/v), 0.7 mL min�1, retention times: 13.6 min [(S)], 17.1 min [(R)].


(8R,4S)-2-(B-Phenyl)bora-1,3-dioxo-6,7-benzo-bicyclo[3.3.2]octane
(4 i):[8] This compound was synthesised according to the general proce-
dure B from indene (0.12 mL, 1 mmol). Yield: 232 mg (0.98 mmol, 98%).
[a]20


D =++3.2 (c=0.5 in acetone); 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=3.21 (dd, J =0.5, 16.9 Hz, 1H; CHHCHOB), 3.36 (dd, J =0.5,
6.7 Hz, 1 H; CHHCHOB), 5.28 (ddd, J =6.6, 6.7, 16.9 Hz, 1 H;
CHHCHOB), 5.81 (d, J =6.6 Hz, 1 H; CHOB), 7.15–7.28 (m, 5H; CHAr),
7.33–7.38 (m, 1 H; CHAr), 7.47–7.50 (m, 1H; CHAr), 7.70–7.73 ppm (m,
2H; CHAr); 13C NMR (100 MHz, CDCl3, 25 8C): d=39.84, 80.91, 85.01,
125.41, 126.16, 127.43, 127.72, 129.58, 131.35, 134.82, 140.41, 140.74 ppm;
IR (KBr): ñ =3515, 3420, 3095, 3060, 3035, 2940, 2920, 2830, 1597, 1415,
1390, 1370, 1290, 1195, 1090, 1085, 1005, 980, 755, 695, 620 cm�1. Deter-
mination of enantiomeric excess was carried out at the stage of free in-
denediol: CHIRALCEL OB-H, n-hexane/2-propanol, 90:10 (v/v),
0.7 mL min�1, retention times: 12.6 min [(R,S)], 15.8 min [(S,R)].


Cyclopentane-1,2:3,4-tetrayl-1,2:3,4-bis(phenylboronate) (6):[9] This com-
pound was synthesised from cyclopentadiene (66 mg, 1 mmol) according
to Procedure A with (DHQD)2PHAL as chiral ligand. Yield: 291 mg
(95 mmol, 95 %). [a]20


D =�25 (c=0.5 in dichloromethane); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=2.51 (ps t, J= 6.3 Hz, 2 H; CH2), 5.03
(d, J=6.3 Hz, 2H; CHOB), 5.17 (ps q, J=5.8 Hz, 2H; CH2CHOB), 7.36–
7.43 (m, 4 H; CHAr), 7.50–7.56 (m, 2H; CHAr), 7.79–7.85 ppm (m, 4 H;
CHAr); 13C NMR (75 MHz, CDCl3): d =40.17, 79.02, 86.09, 127.56, 130.16,
131.11, 132.92, 134.63, 157.81.


(R,R)-2-(4’-Fluorophenyl)-4,5-diphenyl-1,3,2-dioxaborolane (7): This
compound was synthesised according to the general procedure B from
stilbene (180 mg, 1 mmol) with 4’-fluorophenyl boronic acid (168 mg,
1.2 mmol) instead of phenyl boronic acid. Yield: 302 mg (0.97 mmol,
97%). [a]20


D =�61.7 (c =0.5 in acetone); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d =5.26 (s, 2 H; CHOB), 7.02–7.18 (m, 2 H; CHArF), 7.26–
7.36 (m, 10H; CHAr), 7.88–7.93 ppm (m, 2 H; CHArF); 13C NMR (75 MHz,
CDCl3, 25 8C): d=87.01, 115.08, 115.28, 125.84, 128.45, 128.84, 137.51 (d,
2J(C,F)=8.4 Hz), 140.21, 166.73 ppm; 19F NMR (282 MHz, CDCl3, 25 8C):
d=�107.82; IR (KBr): ñ=3425, 3055, 3015, 2930, 1600, 1505, 1470, 1400,
1380, 1360, 1300, 1215, 1195, 1145, 1090, 1080, 980, 825, 775, 695, 650,
580, 520 ppm; MS (70 eV): m/z (%): 318 (71) [M+], 240 (49), 311 (36),
180 (31), 165 (35), 135 (15),105 (42), 90 (100), 77 (28); HRMS: calcd for
C20H16


11BFO2: 318.1227; found: 318.1234. HPLC data for determination
of enantiomeric excess at the stage of the free (R,R)- and (S,S)-1,2-diphe-
nylethylenediol: CHIRALCEL OB-H, n-hexane/2-propanol, 90:10 (v/v),
1.0 mL min�1, retention times: 13.0 min [(R,R)], 17.6 min [(S,S)].


(R,R)-2-(4’-Methoxyphenyl)-4,5-diphenyl-1,3,2-dioxaborolane (8): Syn-
thesised according to the general procedure B from stilbene (180 mg,
1 mmol) with 4’-methoxyphenyl boronic acid (182 mg, 1.2 mmol) instead
of phenyl boronic acid. Yield: 314 mg (0.95 mmol, 95%). [a]20


D =�80.1
(c= 0.5 in acetone); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=3.70 (s,
3H, OCH3), 5.18 (s, 2 H; CHOB), 6.85 (d, J= 8.7 Hz, 2H; CHArOMe),
7.18–7.29 (m, 10 H; CHAr), 7.84 ppm (d, J =8.7 Hz, 2 H; CHArOMe);
13C NMR (75 MHz, CDCl3): d =55.03, 86.80, 113.58, 125.81, 128.26,
128.72, 136.99, 140.46, 162.61 ppm; MS (70 eV): m/z (%): 330 (33) [M+],


209 (32), 197 (30), 191 (15), 165 (10), 147 (11), 105 (45), 90 (26), 77 (26),
59 (100); HRMS: calcd for C21H19


11BO3: 330.1427; found: 330.1422.
HPLC data for determination of enantiomeric excess at the stage of the
free (R,R)- and (S,S)-1,2-diphenylethylenediol: CHIRALCEL OB-H, n-
hexane/2-propanol, 90:10 (v/v), 1.0 mL min�1, retention times: 13.0 min
[(R,R)], 17.6 min [(S,S)].


(R,R)-2-(4’-Biphenylyl)-4,5-diphenyl-1,3,2-dioxaborolane (9): This com-
pound was synthesised according to the general procedure B from stil-
bene (180 mg, 1 mmol) with 4’-biphenylyl boronic acid (237 mg,
1.2 mmol) instead of phenyl boronic acid. Yield: 369 mg (0.98 mmol,
98%). [a]20


D =�133 (c= 0.7 in acetone); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d =4.65 (s, 2H; CHOB), 7.04–7.17 (m, 4 H; CHAr), 7.27–
7.42 (m, 9H; CHAr), 7.53–7.87 ppm (m, 6H; CHAr); 13C NMR (75 MHz,
CDCl3, 25 8C): d=79.15, 125.89, 126.71, 126.96, 127.28, 127.71, 127.96,
128.17, 128.87, 135.30, 140.89, 143.79 ppm; MS (70 eV): m/z (%): 377
(100) [M++1], 222 (9), 178 (4), 167 (12), 151 (5), 107 (18), 90 (25);
HRMS: calcd for C26H21


11BO2: 376.1635; found: 376.1632. HPLC data for
determination of enantiomeric excess at the stage of the free (R,R)- and
(S,S)-1,2-diphenylethylenediol: CHIRALCEL OB-H, n-hexane/2-propa-
nol, 90:10 (v/v), 1.0 mL min�1, retention times: 13.0 min [(R,R)], 17.6 min
[(S,S)].
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Synthesis and Modification of Terrylenediimides as High-Performance
Fluorescent Dyes


Fabian Nolde, Jianqiang Qu, Christopher Kohl, Neil G. Pschirer, Erik Reuther, and
Klaus M�llen*[a]


Introduction


Stable, highly fluorescent perylene-3,4:9,10-tetracarboxdi-
imides of type 1 are widely used as dyes or pigments, de-
pending on the substituent R at the N-imide position
(Scheme 1). They are suitable for demanding applications
such as modern reprographics,[1] fluorescence light collec-
tors,[2] photovoltaic devices,[3] dye lasers,[4] light-emitting
diodes (LEDs)[5] and molecular switches.[6] By extending the
core p-conjugated system, we have synthesised the higher
homologues of perylenediimide 2, that is, terrylenediimide
3[7] and quaterrylenediimide 4.[8] The absorption maxima of
the deep blue terrylenediimides 3 are shifted bathochromi-
cally in comparison to perylenediimide 2. Terrylenediimides
3 exhibit brilliant colour, high extinction coefficients, high
fluorescence quantum yields of 90 %,[7] and high thermal,
chemical, and photochemical stabilities, which are generally
required for practical use.[9] The number of organic com-
pounds showing intense fluorescence like terrylenediimide


in the red and deep red spectral region of the electromag-
netic spectrum is rather limited.[10] A great advantage of this
spectral region is that inexpensive and effective excitation
sources such as the HeNe laser (633 nm), krypton-ion laser
(647, 676 nm) and common diode lasers are available, which
is important for fluorescent labels.[11] In addition to the pho-
tophysical properties such as high extinction coefficients and
photochemical stability, the negligible population of the trip-
let bottleneck, low photobleaching efficiency at room tem-
perature, and weak electron–phonon coupling at low tem-
perature qualify terrylenediimide 3 as an ideal chromophore
for single-molecule spectroscopy.[12] With single-molecule
spectroscopy experiments, it is also possible to excite and
detect the zero-phonon line of single terrylenediimide mole-
cules, which is only possible with exceptionally photostable
systems.[13] Terryleneimides have been used in biomimetic
models of plant photosystems,[14] bichromophores,[15] and
light-harvesting dyads[16] and triads.[17]


Our previously published synthesis of terryleneimide,
however, suffered from the following problems:[7] 1) the use
of toxic stannyl compounds as intermediates, 2) long reac-
tion times (three days for transformation of bromide 7 into
stannyl derivative 6 ; four days for the subsequent Stille cou-
pling), 3) the use of molten KOH as base in the final cyclo-
dehydrogenation, which excludes the synthesis of terrylene-
imides with base-labile substituents at the N-imide position
and causes corrosion of the reaction vessel, 4) limited access
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imide has been synthesised in a
straightforward procedure that makes
large quantities available. The second
route includes an efficient cross-cou-
pling reaction followed by a cyclodehy-
drogenation. Monofunctionalisation of
the imide structure allows terrylenediim-


ides now to be coupled with a variety
of compounds, for example, by Suzuki
cross-coupling, which can lead to an
array of terrylenediimides with new
functional groups such as hydroxy,
amino, or carboxy groups needed to


link up with other molecules. The func-
tionalisation in the bay region is used
to tune the properties of terrylenedi-
imides and extend the range of applica-
tions, for example, by introducing
water solubility. These tetrasubstituted
terrylenediimides offer, depending on
the substituents used, exciting features
such as good solubility in common or-
ganic solvents, water solubility, or NIR
absorption.


Keywords: C�C coupling · dyes/
pigments · fluorescence · terrylene-
diimides


[a] F. Nolde, Dr. J. Qu, Dr. C. Kohl, Dr. N. G. Pschirer, Dr. E. Reuther,
Prof. Dr. K. M�llen
Max-Planck-Institute for Polymer Research
Ackermannweg 10, 55128 Mainz (Germany)
Fax: (+49) 6131-379-350
E-mail : muellen@mpip-mainz.mpg.de


Chem. Eur. J. 2005, 11, 3959 – 3967 DOI: 10.1002/chem.200401177 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3959


FULL PAPER







to the soluble disubstituted terrylenediimide 5, and 5) the
unavailability of functional groups for further reactions.


Two new strategies are now available to improve the es-
tablished synthesis of symmetrical and unsymmetrical terry-
lenediimides[7,18] that avoid the use of toxic organostannanes
and provide higher overall yields.[19] Both routes also offer
the important possibility of controlled monofunctionalisa-
tion of the imide structure of terrylenediimides. Although
many monofunctionalised perylenediimides have been de-
scribed, monofunctionalisation methods for the higher ho-
mologues, terrylenediimides, are hithertho unknown. By
starting from tetrabromoterrylenedicarboximide 19, the syn-
thesis of a series of terrylenediimides in which it is possible
to significantly increase the solubility (Table 1), to introduce
water solubility or to obtain NIR-absorbing dye is accom-
plished.


Results and Discussion


The first new synthetic route (Scheme 2) to terrylenedi-
imides is similar to the previous one, but in all three steps
major improvements were made. Here, the toxic stannyl de-
rivative 6 is replaced with a boronic ester 8, whose synthesis
has recently been described.[20] With bis(pinacolato)diboron
and [PdCl2(dppf)] (dppf= 1,1’-bis(diphenylphosphino)ferro-
cene) it is possible to convert 9-bromoperylenedicarbox-
imide 7 to the corresponding boronic ester 8 in 75 % yield.
In a Pd-catalysed Suzuki reaction,[21] coupling of boronic


ester 8 with 4-bromonaphthalenedicarboximide 9 a and 9 b
gives the naphthylperylene derivatives 10 a and 10 b in good
yields (10 a 85 %, 10 b 90 %). Terrylenediimide precursors
10 a and 10 b are then cyclised by using K2CO3 as base in
ethanolamine. After isolation and purification by column
chromatography, 3 a and 3 b are both obtained in 95 % yield.


The synthesis of boronic acids or esters normally involves
the reaction of organolithium reagents with trialkyl borates.
This method is not applicable here, since the imide structure
is sensitive to organolithium compounds. We therefore used
the method reported by Miyaura et al. , which transforms
aryl halides directly into boronic esters even in the presence
of functional groups such as esters, ketones and nitro
groups.[22] Under these conditions, debrominated and homo-
coupled derivates of 7 are obtained as minor by-products,
and hence column chromatography is required for purifica-
tion.


Another advantage of Suzuki cross-coupling of boronic
ester 8 and 9 a is that it proceeds considerably faster (16 h)
than the previous palladium-catalysed Stille coupling of or-
ganostannane 6 and 9 a (96 h). The synthesis of the terryl-
enediimide precursors 10 a and 10 b can also be carried out
by using the analogous boronic ester of 4-bromonaphtha-
lenedicarboximides 9 a and 9 b and 9-bromo-perylenedicar-
boximide 7.


The final cyclodehydrogenation step of this protocol is
carried out under very mild conditions.[23,24] In contrast to
the cyclisation with molten KOH, the cyclisation of 10 a and
10 b with K2CO3 as base in ethanolamine gives almost quan-
titative yields. The use of an oxidative alkali melt has anoth-
er drawback, because unlike the bulky N-substituents of
naphthylperylene derivative 10 a, the cyclohexyl substituent
of 10 b can be saponified with such a strong base. The for-
mation of terrylenediimides with base-labile N-substituents
can therefore be accomplished only under very mild condi-


Scheme 1. Chemical structures of rylenediimides.


Table 1. Solubility of terrylenediimides 3, 19 and 20a in CH2Cl2 at room
temperature.


Compound 3 19 20a


Solubility [mg mL�1] 1.5 18 > 180
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tions. It is now possible to per-
form the saponification of the
cyclohexyl substituent of 3 b,
which is unwanted in the final
cyclodehydrogenation, with a
strong base like KOH to gain
terrylenemonoanhydridemono-
imide 3 c, which provides terryl-
enemonoimide 3 d after decar-
boxylation.[25] This has potential
as a starting material for the
synthesis of the higher homo-
logues of 2–4 with even larger p


systems.
After isolation and purifica-


tion by column chromatogra-
phy, 3 a is obtained in an overall
yield of 63 %. This new synthetic route (Scheme 2) thus
gives a 13 % increase in overall yield compared to the previ-
ous procedures and avoids toxic organostannanes like 6.


The second route (Scheme 3) for terrylenediimide 3 is
even simpler because it utilizes a one-pot procedure which
is reminiscent of the direct coupling reactions of 1,8-naph-
thalenedicarboximides affording the corresponding peryl-
enediimide dyes.[19,26, 27] Heating a mixture of perylenedi-
carboximide 15, naphthalenedicarboximide 16, 1,5-


diazabicyclo[4.3.0]non-5-ene (DBN) and tBuONa in diglyme
delivers terrylenediimide 3.


In addition to the enhanced multistep synthesis involving
column chromatography we are looking for a short route
usable on a very large scale. Perylenediimides[19] and quater-
rylenediimides,[28] the lower and higher homologues of terry-
lenediimides, can be synthesised by base-promoted homo-
coupling of naphthalenedicarboximide or perylenedicarbox-
imide, respectively. The obvious synthesis of symmetric ter-


Scheme 2. Synthesis of 3 a, 3 b and 14. a) [Pd(PPh3)4], K2CO3/H2O, toluene, 80 8C, 16 h (10 a 85%, 10b 90%); b) ethanolamine, K2CO3, 120 8C, 3 h, 95 %;
c) [Pd(PPh3)4], K2CO3/H2O, toluene, 80 8C, 15 h, 80 %; d) 4-bromo-2,6-diisopropylaniline, propionic acid, 150 8C, 16 h, 38 %; e) ethanolamine, K2CO3,
160 8C, 3 h, 90%.


Scheme 3. Synthesis of 3 and 18a. a) Diazabicyclo[4.3.0]non-5-ene, tBuONa, diglyme, 130 8C, 3 h, 42%;
b) diazabicyclo[4.3.0]non-5-ene, tBuONa, diglyme, 130 8C, 2 h, 36%.
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rylenediimide 3 in this kind of one-pot base-promoted reac-
tion would depend on heterocoupling of perylenedicarbox-
imide 15 and naphthalenedicarboximide 16. In principle,
under these reaction conditions three combinations—two
homocouplings and the desired heterocoupling—could read-
ily form diimides. To favour the heterocoupling and suppress
the formation of the homocoupling product quaterrylenedi-
imide 4, which can not be easily separated, a fourfold excess
of naphthalenedicarboximide 16 is used to provide terryl-
enediimide 3.


By using KOH/glucose/ethanol in the heterocoupling only
perylenediimide 2 is obtained. The improved cyclodehydro-
genation conditions of the multistep route (K2CO3, ethanol-
amine; Scheme 2) give terrylenediimide 3 and the unwanted
byproduct quaterrylenediimide 4. Owing to the low yield of
terrylenediimide 3 and the formation of quaterrylenediimide
4, these conditions are not suitable. The tBuONa/DBN pair
gives rise to terrylenediimide 3 without the formation of
quaterrylenediimide 4 after 3 h at 130 8C in diglyme under
argon. The only byproduct, perylenediimide 2, and the re-
maining starting materials can be removed by washing with
ethanol because of their good solubility. Terrylenediimide 3
is finally recrystallised from ethanol/chloroform to give an
overall yield of 42 % with >95 % purity. The time-consum-
ing chromatographic purification and bromination of peryl-
enemonoimide 15 characteristic of the multistep route can
now be avoided and scale-up (>100 g) becomes easily possi-
ble.


The base-promoted one-pot reaction is also the simplest
monofunctionalisation method for terrylenediimides. The
use of a perylenedicarboximide and a naphthalenedicarbox-
imide with different substituents in the imide structures
afford an asymmetric terrylenediimide in the one-pot syn-
thesis (Scheme 3). Monocarboxy-functionalised terrylenedi-
imide 18 a was synthesised by using N-(5-carboxypentyl)-
naphthalenedicarboximide 17 a in place of nonfunctionalised
naphthalenedicarboximide 16 under the same conditions
(tBuONa/DBN, diglyme) used in the one-pot synthesis of
terrylenediimide 2. The reaction mixture of the coupling re-
action is poured into a small amount of water to obtain the
sodium salt of monocarboxyl-substituted terrylenediimide
18 a. A very convenient way of purifying the sodium salt is
by washing away all by-products and all starting materials
with chloroform. The sodium salt is insoluble in nonpolar
solvents (e.g., chloroform, as used here). The dark blue pre-
cipitate is then redissolved in methanol and acidified with
hydrochloric acid to give the desired pure monocarboxy-
functionalised terrylenediimide 18 a in 36 % yield.


The use of palladium-catalysed C�C coupling reactions
(Stille, Suzuki etc.) makes a halogen-functionalised terryl-
enediimide an important intermediate (Scheme 3). The yield
of the monobrominated terrylenediimide derivative 18 b is,
however, very low (<5 %), since the bromo substituent does
not survive the strongly basic conditions of the base-promot-
ed one-pot reaction. Therefore, the synthetic route via the
boronic ester 8 was chosen to synthesise monobromo-func-
tionalised terrylenediimide 17 b (Scheme 2). Under Suzuki


conditions boronic ester 8 couples with 4-bromonaphthal-
enedicarboxanhydride 11 to give anhydride 12 in 80 % yield.
The naphthylperylene derivative 13 is obtained by conden-
sation of 12 with a monobromo-functionalised amine in
38 % yield. The ring closure of 13, which is carried out with
K2CO3 in ethanolamine, affords terrylenediimide 14 under
mild conditions in 90 % yield.


Selective cross-coupling of boronic ester 8 with a 4-bro-
monaphthalenedicarboximide with a bromo substituent on
the aryl group at the N-imide position is not possible.
Hence, the bromo substituent must be introduced later.
With 4-bromonaphthalenedicarboxanhydride 11 and cataly-
sis by [Pd(PPh3)4], boronic ester 8 is coupled to the naph-
thylperylene derivative 12, which allows the introduction of
a bromo-functionalised aniline or other secondary amines in
the imide structure. Monofunctionalisation is achieved by
imidisation of anhydride 12 with a bromo-containing amino
substituent. 4-Bromo-2,6-diisopropylaniline was used to also
improve the solubility and stability of naphthylperylene de-
rivative 13, due to the bulky ortho-alkyl substituents. The
reason for the moderate yield is decomposition of anhydride
12 at 150 8C.[29] With K2CO3 as base in ethanolamine, the cy-
clodehydrogenation of 13 completes the synthesis of the cor-
responding terrylenediimide with one para-bromo substitu-
ent 14 in excellent yield.


Tetrabromoterrylenediimide 19, whose synthesis has re-
cently been described,[20] creates numerous possibilities for
the functionalization of terrylenediimide (Scheme 4), since
19 is susceptible to reactions with nucleophiles at the bromi-
nated positions.[2] The phenoxylation of 19 with tert-octyl-
phenol gives the corresponding tetrasubstituted terrylenedi-
carboximide 20 a in 86 % yield. The substitution under basic
conditions of the four bromine atoms of 19 with phenol pro-
duces 20 c in 90 % yield. Further, this terrylenediimide can
be sulfonated with concentrated sulfuric acid at room tem-
perature to afford 21. The reaction of piperidine with 19 at
85 8C forms the terrylenediimide with four piperidyl sub-
stituents 20 d in 34 % yield.


Perylenediimides can be halogenated in the bay region,[2,8]


and perylenemonoimides can be selectively brominated in
the 9-position.[8,30] Bromination of terrylenediimide 3 with
elemental bromine in chloroform at 60 8C with exclusion of
light gives the tetrabrominated terrylenediimide 19 as the
main product[20,25] No catalyst is required for this reaction.
The directing effect of the imide structures leads to selective
fourfold bromination in the 1-, 6-, 9- and 14-positions. How-
ever, bromination does not stop at tetrabromination, and
penta- and hexabrominated terrylenediimides are obtained
as minor by-products. Fortunately, penta- and hexabromina-
tion occur in the meta-positions of the imide phenyl rings
and not in the bay region or in the aliphatic side chains.
These by-products can be removed by column chromatogra-
phy with toluene or chloroform/ethanol.


The introduction of bromine atoms leads to a significant
increase in solubility (Table 1), because of the distortion of
the terrylene skeletal structure of 19, and also changes the
spectral properties.[2] While the maxima of the absorption
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bands remain unaffected, the most intense emission band is
shifted bathochromically by 13 nm to 686 nm (Figure 1).
The bands in the emission spectrum of 19 are also broader
than the bands in the emission spectrum of 3.


Several strategies are available to improve the solubility
of the ryleneimides. One option is the introduction of bulky
substituents such as 2,6-diisopropyl groups in the imide
structure. Phenoxyl substituents in the bay regions of the p


system also can be used to improve the solubility. The limit-
ed access to the soluble diphenoxy-substituted terrylenedi-
imide 5 is clearly an issue, since for many applications good
solubility in organic solvents is required.[31] The obvious way
to synthesise tetraphenoxy-substituted terrylenediimides,
which absorb and emit at longer wavelengths, is to phenoxy-
late tetrabrominated terrylenediimide 19. The bulky tert-oc-
tylphenoxy substituents of terrylenediimide 20 a increase the
solubility dramatically (Table 1). The absorption bands and
emission band are shifted bathochromically because of sub-
stitution with four phenoxyl substituents (Figure 2), which


also affords bluish green products instead of the blue terryl-
enediimides 3 and 19. The absorption wavelength depends
on the number of phenoxyl substituents. The maximum of
the diphenoxyl-substituted terrylenediimide 5 at 664 nm is
shifted hypsochromically compared to that of tetrasubstitut-
ed 20 a by 11 nm. By varying the number of phenoxyl sub-
stituents on the terrylenediimides, it is possible to cover the
whole red and deep-red spectral region. The fluorescence
quantum yields of terrylenediimides 19 and 20 a were deter-
mined relative to tetraphenylporphine, which has a known
fluorescence quantum yield (fF = 0.10)[32] and absorbs at
similar wavelength. Compound 19 has a quantum yield of
64 % (fF = 0.64�0.1), and 20 a one of 53 % (fF = 0.53�0.1).
The bromine atoms of terrylenediimide 19 can also be sub-
stituted by functional phenols like 4-iodophenol.[20] After
this tetrafunctionalisation, 20 b can serve as a multifunction-
al core molecule for the synthesis of dendritic multichromo-
phores.


Scheme 4. Synthesis of 20a, 20 d and 21. a) Br2, chloroform, reflux, 12 h, 75 %; b) 20a : tert-octylphenol, K2CO3, N-methylpyrrolidone, 80 8C, 8 h, 86 %;
20c : phenol, K2CO3, N-methylpyrrolidone, 80 8C, 15 h, 90%; 20d : piperidine, 85 8C, 5 d, 34%; c) conc. H2SO4, RT, 15 h, 94%.


Figure 1. Absorption (continuous line) and emission spectra (dotted line)
of 3 in toluene.


Figure 2. Absorption spectra of 19 (continuous line) and 20a (dashed
line) in toluene, and emission spectra of 19 (dotted line) and 20 a (dash
dot line) in toluene.
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Even though terrylenediimides with four phenoxyl sub-
stituents such as 20 a have good solubility in common organ-
ic solvents, they are insoluble in water and only slightly solu-
ble in polar solvents. For certain applications and environ-
mentally benign processes, good processability in water or
polar solvents is needed. One strategy to obtain solubility in
water is to introduce charged groups. Water-soluble peryl-
enediimides with four phenoxyl substituents bearing nega-
tively charged sulfonyl groups were reported recently.[33] The
same concept is used to obtain water-soluble terrylenedi-
imides. The para positions of the phenol substituents of 20 d
are the expected the sites of sulfonation with sulfuric acid,
and indeed complete and selective conversion is obtained.
The purification of 21 is accomplished by slowly adding a
small amount of water to the reaction mixture, which direct-
ly induces precipitation of the product. After washing with
dichloromethane, water-soluble terrylenediimide 21, bearing
four sulfonyl groups, is isolated in 93 % yield.


Direct substitution of the perylenediimide core can
change the chemical and optical properties.[34] Wasielewski
et al. reported that introduction of dialkylamino groups into
the bay regions leads to a large bathochromic shift of the
absorption bands.[35] The reaction of tetrabromoterrylenedi-
imide 19 with the electron-rich secondary cyclic amine pi-
peridine gives the first ever NIR-absorbing terrylenediimide
20 d. The absorption maximum of the longest wavelength
absorption band of tetrapiperidinyl-substituted terrylenedi-
imide 20 d at 819 nm is shifted bathochromically compared
to that of 19 by 168 nm (Figure 3), due the electron-donat-


ing effect of the piperidinyl groups.[36] The charge transfer
also causes broadening and loss of the fine structure of the
absorption bands of 20 d as compared to unsubstituted terry-
lenediimide 3. Compound 20 d has a light violet colour in so-
lution, as opposed to the blue colour of terrylenediimide 3.
In concentrated sulfuric acid, the colour of 20 d changes to


bright blue. The absorption maximum of protonated 20 d is
shifted hypsochromically by 197 nm (Figure 3). This solvent
effect on the charge transfer bands can be explained by pro-
tonation of the piperidinyl groups.[37]


Conclusion


With the current synthetic strategies—monofunctionalisa-
tion of the imide structure and additional functionalisation
in the bay region—the toolbox of terrylenediimide chemis-
try is notably enlarged. The nontoxic boronic ester 8 is a val-
uable intermediate in the new multistep synthesis of terryle-
nediimides. It provides access to monobromo-functionalised
terrylenediimide 14, which will be a useful in a broad variety
of palladium-catalysed cross-coupling reactions. Tetrabromo-
terrylenediimide 19 is used as a versatile building block for
the synthesis of a series of new terrylenediimides. To dra-
matically improve the handling of the dyes, terrylenediimide
20 a with four phenoxyl substituents and good solubility in
common organic solvents and water-soluble terrylenedi-
imide 21 were synthesised. Substitution of the bromine
atoms of 19 with a cyclic amine afforded the first NIR-ab-
sorbing terrylenediimide 20 d. Owing to the excellent redox
properties of the rylene dyes and NIR absorption, these
dyes could be candidates for organic photovoltaic cells and
field effect transistor (FET) devices. Furthermore the one-
pot synthesis of terrylenediimide offers an easy and attrac-
tive access to terrylene substrates from a commercial point
of view.


Experimental Section


General : The solvents used were of commercial grade. Perylenemono-
imide 15 was supplied by BASF AG. Compounds 8, 9 a and 19 were pre-
pared as described in the literature.[7,20] Column chromathography was
preformed on silica gel (Geduran Si60, Merck). 1H and 13C NMR spectra
were recorded on Bruker Avanche 250, Bruker AMX 300, Bruker DRX
500 and Bruker Avanche 700. Infrared spectra were obtained on a Nico-
let FT IR 320. FD mass spectra were recorded with a VG-Instruments
ZAB 2-SE-FDP instrument. MALDI-TOF mass spectra were recorded
on a Bruker MALDI-TOF spectrometer. UV/Vis spectra were recorded
on a Perkin-Elmer Lambda 9, and fluorescence spectra on a SPEX Fluo-
rolog 3 spectrometer. The quantum yields were measured relative to tet-
raphenylporhine. Elemental analyses were preformed by the Department
of Chemistry and Pharmacy of the University of Mainz.


N-(Cyclohexyl)-4-bromonaphthalene-1,8-dicarboxiimide (9 b): 4-Bromo-
1,8-naphthalic anhydride (35.0 g, 0.13 mol) and cyclohexylamine (28.0 g,
0.29 mol) were refluxed in ethanol (1 L) for 12 h. The reaction mixture
was cooled to room temperature. The resulting 9b was removed by filtra-
tion, washed with ethanol and dried under vacuum (45 g, 96 %). M.p.
265 8C; 1H NMR (250 MHz, C2D2Cl4, 25 8C): d =8.51 (d, J=8.47 Hz, 1 H),
8.44 (d, J=8.47 Hz, 1H), 8.26 (d, J =8.17 Hz, 1H), 7.94 (d, J =7.82 Hz,
1H), 7.75 (t, J =7.8 Hz, 1 H), 4.88 (m, 1 H), 2.40 (m, 2 H), 1.79 (m, 2H),
1.65 (m, 3H), 1.26 ppm (m, 3H); 13C NMR (62.5 MHz, C2D2Cl4, 25 8C):
d=165.07, 165.05, 133.99, 133.00, 132.20, 131.40, 130.99, 129.91, 129.25,
124.59, 123.74, 55.04, 30.21, 27.68, 26.58 ppm; IR (KBr pellet): ñ =2919,
2846, 1703, 1655, 1585, 1362, 1258, 1233, 1186, 1109, 983, 910, 855, 779,
748 cm�1; UV/Vis (CHCl3): lmax (e)=359 (13 244), 344 nm
(15 247 m


�1 cm�1); MS (FD, 8 kV): m/z (%): 357.2 (100) [M+]; elemental


Figure 3. Absorption spectra of 20 d in chloroform (dashed line) and in
sulfuric acid (continuous line), and absorption spectrum of 3 (dotted
line) in chloroform.
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analysis calcd (%) for C12H18NO2Br: C 60.35, H 4.50, N 3.91; found: C
60.36, H 4.79, N 3.95.


N-(2,6-Diisopropylphenyl)-9-(4-N-(2,6-diisopropylphenyl)naphthalene-
1,8-dicarboximide)perylene-3,4-dicarboximide (10 a): Compounds 8
(5.0 g, 8.2 mmol) and 9 a (7.2 g, 16.5 mmol) were dissolved in toluene
(380 mL). A solution of Na2CO3 in water (20 mL, 1 m) and ethanol
(13 mL) were added, and the mixture was flushed with argon. [Pd(PPh3)4]
catalyst (400 mg, 0.3 mmol) was added, and the reaction mixture stirred
under argon for 16 h at 80 8C. The reaction mixture was cooled to room
temperature. The organic phase was separated, and the solvent evaporat-
ed under reduced pressure. The crude material was purified by column
chromatography on silica (CH2Cl2) to give 10 a (6.19 g, 90%). The analyt-
ical data corresponded to those in the literature.[7]


N-(2,6-Diisopropylphenyl)-9-(4-N-cyclohexylnaphthalene-1,8-dicarbox-
imide)perylene-3,4-dicarboximide (10 b): 8 (1.9 g, 3.1 mmol) and 9b
(0.74 g, 2.0 mmol) were dissolved in toluene (200 mL). A solution of
K2CO3 in water (40 mL, 1 m) was added, and the mixture flushed with
argon. [Pd(PPh3)4] catalyst (300 mg, 0.25 mmol) was added, and the reac-
tion mixture stirred under argon for 16 h at 80 8C. The reaction mixture
was cooled to room temperature. The organic phase was separated, and
the solvent evaporated under reduced pressure. The crude material was
purified by column chromatography on silica (CH2Cl2) to give 10 b (2.1 g,
90%). M.p. >286 8C; 1H NMR (500 MHz, C2D2Cl4, 25 8C): d =8.67 (d,
J =7.4 Hz, 1 H), 8.63 (m, 2H), 8.53 (d, J =8.3 Hz, 1H), 8.48 (m, 2H), 7.81
(m, 2 H), 7.64 (d, J =7.7 Hz, 1 H), 7.59 (m, 1 H), 7.48 (t, J=7.6 Hz, 1H),
7.42 (m, 2 H), 7.28 (d, J =7.8 Hz, 2H), 2.71 (d, J= 6.8 Hz, 2 H), 2.56 (m,
2H), 1.89 (m, 2 H), 1.74 (m, 4 H), 1,44 (m, 2H), 1.14 ppm (d, J =6.8 Hz,
12H); 13C NMR (125 MHz, C2D2Cl4, 25 8C): d =163.6, 163.4, 163.0, 144.8,
143.9, 138.6, 138.2, 136.6, 136.3, 134.3, 132.5, 130.4, 130.3, 129.6, 129.1,
128.8, 128.0, 127.4, 126.1, 123.3, 122.2, 122.0, 120.6, 120.4, 28.3, 23.3 ppm;
IR (KBr pellet) ñ =2958, 2930, 2860, 1701, 1662, 1590, 1576, 1465, 1357,
1235, 1180, 813, 783, 754 cm�1; UV/Vis (CHCl3): lmax (e)= 264 (25 703),
336 (12 882), 484 (35 481), 512 nm (36 307 m


�1 cm�1); MS (FD, 8 kV): m/z
(%): 757.8 (100) [M+]; elemental analysis calcd (%) for C52H42NO4: C
82.3, H 5.58, N 3.69; found C 82.45, H 5.67, N 3.70.


N-(2,6-Diisopropylphenyl)-N’-cyclohexylterrylene-3,4:11,12-tetracarbox-
diimide (3 b): Compound 10 b (700 mg, 0.9 mmol), K2CO3 (220 mg,
1.6 mmol) and ethanolamine (10 mL) were stirred under argon for 12 h
at 80 8C. After cooling to room temperature, the solution was poured
into ethanol (20 mL). The precipitate was collected by filtration, washed
with water, dried under vacuum, and purified by column chromatography
on silica gel (CH2Cl2) to yield the blue product 3b (660 mg, 95%). M.p.
>300 8C; 1H NMR (500 MHz, C2D2Cl4, 100 8C): d= 8.54 (d, J =8.5 Hz,
2H), 8.21 (m, 5 H), 8.13 (d, J =8.5 Hz, 2 H), 7.43 (t, 1H), 7.29 (d, J=


7.9 Hz, 2 H), 5.05 (m, 1H), 2.74 (m, 2 H), 2.47 (m, 2H), 1.85 (m, 2 H), 1.7
(m, 4H), 1.38 (m, 2 H), 1.14 ppm (m, 12H); 13C NMR (125 MHz,
C2D2Cl4, 100 8C): d =163.81, 163.65, 163.1, 144.8, 143.1, 138.5, 136.7,
136.4, 132.5, 131.3, 130.4, 130.1, 129.7, 129.0, 128.8, 128.4, 127.7, 127.4,
126.8, 126.1, 123.4, 122.7, 122.5, 120.5, 120.4, 28.4, 25.9, 24.8, 23.3 ppm;
IR (KBr pellet) ñ =2961, 2929, 2867, 1995, 1653, 1585, 1379, 1357, 1328,
1247, 1183, 1112, 842, 810, 751 cm�1; UV/Vis (CHCl3): lmax (e) =600
(43 325), 652 nm (81 850 m


�1 cm�1); MS (FD, 8 kV): m/z (%): 756 (100)
[M+]; elemental analysis calcd (%) for C52H40NO4: C 81.3, H 5.58, N
3.69; found C 81.19, H 5.72, N 3.56.


N,N’-Di(2,6-diisopropylphenyl)terrylene-3,4:11,12-tetracarboxdiimides
(3): Multistep synthesis of terrylenetetracarboxdiimides (Scheme 2):
Compound 10 a (7.0 g, 8.37 mmol), K2CO3 (1.0 g, 7.17 mmol) and etha-
nolamine (1.07 g, 23.9 mmol) were stirred under argon for 12 h at 80 8C.
After cooling to room temperature, the solution was poured into metha-
nol (20 mL). The precipitate was collected by filtration, washed with
water, dried under vacuum and purified by column chromatography on
silica gel (CH2Cl2) to yield the blue product 3 (6.9 g, 95 %). The analyti-
cal data corresponded to those in the literature.[7]


One-pot synthesis of terrylenetetracarboxdiimide (Scheme 3): Perylene-
dicarboximide 15 (4.8 g, 10 mmol), naphthalenedicarboximide 16 (14.2 g,
40 mmol) and tBuONa (19.2 g, 0.2 mol) were added to a 100 mL Schlenk
flask. 1,5-Diazabicyclo[4.3.0]non-5-ene (DBN; 30 mL) and diglyme
(25 mL) were then injected into the flask under argon. The mixture was


stirred for 3 h at 130 8C. After cooling to room temperature, the mixture
was poured into water (100 mL) to give a precipitate. The dark crude
product was washed with ethanol until the colour of the filtrate became
light red. A blue solid was obtained by recrystallisation from chloroform/
ethanol (3.5 g, 42%). The analytical data correspond to those in the liter-
ature.[7]


N-(2,6-Diisopropylphenyl)-9-(4-bromo-2,6-diisopropylphenylnaphtha-
lene-1,8-dicarboximide)perylene-3,4-dicarboximide (13): Compounds 8
(3.0 g, 4.9 mmol) and 11 (3.42 g, 12.0 mmol) were dissolved in toluene
(315 mL). A solution of Na2CO3 (13.22 g, 0.124 mol) in water (63 mL)
and ethanol (20 mL) was added, and the mixture flushed with argon.
[Pd(PPh3)4] catalyst (300 mg, 0.25 mmol) was added, and the reaction
mixture stirred under argon for 16 h at 90 8C. The reaction mixture was
cooled to room temperature. The resulting salt was collected by filtration.
The salt was poured into concentrated HCl (200 mL). The resulting 12
was collected by filtration and used without further purification in the
next step (2.69 g, 80%). Compound 12 (1.6 g, 2.36 mmol), 4-bromo-2,6-
diisopropylaniline (7.0 g, 27.3 mmol) and propionic acid (40 mL) were
added to a 250 mL flask. The reaction mixture was stirred for 16 h at
150 8C. Water (150 mL) was poured into the cooled solution to obtain a
red precipitate, which was collected by filtration. The product was puri-
fied by column chromathography (CH2Cl2) to give 13 (0.84 g, 38%).
M.p. >380 8C; 1H NMR (700 MHz, C2D2Cl4, 120 8C): d=8.75 (d, J=


7.1 Hz, 1H), 8.66 (m, 3 H), 8.59 (d, J= Hz,7.4, 1H), 8.56 (d, J =7.7 Hz,
1H), 8.5 (d, J =7.2 Hz, 2 H), 7.92 (d, J =8.2 Hz, 1 H), 7.88 (d, J =7.2 Hz,
1H), 7.69 (d, J =7.4 Hz, 1H), (t, J= 7.4 Hz, 1H), 7.51 (m, 2H), 7.42 (m,
3H), 7.29 (m, 2H), 2.87 (m, 2H),1.16 ppm (m, 24 H),; 13C NMR (75 MHz,
C2D2Cl2, 25 8C): d=164.4, 164.3, 148.9, 146.5, 145.3, 139.5, 137.7, 137.4,
133.8, 133.5, 132.2, 131.9, 131.8, 131.6, 130.9, 130.3, 130.0, 129.7, 129.5,
129.5, 129.3, 128.6, 127.8, 127.7, 127.3, 124.6, 124.4, 124.0, 123.7, 123.2,
122.9, 121.8, 121.7, 121.2, 121.1, 29.6, 29.4, 24.1, 23.9 ppm; IR (KBr
pellet) ñ=2961, 1704, 1665, 1589, 1354, 1237, 846 cm�1; UV/Vis (CHCl3):
lmax (e)= 513 (40 106), 487 (39 233), 355 (14 316), 340 (16 291), 264 nm
(28 265 m


�1 cm�1); MS (FD, 8 kV): m/z (%): 915.9 (100) [M+]; elemental
analysis calcd (%) for C58H47BrN2O4: C 76.06, H 5.17, N 3.06; found C
76.07, H 5.05, N 2.99.


N-(4-Bromo-2,6-diisopropylphenyl)-N’-(2,6-diisopropylphenyl)terrylene-
3,4:11,12-tetracarboxdiimide (14): Compound 13 (350 mg, 0.38 mmol),
K2CO3 (2.5 g, 18 mmol) and ethanolamine (3.5 mL) were stirred under
argon for 3 h at 160 8C. After cooling to room temperature, the solution
was poured into water (200 mL). The precipitate was collected by filtra-
tion, washed with water, dried under vacuum and purified by column
chromatography on silica gel (CH2Cl2) to yield the blue product 14
(314 mg, 90%). M.p. >400 8C; 1H NMR (300 MHz, C2D2Cl4, 120 8C): d=


8.69 (m, 8H), 8.60 (d, J= 7.9 Hz, 4 H), 7.42 (t, J =7.6 Hz, 1 H), 7.40 (s,
1H), 7.28 (d, J =7.7 Hz, 2H), 2.73 (m, 4H), 1.17 (d, J =2.7 Hz, 12 H),
1.15 ppm (d, J =2.7 Hz, 12H); 13C NMR (75 MHz, C2D2Cl4, 120 8C): d=


163.7, 163.6, 148.8, 136.5, 136.2, 132.0, 132.0, 131.4, 130.6, 129.4, 129.1,
127.6, 124.8, 124.7, 124.0, 122.7, 122.3, 121.9, 121.8, 29.6, 29.4, 24.0,
23.7 ppm; IR (KBr pellet) ñ=2963, 2930, 2870, 1704, 1663, 1585, 1378,
1359, 1332, 1250, 1180, 850, 810, 752 cm�1; UV/Vis (CHCl3): lmax (e) =655
(129 700), 602 (67 247), 557 nm (21 792 m


�1 cm�1); MS (FD, 8 kV): m/z
(%): 914.1 (100) [M+]; elemental analysis calcd (%) for C58H45BrN2O4:
C 76.23, H 4.96, N 3.07; found C 76.08, H 4.89, N 3.22.


N-(5-Carboxpentyl)naphthalene-1,8-dicarboxiimide (17 a): 1,8-Naphtha-
lene anhydride (4.0 g, 20.2 mmol), 6-aminocaproic acid (5.1 g, 40 mmol)
and propionic acid (250 mL) were added to a 500 mL flask. The reaction
mixture was stirred for 15 h at 140 8C. The cooled solution was added to
water (1.0 L) to give a white precipitate. The solid was obtained by filtra-
tion. The product 17a was purified by recrystallisation (dichloromethane
and ethanol; 5.2 g, 85%). M.p. 136 8C; 1H NMR (250 MHz, CD2Cl2,
25 8C): d=8.53 (d, J =7.5 Hz, 2H), 8.20 (d, J= 7.5 Hz, 2 H), 7.73 (t, J =


7.5 Hz, 2H), 4.13 (m, 2 H), 2.37 (m, 2H), 1.72 (m, 4 H), 1.47 ppm (m,
2H); 13C NMR (62.5 MHz, CD2Cl2, 25 8C): d=179.7, 164.3, 134.1, 131.9,
131.2, 128.3, 127.2, 123.0, 40.3, 34.1, 27.9, 26.8, 24.7 ppm; IR (KBr pellet)
ñ= 3446, 2940, 2862, 2361, 1698, 1661, 1625, 1590, 1457, 1438, 1386, 1344,
1312, 1260, 1235, 1167, 1139, 1104, 1068, 939, 846, 781, 738, 648, 542 cm�1;
UV/Vis (CHCl3): lmax (e) =334 (14 669), 349 nm (13 294 m


�1 cm�1); MS
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(FD, 8 kV): m/z (%): 311.3 (100) [M+]; elemental analysis calcd (%) for
C18H17NO4: C 69.44, H 5.50, N 4.50; found C 69.44, H 5.51, N 4.51.


N-(2,6-Diisopropylphenyl)-N’-(5-carboxpentyl)terrylene-3,4:11,12-tetra-
carboxydiimide (18 a): Compound 15 (960 mg, 2.0 mmol), naphthalenedi-
carboximide derivative 17 a (1.25 g, 4.0 mmol) and tBuONa (3.84 g,
40 mmol) were added to a 100 mL Schlenk flask. 1,5-Diazabicyclo-
[4.3.0]non-5-ene (4.0 mL) and diglyme (4.0 mL) were then injected into
the flask under argon. The mixture was stirred for 2 h at 130 8C. After
cooling to room temperature, the mixture was poured into water
(100 mL) to give a precipitate. The dark crude product was washed with
chloroform until the colour of the filtrate became light red, and then
with methanol (100 mL) three times to give a violet-blue solid (potassium
salt). This solid was dissolved in methanol. When aqueous HCl solution
was added, a blue solid was obtained. The product 18a was purified by
recrystallisation from chloroform/ethanol (560 mg, 36 %). M.p. >300 8C;
1H NMR (300 MHz, C2D2Cl4, 120 8C): d= 8.67 (d, J =7.8. Hz, 2H), 8.55
(m, 8H), 8.45 (d, J=7.8 Hz, 2H), 7.42 (t, J =7.5 Hz, 1H), 7.28 (d, J=


7.5 Hz, 2 H), 4.18 (m, 2H), 2.75 (m, 2 H), 2.37 (m, 2H), 1,76 (m, 2 H),
1.51 (m, 2 H), 1.17 ppm (d, J= 6.9 Hz, 2H); 13C NMR (175 MHz,
C2D2Cl4, 140 8C): d=179.2, 163.8, 146.5, 132.0, 131.6, 129.4, 124.7, 124.1,
122.9, 122.7, 121.9, 121.8, 40.6, 34.4, 29.6, 28.2, 26.9, 24.7, 24.0 ppm; IR
(KBr pellet) ñ =3432, 2958, 2362, 2336, 1694, 1653, 1583, 1431, 1356,
1303, 1248, 1202, 1023, 841, 808, 749, 673, 520 cm�1; UV/Vis (CHCl3):
lmax =556, 600, 653 nm (the extinction coefficients could not be measured
due to low solubility); MALDI-TOF MS: m/z (%): 788.0 (100) [M+]; el-
emental analysis calcd (%) for C52H40N2O6: C 79.17, H 5.11, N 3.55;
found C 78.91, H 5.02, N 3.79.


N,N’-(2,6-Diisopropylphenyl)-1,6,9,13-tetra[4-(1,1,3,3-tetramethylbutyl)-
phenoxy]terrylene-3,4,11,12-tetracarboxidiimide (20 a): Tetrabromoterry-
lenediimide 19 (300 mg, 0.279 mmol), tert-octylphenol (336 mg,
1.95 mmol) and K2CO3 (134 mg, 0.97 mmol) were heated in N-methylpyr-
rolidone (50 mL) at 80 8C under argon for 8 h. After cooling to room
temperature the reaction mixture was poured into HCl (2N, 100 mL).
The crude solid was separated under vacuum. Column chromatography
on silica gel with chloroform gave 20 a (371 mg, 86%). M.p. >300 8C;
1H NMR (500 MHz, CDCl3, 25 8C): d =9.48 (s, 4H), 8.15 (s, 4H), 7.35 (m,
10H), 7.19 (d, J=7.63 Hz, 4 H), 7.07 (d, J =8.54 Hz, 8H), 2.57 (h, 4H),
1.52 (s, 8H), 1.02 (d, J= 6.41 Hz, 24H), 0.64 ppm (s, 36H); 13C NMR
(62.5 MHz, CDCl3, 25 8C): d =162.21, 154.49, 152.12, 146.31, 144.68,
129.97, 128.16, 127.26, 124.78, 120.96, 118.40, 56.36, 37.57, 31.52, 30.57,
28.95, 28.26, 23.26 ppm; IR (KBr pellet) ñ=2960, 2931, 2870, 1705, 1670,
1587, 1503, 1325, 1284, 1210, 1183, 1013, 844, 811 cm�1; UV/Vis (CHCl3):
lmax (e)=679 (99 716), 623 nm (50 721 m


�1 cm�1); MS (FD, 8 kV): m/z (%):
1651.9 (100) [M+]; elemental analysis calcd (%) for C114H126N2O8: C
82.87, H 7.69, N 1.70; found C 82.84, H 7.69, N 1.69.


1,6,9,14-Tetraphenoxy-N,N’-(2,6-diisopropylphenyl)terrylene-3,4,11,12-tet-
racarboxidiimide (20 c): Compound 19 (230 mg, 0.2 mmol), phenol
(200 mg, 2.13 mmol) and K2CO3 (138 mg, 1.0 mmol) were heated in N-
methylpyrrolidone (30 mL) at 80 8C under argon for 15 h. After cooling
to room temperature, the reaction mixture was poured into HCl (2 n,
100 mL). The crude solid was separated under vacuum. Column chroma-
tography on silica gel with chloroform gave 20 c (216 mg, 90%). M.p.
>300 8C; 1H NMR (250 MHz, C2D2Cl2, 25 8C): d= 9.50 (s, 4H), 8.25 (s,
4H), 7.44 (m, 10 H), 7.31 (d, J=7.5 Hz, 4 H), 7.20 (m, 12H), 2.69 (m,
4H), 1.10 ppm (d, J =6.75 Hz, 4H); 13C NMR (62.5 MHz, C2D2Cl2,
25 8C): d=163.3, 156.0, 154.6, 146.2, 131.4, 131.2, 130.6, 129.6 , 129.2,
129.1, 126.6, 124.7, 124.2, 124.1, 123.3, 122.4, 119.3, 29.2, 23.9 ppm; IR
(KBr pellet) ñ =2961, 2925, 2868, 2362, 2337, 1706, 1668, 1587, 1448,
1412, 1349, 1326, 1275, 1198, 1053, 1014, 869, 808, 748, 687, 581, 526 cm�1;
UV/Vis (CHCl3): lmax (e)=429 (11 706), 618 (70 504), 671 nm
(135 333 m


�1 cm�1); MS (FD, 8 kV): m/z (%): 1203.5 (100) [M+]; elemen-
tal analysis calcd (%) for C82H62N2O4: C 81.84, H 5.19, N 2.33; found C
81.76, H 5.12, N 2.11.


N,N’-(2,6-Diisopropylphenyl)-1,6,9,13-tetra(N-piperidyl)-terrylene-
3,4:11,12-tetracarboxidiimide (20 d): Compound 19 (100 mg, 0.09 mmol)
and piperidine (2.0 mL) were added to a 25-mL Schlenk flask under
argon. The solution was stirred for five days at 85 8C. The cooled reaction
mixture was poured into water (30 mL). The resulting precipitate was


washed with water (100 mL) three times. The crude product was purified
by column chromatography on silica with chloroform to give a violet
solid (34 mg, 34 %). M.p. >300 8C; 1H NMR (250 MHz, CD2Cl2, 25 8C):
d=9.88 (s, 4H), 8.42 (s, 4H), 7.51 (t, J=7.5 Hz, 2 H), 7.35 (t, J =7.5 Hz,
2H), 3.49 (m, 8 H), 2.84 (m, 8H), 2,74 (m, 4 H), 1.83 (m, 20H), 1.37 (m,
4H), 1.15 ppm (d, J=7.0 Hz, 24 H); 13C NMR (75 MHz, CD2Cl2, 25 8C):
d=164.6, 151.5, 146.5, 132.2, 132.0, 131.3, 131.0, 129.5, 126.4, 125.2, 124.3,
122.8, 122.6, 120.9, 29.4, 26.2, 24.3, 24.0 ppm; IR (KBr pellet) ñ=2925,
2853, 2361, 2335, 1696, 1658, 1583, 1452, 1413, 1328, 1259, 1203, 1094,
1025, 859, 806, 672, 552 cm�1; UV/Vis (CHCl3): lmax (e)= 538 (4099),
804 nm (21 582 m


�1 cm�1); MS (FD, 8 kV): m/z (%): 1167.5 (100) [M+]; el-
emental analysis calcd (%) for C78H82N6O4: C 80.24, H 7.08, N 7.20;
found C 80.11, H 7.18, N 7.01.


1,6,9,14-Tetra(4-sulfonylphenoxy)-N,N’-(2,6-diisopropylphenyl)terrylene-
3,4:11,12-tetracarboxidiimide (21): Compound 20c (120 mg, 1.0 mmol)
was added to concentrated sulfuric acid (1.0 mL). The flask was sealed,
and the mixture stirred for 15 h at room temperature. Water (3.0 mL)
was slowly added to the flask to form a precipitate, which was collected
by filtration. The solid was washed with dichloromethane (50 mL) three
times and then dried at 75 8C under vacuum to give blue-green 20 c
(140 mg, 94 %). M.p. >300 8C; 1H NMR (250 MHz, CD3OD, 25 8C): d=


8.76 (s, 4 H), 7.75 (s, 4H), 7.54 (d, J =8.0 Hz, 8H), 7.04 (t, J =7.5 Hz,
2H), 6.93 (d, J=7.5 Hz, 4H), 6.79 (d, J=8.0 Hz, 8H), 2.34 (m, 4H),
0.7 ppm (d, J =7.5 Hz, 24H); 13C NMR (62.5 MHz, CD3OD, 25 8C): d=


164.2, 158.5, 155.1, 147.1, 132.1, 131.6, 130.5, 129.9, 129.8, 129.6, 129.5,
127.9, 125.4, 125.0, 124.8, 123.5, 119.5, 30.3, 24.4 ppm; IR (KBr pellet)
ñ= 3424, 2361, 1700, 1647, 1589, 1490, 1328, 1280, 1178, 1126, 1067, 1031,
1006, 878, 849, 651, 578 cm�1; UV/Vis (water): lmax (e)=437 (4020), 640
(23 898) 685 nm (17 875 m


�1 cm�1); MALDI-TOF MS: m/z (%): 1524.0
(100) [M+]; elemental analysis calcd (%) for C82H62N2O8S4: C 64.64, H
4.10, N 1.84; found C 64.21, H 4.01, N 1.75.
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Maleimido-Terminated Self-Assembled Monolayers


Yayun Wang,[a] Jun Cai,[b] Hubert Rauscher,[b] Rolf J�rgen Behm,[b] and
Werner A. Goedel*[a, c, d, e]


Introduction


Fundamental properties of solid materials, such as adhesion,
wettability, and chemical reactivity, are determined predom-
inantly by the first layer of atoms or molecules at the sur-
face. Surfaces can be modified at the molecular level by
Langmuir–Blodgett transfer, physical adsorption, or chemi-
sorption of monolayers to solid substrates.[1] Self-assembled
monolayers (SAMs) offer one convenient route for the


preparation of chemically and structurally well-defined or-
ganic monolayers. In these systems, organic molecules are
covalently bound to a surface through reactive groups. This
binding process is further enhanced by additional interac-
tions between comparatively long and densely packed alkyl
chains. Two types of self-assembled monolayers have been
extensively studied and have shown great promise as a
means of controlling surface properties: alkane thiolates on
gold and alkylsilanes on silica or glass.[2] Advantages of
thiols on gold are their ease of preparation and the high
order of the obtained monolayers. On the other hand, alkyl-
silanes are advantageous because the monolayers are com-
paratively stable (chemically and thermally) and can be
formed on various inorganic oxides, including transparent
dielectrics.[3]


Furthermore, desired functionalities can be introduced by
chemical modification of the terminal groups of the SAMs,
for example by nucleophilic substitution,[4] hydrogena-
tion,[5,6] and carbonyl reaction.[7,8] While a variety of useful
functional groups, such as amine[4,9,10] and hydroxy,[11–13] have
been well-studied previously, maleimido-functionalized self-
assembled monolayers have drawn increasing attention re-
cently. Maleimido groups are capable of reacting with thiol
or amino functionalities (Figure 1) under mild conditions
and thus have appealing properties, especially for the immo-
bilization of biomolecules, such as DNA-oligonucleotides or
proteins. A single-step preparation of maleimido-terminated
monolayers on gold surfaces was reported recently,[14, 15] Fur-


Abstract: Four approaches have been
explored for the preparation of male-
imido-functionalized self-assembled
monolayers (SAMs) on silicon. SAMs
prepared by self-assembly of maleimi-
do-functionalized alkyltrichlorosilanes
(11-maleimido-undecyl-trichlorosilane)
on oxide-covered silicon yield higher
signals from maleimido functionalities
in ATR-IR (attenuated total reflection
IR) spectroscopy and XPS (X-ray pho-


toelectron spectroscopy) than the other
three methods. The surface composi-
tion of maleimido groups was tailored
further by the formation of mixed
monolayers with nonfunctionalized al-
kyltrichlorosilanes (decyltrichlorosi-


lane). The order of the alkyl chains
within the monolayers only slightly de-
pends on the composition of the mixed
monolayers. We utilized the maleimi-
do-terminated SAMs to bind various
nucleophilic compounds, alkylamines,
alkylthiols, and thiol-tagged DNA oli-
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thermore, the monolayers were successfully utilized to im-
mobilize various peptides and carbohydrates,[14,16, 17] If, on
the other hand, maleimido-terminated monolayers on glass
or oxide-covered surfaces are desired, the currently used
preparation involves a cascade of surface reactions, namely,
complex preparation of silane-based SAMs with nucleophil-
ic functionalities and a subsequent reaction with a hetero-
crosslinker bearing the maleimido moiety.[18–20] The imple-
mentation of surface reactions has the disadvantage that
their completion is often hindered by interfacial effects,
such as steric hindrance.[9] In addition, it is impossible to
purify unreacted groups or surface-bound side products
from the desired functionalities. Therefore, it is desirable to
decrease the number of surface reactions involved or, ideal-
ly, to prepare the monolayers in a single-step surface reac-
tion, as has already been demonstrated in the case of thiol
monolayers on gold.[14–17]


Herein, we develop three approaches for the preparation
of maleimido-functionalized SAMs (Scheme 1, methods 2–4)
and compare them with the conventional approach adopted
from reference [20] (Scheme 1, method 1). The properties of
such monolayers are tailored even further by deposition
from solutions of trichlorosilane mixtures. In addition, we
utilize the maleimido-functionalized surface to bind various
nucleophilic reagents and thiol-tagged DNA oligonucleo-
tides.


Results and Discussion


The established preparation of maleimido-functionalized
monolayers,[20] as shown in Scheme 1 method 1, involves a
cascade of surface reactions: nucleophilic substitution of a
heterocrosslinker-bearing maleimido group (for example,
SSMCC sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohex-
ane-1-carboxylate) by amino-terminated SAMs, which are
obtained by formation of bromo-terminated SAMs on
oxide-covered silicon, nucleophilic displacement of bromine
by azide, and subsequent reduction.[4] Three new routes, as
shown in Scheme 1 methods 2, 3, and 4 have been designed.
Method 2 utilizes the surface reaction between bromo-ter-
minated SAMs on silicon and a protected maleimide (3,6-
endoxo-D4-tetrahydrophthalimide, PM) followed by depro-
tection. In method 3, the surface immobilization is imple-


mented by hydrosilylation of a maleimido-functionalized
olefin (11-maleimido-undecene, MU) on a hydrogen-termi-
nated silicon surface. In method 4, maleimido-functionalized
trichlorosilane is reacted with oxide-covered silicon.


As shown in Scheme 2, the maleimido-terminated trichlo-
rosilane (w-maleimido-undecyltrichlorosilane, MUTS) nec-
essary for method 4 is synthesized from commercial starting
materials by a novel four-step route. Two compounds in the
route, PM and MU, are used in method 2 and 3, respective-
ly.


In the following, we 1) present the details of the synthesis
of the individual compounds; 2) compare the properties of
maleimido-terminated surfaces obtained by the various
routes; 3) explore the preparation of mixed monolayers
comprising maleimido- and methyl-terminated trichlorosi-
lanes; 4) examine the reactions of maleimido-modified mono-
layers from method 4 with a variety of nucleophiles and
thiol-tagged DNA oligonucleotides.


Synthesis of the necessary building blocks for the prepara-
tion of maleimido monolayers for methods 2, 3, and 4 : The
classic method to produce N-alkylated maleimide deriva-
tives involves a condensation reaction between an appropri-
ately substituted amine and maleic anhydride followed by
acid-promoted dehydration and ring closure. However, the
ring closure is often inefficient and thus only poor yields of
the desired maleimide derivatives are obtained. A newly de-
veloped approach[21] utilizes nucleophilic substitution of
alkyl bromide with a maleimide (PM) protected with furan
by a Diels–Adler reaction[22,23] and subsequent deprotection
to afford a high yield of N-substituted maleimide. We used
w-bromoundecene and PM as starting materials (see
Scheme 2b), and obtained a high yield (80%) of 11-male-
imido-undecene (MU), which is comparable with the yields
reported. PM and MU are used for method 2 and method 3,
respectively.


We subjected the intermediate MU to hydrosilylation
with HSiCl3 and obtained the desired maleimdo-functional-
ized trichlorosilane (MUTS), which is then used to prepare
self-assembled monolayers in method 4.


Characterization of the self-assembled monolayers : The
maleimido-terminated monolayers on the surface of a silicon
crystal, prepared by the four methods illustrated in
Scheme 1, were characterized by attenuated total reflection
infrared (ATR-IR) spectroscopy, X-ray photoelectron spec-
troscopy (XPS), atomic force microscopy (AFM), and ellips-
ometry.


In the IR spectra, the cyclic imide carbonyl groups exhibit
two bands in the region between 1700 and 1800 cm�1. One
band is located between 1800 and 1740 cm�1 (symmetric
stretch) and a more intense band between 1740 and
1700 cm�1 (antisymmetric stretch).[24] As Figure 2 shows, the
absorption band of the carbonyl antisymmetric stretch at
about 1705 cm�1 is present in all the maleimido-terminated
monolayers obtained by the four methods, whereas the sym-
metric stretching absorption band at 1770 cm�1 shows up


Figure 1. General sketch of the use of maleimido-terminated monolayers
to bind thiols or amines to a surface by means of conjugate addition.
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above the noise level only in the monolayers obtained by
method 4. The monolayers obtained from method 4 gives rise
to an absorbance at about 1706 cm�1, which is significantly
greater than that observed in the case of the other methods.


The elemental compositions measured by XPS of the sur-
faces obtained by using methods 1–4 are given in Table 1.
The starting Br-SAMs in the conventional method,


method 1, show a significant Br 3d signal, which dramatical-
ly decreased after the nucleophilic substitution by the azide.
The introduction of azide groups was indicated by the simul-
taneous appearance of N 1s signals. The reduction of the
azide groups to amino groups gives rise to a decrease of the
nitrogen signal. Maleimido groups, introduced by nucleo-
philic substitution of the hetero-crosslinker (SSMCC) by the


Scheme 1. The four methods used to synthesize the maleimido-terminated monolayers used here.
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amino-terminated SAMs, give rise to an increase of the N 1s
signal. The two-step route of method 2, the surface nucleo-
philic substitution of Br-SAMs by the deprotonated protect-
ed maleimide (PM), also involves a reduction in the Br 3d
signal and the simultaneous appearance of N 1s signals. It is
worth nothing that in both methods, the Br 3d signal does
not vanish completely and thus indicates incomplete conver-
sion in the surface reactions.


High-resolution XPS of the monolayers obtained by using
methods 1–4 in the N 1s region are shown in Figure 3. The
N 1s peak of the monolayers obtained by using method 1 is
broader and has a higher intensity than those obtained from


Scheme 2. Synthesis of the protected maleimide (PM) used in method 2, of 11-maleimido-1-undecene (MU) used in method 3, and of 11-maleimido-un-
decyltrichlorosilane (MUTS) used in method 4.


Figure 2. ATR-IR spectra of maleimido-terminated monolayers prepared
by the four methods shown in Scheme 1.


Table 1. XPS elemental composition of SAMs prepared by the four
methods


SAMs type[a] Elemental composition [atom %]
Br 3d N 1s C 1s


Br-SAMs 2.3 [b] 35.8
N3-SAMs 0.2 5.2 33.2
NH2-SAMs 0.1 2.0 37.7
Ma-SAMs-Method1 0.1 3.4 50.4
Ma-SAMs-Method2 0.6 1.8 40.5
Ma-SAMs-Method3 [b] 2.1 34.0
Ma-SAMs-Method4 [b] 3.1 38.6


[a] Ma refers to the maleimido-terminated SAMs. [b] No peak visible.
Figure 3. High-resolution XPS in the N 1s region of maleimido-terminat-
ed monolayers prepared by the four methods.
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the other methods. This is attributed to the fact that the
peak is composed of contributions assigned to the male-
imide, the amide formed in the last reaction step, and
amines that were not converted. A deconvolution of the
broad peak into the above-mentioned contributions is
shown by the two dotted lines.


In principle, the signal intensities in the ATR-IR spectra
and X-ray photoelectron spectra might be regarded as an in-
dicator of the amount of maleimido functionalities bound to
the surface. However, the signal intensities are influenced
by additional factors: in IR spectroscopy, the signal is influ-
enced by the relative orientation of the chromophores,
whereas in XPS the signal intensity is decreased if groups
are buried within the sample. Although the interpretations
of the results from both methods are not straightforward in
terms of surface concentrations, it is worth pointing out that
the intensities of the signals assigned to the maleimido
group increase from method 1 to method 4 both in the IR
spectra and the X-ray photoelectron spectra.


Ellipsometry indicates that for all four methods the ob-
tained thickness is largely in agreement with the formation
of monolayers. Methods 2–4 yield a thickness comparable to
that of the methyl-terminated monolayers prepared from
decyltrichlorosilane (DTS). Method 1 affords a significantly
greater thickness, which can be attributed to the binding of
the hetero-crosslinker (data given in the Supporting Infor-
mation).


The use of very carefully cleaned surfaces and precisely
controlled deposition conditions has shown that ultrasmooth
SAMs can be prepared with a root mean square (rms)
roughness of <1.0 �.[25] Less optimal conditions would
probably lead to imperfect monolayers with a higher rough-
ness. Therefore, it is of interest to use atomic force micro-
scopy to investigate the roughness of the surfaces involved
here. In our case, the two surfaces treated with trichlorosi-
lanes (the bromo-terminated SAMs after step 1 in method 1
and the maleimido-terminated SAMs in method 4) have a
rms roughness value of 2.8 and 2.0 �, respectively. These
values are similar to that of a plain silicon substrate (rms
roughness = 2.2 �). It appears that each step in method 1
introduces additional roughness: the root mean square
roughness increases from 2.8 to 5.0 � from Br-SAMs to Ma-
SAMs. Method 2 and method 3 produce an even rougher
surface than method 1 (rms roughness = 6.4 and 9.2 �, re-
spectively). The AFM images of the plain silicon substrates
and the silane-treated surfaces are given in the Supporting
Information.


From an analysis of the above results, we conclude that
method 4 is more suitable for the generation of monolayers
bearing maleimido groups than the other three routes inves-
tigated here. Therefore, we utilized this route in further in-
vestigations.


Preparation of mixed monolayers : One great advantage of
preparing SAMs from trichlorosilane is that one can easily
tailor surface functionalization by mixing functionalized and
nonfunctionalized trichlorosilanes.[26]


In this work, we tuned the properties of the monolayers
by mixing maleimido-functionalized silanes (MUTS) with
methyl-functionalized silanes (decyltrichlorosilane, DTS).
By varying the concentration ratio of MUTS and DTS (0:1,
1:2, 2:1, 1:0) in the original deposition solution, we influ-
enced the composition of the monolayers in a continuous
manner: the absorption intensity at about 1706 cm�1, as-
signed to the carbonyl antisymmetric stretch vibration of the
maleimido carbonyl groups, increased with increasing molar
ratio of MUTS in the deposition solution (see Figure 4a and
Figure 5).


The frequencies of the symmetric and antisymmetric
methylene stretching vibrations are sensitive to the confor-
mational order of the alkyl chain in the self-assembled
monolayers. The value of the antisymmetric vibration at
2918–2919 cm�1 corresponds to all-trans alkyl chain confor-
mations and a value of 2928 cm�1 to liquid-like disordered
chains.[27] It has been shown that the order of the SAMs de-
creases with decreasing chain length. Methyl-terminated
SAMs with a chain length between C10 and C11 have a
CH2-antisymmetric absorption at 2293–2294 cm�1,[28,29] sug-
gesting a relatively disordered monolayer. In Figure 4 b and
Figure 5, variation of the composition of the mixed mono-
layers (from maleimido-SAMs to methyl-terminated SAMs)
gave rise to a minor shift of the methylene antisymmetric
stretch absorption (from 2924.5 to 2923.0 cm�1). We thus es-
timate that the degree of ordering of the alkyl chain in the
maleimido-terminated monolayers and mixed monolayers is
only slightly dependent on the composition.


Figure 4. ATR-IR absorbance spectra of mixed SAMs prepared from
deposition solutions with different molar ratio of MUTS and DTS, a) in
the carbonyl region, b) in the methylene region.
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The mixed monolayers were further investigated by XPS.
The high-resolution C 1s spectrum of the maleimido SAMs
prepared by method 4 (Figure 6a) presents three compo-
nents at binding energies of 284.5 eV (67.8%), 285.5 eV
(21.6 %), and 288.4 eV (10.6 %).[30] The dominant peak at
284.5 eV is assigned to the saturated hydrocarbon part of
the monolayers.[31,32] The other two components at higher
binding energies primarily originate from the carbon atoms
involved in various bonding arrangements with oxygen and
nitrogen (C�N, N�C=O). Additionally, the carbon atoms
within the conjugated system of the maleimide ring are also
supposed to have a higher binding energy as a result of con-
jugation.


The high-resolution C 1s and N 1s spectra of the mixed
monolayers are shown in Figure 6b and c, respectively. The
corresponding integral intensities are presented in Table 2
and are plotted in Figure 7 versus the molar fraction of male-
imido-terminated trichlorosilane in the deposition solution.
The intensities of the peaks corresponding to the nitrogen
(400.7 eV) and to the carbon atoms within or connected to
the maleimido group (285.5 eV and 288.4 eV) increase
roughly linearly with the composition of the deposition so-
lution. On the other hand, the signal corresponding to the
aliphatic carbons (284.5 eV) seems to be almost unaffected
by the mixing ratio.


Figure 8 shows a plot of the advancing and receding
contact angles of water on the mixed monolayers versus
the molar fraction of MUTS in the deposition solution
([MUTS]/([MUTS]+ [DTS])). The contact angles decrease
with increasing fraction of maleimido-functionalized alkyl-
trichlorosilanes in the deposition solution, which could be
explained by the increasing maleimido moieties deposited
on the surface, which have a higher hydrophilicity than
methyl groups. An increasing hysteresis was observed when
more maleimido moieties—polar groups—were deposited


on the surface, which is in accordance with examples in the
literature.[33]


All parameters measured above that, in principle, are sen-
sitive to the surface concentration of the maleimido groups
(intensity of the IR peak at 1706 cm�1, N 1s and C 1s XPS
signal, water contact angle) depend linearly on the molar
fraction of the maleimido functionalized silanes in the depo-
sition solution (Figure 5, Figure 7, Figure 8). Furthermore,


Figure 5. ATR-IR absorption intensity of the carbonyl peak and peak po-
sition of the CH2-antisymmetric stretch vibration as a function of the
molar fraction of MUTS in the deposition solution ([MUTS]/([MUTS] +


[DTS])).


Figure 6. a) Analysis of high-resolution C 1s spectra of maleimido-termi-
nated SAMs obtained with method 4 by fitting three Gauss–Lorentz
peaks. b) High-resolution XPS in the C 1s region of mixed monolayers
composed of maleimido and methyl end groups. c) High-resolution XPS
in the N 1s region of mixed monolayers composed of maleimido and
methyl end groups.


Table 2. XPS elemental composition of mixed monolayers composed of
maleimido and methyl end groups.[a]


Mixed
monolayers


Elemental
composition


[atom %]


C 1s
area[b]


C 1s
area[b]


C 1s
area[b]


N 1s C 1s at 284.5 eV at 285.5 eV at 288.4 eV


Ma:CH3 = 1:0 3.1 38.6 67.8 21.6 10.6
Ma:CH3 = 2:1 2.4 38.1 74.9 16.6 8.5
Ma:CH3 = 1:2 1.2 36.3 85.4 11.4 3.2
Ma:CH3 = 0:1 0.0 30.8 97.2 2.8[c] [d]


[a] Ma refers to the maleimido-terminated SAMs. [b] Atom % of signal.
[c] Peak at 286.5 eV. [d] No peak visible.
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IR spectroscopy of the methylene groups indicates only in-
significant changes in the packing order of the alkyl chains.
In combination, these observations can be interpreted as
nonpreferential uniform binding of both compounds from
solution.


Reactivity of the maleimido-terminated SAMs: To explore
the reactivity of the maleimido moieties on the surface, we
exposed the maleimido-terminated SAMs produced by
method 4 to various nucleophilic compounds. Based on simi-
lar reactions occurring in solution,[34, 35] we expected the sur-
face reactions shown in Scheme 3.


The conjugate addition of thiol was investigated by expo-
sure to decylthiol and octadecylthiol under mild conditions
(55 8C in ethanol). In both cases, the absorption in the


region of methylene stretching increases (Figure 9 and
Figure 10, a and b). The difference spectra (Figure 9 and
Figure 10, c) of maleimido-SAMs before and after reaction
with the alkylthiols show the binding of additional alkyl
chains to the underlying SAMs. In the case of decylthiol, the
difference spectrum shows a weak signal whereas that of oc-
tadecylthiol shows a strong peak. In the maleimide ring,
there is conjugation between the carbonyl groups, the
double bond, and the N atom. The addition of the double
bond might influence the carbonyl absorption position in
the IR spectrum. However, no systematic shift was observed
in our experiments. On the other hand, in previous research
carried out on similar reactions in homogeneous solutions,
no systematic shifts were reported either.[21,36]


The monolayers were also allowed to react with aliphatic
amines, isoindole, and thioacetamide. All of them were la-
beled with a cyano group as IR spectroscopic marker. As
Figure 11 shows, all spectra of the monolayers after expo-
sure to the nucleophiles show a peak in the region between
2300 and 2100 cm�1 that can be assigned to the cyano group.
We thus conclude that these surface reactions also proceed
as shown in Scheme 3.


In further experiments, silicon surfaces that were covered
with maleimido-terminated monolayers were immersed in
aqueous buffer solutions of thiol-tagged DNA oligonucleo-
tides, thoroughly rinsed, and characterized with XPS
(Figure 12). Before the exposure to DNA oligonucleotides
(dashed line), the X-ray photoelectron spectra showed a
peak in the region of N 1s (at 400.7 eV), which is assigned
to the maleimide. However, the spectra showed no detect-
able signal in the P 2p region. After the exposure, the N 1s
peak increased in intensity (from 3.1 to 6.5) and a peak ap-
peared in the P 2p region at 133.9 eV. Because the backbone
of the DNA molecules comprises phosphate moieties, we
conclude that the immobilization of DNA oligonucleotides
occurred.


Conclusion


Maleimido-functionalized alkyl trichlorosilanes can be pre-
pared with moderate synthetic effort. They can be used for
the generation of maleimido-terminated self-assembled
monolayers in a single step and give rise to higher surface
concentrations than those of monolayers prepared by a pre-
viously published multistep procedure. The properties of the
monolayers can be tuned by mixing with methyl-functional-
ized alkyltrichlorosilanes. The maleimido groups are effi-
cient in covalently binding nucleophilic heterocycles, al-
kylthiols, amines, and thiol-tagged DNA oligonucleotides.


Experimental Section


Self-assembled monolayers were prepared on silicon surfaces. Si ATR
crystals (Korth GmbH, Berlin, parallelipeds with an angle of 458,
72 mm � 12 mm � 6 mm) were used for IR spectroscopy and contact-angle


Figure 7. Integral intensities of the N 1s signal (400.7 eV) and of the con-
tributions to the C 1s signals from carbon atoms within or connected to
the maleimido group (285.5 eV and 288.4 eV) and from aliphatic hydro-
carbons of the alkyl chain (284.5 eV) in XPS as a function of the molar
fraction of MUTS in the deposition solution ([MUTS]/([MUTS] +


[DTS])).


Figure 8. Water contact angles of mixed SAMs as a function of the molar
fraction of MUTS in the deposition solution ([MUTS]/([MUTS] +


[DTS])).
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measurements. Si wafers (Crystec GmbH, Berlin, orientation 100, p type,
>1 ohm cm�1) were used for XPS (size: 10 mm � 5 mm), AFM (size:
10 mm � 10 mm), and ellipsometry measurements (size: 10 mm � 10 mm).


11-Bromo-1-undecene (BU):[37] 10-Undecen-1-ol (85 g, 0.5 mol) was dis-
solved in a mixture of dry toluene (140 mL, dried through aluminum
oxide, neutral) and pyridine (27 mL). The solution was cooled to �10 8C,
and kept at �5 8C to �10 8C while a solution of phosphorus tribromide
(54.2 g, 0.2 mol) in dry toluene (140 mL) was added over a period of 2 h.


The reaction mixture was allowed to warm to room temperature, and
was then heated to 100 8C for 2 h with stirring. After the mixture was al-
lowed to cool to room temperature, the supernatant liquid layer was de-
canted from the yellow precipitate. The precipitate was washed with a
small amount of toluene. The toluene used for washing was added to the
decanted liquid, and the toluene was removed by rotary evaporation
under reduced pressure. The oily residue was further dried at 0.13–
0.40 mbar, 25 8C. Afterwards, it was diluted with an equal volume of
ether. This mixture was washed (water, saturated sodium bicarbonate, sat-
urated sodium chloride), dried over sodium sulfate, and distilled. A yield


Scheme 3. Schematic representation of reactions between maleimido-terminated SAMs prepared by method 4 with various nucleophiles.


Figure 9. ATR-IR spectra of maleimido-SAMs prepared by method 4
before and after reaction with decylthiol: a) maleimido-SAMs, b) male-
imido-SAMs + thiol, c) difference between spectra b and a.


Figure 10. ATR-IR spectra of maleimido-SAMs prepared by method 4
before and after reaction with octadecylthiol: a) maleimido-SAMs,
b) maleimido-SAMs + thiol, c) difference between spectra b and a.
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of 83.77 g (71.9 %) of colorless 11-bromo-1-undecene was obtained.
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d = 1.14–1.50 (m, 12H), 1.86
(m, 2H), 2.06 (m, 2H), 3.41 (t, J = 7 Hz, 2H), 4.88–5.02 (m, 2H), 5.80–
5.92 ppm (m, 1H); 13C NMR ([D8]THF): d = 139.14, 114.14, 33.93, 33.78,
32.84, 29.37, 29.07, 28.91, 28.75, 28.17 ppm; MS-CI (100 eV): m/z (%):
235 (29.6) [M+2]+ , 233 (28.5) [M]+ , 111 (38.4), 97 (100), 85 (32.3), 83
(82.8), 71 (39.9), 69 (31.4).


Protected maleimide (PM): exo isomers of 3,6-endoxo-D4-tetrahydro-
phthalimide:[22] Maleimide (0.71 g, 7.31 mmol) was dissolved in fifty times
its weight of diethyl ether (50 mL) and 50% excess of furan (0.8 mL,
10.9 mmol). The reaction solution was heated in an autoclave for 10 h at
90 8C. The white crystalline product that separated after cooling to 4 8C
was recrystallized with ethyl acetate to yield the product (0.25 g; 20.7 %).


1H NMR (400 MHz, CDCl3, 25 8C, TMS): d = 2.91 (s, 2H), 5.34 (s, 2H),
6.54 (s, 2H), 7.90 ppm (s, 1 H); 13C NMR ([D8]THF): d = 176.64; 136.50;
80.97; 48.79 ppm; MS-CI (100 eV): m/z (%): 168 (1.6) [M+2]+ , 167 (1.4)
[M+1]+ , 166 (14.3) [M]+ , 126 (22.7), 98 (100), 69 (41.67).


Protected maleimido-undecene (PMU): 11-(3,6-endoxo-D4-tetrahydro-
phthalimide)undecene :[21] In an oven-dried (at 200 8C for 12 h, closed by
a stopper and subsequently cooled to room temperature) round-bottom
flask, PM (0.131 g, 0.8 mmol) and BU (0.2 mL, 0.8 mmol) were dissolved
in anhydrous DMF (8 mL, dried over 4 � molecular sieve) along with
K2CO3 (0.55 g, 5 equiv). The entire reaction mixture was stirred under N2


at 55 8C for 2.5 h. The entire reaction mixture was diluted with ethyl ace-
tate (150 mL), washed (water, saturated sodium bicarbonate solution),
and dried over Na2SO4. The ethyl acetate was removed at reduced pres-
sure, and the residue was purified by column chromatography (CHCl3/
silica) to yield the pure product (0.2 mL; 80 %). 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d = 1.14–1.50 (m, 12 H), 1.56 (m, 2 H), 2.04 (m,
2H), 2.84 (s, 2H), 3.50 (t, J = 7 Hz, 2H), 4.88–5.02 (m, 2 H), 5.28 (s,
2H), 5.80–5.92 (m, 1 H), 6.52 ppm (s, 2H); 13C NMR (CDCl3): d =


176.27; 139.22; 136.54; 114.09; 80.90; 47.34; 39.03; 33.78; 29.37; 29.34;
29.07; 28.90; 27.58; 26.65 ppm; MS-CI (100 eV): m/z (%): 332 (1.0) [M]+ ,
278 (18.0), 250 (100), 248 (19.3).


11-Maleimido-undecene (MU): 1-undecylenyl-1H-pyrrole-2,5-dione : A
mixture of PMU (0.2 mL, �0.5 mmol) and anisole (2 mL) was stirred
under reflux (170 8C) for 2 h followed by removal of the anisole by Ku-
gelrohr distillation (75 8C, 2.5 � 10�2 mbar) to afford the pure product.
Yield: 0.165 g (100 %); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =


1.14–1.50 (m, 12H), 1.59 (m, 2 H), 2.04 (m, 2 H), 3.52 (t, J = 8 Hz, 2H),
4.88–5.02 (m, 2H), 5.80–5.92 (m, 1 H), 6.69 ppm (s, 2H); 13C NMR
(CDCl3): d = 170.87, 139.19, 134.02, 114.11, 55.12, 37.93, 33.77, 29.39,
29.34, 29.08, 28.89, 28.52, 26.72 ppm; MS-CI (100 eV): m/z (%): 251
(43.4) [M+2]+ , 250 (100) [M+1]+, 249 (59.2) [M]+ , 248 (35.2), 194 (30.0),
180 (24.1), 166 (20.1).


Catalyst for hydrosilylation: dicyclopentadienylplatinum(ii) chloride
[Cp2PtCl2]: Method adopted from reference [38]: hydrated chloroplatinic
acid (0.69 g, 1.33 mmol) was dissolved in glacial acetic acid (1.5 mL) in a
25-mL flask. The solution was diluted with water (2.5 mL) and slowly
heated to 70 8C. Dicyclopentadiene (0.5 mL, 3.70 mmol) was then added
to the reaction vessel, and the mixture was stirred vigorously for 24 h at
this temperature. The crude product precipitated, was collected by filtra-
tion, then redissolved in THF, decolorized by charcoal, and finally recrys-
tallized from THF to yield the pure product (0.25 g; 59%; m.p. 218 8C).
The structure was verified by 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d


= 1.84 (m, 1 H), 2.16 (m, 2H), 2.35 (m, 1H), 2.86 (m, 2 H), 3.65 (m, 2H),
5.53 (t, J = 36 Hz, 1H), 6.07 (t, J = 40 Hz, 1H), 6.47 (t, J = 32 Hz,
1H), 6.85 ppm (t, J = 40 Hz, 1H); 13C NMR (CDCl3): d = 116.18,
105.31, 100.31, 97.42, 60.05, 56.14, 55.38, 43.67, 43.39, 33.69 ppm; MS-CI
(100 eV): m/z (%): 399 (4.2) [M+1]+ , 398 (6.9) [M]+ , 365 (45.5), 364
(41.7), 363 (89.6), 362 (92.1), 361 (100).


11-Bromo-undecyl-trichlorosilane (BUTS) and 11-maleimido-undecyltri-
chlorosilane (MUTS); hydrosilylation of BU and MU : BU (1 mL,
431 mmol), HSiCl3 (5 mL, 49.5 mmol), and the catalyst [Cp2PtCl2]
(10 mg, 0.018 mmol) were placed in a 25-mL three-neck-flask and re-
fluxed at 40 8C for 10–16 h under an Ar atmosphere. The disappearance
of the olefinic protons was monitored with 1H NMR spectroscopy. HSiCl3


was distilled off, and the BUTS product was isolated by Kugelrohr distil-
lation (170 8C–180 8C, 3 � 10�1 mbar). 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d = 1.14–1.50 (m, 16H), 1.59 (m, 2H), 1.87 (m, 2 H), 3.41 ppm (t,
J = 7 Hz, 2 H); 13C NMR (CDCl3): d = 33.93, 32.84, 31.78, 29.44, 29.37,
29.29, 28.98, 28.75, 28.17, 24.33, 22.25 ppm; MS-CI (100 eV): m/z (%):
369 (6.7) [M+2]+ , 367 (11.9) [M]+ , 365 (9.4), 291 (34.1), 289 (100), 287
(90.2), 235 (23.8), 231 (24.4), 219 (21.4), 113 (25.5), 99 (31.7), 85 (61.0),
71 (67.7).


The hydrosilylation conditions for MU were similar to those of BU: MU
(0.2 mL, 0.6 mmol) was allowed to react with HSiCl3 (0.3 mL, 2.7 mmol)
and [Cp2PtCl2] (2 � 10�4 mg). Samples were extracted at regular intervals,
and the reaction was monitored by 1H NMR spectroscopy. HSiCl3 was re-
moved by distillation. 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =


1.28–1.53 (m, 16 H), 1.66 (m, 4H), 3.52 (t, J = 6.5 Hz, 2H), 6.69 ppm (s,


Figure 11. ATR-IR spectra of maleimido-SAMs prepared by method 4
before and after reaction with nucleophiles bearing a nitrile group as
spectroscopic marker: a) maleimido-SAMs before reaction, b) male-
imido-SAMs + aminocapronitrile (ACN), c) maleimido-SAMs + 5-cya-
noindole (CI), d) maleimido-SAMs + 2-cyano-thioacetamide (CTA).


Figure 12. XPS spectra of maleimido-terminated SAMs (a) and DNA-
immobilized surface (c) in the region of a) N 1s, and b) P 2p.
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2H); 13C NMR (CDCl3): d = 170.89; 134.02; 37.95; 31.79; 29.10, 29.08,
26.73; 22.25; 21.45 ppm; MS-CI (100 eV): m/z (%): 386 (86.4) [M+2]+ ,
384 (89.6) [M]+ , 348 (60.0), 278 (75.5), 252 (65.5), 251 (62.8), 250 (100),
249 (77.7), 248 (59.3), 208 (32.7), 194 (53.4), 180 (41.4), 166 (33.8).


Cleaning process of Si ATR (attenuated total reflection) crystal for mono-
layer coating : The silicon ATR crystal obtained from Korth GmbH,
Berlin (paralleliped with an angle of 458, 72 mm � 12 mm � 6 mm, 12 re-
flections) was consecutively sonicated in acetone, deionized water, and
isopropanol. It was then blow-dried with N2 and exposed to an oxygen
plasma in a plasma cleaner (Tepla AG, Germany, 100-E) at 100 W,
0.5 mbar, 60 min on each side. The crystal was then immersed in deion-
ized water for 0.5 h and blow-dried with N2.


Preparation of bromo-terminated SAMs (method 1): A freshly cleaned
silicon ATR crystal was immersed in a solution of BUTS (3 mL, 1 mm) in
toluene (dried with Al2O3, neutral) for 16 h at 25 8C. The crystal was then
washed with dry toluene and sonicated with acetone and THF.


Preparation of amino-terminated SAMs :[4] The amino-terminated SAMs
were prepared from bromo-terminated SAMs by adopting the procedure
described in reference [4]. Briefly, the bromo-terminated substrate was
immersed in a solution of sodium azide (3 mL, 10 mm) in DMF at room
temperature for 24 h or 72 h. The substrate was then washed with DMF
and sonicated (acetone, Millipore H2O, and THF). The azide-terminated
SAMs were further reduced with a saturated solution of LiAlH4 in ether
for 1 h. The substrate was copiously rinsed with THF, Millipore H2O,
10% HCl, and Millipore H2O, and then immersed in a 5 mm NaOH so-
lution for 1 min and rinsed with Millipore H2O. The surface transforma-
tions were characterized and controlled with IR spectroscopy and contact
angle measurements. The nucleophilic displacement of bromo groups on
surface by the azide groups gave to a strong IR absorption at 2098 cm�1.
This peak disappeared when the azide groups were reduced to amino
groups by LiAlH4. The conversions were also confirmed by the contact
angle measurement. The advancing contact angles alter from 908 (bromo-
terminated surface) to 858 (azide-terminated) and finally to 648 (amino-
terminated one), in accordance with reference [4].


Reaction of amino-terminated SAMs with hetero-crosslinker sulfosuc-
cinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SSMCC):[20]


The obtained amino-terminated SAMs were reacted with SSMCC
(100 mL, 1.5 mm) in triethanolamine buffer solution (addition of NaOH/
HCl to adjust to pH 7) at 25 8C for 16 h, and then washed with H2O, and
sonicated with acetone, THF.


Preparation of maleimido monolayers from bromo-SAMs (method 2):
K2CO3 (3 g) and DMF (10 mL) were added to a flask and vigorously stir-
red for 16 h. The undissolved excess K2CO3 was filtered off. PM (10 mm)
was dissolved in saturated K2CO3/DMF solution (3 mL), and allowed to
react with the obtained bromo-SAMs at 70 8C for 16 h. The ATR crystal
was then intensively washed with DMF, sonicated with acetone and THF,
and blow-dried with N2. The ATR crystal was heated in an oven at
170 8C for 2 h to transform the protected maleimido-terminated SAMs
into the maleimido-terminated analogue.


Preparation of maleimido SAMs from H-terminated silicon (method 3):
The silicon ATR crystal was sonicated with acetone, deionized water, and
isopropanol, respectively, and then blow-dried with N2. In a plasma clean-
er, a hydrogen plasma (Tepla AG, Germany, 100-E) at 100 W, 0.5 mbar
was applied to each side of the ATR crystal for 60 min. The H-terminat-
ed silicon ATR after the measurement of IR background was immediate-
ly immersed in a solution of MU (3 mL, 100 mm) in mesitylene at 175 8C
for 2 h under an argon atmosphere. �The ATR was then washed with me-
sitylene and sonicated with acetone, THF.


Preparation of maleimido-terminated SAMs via MUTS (method 4) and
mixed monolayers : Similarly to the formation of bromo-terminated
SAMs, the freshly O2-plasma-cleaned silicon ATR crystal was immersed
in a solution of MUTS (3 mL, 1 mm) in toluene for 16 h at 25 8C. The
crystal was then washed with dry toluene and sonicated with acetone,
THF.


Mixed monolayers were prepared with the solution composed of MUTS
and DTS in dry toluene. The molar MUTS:DTS mixing ratios were 1:0,


2:1, 1:2, and 0:1, while the total molar amount of MUTS and DTS were
1 mm.


Reaction of maleimido-terminated SAMs with decylthiol and octadec-
ylthiol : Maleimido-terminated SAMs obtained with method 4 were im-
mersed in a solution of alkylthiol (3 mL, 100 mm decylthiol and octade-
cylthiol) in EtOH at 50 8C overnight. The sample was then washed with
EtOH and sonicated with acetone, THF.


Reaction of maleimido-terminated SAMs with 5-cyanoindole (CI): Male-
imido-terminated SAMs obtained with method 4 were immersed in a so-
lution of 5-cyanoindole (3 mL, 100 mm) in AcOH and refluxed under an
N2 atmosphere for 96 h. The sample was then washed with AcOH and
sonicated with acetone, THF.


Reaction of maleimido-terminated SAMs with 2-cyano-thioacetamide
(CTA): Maleimido-terminated SAMs obtained with method 4 were im-
mersed in a solution of 2-cyano-thioacetamide (3 mL, 100 mm) in EtOH
under refluxing conditions in the presence of a catalytic amount of tri-
ethylamine (0.05 mL) for 2 h. The sample was then washed with EtOH
and sonicated with acetone and THF.


Reaction of maleimido-terminated SAMs with aminocapronitrile (ACN):
Maleimido-terminated SAMs obtained with method 4 were immersed in
a solution of aminocapronitrile (3 mL, 100 mm) in EtOH at 50 8C over-
night. The sample was then washed with EtOH and sonicated with ace-
tone, THF.


Immobilization of DNA oligonucleotides on maleimidio-terminated
SAMs : Oligonucleotides with a thiol-modification at the 3’-end were ob-
tained from MWG (Germany). The oligonucleotides are 31 nt in length
with a 15 mer dT spacer and a specific 16 mer sequence, that is, 3’-HSC6-
T15-AA-CGA-TCG-AGC-TGC-AA-5’. The oligonucleotides were used
immediately after delivery by the company. The silicon wafer (5 mm �
5 mm), modified with maleimido-terminated SAMs, was placed face-up
(polished side) in a chamber saturated with water vapor. A DNA so-
lution (�100 mL of 5 mm) in an aqueous buffer (NaH2PO4 10 mm, NaCl
1m, pH 7) was added onto the surface. After 16 h, the wafer was rinsed
with a copious amount of the buffer solution, immersed in distilled water
for half an hour, and blow-dried with N2.


IR spectroscopy of the monolayers : FT-IR measurements of the mono-
layers were recorded with a Bruker IFS 66 V spectrophotometer with a
DTGS detector. All measurements were made until the sample chamber
was evacuated to 4� 10�4 mbar. Spectra were recorded with 4 cm�1 reso-
lution, 1000–3000 scans, and application of a Blackman–Harris 3-term
apodization function in the Fourier transformation. Reference spectra
were recorded with freshly cleaned ATR spectra. The absorption spectra
of the corresponding functionalized SAMs in the process of formation,
mixed monolayers formation, and reactivity verification were obtained
by subtracting the reference spectrum from the absorbance spectrum of
the coated substrate.


X-ray photoelectron spectroscopy: X-ray photoelectron spectra were re-
corded with a PHI 5800 ESCA System (Physical Electronics) and mono-
chromatized AlKa radiation (1486.6 eV) as the excitation source and a
hemispherical analyzer with 150 mm radius. The takeoff angle was set to
458. The silicon wafer samples with a size of 1 cm � 0.5 cm were mounted
on sample stubs with conductive carbon tape. Spectra were recorded with
a pass energy of 187.85 eV (survey scans) or 29.35 eV (high-resolution
scans). Atomic concentrations of elements within the electron escape
depth were determined by evaluating the integral intensities of N 1s,
Br 3d, Si 2p, O 1s and C 1s signals and taking into account the tabulated
atomic sensitivity factors and the instrument transmission.[32] The spectra
were referenced by setting the peak of the saturated hydrocarbon C 1s to
284.5 eV to compensate for residual charging effects.


Ellipsometry : The thicknesses of the prepared monolayers from meth-
ods 1–4 were obtained with a spectroscopic ellipsometer MM301 (OMT,
Germany). The measurements were performed with an incident angle of
708 and a wavelength range of 350–900 nm. For each sample, 3–6 mea-
surements were analyzed with the proprietary software of OMT. The re-
fractive indices of the organic monolayers and the SiO2 layers were both
assumed to be 1.45.
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Atomic force microscopy : AFM was carried out with a Digital Instru-
ments Multimode Nanoscope IIIa instrument operating in tapping mode.
The tips used were Olympus (DI NanoSensors) Tapping Mode Etched
n(+)-silicon probes (force constant: 21–78 Nm�1; resonant frequency:
250–390 kHz). Image analysis was performed offline with roughness and
section commands with the Nanoscope program for AFMs.


Contact angle measurements : Water contact angles were measured by
means of the sessile drop method on a goniometer (Kr�ss DSA10) at
25 8C and ambient humidity. Advancing and receding contact angles were
measured on both sides of the ATR crystals. At least six measurements
were performed on each side. Data in the Figure represent the average
of these measurements.
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Polyoxometalate Monolayers in Langmuir–Blodgett Films


Miguel Clemente-Le�n,[a] Eugenio Coronado,*[a] Carlos J. G�mez-Garc�a,[a]


Christophe Mingotaud,*[b] Serge Ravaine,[c] Gemma Romualdo-Torres,[c] and
Pierre Delha�s[c]


Introduction


Polyoxometalate anions (POMs) represent a large class of
inorganic compounds that, thanks to their topological and
electronic versatilities, have found applications in fields as


diverse as catalysis, biology, medicine, and materials sci-
ence.[1] Their structures can be depicted as molecular frag-
ments of close-packed metal oxides of formula XaMbOc


n�


(M= Mo, W, V, etc.; X=P, As, Si, Ge, B, Co, Fe, etc.).[2]


One of the most important electronic properties of these
metal oxide clusters is that they act as electron reservoirs. In
fact, they are readily reversibly reduced by the addition of
various specific numbers of electrons. The reduction prod-
ucts are mixed-valence species with a characteristically deep
blue color (“heteropoly blues”). Another property of POMs
is that of accommodating one or more paramagnetic d-tran-
sition metals at specific sites in the heteropoly framework.
This produces complexes that have a magnetic character.
These abilities, together with their solubility and chemical
stability in both aqueous and nonaqueous solvents, make
them very useful as the inorganic components of functional
molecular materials. For instance, they have been combined
with conducting radical salts based upon organic p-electron
donors such as tetrathiafulvalene (TTF) and its derivatives
to produce molecular materials, which show the coexistence
of localized magnetic moments and itinerant electrons.[3]


They have also been embedded in organic conductive poly-
mers such as polypyrrole,[4] polyaniline,[5] polythiophene,[6]
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or poly(3-methylthiophene)[7] to afford hybrid materials of
interest in electrocatalysis or as battery electrodes.


More recently the layer-by-layer method has been used to
build hybrid inorganic–organic films of polyoxometalates
and organic polymers.[8] This molecular self-assembly
method relies on the electrostatic interaction between alter-
nate layers of charged materials to produce multilayer
films.[9] Some possible applications of these kind of multi-
composite films have been presented. Thus, the polyoxo-
metalate [Co4(H2O)2(P2W15O61)2]


16� has been incorporated
within multicomposite materials that can act as pH-sensitive
probes or NO sensors.[10] Photoluminescent multilayer films
of rare-earth-containing polyoxometalates have been pre-
pared.[11]


A useful experimental tool to obtain multilayer films in a
more controlled manner is the Langmuir–Blodgett (LB)
technique. Indeed, this technique has been widely applied to
create ultrathin films with a specific architecture that can be
used as chemical sensors, modified electrodes, or molecular
electronic devices.[12] In 1997 we discovered that the LB
technique could also be used to organize polyoxometalate
clusters. Thus, taking advantage of the adsorption properties
of these anionic species along a positively charged monolay-
er of an organic surfactant spread in water, such as the di-
methyldioctadecylammonium cation (DODA), we showed
that LB films of Keggin POMs [Xn+W12O40]


(8�n)� (Xn+ =


2(H+), PV, SiIV, BIII, CoII) can be obtained.[13] The monolayers
of POMs alternate with bilayers of DODA in these organ-
ized lamellar structures to afford centrosymmetrical LB


films. Similar results were obtained by Dong et al. two years
later with the Dawson-Wells POM of formula [CoII-
(H2O)P2W17O61]


8�, using the same method.[14] Afterwards,
Kurth et al. combined DODA molecules with the high nu-
clearity heteropolyoxomolybdates [H3Mo57V6(NO)6O183-
(H2O)18]


21� and [Mo132O372(CH3COO)30(H2O)72]
42� to con-


struct surfactant-encapsulated clusters that were subsequent-
ly spread on pure water to study the Langmuir and LB film
formation.[15] In the last two years the group of Zhang has
prepared LB films of rare-earth-containing polyxometalates
to study their luminescence properties.[16] More recently, the
synthesis of a bis(alkyl)-substituted amphiphilic polyoxo-
metalate has allowed the preparation of LB films of poly-
oxometalates without using other amphiphilic molecules.[17]


In the present work we have extended the above semiam-
phiphilic method to insert a variety of polyoxometalates of
different shapes, sizes, and charges between the organic
layers. Three different aspects will be investigated, namely
1) the electrochemical and 2) electrochromic properties of
LB films containing the easily reducible polyoxoanion
[P2Mo18O62]


6� (P2Mo18, Figure 1c), and 3) the magnetic prop-
erties of LB films based on polyoxometalates of increasing
nuclearities. Thus, polyoxometalates containing magnetic
ions, such as the Keggin anions, [CoW12O40]


6� (CoW12, Fig-
ure 1a) and [SiMn(OH2)W11O39]


6�, (SiMnW11, Figure 1b), or
magnetic clusters of increasing nuclearities, such as [Co4-
(H2O)2(PW9O34)2]


10� (Co4PW9, Figure 1d) and [Co4(H2O)2-
(P2W15O62)2]


16� (Co4P2W15, Figure 1e) that encapsulate a


Abstract in Spanish: Se han preparado pel�culas de Lang-
muir y Langmuir-Blodgett (LB) de una gran variedad de po-
lioxometalatos de diferentes formas, tamaÇos y cargas. Se ha
aprovechado las propiedades de adsorci�n de estos polianio-
nes sobre una monocapa cargada positivamente de un surfac-
tante org�nico dispersado en agua. Tres aspectos diferentes
han sido investigados: 1) Las propiedades electroqu�micas y
electrocr�micas de pel�culas LB de un polioxoani�n f�cil-
mente reducible como el [P2Mo18O62]


6�. Se ha inducido cam-
bios reversibles de la absorbancia de estas pel�culas LB depo-
sitadas en ITO mediante la aplicaci�n de un potencial de
forma c�clica. Estos cambios son debidos a la formaci�n de
las especies reducidas fuertemente coloreadas del poliani�n.
La coloraci�n y decoloraci�n de la pel�cula ocurren r�pida-
mente y de forma reversible. 2) La preparaci�n de pel�culas
LB basadas en los polioxometalatos magn�ticos, como los
aniones de Keggin, [CoW12O40]


6� y [SiMn(OH2)W11O39]
6�, o


los que contienen clusters magn�ticos de nuclearidad crecien-
te como [Co4(H2O)2(PW9O34)2]


10� y [Co4(H2O)2-
(P2W15O62)2]


16� basados en el cluster ferromagn�tico Co4O16,
y los polioxometalatos [Co9(OH)3(H2O)6(HPO4)2-
(PW9O34)3]


16� y [Ni9(OH)3(H2O)6(HPO4)2(PW9O34)3]
16� ba-


sados en el cluster nonanuclear M9O36. 3) La preparaci�n de
pel�culas LB del heteropolioxomolibdato gigante, [Na3-
(NH4)12][Mo57Fe6(NO)6O174(OH)3(H2O)24]·76 H2O.


Figure 1. Molecular structures of the polyoxometalates used in this work.
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Co4O16 ferromagnetic cluster,[18] and [Co9(OH)3(H2O)6-
(HPO4)2(PW9O34)3]


16� (Co9) and [Ni9(OH)3(H2O)6(HPO4)2-
(PW9O34)3]


16� (Ni9) that encapsulate a nonanuclear M9O36


cluster (Figure 1f), were organized in LB films. Finally, we
have used the giant heteropolyoxomolybdate
[Mo57Fe6(NO)6O174(OH)3(H2O)24]


15� (Mo57), which has a
similar structure to the [H3Mo57V6(NO)6O183(H2O)18]


21�


polyanion used by Kurth et al. to form Langmuir and LB
films (see above) by a different strategy.[15a] This cluster is
composed of three negatively charged {Mo15(MoNO)2O58-
(H2O)2}


20� units acting as bridging ligands for the cationic
centers, which are six {Fe(H2O)6}


3+ and three dinuclear
{MoV(m-H2O)2(m-OH)MoV}9+ species (Figure 1g).[19]


Results and Discussion


Preparation and structural characterization : Whatever the
exact nature of the polyoxometalate may be, a solution of
the POM in water with a concentration in the range 10�5–
10�6


m was used as the subphase. On such a solution, the
DODA isotherm is shifted towards smaller areas per mole-
cule when compared with pure water. The isotherm record-
ed on a solution of [Co9(OH)3(H2O)6(HPO4)2(PW9O34)3]


16�


(Co9) in water is presented as a representative example in
Figure 2. It shows a steep increase at the end of the com-


pression that corresponds to a more dense packing of the
DODA molecules than on pure water. This effect is general,
even if the exact shape of the compression curves depends
on the nature of the used polyanions, and arises from
the adsorption of the polyoxometalate along the positively
charged monolayers. Indeed, the interaction of the polyan-
ions with the layer compensates the electrostatic repulsion
occurring between DODA head groups, permitting a higher
molecular density for a given surface pressure. Direct
evidence of the adsorption of the POM on the positively
charged monolayers is given by Brewster angle microscopy
(BAM)[20] or by ellipsometry.[21]


The closer packing of the DODA monolayers spread on
the POM solutions allows us to effectively transfer the


Langmuir film onto a hydrophilic substrate with a maximum
transfer ratio between 0.9 and 1 for a surface pressure of
30 mN m�1 and a dipping speed of 0.5 cm min�1. Again, these
experimental parameters appear to be independent of the
exact nature of the dissolved anions. In all cases, the built-
up LB film have no optical defects and common organiza-
tion features, as demonstrated by infrared linear dichroism
and X-ray diffraction experiments.


The infrared spectra of DODA/POM LB films are charac-
terized by very strong bands below 1200 cm�1, due to the
presence of the polyanions (see the Supporting Informa-
tion). These bands are narrower and generally slightly shift-
ed in the LB films with respect to the spectra of polyanions
in KBr pellets. This is due to the different organization of
the polyanions in the LB films and to the lower hydration of
the POMs in the multilayers. Indeed, whereas strong bands
around 3300–3500 cm�1 and 1600–1650 cm�1 associated with
the stretching and bending modes of water are observed for
the pristine POMs in a KBr pellet, those bands are missing
in the LB films, except for those that contain the giant poly-
anion [Mo57Fe6(NO)6O174(OH)3(H2O)24]


15� (Mo57). In this
last case the presence of coordinated water in the polyanion
leads to a broad and weak band centered at 2900 cm�1. The
infrared spectrum of the DODA/Mo57 LB films also has a
band at 1635 cm�1 that can be attributed to the n(NO)
stretching vibration of the {Mo(NO)}3+ moiety. This band is
narrower in the LB film and is shifted toward higher fre-
quencies relative to the band observed for the NH4


+ salt of
the polyoxoanion at 1611 cm�1. On the other hand, since the
bands of the NH4


+ counterions at 1400 cm�1 are missing in
the IR spectra of the LB films, we can conclude that they
are substituted by DODA molecules in the monolayers.


Another striking feature of the infrared spectra of the
DODA/POM LB films is the strong out-of-plane dichroism.
As an example, Figure 3 shows infrared spectra of a DODA/
Co9 LB film. When the infrared electrical field is not paral-
lel to the plane of the substrate, the intensities of the IR
peaks are strongly modified and even new peaks clearly
appear (see peaks in the range 900–1000 cm�1 and 750–
850 cm�1). This result shows that some transition dipoles as-
sociated with vibrations of the polyanions are oriented with
respect to the normal of the substrate. The polyanions there-


Figure 2. Compression isotherm of DODA on pure water (open circles)
and on a solution Co4P2W15 in water (10�6


m; full circles) at room temper-
ature.


Figure 3. Infrared spectra of a DODA/Co9 LB film (20 layers) on zinc sel-
enide. The angle between the plane of the substrate and the electric field
is either 08 (solid line) or 608 (dashed line).
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fore have a well-defined orientation within the LB film. The
electrostatic interaction with the charged lipids should be re-
sponsible for such a particular organization within the multi-
layers. Finally, the position of the bands associated with the
alkyl chains (at approximately 2920 and 2850 cm�1) suggests
that these chains adopt a fully extended all-trans conforma-
tion. The tilt angle of these hydrophobic tails with respect to
the substrate normal can therefore be evaluated for various
DODA/polyanion LB films (see Table 1). Small differences


in the tilt angles of the alkyl chains appear between the
smaller and less-charged Keggin anions and the other poly-
oxometalates. In the this case, angles of around 308 can be
calculated,[13b] while for the larger polyanions used in this
study these angles are in the range of 20–268 (see Table 1).
Such a difference may be due either to the higher negative
charge of these polyanions, or to their anisotropic shape.


The lamellar structure of the hybrid DODA/POM LB
films is clearly demonstrated by low-angle X-ray diffraction
experiments. As an example, four Bragg peaks are identified
in the X-ray diffractogram of a 100 monolayers CoW12-
based LB film (Figure 4). Both Kiessig fringes and one
Bragg peak corresponding to the (001) reflection are ob-
served for samples with a lower number of monolayers (see
the Supporting Information). The periodicity of the layers
(d) calculated from the Bragg peaks leads to similar values
for all the smaller polyoxometalates (close to 45 �, see


Table 1). From these results and taking into account the
DODA length[22] and the calculated tilt angle of the alkyl
tails, one can evaluate the thickness of the inorganic layer
within the LB film (Dd). A value of approximately 10 � is
obtained for the smaller and more isotropic polyanions, such
as the polyanions with the Keggin structure or the Co4PW9


polyanion (Table 1).[13b] This value roughly corresponds to
the thickness of the Keggin anion. Interestingly, this indi-
cates that each inorganic layer is a monolayer of polyanions
and not a bilayer as supposed for a Y-type transfer. The
transfer occurring during the upper stroke should involve
large changes concerning the polyanions adsorbed along the
last monolayer deposited onto the solid substrate. This reor-
ganization could be explained by the instability of a bilayer
of negatively charged polyoxometalates. In fact, such a
structure (based on inorganic layers trapped in between
alkyl bilayers) has been recently found in a synthesized crys-
tal of DODA and Lindqvist hexamolybdate anions.[23] As
the Co4PW9 polyanion has an anisotropic shape, this result
also shows that this anion lies flat along the charged organic
layers (Figure 5). Such organization favors stronger electro-


static interactions between the DODA layers and the poly-
anions. The calculated thicknesses for the inorganic layers of
the LB films of the bigger and more anisotropic polyanions,
Co4P2W15, Co9, and Mo57 are 5, 4, and 7 � respectively.
These values are too small with respect to the thickness of
these polyanions (ca. 10 �). This suggests the X-ray data are
representative only of organized parts within the film that
do not contain POM species. The lamellar structure of the
LB films could be distorted by the presence of such big


Table 1. Tilt angle (f; �58) of alkyl chains (determined by infrared di-
chroism), and periodicities (d, �1 �) of the layers (deduced from X-ray
diffraction experiments) in DODA/polyoxometalate LB films.[a]


CoW12 Co4PW9 Co4P2W15 Co9 Mo57


f [8] 34 20 24 23 26
d [�] 48 52 43 43 45
max negative charge 6 10 16 16 15
ratio POM/DODA 5�1 10�1 20�2 20�2 16�2


[a] The ratio POM/DODA was calculated by comparing the amount of
paramagnetic polyanions trapped within the LB film (calculated compar-
ing magnetization of the LB film with magnetization of the parent poly-
oxometalate salt measured in powder) with the number of DODA mole-
cules in the LB film (easily evaluated from the size of the substrate,
transfer ratio and molecular area at the deposition surface pressure).


Figure 4. Low-angle X-ray diffractogram of a DODA/CoW12 LB film
with 100 monolayers deposited on glass.


Figure 5. Schematic representation of the Y-type LB films with different
polyanions; DODA/CoW12 (top) and DODA/Co4P2W15 (bottom).
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polyanions. The organization of these DODA/POM LB
films is therefore not as good as for the smaller POMs.


Finally, we can compare the structure of the LB films of
Mo57 obtained by us with the semiamphiphilic method to
that of the LB films of a similar POM [H3Mo57V6(NO)6O183-
(H2O)18]


21� prepared by Kurth by spreading a DODA salt of
the POM on pure water.[15a] The average thickness of a
monolayer of this LB film, as calculated from ellipsometry
measurements, is 23 �. This value is very similar to the pe-
riodicity, corresponding to a bilayer, obtained by us (45 �).
We can conclude, therefore, that both methods lead to simi-
lar results.


Electrochemistry and electrochromism : We have chosen the
[P2Mo18O62]


6� ion as a representative example of the electro-
chemical properties of hybrid DODA/POM LB films, be-
cause the electrochemical properties of this polyanion have
been studied extensively, both in solution[24] and absorbed
on many substrate surfaces.[25] In solution it shows three
prominent two-electron reductions that occur at relatively
high potentials, at which the reduction of protons does not
occur.


The cyclic voltammetric response of LB films of the poly-
anion deposited onto ITO electrodes is shown in Figure 6.
Three well-defined sets of reversible peaks are observed.


The potentials of these three peaks are close to those exhib-
ited by the polyanion in solution. The voltammetric re-
sponse remained unchanged after dozens of potential cycles.
Therefore, desorption of the polyoxometalates from the
multilayer assembly is excluded. The response of the catho-
dic peak current around 350 mV versus SCE on the number
of deposited layers shows a linear dependence. This indi-
cates that the transfer of polyanions is homogeneous during
the all LB film preparation. Furthermore, it shows that the
reduction of the polyanions occurs even in the presence of
the insulating DODA layers. This feature has already been
observed in the LB films of DODA and prussian blue and
was explained by the presence of defects in the DODA
layers.[26]


The intense absorbance of the reduced forms of the poly-
anion, responsible for its blue color, is well known. This
property gives rise to electrochromism. The reversibility and
stability of the electrochromic properties associated with the
reduction of the polyoxometalates have been determined by
spectroelectrochemical potential step experiments. We
report the absorbance changes of a five-layer LB film of the
polyanion at 700 nm induced by repeated switching of the
applied potential (Figure 7). On increasing the potential


from �0.3 V to 0.5 V, the absorption at 700 nm increases
due to the formation of the colored reduced form of the
polyanion, as reported for deposited films of this polyan-
ion.[25] As one can see, coloration and bleaching of the LB
film occur very quickly and are reversible. Electrochromic
thin films of (NH4)11.5K0.5[Eu(OH2)P5W30O110]·24 H2O were
also obtained by the layer-by-layer method.[8e] These films
have larger changes in absorbance and a better reversibility
than the LB films of the [P2Mo18O62]


6� ion. Two possible ex-
planations can be given: 1) the higher number of monolay-
ers deposited for the layer-by-layer films and 2) the more
flexible and porous structure of these films which could fa-
cilitate the adsorption or release of ions during the redox
cycles.


Magnetic properties : Magnetic LB films have been con-
structed by using polyoxometalates with a Keggin structure
encapsulating magnetic ions in the tetrahedral site in a first
step. A representative example is provided by [CoW12O40]


6�,
which contains high-spin CoII in the tetrahedral site.[13a] The
magnetization of the LB film was measured after deposition
onto a diamagnetic substrate. The magnetization of the
DODA/CoW12O40 LB film is, within the experimental error,
identical to that reported for the K5H[CoW12O40] salt
(Figure 8 top). Thus, it exhibits Curie law behavior until ap-
proximately 20 K and, at low temperature the magnetic
moment decreases due to the zero-field splitting of CoII in a


Figure 6. Cyclic voltammograms of DODA/[P2Mo18O62)]6� LB films with
1, 3, and 9 monolayers in aqueous 0.5 m NaHSO4. Scan rate 0.5 V s�1.


Figure 7. Absorbance changes of a DODA/[P2Mo18O62)]6� LB film with
five monolayers at 700 nm after step potential changes between �0.3 and
0.5 V.


Chem. Eur. J. 2005, 11, 3979 – 3987 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3983


FULL PAPERPolyoxometalate Monolayers



www.chemeurj.org





tetrahedral environment.[27] From such experiments it ap-
pears that the magnetic site of such polyanions encapsulated
in the LB film is insensitive to the surrounding charge asso-
ciated with the DODA molecules. On the other hand, these
measurements are useful to calculate the amount of para-
magnetic polyanions trapped within the LB film. The
number of DODA molecules in the LB film is easily evalu-
ated from the size of the substrate, transfer ratio, and molec-
ular area at the deposition surface pressure. By comparing
these two values, the ratio between the number of DODA
molecules and polyanions in the LB film is found close to
5�1. Such a value is close to the maximum charge of the
K5H[CoW12O40] polyanion (i.e., �6).


In a second step, Keggin polyanions that contain coordi-
nating 3d-transition-metal ions in the octahedral sites locat-
ed at the surface of the cluster were used. These monosub-
stituted anions can be considered as being derived from the
nonsubstituted Keggin anions [Xn+M12O40]


(8�n)� by simple
replacement of one of the external constituent atoms and its
terminal oxygen atom by a 3d-transition-metal atom (Z)
and a water molecule, respectively. The polyanion used to
construct the corresponding paramagnetic LB film was the
[SiMn(OH2)W11O39]


6� ion (in short SiMnW11). The magnetic
behavior of the DODA/SiMnW11 LB film is slightly differ-
ent from that of the K6[SiMn(OH2)W11O39] powder. Thus,
below 20 K, the decrease of cT appears to be more impor-
tant in the LB film (Figure 8 bottom), suggesting the pres-
ence of stronger antiferromagnetic interactions in the LB
film. This result is in contrast to what is observed in the


[CoW12O40]
6� case, and may be due to less magnetic insula-


tion provided by the polyoxometalate framework in the Mn
derivative.


In a third step, the above method was extended to polyan-
ions of higher nuclearity and more interesting magnetic
properties. Thus, the magnetic polyoxoanions [Co4(H2O)2-
(PW9O34)2]


10� and [Co4(H2O)2(P2W15O56)2]
16� were used to


construct magnetic LB films.[28] These polyoxoanions are of
magnetic interest, since they contain the magnetic Co4O16


cluster encapsulated between two polyoxotungstate moieties
[PW9O34]


9� and [P2W15O56]
12� (Figure 1). The ions are ferro-


magnetically coupled in the magnetic cluster, giving rise to a
highly magnetic ground state.[29] The magnetic properties of
the corresponding LB films are plotted in Figure 9. In both


cases the cT product shows a sharp increase below 50 K
upon cooling, and a maximum at approximately 6.5 K.
Below this temperature, the cT product shows a decrease
due to the magnetic anisotropy of the cluster. Such behavior
is completely analogous to that observed in the potassium
salt of the corresponding polyanions and demonstrates that
the ferromagnetic cluster is maintained within the LB film.
From such measurements, and by comparison with the po-
tassium salt, the amount of magnetic polyanions trapped
within the LB film was calculated. Again the calculated
ratio DODA/polyanions is close to the charge of the polyan-
ion (see Table 1). Interestingly, these two films also show
magnetic anisotropy in their EPR properties. The study of
the low-temperature EPR behavior of the LB films of both
polyanions ([Co4(H2O)2(PW9O34)2]


10� and [Co4(H2O)2-
(P2W15O56)2]


16�) deposited onto a quartz substrate is shown
in Figure 10 for two different orientations of the applied
magnetic field (perpendicular or parallel to the normal of
the substrate). A signal centered at 500 G is observed, in
close coincidence with powder measurements. This signal
depends slightly on the orientation of the LB film with re-
spect to the external magnetic field. Thus, when the magnet-
ic field is perpendicular to the normal of the substrate, the
intensity of the signal is lower and the signal is displaced to-
wards higher fields. This effect is more pronounced in the
Dawson–Wells derivative [Co4(H2O)2(P2W15O56)2]


16�. To un-


Figure 8. Top: Plot of cT (normalized value) versus T for the K5H-
[CoW12O40] polyanion in powder (empty circles) and for the DODA/
CoW12 LB film (full circles). Bottom: Plot of cT (normalized value)
versus T for the K6[SiMn(OH2)W11O39] polyanion in powder (open cir-
cles) and for the DODA/SiMnW11 LB film (full circles). All data con-
cerning the LB film are corrected from the substrate diamagnetism and
points around 40 K associated with adsorbed oxygen were deleted.


Figure 9. Plot of cT versus T for the K10[Co4(H2O)2(PW9O34)2] polyanion
(empty circles) and for the DODA/Co4PW9 LB film (full circles). The
magnetization of the LB film was normalized to the powder measure-
ment.
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derstand these results we have to take into account that, al-
though the clusters can be randomly oriented within the
plane, the interlayer spacing is fixed and prevents the cluster
to be oriented with their longer axis perpendicular to the
plane of the monolayer. This restricted orientation of the
magnetic clusters also explains why the magnetic anisotropy
is more pronounced in the [Co4(H2O)2(P2W15O56)]16� ion. As
this anion is much longer than the [Co4(H2O)2(PW9O34)2]


10�


ion, the out-of-plane orientation of this cluster is more diffi-
cult to achieve. In conclusion, the presence of anisotropy
supports the restricted orientation of these anions within the
monolayer, as was also suggested from IR linear dichroism
and X-ray diffraction studies.


It is possible to increase the nuclearity of the polyanions
by using the [M9(OH)3(H2O)6(HPO4)2(PW9O34)3]


16� (M9,
M=Ni, Co) ions. These polyanions contain a central M9O36


cluster formed by three triangular M3O13 edge-sharing units.
These triangles are connected to each other by three OH�


bridging groups and two central HPO4
2� moieties (Figure 1).


The magnetic properties of these clusters can be explained
by the coexistence of ferromagnetic interactions within the
triangles and antiferromagnetic intertriangle interactions. In
the case of the Ni9, the increase of cT down to 25 K indi-
cates the presence of dominant ferromagnetic interactions,
while the sharp decrease at lower temperatures is a conse-
quence of the antiferromagnetic intertriangle interactions
that give rise to a nonmagnetic ground state.[30] The Co9 ion


also shows a similar coexistence but, in this case, the former
interactions are dominant, giving rise to a continuous de-
crease in cT.[31] The magnetic properties of the LB films of
both clusters are similar to powder measurements of
the salts K5Na11[Ni9(OH)3(H2O)6(HPO4)2(PW9O34)3]·52 H2O
and K11Na5[Co9(OH)3(H2O)6(HPO4)2(PW9O34)3]·30 H2O
(Figure 11). The calculated ratio between DODA molecules
and polyanions is again close to the charge of the polyanions
(�16).


We have also studied the magnetic properties of LB films
of the giant polyanion [Mo57Fe6(NO)6O174(OH)3(H2O)24]


15�


(Mo57). This polyanion contains three {MoVI
15(MoNO)2O58-


(H2O)2}
20� units that are diamagnetic, six paramagnetic


{FeIII(H2O)6}
3+ units and three dinuclear {MoV(m-H2O)2(m-


OH)MoV}9+ units that are diamagnetic due to a strong anti-
ferromagnetic coupling. Therefore, the cT value of the [Na3-
(NH4)12][Mo57Fe6(NO)6O174(OH)3(H2O)24]·76H2O salt is
close to the expected value at high temperatures for six
high-spin FeIII units, and decreases sharply below 100 K due
to weak antiferromagnetic interactions between the FeIII


ions.[32] The magnetic properties of the LB film are very sim-
ilar to powder measurements (see Figure 12). The calculated
ratio between DODA molecules and polyanions is again
close to the charge of the polyanions (see Table 1).


Conclusion


After our first communication showing that Keggin polyoxo-
metalate anions can be organized as monolayers using the
LB technique,[13a] we have shown here that this approach is


Figure 10. EPR spectra of DODA/Co4PW9 (top) and DODA/Co4P2W15


(bottom) LB films.


Figure 11. Top: Plot of cT versus T for the K11Na5[Co9(OH)3(H2O)6-
(HPO4)2(PW9O34)3]·30 H2O polyanion (empty circles) and for the
DODA/Co9 LB film (full circles). Bottom: Plot of cT versus T for the
K5Na11[Ni9(OH)3(H2O)6(HPO4)2(PW9O34)3]·52 H2O polyanion (empty cir-
cles) and for the DODA/Ni9 LB film (full circles). The magnetization of
the LB films was normalized to the powder measurement.
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general for many polyoxometalates. Thus, we have used the
adsorption properties of polyoxometalates on a positively
charged monolayer of DODA to construct new organic–in-
organic LB films. We have demonstrated that through use of
the LB technique it is possible to organize polyoxometalates
of different sizes, shapes and charges in monolayers. The la-
mellar structure of the hybrid DODA/POM LB films is
clearly demonstrated by low-angle X-ray diffraction experi-
ments. The structure of the LB films of the smaller polyoxo-
metalates is constituted of monolayers of polyoxometalates
intercalated between bilayers of DODA. Interestingly, each
inorganic layer is a monolayer of polyanions and not a bilay-
er as supposed for a Y-type transfer. The thickness of the in-
organic layer of the biggest and more anistropic POM is too
small even for a monolayer. This suggests that the organiza-
tion of these larger POMs within the LB films is not as
good as for the smaller ones. The lamellar structure of the
films is distorted by the presence of such big polyanions. X-
ray data are representative only of those organized parts of
the film that are far from the POMs.


An appropriate choice of the polyoxometalate has al-
lowed the preparation of LB films that exhibit electrochro-
mic or magnetic properties. Thus, the heteropolymolybdate,
[P2Mo18O62]


6�, which can accept electrons reversibly to give
rise to colored “heteropolyblues”, has been used to build an
electrochromic film in which coloration and bleaching occur
very quickly and reversibly. On the other hand, we have re-
ported the first example of organized LB films formed by al-
ternating monolayers of polyoxometalate clusters that pos-
sess high magnetic moments. Due to the good magnetic iso-
lation of the magnetic ions, the magnetic properties of the
clusters are not affected, or only weakly affected by their or-
ganization in monolayers. EPR measurements of LB films
of two anisotropically shaped polyoxometalates containing
ferromagnetic Co4 clusters have shown that the EPR signal
depends on the orientation of the LB film with respect to
the external magnetic field. The observation of such aniso-
tropy is in agreement with the restricted orientation of the
clusters within the monolayer suggested by IR linear dichro-
ism and X-ray diffraction studies. Finally, we have extended
this method to prepare LB films of the giant heteropolyoxo-
molybdate, [Mo57Fe6(NO)6O174(OH)3(H2O)24]


15�. This proves
that the semiamphiphilic method developed by us to build-


up LB films of POMs is a general method that is not limited
by the size or the charge of these inorganic anions.


Experimental Section


The following heteropolyoxometalate salts were used. They were synthe-
sized according to previously reported procedures:[19, 30, 31, 33] K5H-
[CoW12O40]·15 H2O,[33a] K6[SiMn(OH2)W11O39],[33b] Na6[P2Mo18O62]·24 -
H2O,[33c] K6[P2W18O62],[33d] K10[Co4(H2O)2(PW9O34)2]·22 H2O,[33d] Na16-
[Co4(H2O)2(P2W15O56)2],[33d] K11Na5[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]·
30H2O,[31] K5Na11[Ni9(H2O)6(OH)3(HPO4)2(PW9O34)3]·52 H2O,[30] and
[Na3(NH4)12][Mo57Fe6(NO)6O174(OH)3(H2O)24]·76 H2O.[19]


Chloroform (HPLC grade from Prolabo) was used as spreading solvent
and the lipid solutions (concentration approximately 10�3


m) were kept at
�18 8C during experiments in order to prevent solvent evaporation.


Built-up films were obtained by the vertical lifting method using a
custom-made LB trough at room temperature under a continuous dry-ni-
trogen flow.[13b] A step-by-step compression of the monolayer (steps of
2 mN m�1 were chosen) was performed in order to reach the transfer sur-
face pressure. A waiting time (20 to 30 minutes on average, after each in-
crease of the surface pressure) allowed the system to reach its equilibri-
um. The subphase was Millipore Q-grade water with a resistivity higher
than 18MWcm. Dipping speed was set to 0.5 cm min�1. Films were trans-
ferred onto optically polished calcium fluoride (precoated with three
layers of behenic acid if necessary) or zinc selenide for infrared measure-
ments and onto optically polished glass substrate (treated with dichloro-
dimethylsilane) for low-angle X-ray experiments.


Infrared (IR) spectra were recorded on a FTIR 750 Nicolet spectrometer.
To determine the orientation of the molecules in the LB films, linear in-
frared dichroism was used. Two spectra were recorded: one with the inci-
dent light parallel to the substrate normal and a second one with the inci-
dent IR beam forming an angle of 608 with the substrate normal. The
out-of-plane dichroic ratio b for each band was then defined as the ratio
between both spectra: b(608)=Ak(608)/Ak(08)in which A is the absorp-
tion of the IR band with the electrical field perpendicular to the rotation
axis of the sample. The angle f between the substrate normal and a tran-
sition dipole moment of a particular vibration can then be evaluated
(with a precision of ca. 58) from the b value using a model already pub-
lished.[34]


X-ray diffraction patterns were obtained by using a conventional genera-
tor (Kristalloflex Siemens Ltd) delivering non-monochromatized line-fo-
cused CuKa radiation. This beam passes through the sample (100 layers
deposited on glass, mounted vertically and oscillated during exposure).
The integrated intensities of the Bragg reflections were collected by an
INEL CPS 120 curved position-sensitive detector (with a resolution of
0.18 in 2q) associated with an IBM computer for peak assignments. A
Philips X�Pert PRO MRD diffractometer, equipped with a curved graded
multilayer mirror and a four-crystal Bartels-type Ge (220) monochroma-
tor, with CuKa radiation was used for DODA/Co4P2W15 and DODA/Co9


LB films. EPR experiments were performed on a Bruker system working
at 10 GHz (X-band) equipped with a liquid 4He temperature accessory.
The magnetic susceptibility of LB films was measured with a SQUID
magnetometer Quantum Design MPMS-5 between 1.7 and 300 K, and
300 monolayers were deposited on mylar substrates to measure the mag-
netic properties. Two experiments (substrate and LB film, then substrate
alone) were carried out successively under the same experimental condi-
tions (applied magnetic field parallel to the substrate). By difference, the
intrinsic LB film magnetization was obtained.
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Introduction


The ability to transfer functional molecules onto surfaces on
the nanometer scale is one of the enabling principles in the
field of nanotechnology. Generally, there are two strategies
for the transfer of molecules onto surfaces: 1) the use of
templates (for example, patterns of self-assembled monolay-
ers (SAMs) or polymers) to direct and control the selective
deposition of molecules from solution; 2) active deposition
onto surfaces by means of a patterning element (for exam-


ple, a stamp or a probe). The advantage of the latter pat-
terning strategy is that the transfer of molecules onto surfa-
ces does not rely on expensive photolithographic procedures
and does not require processing conditions that are incom-
patible with several interesting types of functional molecules
(for example, biomolecules) or susceptible to cross-contami-
nation by nonspecific binding. Therefore, direct-patterning
strategies in the micro- and nanometer regime, such as soft
lithography[1,2] and scanning-probe lithography (SPL),[3] are
extensively used for immobilizing functional molecules on
surfaces. Examples include microcontact printing (mCP)[1] of
proteins on glass[4] or of polymers on reactive SAMs on
gold[5] and dip-pen nanolithography (DPN)[6,7] of DNA on
gold and glass.[8] However, in most cases, the immobilization
of molecules on the surface is accomplished either by cova-
lent binding to the surface, or to SAMs consisting of anchor-
ing molecules, or by nonspecific physisorption.


For some years our group has been exploiting supramolec-
ular interactions, which combine the advantages of chemi-
sorption and physisorption, to immobilize functional mole-
cules on surfaces. Supramolecular interactions are direction-
al and specific and allow fine-tuning of the adsorption/de-
sorption processes at receptor surfaces,[9] which is not feasi-
ble for conventional routes of immobilizing molecules on
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surfaces. Cyclodextrins (CDs) and their derivatives are at-
tractive receptor molecules for application in receptor surfa-
ces, as these molecules have been known to accommodate
and form inclusion complexes with various organic guest
molecules in aqueous solutions through hydrophobic inter-
actions.[10,11] b-CD adsorbates containing multiple attach-
ment points form SAMs on gold with a high degree of
order, in which the recognition sites are pointing toward the
outer interface of the monolayer in a quasihexagonal lat-
tice.[12,13] This high degree of order and dense packing of the
monolayer are prerequisites for the application of these
SAMs in sensor applications in general,[14] and specifically in
our b-CD SAMs.[9] These conditions render the (hydropho-
bic) recognition sites of all b-CD receptors on the surface
essentially identical for guest complexation and minimize
nonspecific adsorption.


The interaction strength of small, monovalent guest mole-
cules to these b-CD SAMs has been studied by electrochem-
ical impedance spectroscopy (EIS)[13] and surface plasmon
resonance (SPR)[15] spectroscopy. Such guest molecules bind
to b-CD SAMs with a binding strength that is identical to
the intrinsic interaction strength with native b-CD in so-
lution. Application of guest molecules that can form multi-
valent interactions offers a tool to fine-tune the overall inter-
action strength from reversible to permanent binding to the
surface. This central property is exploited in the use of b-
CD SAMs as molecular printboards[16] onto which it is possi-
ble to position multivalent guests. For this purpose, a diva-
lent printboard-compatible guest molecule[17] has been spe-
cifically designed to study multivalent interactions at the
printboard.[18,19] The contrasting binding behavior of this
molecule and, in general, multivalent molecules compared
to monovalent guest molecules is that the former molecules
are capable of forming additional interactions and, there-
fore, have higher overall binding strengths with the b-CD
surface. The overall interaction strength of the divalent
guest molecule to the b-CD SAM was five orders of magni-
tude higher than the binding strength of any monovalent
guest molecule. Our group has also reported the use of mul-
tivalent guests such as dendrimers[9] and polymers[20] that ex-
hibit even stronger interactions with b-CD SAMs. The ad-
vantage of dendrimers is that the number of interactions
with the printboard can be easily tuned by adjusting the
dendrimer generation.[21]


The successful positioning of functional printboard-com-
patible guest molecules into molecular patterns on surfaces
by supramolecular mCP and supramolecular DPN was re-
ported previously.[22] The reversibility of supramolecular
binding allows, in principle, the preparation of stable molec-
ular patterns (for example, by printing or writing) under one
set of conditions and erasure of these patterns under other
conditions.


Herein, we present the first systematic study that address-
es the stability of molecular patterns on the printboard to-
wards rinsing conditions in relation to the number of bind-
ing functionalities (that is, valency). Transfer by supramolec-
ular mCP of a series of different guest molecules, with 1–


64 binding functionalities per molecule, onto the printboard
and onto a reference SAM, as well as the stability of the
patterns upon rinsing, was examined by friction-force
atomic force microscopy (AFM). Supramolecular DPN was
carried out to investigate the potential of this serial tech-
nique for writing local, high-stability molecular patterns
with lateral dimensions of less than 100 nm on the print-
board. Finally, electroless deposition of copper was exploit-
ed to extend the application of molecular printboards to the
fabrication of metal patterns.


Results and Discussion


SAMs of the b-CD heptathioether adsorbate 1 b (Scheme 1)
were prepared on gold layers (20 nm) on silicon substrates,
as described previously by our group.[13,23] Scheme 1 also de-
picts the adamantyl- (Ad-) functionalized guest molecules
(2, 3, 4 b) that have been used in the present study for selec-
tive transfer onto the b-CD printboard on gold by supra-
molecular mCP and/or supramolecular DPN[22] (Figure 1).


Supramolecular microcontact printing—pattern stability :
Our goal was to establish the dependence of the kinetic sta-
bility of the supramolecular patterns on the (multi)valency
of the transferred (functional) molecules on the b-CD print-
board during competitive rinsing with solutions that may
contain an excess of the monovalent host, in our case native
b-CD (1 a).[15] Prior to studying the stability of the molecular
patterns of 2, 3, and 4 b by AFM friction-force imaging, X-
ray photoelectron spectroscopy (XPS) analysis[24] was per-
formed to study the degree of guest deposition by adsorp-
tion from solution and by transfer from poly(dimethylsil-
oxane) (PDMS) stamps. For this purpose, divalent guest 3
was deposited on the entire surface of the b-CD printboard
by printing with featureless PDMS stamps and by adsorp-
tion from solution. Physisorption due to electrostatic inter-
actions was eliminated by rinsing the substrates with 50 mm


aqueous NaCl solution (200 mL) and water (50 mL). XPS
analysis of the bare b-CD printboard confirmed the pres-
ence of all elements (C, N, O, and S) in close-to-theoretical
amounts (Table 1).


The amounts of guest present on the printboards were es-
timated by comparing experimental atomic compositions
with the corresponding calculated values. The latter relate
to a number of guest monolayers, in which a guest monolay-
er is defined as the amount of guest that leads to full satura-
tion of available host sites by using the highest possible va-
lency. For 3, this corresponds to divalent binding.[18] To cor-
rect for the small deviations in atomic composition of the
bare b-CD printboard between experimental and calculated
values, the (absolute) changes in atomic composition were
taken for comparison. Of the clear trends shown in Table 1,
the carbon and oxygen data appeared to offer the best esti-
mation.


Adsorption from solution (DC % �1.7, DO % + 0.9) re-
sulted in approximately one monolayer of guest molecules
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on the surface (expected: DC % �1.8, DO% +0.9), while
the N and S changes were also in close agreement. Con-
versely, the experimental values indicate that 1) up to 5
guest monolayers (expected: DC % �5.0, DO % +4.5) were
transferred during physical contact of the stamp with the
printboard (DC % �5.2 %, DO % +2.7) and 2) 1–2 guest
monolayers (DC % �2.8, DO% +2.3) remained after rins-
ing the substrate with 50 mm aqueous NaCl (200 mL; ex-
pected: DC % �3.0, DO% + 1.6). Submonolayer coverages
resulted after rinsing with competitive rinsing solutions (for
example, 1–10 mm native b-CD at pH 2, data not shown).


The stability of the molecular patterns of a series of differ-
ent guest molecules was studied by comparing the patterns
on the b-CD printboard directly after mCP with the patterns
after rinsing with water, 1 mm b-CD, or 10 mm b-CD solu-
tions (200 mL; Figures 2 and 3). By contact-mode AFM
imaging of the b-CD printboard after mCP, clear patterns of
different friction contrast were observed; these patterns con-
firmed that the transfer of the guest molecules from the
PDMS stamp onto the substrates had taken place (Fig-
ure 2 a, d ).[25]


Rinsing with water resulted in the complete removal of
the patterns of monovalent guest 2 from the b-CD print-
board, as shown by the disappearance of the friction con-
trast (Figure 2 a, b). This rinsing procedure did not affect the


patterns of divalent guest 3 (Figure 2 d,e). Moreover, even
rinsing with substantial amounts of 10 mm b-CD solution did
not result in complete removal of the patterns of 3 (Fig-
ure 2 f), even though competition is known to enhance mul-
tivalent dissociation kinetics.[26] The high stability of the mo-
lecular patterns of 3 to rinsing with 10 mm b-CD solution
stems from the high overall interaction strength if a guest is
capable of forming more than one supramolecular interac-
tion with b-CDs on the printboard.[18,19] On a qualitative
basis, it is clear from the relative friction contrast changes
before and after rinsing with 10 mm b-CD solution, that mo-
lecular patterns of multivalent guest 4 b (Figure 3 a, c) are
even more stable towards competitive rinsing than the diva-
lent guest 3 (Figure 2 d, f).


The fact that the transfer of 4 b, as its per-b-CD com-
plex,[27] by mCP onto the b-CD printboard is successful and
the fact that its patterns are very stable during competitive
rinsing emphasize its strongly multivalent nature, with asso-
ciation most probably occurring through seven Ad-CD inter-
actions, as has been recently shown for similar ferrocenyl-
functionalized dendrimers.[21] AFM height measurements
(not shown) illustrate that during mCP, multilayers of guest
4 b (feature height about 3 nm) were transferred onto the b-
CD printboard. Friction contrast variations within the areas
of transfer (Figure 3 a, d) correlate with nonuniformities in


Scheme 1. Chemical structures of the receptors, b-cyclodextrin (1 a) and the b-CD adsorbate for attachment to gold (1b), and of the guests, 1-adamantyl-
3-methyl-urea (2), bis(adamantyl)-functionalized calix[4]arene (3), and the fifth-generation adamantyl-functionalized poly(propylene imine) dendrimer
(G5-PPI-(Ad)64, 4 b). The chemical structure of G2-PPI-(Ad)8 (4a) is shown for convenience.
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layer thickness. Rinsing with 10 mm b-CD solution only re-
sulted in the removal of physisorbed 4 b, leaving approxi-
mately one monolayer of 4 b on the b-CD printboard (fea-
ture height after rinsing, about 1 nm). Apparently, the inter-
action strength of guest 4 b with the b-CD printboard is suf-
ficient to apply our receptor surfaces as molecular print-
boards for the printing of stable molecular patterns of
multivalent guests by supramolecular mCP.


EIS measurements were carried out in order to obtain
more information on the degree of deposition of guest 4 b
on the printboard. For this purpose, multivalent guest 4 b
was deposited on the entire surface of b-CD printboards by
printing with featureless PDMS stamps and by adsorption
from solution. The effect of rinsing with 10 mm CD solution
(200 mL) at pH 2 and water (50 mL) at pH 2 was also taken
into account (Table 2).


The initial charge-transfer resistance (RCT) of the b-CD
printboard (42 kW) towards the negatively charged [Fe(C-
N)6]


4�/[Fe(CN)6]
3� reporter redox couple is similar to RCT


values reported previously by our group[13] and reflects a
high degree of order of this monolayer to block the redox
current to the gold efficiently. The presence of guest 4 b on
the printboard is known to significantly decrease this RCT


value, since electrostatic attraction of the anionic reporter
redox couple with the positively charged dendritic core facil-
itates the oxidation/reduction at the electrode surface.[9] This
was found to be the case for deposition of 4 b onto the print-
board by adsorption from solution or by mCP and subse-
quent rinsing (7–8 kW), the process resulting in monolayer
coverages of guest molecules on the printboard. Conversely,
a twofold increase in the RCT value upon deposition by mCP
(without rinsing) suggests, in agreement with the AFM anal-
ysis, the transfer of multilayers of guest 4 b onto the b-CD
printboard during mCP. In this case, the increase of the layer
thickness of guest molecules on top of the printboard im-
pedes the redox current to the electrode surface and, there-
fore, results in a higher RCT value.


To rule out any interference from nonspecific interactions
on the b-CD printboard, printing experiments under the
same conditions were carried out on SAMs of 11-mercap-
toundecanol (OH SAMs). OH SAMs were chosen as refer-
ence layers, since these SAMs have a similar polarity to that
observed for SAMs of b-CD, but are incapable of forming
inclusion complexes with the guest molecules. Figure 3 a–f il-
lustrates the concept of the molecular printboard by the dif-
ference in stability of the patterns of multivalent guest 4 b
on the b-CD printboard and OH SAMs upon subsequent
rinsing with different concentrations of b-CD solutions.


Again, patterns with a clear friction contrast are apparent
in contact-mode AFM images of the OH SAM after mCP.
This indicates that the transfer of guest molecules from the
stamp onto the b-CD printboard does not rely on specific
interactions, but that physical contact is sufficient to gener-
ate patterns of molecules (Figure 3 a, d). The requirement of
specific supramolecular interactions for the stability of the
molecular patterns on the printboard is, however, evident
from the complete removal of the patterns of multivalent


Figure 1. Schematic representation of supramolecular mCP and supra-
molecular DPN of printboard-compatible guests on the b-CD printboard
on gold. Left: supramolecular mCP: a) PDMS stamps are fabricated from
a master by replica molding (REM) of, in our case, a silicon master struc-
ture with regular lines of 5 mm width, 10 mm spacing, and 1.2 mm depth.
Treatment of the PDMS stamps by mild oxidation in a UV/ozone plasma
reactor for 60 min is followed by immersion in an aqueous solution of
the guest for about 15–30 min in order to ink the stamp; b) contact-print-
ing experiments on the b-CD printboard are carried out by hand for 1–
2 min. For our pattern stability study, the substrates are rinsed with sub-
stantial amounts of aqueous solutions. Right: supramolecular DPN:
a) clean silicon nitride AFM tips are wet-inked by immersing the tips for
15 min in an aqueous solution of the guest; b) writing experiments on the
b-CD printboard are carried out in an ambient atmosphere (T= 25 8C,
relative humidity =40–50 %) by scanning the tip in contact mode along a
line on the substrate for a certain period of time.


Table 1. Elemental analysis by XPS of the bare b-CD printboard versus
printboards onto which divalent guest 3 was deposited by adsorption
from solution or by mCP, and calculated XPS values relating to the
number of monolayers of 3 present on the printboard.


XPS [percentage composition]
C(1s) N(1s) O(1s) S(2p)


experimental guest deposition
no guest (bare
b-CD)


79.5�0.9 2.6�0.5 16.2�0.4 1.7�0.1


adsorption 77.8�0.6 4.0�0.3 17.1�0.6 1.2�0.3
mCP 74.5�0.7 3.7�0.2 20.7�1.0 1.1�0.2
mCP + rinsing 76.7�0.5 3.6�0.4 18.5�0.9 1.3�0.1


calculated no. of monolay-
ers of 3[a]


0 (bare b-CD) 81.0 2.7 13.5 2.7
1 79.2 4.1 14.4 2.2
2 78.0 5.0 15.1 1.9
3 77.1 5.7 15.6 1.6
4 76.4 6.3 16.0 1.4
5 75.8 6.7 16.2 1.3


[a] One monolayer of guest 3 is defined as consisting of a 2:1 CD:3 stoi-
chiometry with the b-CD printboard in order to reflect the interaction of
both adamantyl functionalities with the b-CD printboard.
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guest 4 b from the OH SAMs upon rinsing with 1 mm and
10 mm b-CD solutions (Figure 3 e, f), a result confirming
physisorption in this case. Patterns of 4 b on the b-CD print-
boards were stable, even after rinsing with substantial
amounts of 10 mm b-CD solution (Figure 3 c).


Poly(propylene imine) (PPI) dendrimers such as 4 b have
already been employed by our group as nanocontainers for


dye molecules on the b-CD
printboard[28] and as water-solu-
ble nanoreactors for the forma-
tion of gold nanoparticles in so-
lution.[29] In the present study,
the latter dendrimer-stabilized
gold nanoparticles were exploit-
ed to facilitate the fabrication
of metal patterns on the print-
board by incorporating an addi-
tive technique, namely electro-
less deposition (ELD), into our
supramolecular patterning strat-
egies.


Electroless deposition—fabrica-
tion of metal patterns on the
printboard : ELD[30] is a routine
and cost-effective fabrication
technique for the selective dep-
osition of metal on surfaces. It
is an autocatalytic redox proc-
ess that comprises the reduction
and deposition of metallic ions
(as the source of metal) from
solution to a substrate in the
presence of a reducing agent.
To initiate ELD of metal onto
surfaces, the only requirement
is a surface containing a cata-
lyst. For this purpose, gold
nanoparticles stabilized by fifth-
generation (G5) PPI dendrim-
ers were prepared, as reported
previously by our group,[29] and
subsequently transferred as cat-
alysts for ELD onto the molec-
ular printboard by supramolec-
ular mCP. Figure 4 a, b shows
AFM height images before and
after immersion of this print-
board in a copper ELD bath
for 5 min. The heights, observed
at these stages and averaged
over relatively large feature
areas, were 2 and 64 nm, re-
spectively (see the cross-section
AFM analysis in Figure 4).


The fact that the patterns of
dendrimer-stabilized nanoparti-


cles were stable during competitive rinsing with 10 mm b-
CD at pH 2 (Figure 4 a) supports the idea that the gold par-
ticles reside inside the dendrimers.[29] Stability of these pat-
terns is afforded through multivalent interactions of several
Ad functionalities at the outer interface of the dendrimers
with the printboard. As argued before, the dense, insulating
shell of supramolecular Ad-b-CD complexes protects the


Figure 2. Contact-mode AFM friction images acquired in air of patterns of monovalent guest 2 (top) and diva-
lent guest 3 (bottom) showing patterns present: a, d) after mCP of the guests (brighter areas) on the b-CD
printboard, b, e) after rinsing with water, and c, f) after rinsing with 10 mm b-CD at pH 2 (image sizes 50�
50 mm2; friction forces [a.u.] increase from dark to bright contrast).


Figure 3. Contact-mode AFM friction images acquired in air of micrometer-size line patterns of multivalent
guest 4b (brighter areas) on the b-CD (top) and 11-mercaptoundecanol (bottom) SAMs showing patterns
present: a, d) after mCP of the guest, b,e) after rinsing with 1 mm b-CD at pH 2, and c, f) after rinsing with
10 mm b-CD at pH 2 (image sizes 50 � 50 mm2; friction forces [a.u.] increase from dark to bright contrast).
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nanoparticles inside the dendrimer from coagulation.[29] The
ELD experiment shown here illustrates that these nanopar-
ticles are still accessible to act as catalytic centers for the
electroless deposition of copper. Figure 4 b also illustrates
the high selectivity for copper deposition in the target areas
containing the dendrimer-stabilized gold nanoparticles. The
direct placement of these catalytic centers and the protec-
tive nature of the b-CD SAM for the underlying gold sub-
strate accounts for this observation.


The combination of ELD and mCP has been reported pre-
viously to offer a routine and cost-effective fabrication tech-
nique for metal patterns.[31,32] However, the distinct differ-
ence between our work and these previous reports is the use
of multivalent supramolecular interactions between the cata-
lyst and the surface that can subsequently serve as a strong
connection between the metal patterns and the substrate.


Supramolecular DPN—writing local molecular patterns at
the sub-100-nm scale : DPN is a promising lithographic tech-
nique that allows the extension of our supramolecular pat-
terning strategy on the printboard to the sub-100-nm scale
(Figure 1).[6,7] Previously, we have shown that patterns of 3
on the b-CD printboard transferred by DPN are similar to


those prepared by supramolecular mCP, with regard to the
issues of ink transfer and pattern stability upon rinsing.[22]


To investigate the potential of supramolecular DPN, the lat-
eral resolution was investigated by writing patterns with dif-
ferent width-to-length ratios (Figure 5 a).[33]


Figure 5 a shows a friction AFM image of a pattern of 3
consisting of three rectangles, 7 mm long with targeted
widths of 220, 440, and 880 nm (top to bottom), respectively,
written by DPN on the b-CD printboard over 10 min for
each rectangle. Inversion of the relative friction contrast in
the image in comparison to that observed in Figure 2 is
probably related to the different character of the contacting
surfaces (that is, ink-covered tip versus bare tip). This has
been observed before for similar b-CD systems,[22] as well as
for polyamidoamine (PAMAM) dendrimers on other
SAMs.[34]


Overinking during the writing stage and the effect of in-
strumental drifts are parameters that could cause the pattern
broadening in this particular experiment to be more signifi-
cant at high-resolution writing (approximately 30 % for the
220-nm line, 10 % for the 440-nm line). The sub-100-nm
writing capability of supramolecular DPN is shown in Fig-
ure 5 b with an array of lines of guest 4 b on the printboard
with a line width of 60 nm. In addition to writing regular
line patterns, this specific pattern was written in three stages
by adjusting the scan angle of the tip by 458 each time with
respect to the previous line. In this particular experiment,
gold-coated tips functionalized with a poly(ethylene glycol)
SAM were used to allow a better transfer of 4 b to the print-
board. Scanning with a bare, uninked silicon nitride AFM
tip over the b-CD printboard under the same experimental
conditions did not form any visible pattern, thus proving
that pattern formation arises from the transfer of guest mol-


Table 2. EIS results of the bare b-CD printboard versus printboards onto
which multivalent guest 4b was deposited by adsorption from solution or
by mCP.


Guest deposition RCT
[a] [kW]


no guest 42
adsorption 8.4
mCP 75
mCP + rinsing 7.3


[a] Charge-transfer resistance towards [Fe(CN)6]
4�/[Fe(CN)6]


3�.


Figure 4. Contact-mode AFM height images acquired in air of patterns
(image sizes 30� 30 mm2) of a) gold nanoparticles stabilized by G5-PPI
dendrimers, deposited on the b-CD printboard by supramolecular mCP
and subsequently rinsed with 10 mm b-CD solution at pH 2, and
b) copper structures obtained after subsequent electroless deposition
(ELD) on the dendrimer-patterned printboard for 5 min.


Figure 5. Contact-mode AFM friction images acquired in air of patterns
present on the b-CD printboard: a) An array of lines, 7 mm long with
mean widths (� standard deviation) of 290�20, 480�30, and 880�
50 nm, of divalent guest 3 after scanning the tip at a velocity of
�21 mms�1 across the b-CD printboard for 10 min for each line (image
size 15� 15 mm2; friction forces [a.u.] increase from dark to bright con-
trast). b) An array of lines, 3 mm long with average widths of approxi-
mately 60�20 nm, of multivalent guest 4 b after scanning the tip at a ve-
locity of �4 mms�1 across the b-CD printboard for 10 min for each line
(image size 6� 6 mm2; friction forces [a.u.] increase from dark to bright
contrast). Readout of the patterns was done with the same tip by increas-
ing the scan size and the scan velocity (approximately 15 times the writ-
ing speed).
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ecules and not from mechanical forces applied by the tip to
the printboard.


Conclusion


The results herein demonstrate the successful application of
micro- and nanopatterning strategies, supramolecular mCP
and supramolecular DPN, respectively, that employ the con-
cept of the molecular printboard.


Supramolecular mCP with guests of different valency was
carried out on the b-CD printboard for testing the stability
of the patterns during rinsing with substantial amounts of
water and competitive aqueous solutions. It was found that
all kinetic stabilities can be observed: rapid removal by
water in case of a monovalent guest, slower partial removal
by competitive rinsing in case of a divalent guest, and com-
plete stability for truly multivalent guests. Interference of
nonspecific interactions in the formation of molecular pat-
terns on the printboard was ruled out by the complete re-
moval of the molecular pattern during mild rinsing condi-
tions on reference OH SAMs. Clearly, the novelty of our
patterning strategy over existing fabrication strategies for
molecular patterns on substrates lies in the tunable pattern
stability of printboard-compatible guests on the molecular
printboard through the use of specific, multivalent supra-
molecular interactions.


Supramolecular DPN was exploited on the b-CD print-
board to extend our supramolecular patterning strategy into
the sub-100-nm range, as shown by the nanoscale patterns
with 60 nm line width.


Electroless deposition of metal patterns on the printboard
demonstrated that molecular printboards constitute a useful
tool for the fabrication and application of supramolecular
architectures on surfaces.


Experimental Section


Chemicals and substrates : The synthesis of the b-CD heptathioether ad-
sorbate and the preparation of SAMs on gold substrates were reported
previously by our group.[13, 23] The syntheses of the fifth-generation ada-
mantane-terminated poly(propylene imine) dendrimer (G5-PPI-(Ad)64)
and its per-b-CD complex were carried out according to literature proce-
dures.[28] Gold layers (20 nm) on titanium-primed (2–3 nm) silicon wafers
were purchased from Ssens BV (Hengelo, The Netherlands). 11-Mercap-
toundecanol and native b-cyclodextrin were purchased from Aldrich and
Acros, respectively, and used without further purification. Solvents used
for monolayer preparation were of p.a. grade.


1-Adamantyl-3-methyl-urea (2): 1-Adamantyl isocyanate (0.5 g,
2.8 mmol) was added to a solution of methylamine (0.105 g, 3.4 mmol) in
chloroform (20 mL). This mixture was stirred overnight at room tempera-
ture under argon. The solvent was removed under vacuum. Subsequently,
diethyl ether was added to the residue to isolate the product as a white
solid (0.260 g, 1.25 mmol; 45 %): 1H NMR (300 MHz, CDCl3): d =4.13
(br s, 1H), 4.09 (br s, 1 H), 2.71 (d, J =5.1 Hz, 2H), 2.09–2.03 (m, 3 H;
CH2CHCH2[Ad]), 1.98–1.94 (m, 6H; CHCH2C[Ad]), 1.68–1.64 ppm (m,
6H; CHCH2CH[Ad]); 13C NMR (100 MHz, CDCl3): d=158.24, 50.75,
42.58, 36.48, 29.60, 26.89 ppm; FAB-MS: m/z calcd for [M+H]+ : 209.2;
found: 209.2.


Substrate and monolayer preparation : Prior to use, all glassware was
cleaned by immersion in piraÇa (3:1 ratio of conc. H2SO4 and 33 wt %
H2O2) for 30 min and rinsing with substantial amounts of water. Gold
substrates of 1 � 1 cm2 were cleaned by oxygen plasma treatment for
5 min and the resulting oxide layer was reduced by leaving the substrates
for 10 min in absolute EtOH.[35] Subsequently, the clean gold substrates
were immersed in an adsorbate solution (0.1–1.0 mm) with minimal delay
for approximately 16 h. After incubation, the substrates were rinsed with
substantial amounts of dichloromethane, ethanol, and water.


Supramolecular microcontact printing : Stamps were fabricated by casting
a 10:1 (v/v) mixture of PDMS and curing agent (Sylgard 184, Dow Corn-
ing) against a photolithographically patterned silicon master, cured for
1 h at 60 8C, and released at this curing temperature to avoid buildup of
tension due to thermal shrinkage.[36] PDMS stamps, used for mCP, were
left in the oven at 60 8C for at least 18 h to ensure complete curing.


Oxidation of PDMS stamps was carried out in a commercial UV/ozone
plasma reactor (Ultra-Violet Products Inc., model PR-100) for 60 min at
a distance of about 2 cm from the plasma source. This type of reactor
contains a low-pressure mercury UV light operating with UV emissions
at 185 nm (1.5 mWcm�2) and 254 nm (15 mWcm�2) to generate molecular
oxygen. UVO treatment[37] of the PDMS stamp was chosen over other
techniques[38, 39, 40] because it is one of the milder treatments that results in
similarly drastic changes of the surface chemical properties of the PDMS
to those observed with, for example, oxygen plasma treatment and it pro-
vides surfaces that were found to be more resistant towards mechanical
stress (that is, crack formation[41]) during mCP. The PDMS stamps were
kept hydrophilic by immersing the stamps in an aqueous ink solution im-
mediately after UVO treatment and in between the prints.[42] Hydropho-
bic recovery of PDMS after the UVO treatment[43] restricts the use of
this type of surface modification for mCP[44] and was, therefore, moni-
tored by contact-angle measurements over time. UVO-exposed PDMS is
moderately hydrophilic (qadv =688) after 1 h of UVO treatment and re-
tains part of its hydrophilic character for at least several hours (Dqadv


�108 after 4 h) if it is kept under water. Thereafter, this hydrophobic re-
covery was found to level off, as observed by the contact-angle increase
of about 48 within the next 20 h. For reproducibility, all printing experi-
ments were carried out within the first 4 h after UVO treatment, without
reactivation of the stamps.


Subsequently, the stamps were inked by immersion into the adsorbate so-
lution (0.1–1.0 mm in hydrophobic constituents) for 15–30 min. After
withdrawal from the solution and drying under a continuous stream of ni-
trogen for 1 min, the stamps were applied by hand for 1–2 min on the
substrate (the b-CD printboard or reference 11-mercapto-1-undecanol
SAM). Reinking was done after each printing step. Finally, the substrates
were systematically rinsed with aqueous solutions (200 mL) of native b-
CD (1 or 10 mm at pH 2), NaCl (50 mm), or Milli-Q water. Additional
rinsing with Milli-Q water was done in the first two cases in order to
remove any excess of b-CD or salt on the printboard.


Supramolecular DPN : Si3N4 tips were cleaned in chloroform overnight
and inked by immersion into the adsorbate solution (0.5–1.0 mm in hy-
drophobic constituents) with minimal delay for 15 min. After withdrawal
and drying, the tip was scanned in contact mode across the surface of the
b-CD printboard for a certain period of time (T= 25 8C, relative humidi-
ty= 40–50 %). The written patterns were recorded with the same tip by
increasing the scan size and the scan velocity (approximately 15 times the
writing speed).


Electroless deposition (ELD) of copper : To trigger the ELD of Cu on
the printboard, gold nanoparticles stabilized by the G5-PPI dendrimers
were prepared according to a literature procedure[29] and transferred
onto the printboard by conducting supramolecular mCP. After rinsing
with an aqueous solution (200 mL) of native b-CD (10 mm at pH 2) and
with Milli-Q water (200 mL), the substrate was immersed in the copper
electroless-deposition bath containing 40 mm CuSO4, 140 mm Na2SO4,
120 mm ethylenediaminetetraacetate sodium salt (Na4EDTA), 300 mm


NaHCOO, and 30 mm HCHO at pH 13. After a certain immersion time,
the substrate was taken out of the ELD bath, rinsed with Milli-Q water,
and dried under a continuous stream of nitrogen for 1 min.
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Characterization : AFM analyses were carried out with a NanoScope III
multimode atomic force microscope (Veeco/Digital Instruments, Santa
Barbara, CA, USA) equipped with a J-scanner, in contact mode by using
Si3N4 cantilevers (Nanoprobes, Veeco/Digital Instruments) with a nomi-
nal spring constant of 0.1 Nm�1. To ensure maximum sensitivity for later-
al forces in the friction-force images, the sample was scanned at 908 with
respect to the long axis of the cantilever. AFM imaging was done in an
ambient atmosphere (T =25 8C, relative humidity=40–50 %).


XPS analyses were carried out with a Physical Electronics Quantum2000
apparatus equipped with an Al Ka monochromatic excitation source
(source energy=1486.7 eV, take-off angle set to 308), a spherical sector
analyzer, and a multichannel plate detector (16 detector elements). For
the survey scan (pass energy of 117 eV), the X-ray beam was set to high
power mode (100 W per 100 mm) to scan a total area of 1000 � 500 mm;
for element scans (pass energy of 29.35 eV), the X-ray beam was set to
25 W per 100 mm to scan a total area of 1000 � 500 mm (298 K and 1–3 �
10�8 Torr). The sensitivity factors used for C, N, O, and S in the calcula-
tion of the atomic concentration were 0.314, 0.499, 0.733, and 0.717, re-
spectively. The hydrocarbon C(1s) signal at 284.8 eV was used as the ref-
erence to correct for surface charging.


Electrochemical impedance spectroscopy measurements were carried out
with an AUTOLAB PGSTAT10 apparatus (ECOCHEMIE, Utrecht, The
Netherlands) in a custom-built three-electrode setup consisting of a plati-
num counterelectrode, a mercurous sulfate reference electrode (MSE;
VMSE =0.61 Vnormal hydrogen electrode), and a gold working electrode (held by a
screw cap to the bottom of the cell and exposing a geometric area of
0.44 cm2 to the electrolyte solution). Scans were carried out by using a
frequency range from 10 kHz to 0.1 Hz in 1 mm K3Fe(CN)6/K4Fe(CN)6


containing 0.1 m K2SO4 at �0.2 VMSE with a 5 mV amplitude. The charge-
transfer resistance (RCT) of the monolayer was determined from the Ny-
quist plot by fitting the experimental data to an equivalent Randles cir-
cuit containing a charge-transfer resistance of the monolayer in parallel
with the capacitance of the monolayer and in series with the resistance of
the solution.[45]


NMR spectroscopy was carried out at 25 8C by using a Varian Unity
Inova 300 spectrometer or a Varian Unity 400 WB spectrometer.
1H NMR (300 MHz) and 13C NMR (100 MHz) chemical shifts are given
relative to residual CHCl3 (d =7.27 and 77.0 ppm, respectively).


FAB mass spectrometry was carried out with a Finnigan MAT90 spec-
trometer with m-nitrobenzyl alcohol (NBA) as the matrix.
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Synthesis, Structural Features, Absorption Spectra, Redox Behaviour and
Luminescence Properties of Ruthenium(ii) Rack-Type Dinuclear Complexes
with Ditopic, Hydrazone-Based Ligands


Adrian-Mihail Stadler,[a] Fausto Puntoriero,[b] Sebastiano Campagna,*[b]


Nathalie Kyritsakas,[c] Richard Welter,[d] and Jean-Marie Lehn*[a]


Introduction


Coordinative polynuclear heteroleptic complexes of ruthe-
nium(ii) with 2,2’:6’,2’’-terpyridine (terpy) and polytopic het-
erocyclic ligand strands are the focus of interest for both
their photophysical and electrochemical properties,[1,2] and
as precursors for topological stereoisomers.[3] Such reasons
have indeed stimulated large efforts to synthesize appropri-
ate bis(tridentate) ligands[4] that are able to generate such
metallosupramolecular architectures.[5]


In our laboratories, we are interested in developing facile
synthetic pathways for analogues of helical ligands py1-(py2-
pym)n-py2-py1 (py1 =2-substituted pyridine, py2 =2,6-disub-
stituted pyridine, pym= 4,6-disubstituted pyrimidine), by re-
placing the 2,6-disubstituted pyridine ring by its isomorphic
equivalent, a hydrazone (hyz) group.[6,7] This synthetic strat-
egy has also the advantage of increasing the molecular di-


Abstract: The isomeric bis(tridentate)
hydrazone ligand strands 1 a–c react
with [Ru(terpy)Cl3] (terpy=2,2’:6’,2’’-
terpyridine) to give dinuclear rack-type
compounds 2 a–c, which were charac-
terised by several techniques, including
X-ray crystallography and NMR meth-
ods. The absorption spectra, redox be-
haviour and luminescence properties
(both in fluid solution at room temper-
ature and in rigid matrix at 77 K) of
the ligand strands 1 a–c and of the
metal complexes 2 a–c have been stud-
ied. Compounds 1 a–c exhibit absorp-
tion spectra dominated by intense p–
p* bands, which, in the case of 1 b and
1 c, extend within the visible region,
while the absorption spectra of the
rack-type complexes 2 a–c show intense


bands both the in the UV region, due
to spin-allowed ligand-centred (LC)
transitions, and in the visible, due to
spin-allowed metal-to-ligand charge-
transfer (MLCT) transitions. The
energy position of these bands strongly
depends on the ligand strand: in the
case of 2 a, the lowest energy MLCT
band is around 470 nm, while in 2 b
and 2 c, it lies beyond 600 nm. Ligands
1 a–c undergo oxidation processes that
involve orbitals based mainly on the
CH3�N�N= fragments. The complexes
2 a–c undergo reversible metal-centred


oxidation, while reductions involve the
hydrazone-based ligands: in 2 b and 2 c,
the bridging ligand is reduced twice
and in 2 a once before reduction of the
peripheral terpy ligands takes place. Li-
gands 1 a–c exhibit luminescence from
the lowest-lying 1p–p* level. Only for
complex 2 a does emission occur; this
may be attributed to a 3MLCT state in-
volving the bridging ligand. Taken to-
gether, the results clearly indicate that
the structural variations introduced
translate into interesting differences in
the spectroscopic, luminescence and
redox properties of the ligand strands
as well as of the rack-type metal com-
plexes.


Keywords: luminescence · N li-
gands · redox chemistry · rutheni-
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versity. For a ligand strand with two tridentate terpy-like
sites (py1-py2-pym-py2-py1), replacing py2 by a hydrazone
group generates two types of two-site symmetric isomeric li-
gands, because the central unit may be derived from a bis-
(hydrazino)pyrimidine or from a pyrimidine-dicarboxalde-
hyde. This isomerism means the change of the position of
the C=N bond. Thus, one gains synthetic efficiency and sim-
plicity, but also access to diverse molecular species, that is,
to two possibilities for py1-hyz-pym-hyz-py1 (1 a and 1 b), in-
stead of one for py1-py2-pym-py2-py1 (Scheme 1). The same
synthetic strategy may be applied for other two-site ligands,
such as the py1-py2-pz-py2-py1 (pz=2,5-disubstituted pyra-
zine) sequence,[8] the hydrazone analogue of which (1 c) we
report herein.


The ligands 1 a–c react with [Ru(terpy)Cl3] in protic sol-
vents, by heating to reflux, and give the corresponding dinu-
clear ruthenium(ii) rack-type complexes, thus showing a re-
markable stability of the C=N bond from the hydrazone
groups. It could be expected that the spectroscopic, photo-
physical and electrochemical properties of the isomeric com-
plexes (derived from these isomeric ligands) be different,
due to changes of the C=N bond positions. Here we report
the synthesis of the three ligands (1 a–c) of such a class of
molecule and of the three corresponding dinuclear rack-type
ruthenium(ii) complexes (2 a–c) derived from these species.
All the compounds have been characterized by several tech-
niques, including various NMR methods and mass spectrom-
etry. The rack-type complexes have also been investigated


by X-ray analysis. Absorption spectra, redox behaviour and
luminescence properties of the new metal complexes, as
well as of the free ligands, have been studied. The results in-
dicate that the molecular diversity introduced by the isomer-
ism translates into interesting differences as far as the spec-
troscopic, luminescence and redox properties of the new
compounds are concerned.


Results and Discussion


Ligands synthesis : Ligands 1 a–c were synthesized
(Scheme 2) by a double chain-extension method consisting
of the condensation of 4,6-bis(1-methylhydrazino)-pyrimi-
dine with 2-pyridinecarboxaldehyde (in case of ligand 1 a[7])
or of a dialdehyde (4 or 5 with 2-(1-methylhydrazino)-pyri-
dine (in case of ligands 1 c[7] and 1 b, respectively). Strands
1 a and 1 b have a C2 symmetry axis, while strand 1 c has an
inversion centre as a symmetry element.


Reaction of 2,5-dimethylpyrazine with benzaldehyde, in
presence of benzoic anhydride, gave 2,5-distyrylpyrazine[9]


(6), the ozonolysis (O3, MeOH, �78 8C) of which, followed
by reduction with aqueous solution of sodium metabisulfite
(Na2S2O5), produced 2,5-pyrazinedicarboxaldehyde[10] (4).
Condensation of dialdehyde 4 with 2-(1-methylhydrazino)-
pyridine[11] (3) in EtOH, at reflux, gave the ligand 1 c.


In ligands 1 a–c, the hydrazone group is the isomorphic
equivalent[6,7] of a 2,6-disubstituted pyridine ring, so these li-
gands may be considered as analogues of ditopic ligands
with two tridentate terpy-like sites. They have coordinative
capacity to form heteroleptic ruthenium(ii) rack-type com-
plexes, playing the same role as the two-site ligand com-
posed of py–pym[1a–d] or py–pz[8] sequences.


Complex synthesis : Rack-type complexes of ruthenium(ii)
may be formed by octahedral coordination of a RuII cation
with three nitrogen atoms of a terpy ligand and three of a
hydrazone site, so that a dihydrazone ligand could generate
a dinuclear complex.


The complexes were prepared by following a pathway
that has been described for the synthesis of racks containing
py–pym ligands[1a–d] (Scheme 2). [Ru(terpy)Cl3]


[12] was treat-
ed with ligands 1 a–c, in molar ratio 2.2:1, at reflux, in a mix-
ture of protic solvents that have reducing properties (donors
of electrons for the process RuIII + e�!RuII). The used mix-
ture was composed of 1:1 v/v water and an alcohol (ethanol
or isopropanol), in which the reactants were heated at reflux
during 18–21 h. The results showed that the hydrazone
bonds were stable under these conditions, as complexation
was achieved with yields comparable to those of the reac-
tions involving the py–pym based ligands.[1a,d]


The obtained complexes have Cl� as a counterion and are
water soluble. They were precipitated from water by addi-
tion of PF6


� as aqueous solution of ammonium hexafluoro-
phosphate (NH4PF6). Further purification was performed by
recrystallization from water and/or reprecipitation from
CH3CN with Et2O or chloroform.


Abstract in French: La r�action des ligands bidentates isom�-
res de type bishydrazone 1a–c avec [Ru(terpy)Cl3], conduit
aux complexes dinucl�aires 2a–c. Les �tudes radiocristallo-
graphiques par diffractionole rayons X montrent que les
complexes 2a,b contenant le noyau pyrimidine 4,6-disubstitu�
comme unit� centrale pr�sentent une courbure, alors que le
complexe 2c, qui a pour unit� centrale la pyrazine 2,5-disubs-
titu�e, est � peu pr�s lin�aire. Quand l�unit� centrale est d�ri-
v�e d�un diald�hyde, les complexes sont verts (2b,c ; absorp-
tion � 600 nm), alors que lorsqu�elle est d�riv�e d�une bishy-
drazine, le complexe correspondant 2a est brun-rouge (ab-
sorption � 470 nm). Ce dernier est le seul complexe � pr�sen-
ter une �mission, alors que les ligands 1a–c sont tous
luminescents. D�un point de vue �lectrochimique, les ligands
1a–c participent � des processus irr�versibles d�oxydation.
Les complexes 2a–c subissent des oxydations r�versibles ou
quasi-r�versibles et pr�sentent plusieurs r�ductions r�versibles
dans le domaine de potentiel de �2.00 � +2.00 V/ECS. Ces
r�sultats mettent en lumi�re les modifications des propri�t�s
structurales et physico-chimiques produites dans les comple-
xes m�talliques par le remplacement d�un noyau pyrimidine
(2a,b) par un noyau pyrazine (2c) ou par le changement de
position de la fonction hydrazone (2a et 2b,c). Ils permettent
d�envisager la synth�se de complexes de plus grande taille �
sites multiples, pr�sentant une courbure/lin�arit� et des pro-
pri�t�s contr�lables par la nature du ligand.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3997 – 40093998



www.chemeurj.org





The complexes are coloured, solid materials (2 a is brown-
red, 2 b and 2 c are deep green), soluble in acetonitrile, ace-
tone and nitromethane, but insoluble in toluene, diethyl
ether, diisopropyl ether, benzene and chloroform, a fact that


was used in crystallization experiments to obtain single crys-
tals. On heating, they decompose at temperatures greater
than 300 8C.


Scheme 2. Synthesis of the ligands 1a–c and of the complexes 2a–c. The notations for the protons are also indicated.


Scheme 1. The replacement of a 2,6-disubstituted pyridine (py2) by a hydrazone (hyz) group provides efficient access to analogue isomeric strands with
similar coordinative properties.
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Crystallographic studies : Single crystals suitable for X-ray
diffraction were obtained by slow diffusion of Et2O into a
solution of complexes 2 a or 2 b in CH3CN/CH3OH (9:1)
and of iPr2O in a solution of complex 2 c in CH3CN. Crystals
of 2 a are triclinic, crystals of 2 b are monoclinic and those of
2 c are triclinic. Complex 2 a crystallizes as a dimer with four
molecules of acetonitrile, one molecule of methanol and
two molecules of water (2 C48H40N14Ru2P4F24·4 CH3CN·
CH3OH·2 H2O), the crystal cell containing two such units.
Complex 2 b cocrystallizes with three molecules of acetoni-
trile (C48H40N14Ru2P4F24·3 CH3CN) and the crystal cell con-
tains four such units. Complex 2 c has an inversion centre
and cocrystallizes with six molecules of acetonitrile, the crys-
tallographic unit is (C48H40N14Ru2·4 PF6·6 CH3CN)/2 and the
crystal cell contains two such units.


All the measured distances are internuclear (centroid-to-
centroid) distances. The Ru�Ru distance is 6.14 � for 2 a
(average distance), 6.13 � for 2 b and 6.89 � for 2 c. For the
pyrimidine-based ligands, the coordinated two-site ligand
strand is not perfectly linear but curved, and its length is
17.66 � for 2 a (average values: calculated curve radius r=


12.61 �; curvature k=1/r=7.93·10�2 ��1; arc central angle:
898) and 17.64 � for 2 b (calculated curve radius r=12.84 �;
curvature k= 7.79·10�2 ��1; arc central angle: 86.58), which
shows that the hydrazone two-site ligands have almost iden-
tical dimensions in these two racks (Figure 1a). These two
ruthenium(ii) racks are shorter and more curved than the
corresponding lead(ii) racks (average length 18.20 �[13]).
This results from pinching at the coordinated centres due to
the shorter binding distances of RuII in comparison with
lead(ii). Such pinching, resulting in curved structures, has
been documented in related complexes.[1b] With the pyra-
zine-based ligand, the complex (2 c) is globally linear (Fig-
ure 1 a) due to the compensation of the coordinative con-
traction of the two py1-hyz-pz tridentate sites thanks to the
inversion centre; its length is 17.31 � (here also less than
the corresponding lead(ii) complex, 18.10 �[13]).


In both 2 a and 2 b, the two terpy ligands are crystallo-
graphically unequivalent and the observation of identical
NMR signals are due to fast NMR timescale motions in so-
lution, which make these terpy units equivalent. In complex
2 c, the two terpy moieties are equivalent. The length of co-
ordinated terpy is 11.15 �. In 2 a and 2 b, the planes of terpy
ligands are not parallel and make an angle of about 328
(31.48 for 2 a, average value, and 32.98 for 2 b) in the longi-
tudinal section that contains the plane of the two-site ligand,
neither are they perpendicular to the plane of the two-site
ligand. In contrast in complex 2 c, the terpy planes are paral-
lel and almost perpendicular to the plane of pyrazine-based
ligand. For the pyrimidine derivatives, the shortest distance
between the terpy planes is about 3 � (3.08 � for 2 a, aver-
age value, and 2.95 � for 2 b), but the other distances
(mainly larger than 4 �), as well as the nonparallel orienta-
tion of the two molecular planes in 2 a and 2 b, suggest that
there is no p-stacking between the aromatic rings of these
two molecules. In 2 c, the distance between terpy planes is
6.70 � and the distance between the K protons of two dif-


ferent terpy moieties is 8.22 � (Figure 1a). The cavity gener-
ated by the two terpy ligands is empty in the case of 2 b. In
the case of 2 a, one unit of the dimer has a water molecule
between two of the terminal pyridine rings of this cavity,
whereas in the other unit the cavity is empty.


The analysis of the pseudo-octahedral coordinative envi-
ronment of the ruthenium(ii) ions from the X-ray structures
of complexes 2 a–c provided the Ru�N bond lengths com-
piled in Table 1 (for the notations see also Figure 1b; for
complex 2 a crystallized as a dimer, the numbering of Ru
and N coordinating atoms is shown on a monomer; for both
complexes 2 a and 2 b, the numbering of Ru atoms is the
same as in the corresponding crystallographic information
files (CIF)). The average Ru�N length in the complexes is
2.038 �. In the tridentate sites the distance between the Ru
atom and the middle N atom is shorter (average value
1.980 �) than the two other Ru�N distances (average value
2.067 �). The average distance between the middle Nhyz


atom and Ru (1.974 �) is comparable with the correspond-
ing one from the terpy site (1.986 �), thus confirming the
analogous coordinative properties of the two N atoms.


The average value of the N-Ru-N chelating angles is
78.98, that is, 10.18 less than the ideal angle for an octahedral
coordination (908). The values corresponding to each chelat-
ing angle are listed in Table 2.


NMR spectroscopy: The 1H NMR spectra of 1 a–c are given
in Figure 2. The pyridine protons (marked A–D) and the
methyl group (E) from the ligand 1 c give rise to signals that
are similar to the corresponding protons of ligand 1 b ; this is
because the terminal pyridine units in both ligands 1 b and
1 c are identical. The two protons of the pyrazine ring are
equivalent, while the protons of pyrimidine ring are not. Al-
though the pyrazine proton (G) it is not located on a carbon
atom situated between two N atoms, as the C2 proton from
the pyrimidine ring (proton H) is, its chemical shift has a
value (9.16 ppm) close to that of the pyrimidine C2 proton
(9.08 ppm). This could be explained by the strong deshield-
ing effect due to the proximity to an N atom and to the two
para-conjugated �C=N� groups located on the pyrazine
ring.


The 1H NMR spectra of complexes 2 a–c are relatively
complicated (Figure 2), due to close signals in the aromatic
region, and two-dimensional experiments (COSY, NOESY,
ROESY) were useful for the peak assignment. Some partic-
ularities should be noted.


All the complexes, as well as the two-site ligands, are “lat-
eral” and “alternate” structural isomers. Complexes 2 a,b
have C2 symmetry, and 14 groups of NMR-equivalent pro-
tons; the complex 2 c has an inversion centre (from the
ligand 1 c) and it displays only 13 groups of NMR-equivalent
protons.


The presence of the two terpy ligands (with the magnetic
anisotropy of the aromatic rings), as well as the metal-ion
coordination induce shielding (dcomplex�dfree ligand = Dd<0) or
deshielding (Dd>0) effects. Thus, for complexes 2 a and 2 b,
the zone between the two terpy moieties should be the most
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shielded from the molecule, a fact confirmed by the ex-
tremely low chemical shift of the C2 pyrimidine proton


(proton H; see Figure 2 and Table 3). On the other hand, in
the complex 2 c, due to the inversion centre of the ligand 1 c,


Figure 1. a) Representation of the X-ray molecular structures of complexes 2a, 2b and 2 c (PF6
� ions and solvent molecules are omitted for clarity); r is


the curve radius and k is the curvature (k=1/r). b) Notations for coordinating N atoms and Ru atoms in complexes 2a–c.
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the two terpy units are on op-
posite sides of the rack and this
makes their shielding effect on
proton G weaker than in the
case of proton H from 2 a and
2 b (for the Dd value, see
Table 3).


The shielding of the C5
proton of the pyrimidine ring
(proton G) is also an effect of
the coordination process, al-
ready observed in the case of
complexes of 1 a and 1 b with
lead(ii).[13] The chemical shift
variation is important (for the
Dd values, see Table 3). This is
due to the presence of the terpy
units (as for the protons D), but
also to a conformational change
of the ligand by coordination.
In the case of 1 a, the coordina-
tion causes rotation around the
C4pym�N bond and the place of
the N�N bond is taken by the
N�CH3 bond, so that the de-
shielding C=N bond and the N
lone pair close to proton G are
replaced by a methyl group. In
the case of 1 b, the coordination
causes rotation around the
C4pym�C=N bond move and the
place of the deshielding C=N
bond and of the N lone pair is
taken by the =C�H bond.


The coordination of rutheni-
um(ii), as well as the localiza-
tion of hydrazone group pro-
tons (CH3 and HC=N) in the de-
shielding zone of the two termi-
nal pyridine rings of the terpys,
make the chemical shift of the
methyl and imine protons
higher in the complexes than in
the free ligands (for the Dd


values, see Table 3). The oppo-
site orientation of tridentate
sites in 2 c generates a proximity
between the hydrazone group
and the three rings of the other
terpy ligand; this should induce
a stronger shielding of the
methyl group and of the proton
of the hydrazone bound in 2 c,
relative to that found in 2 a or
2 b (Figure 2 and Table 3).


With respect to the free two-
site ligands, the resonances of


Table 1. Ru�N bond lengths [internuclear distances, �] from the X-ray structures of complexes 2 a–c[a] .


Ru1�N1 Ru1�N2 Ru1�N3 Ru1�N4 Ru1�N5 Ru1�N6
Ru2�N7 Ru2�N8 Ru2�N11 Ru2�N10 Ru2�N9 Ru2�N12
Ru3�N13[b] Ru3�N14[b] Ru3�N15[b] Ru3�N16[b] Ru3�N17[b] Ru3�N18[b]


Ru4�N19[b] Ru4�N20[b] Ru4�N23[b] Ru4�N22[b] Ru4�N21[b] Ru4�N24[b]


2a 1.976(6) 2.069(6) 2.070(7) 1.976(6) 2.058(7) 2.066(6)
1.975(6) 2.057(7) 2.062(7) 1.974(7) 2.057(7) 2.064(6)
1.978(6) 2.079(6) 2.056(7) 1.990(7) 2.066(8) 2.056(6)
1.976(7) 2.069(7) 2.082(7) 1.986(7) 2.062(7) 2.072(7)


2b 1.963(4) 2.060(4) 2.081(5) 1.989(4) 2.059(5) 2.052(4)
1.965(4) 2.070(4) 2.067(4) 1.981(4) 2.074(4) 2.049(4)


2c 1.977(3) 2.071(4) 2.080(3) 1.995(3) 2.084(3) 2.060(3)
1.977(3) 2.071(4) 2.084(3) 1.995(3) 2.080(3) 2.060(3)


[a] Notations: hydrazone C=N nitrogen atoms (Nhyz): N1, N7, N13, N19; pyrimidine nitrogen atoms: N6, N12,
N18, N24; terpy nitrogen atoms: N3, N4, N5, N9, N10, N11, N15, N16, N17, N21, N22, N23; pyridine nitrogen
atoms from the two-site ligand: N2, N8, N14, N20. [b] Only for 2a.


Table 2. Values of N-Ru-N chelating angles [8] from the X-ray structures of complexes 2 a–c[a] .


N1-Ru1-N2 N1-Ru1-N6 N3-Ru1-N4 N4-Ru1-N5
N7-Ru2-N8 N7-Ru2-N12 N10-Ru2-N11 N9-Ru2-N10
N13-Ru3-N14[b] N13-Ru3-N18[b] N15-Ru3-N16[b] N16-Ru3-N17[b]


N19-Ru4-N20[b] N19-Ru4-N24[b] N22-Ru4-N23[b] N21-Ru4-N22[b]


2a 79.1(3) 78.9(3) 79.4(3) 79.2(3)
79.3(3) 78.4(3) 79.5(3) 79.1(3)
78.8(3) 78.5(3) 78.7(3) 78.5(3)
79.3(3) 78.7(3) 78.4(3) 79.4(3)


2b 79.5(2) 79.3(2) 79.4(2) 79.1(2)
78.7(2) 79.1(2) 79.1(2) 78.9(2)


2c 78.5(1) 79.1(1) 78.3(1) 78.5(1)
78.5(1) 79.1(1) 78.5(1) 78.3(1)


[a] For the notations, see Figure 1b. [b] Only for 2 a.


Figure 2. 1H NMR (400 MHz) spectra and peak assignment for ligands 1 a–c (solvent CDCl3), complexes 2 a-c
(solvent CD3CN) and terpy (solvent CDCl3). For the notations of the protons, see Scheme 2.
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the protons of the terminal pyridines change in the complex.
In the case of protons A, B and D, a shielding effect is ob-
served. The most shielded pyridine proton is proton B. The
most dramatic shift change due to the shielding is observed
for proton A. The chemical shift of proton C is the less af-
fected by the complex formation (Table 3).


The integration of terpy units into the complex by coordi-
nation causes a shielding of protons I, J and L, but a de-
shielding of protons K, M and N, relative to the free terpy
moiety (see Table 4). The stronger shielding effect is ob-


served for the proton I, the average shift decrease being of
around 0.82 ppm. The stronger deshielding is noted for the
proton N, the average increase of the chemical shift being
0.46 ppm. Proton K is, similarly to proton C, less affected by
the coordination. The proximity of the two terpy groups
also generates in the case of 2 a and 2 b a reciprocal shield-
ing of their protons, whose chemical shifts are generally in-
ferior to the corresponding ones of 2 c, while the shifts of
terpy protons have almost identical values in 2 a and 2 b
(Table 4).


The shape of the coordinated two-site strands as repre-
sented in the structural formula were confirmed by 2D
NMR experiments, essentially by correlations due to the ex-
istence of NOEs (nuclear Overhauser effects) between sev-
eral key-protons closely involved in the conformational
change of the ligand before and after binding of the metal
ion. The coordination induces the transformation of the all-


transoid conformation into an
all-cisoid one. In the case of
terpy, it produces the (L,M)
NOE correlations observed for
all complexes 2 a–c. The shape
of the 2-hydrazone-site coordi-
nated ligand was established by
NOE correlations that do not
exist in the free ligand, but
appear after coordination: (D,
E) and (F, G); simultaneously,
the (D, G) correlation charac-
teristic to the free ligands 1 a–c


disappeared (for the NOESY of complex 2 c, see Figure 3).
Moreover, correlations corresponding to a NOE between
the proton E from the hydrazone strand and the proton I of
the terpy unit, but also between the protons F and I were
observed; this confirms the space proximity between the
two coordinated terpy units and the 1 a–c coordinated
strands in the complex 2 a–c.


Redox behaviour : Cyclic and differential pulse voltamme-
tries have been employed to investigate the redox behaviour
of the new compounds. For solubility reasons, the free li-
gands were studied in 1,2-dichloroethane and the metal


Table 3. Chemical shifts of the protons in free (1 a–c) and complexed (in 2a–c) two-site ligands.


HA HB HC HD CH3 Hhydrazone HG HH


1a dligand
[a] 8.61 7.25 7.73 8.15 3.70 7.87 7.91 8.47


2a dcomplex
[a] 6.92[c] 6.92[c] 7.68 7.82 4.15 8.93 6.49 5.02


Dd[b] �1.69 �0.33 �0.05 �0.33 0.45 1.06 �1.42 �3.45
1b dligand 8.29 6.92 7.66 7.83 3.74 7.64 8.42 9.08
2b dcomplex 6.75 6.65 7.67 7.20[c] 4.14 8.74 7.73 5.26
Dd �1.54 �0.27 0.01 �0.63 0.40 1.10 �0.69 �3.82
1c dligand 8.26 6.87 7.66 7.60 3.73 7.74 9.16 –
2c dcomplex 6.78 6.63[c] 7.65 7.14 3.96 8.28 7.15 –
Dd �1.48 �0.24 �0.01 �0.46 0.23 0.54 �2.01 –


[a] In ppm. [b] Dd=dcomplex�dligand. [c] Central position of the multiplet.


Table 4. Chemical shifts of terpy protons in the free terpy ligand and in
complexes 2a–c.


HI HJ HK HL HM HN


terpy d[a] 8.71 7.33 7.86 8.62 8.45 7.96


2a d 7.89 7.20 7.89 8.31 8.52 8.35
Dd[b] �0.82 �0.13 0.03 �0.31 0.07 0.39


2b d 7.87 7.20[c] 7.90 8.32 8.56 8.43
Dd �0.84 �0.13 0.04 �0.30 0.11 0.47


2c d 7.91 7.27 7.98 8.47[c] 8.72 8.49[c]


Dd �0.80 �0.06 0.12 �0.15 0.27 0.53


[a] In ppm. [b] Dd=dcomplex�dfree terpy. [c] Central position of the multiplet.


Figure 3. 1H-1H NOE correlations for the complex 2c (NOESY experi-
ment, 300 MHz, CD3CN).
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complexes in acetonitrile. Data are reported in Table 5. De-
tailed discussion of the various processes is as follows.


Free ligands : Compounds 1 a–c undergo two irreversible oxi-
dation processes at relatively mild potentials and no reduc-
tion process takes place within the potential window investi-
gated (�2.00/+2.00 V vs SCE). As far as the first oxidation
process of 1 a–c is concerned, while for 1 a and 1 b it take
place at similar potentials, that of 1 c occurs at a significantly
less negative potential (Table 5). This suggests that the cen-
tral pyrazine ring has an important role in determining the
oxidation potential of 1 c. Such a role can be interpreted in
a simple way as follows: in all the cases the orbital involved
in the oxidation process (i.e. , the HOMO of the molecule)
should receive large contributions from a CH3�N�N=


framework (probably with the largest contribution involving
the nitrogen atom carrying the methyl group), and the other
moieties can be seen as substituents of the redox-active unit.
Pyrimidine is a better electron-withdrawing group than pyr-


azine, so the orbitals of the redox-active unit of 1 c are less
stabilized than those of 1 a and 1 b by the central ring. As a
consequence, 1 c is oxidized more easily. Such a line of rea-
soning could also explain the difference between the oxida-
tion potentials of 1 a and 1 b (Table 5), since the redox-
active orbital would be closer to the electron-withdrawing
pyrimidine ring (and therefore more affected electronically
and stabilized) in 1 a. The second oxidation process exhibit-
ed by all the three ligand strands is easily interpreted by
considering that each ligand has two CH3�N�N= frame-
works, so first oxidation is mainly centred on one of these
sites and the second on the remaining one. This assignment
agrees with the potential separation between the two oxida-
tion processes in the ligand strands, which is related to the
electronic interactions between the hydrazone-based moiet-
ies and decreases in the series 1 a, 1 b, 1 c (Table 5). The dis-
tance between the redox active sites (inversely proportional
to the electronic interactions) within each ligand indeed de-
creases with the same trend.


Rack-type metal complexes:
All the rack-type complexes
2 a–c undergo two reversible or
quasi-reversible oxidation pro-
cesses and several reduction
processes in the potential
window examined (see Table 5
and Figure 4). The oxidation
processes are easily assigned as
being metal-centred. Actually,
the oxidation potentials are
close to those of other ruthe-
nium(ii) rack-type complex-
es,[1a–d] for which metal-centred
oxidations have been reported.
It has also to be considered that
the ligand-based orbitals are ex-
pected to be significantly stabi-
lized by coordination of the
(positively charged) metal cen-
tres, so that their oxidations,
which in the free ligands are
quite close to the potentials of
the oxidation of the metal
racks, are here expected to
occur to more positive poten-
tials.[14]


Splitting of the oxidation
processes in symmetric dinu-
clear metal complexes is due to
1) electronic interaction be-
tween the metal-based orbitals
mediated by superexchange
through the bridging ligand or-
bitals, which depends (beside
other factors) on the energy
separation between the full
metal-based dp and the empty


Table 5. Absorption, luminescence, and redox data.


Absorption[a] Luminescence[b] Redox Data[c]


298 K, lmax [nm] 298 K,[a] lmax [nm] 77 K,[d] lmax [nm] E1/2 (ox) E1/2 (red)
(e [m cm�1]) (t [ns]) (t [ns]) [V vs SCE] [V vs SCE]


1a 284 (26 800) 395 (16) 390 (630) + 1.30[e]


314 (43 200) + 1.50[e]


340 (36 500)


1b 242 (27 600) 432 (8) 469 (560) + 1.23[e]


335 (45 150) + 1.33[e]


379 (32 200)


1c 247 (30 200) 468 (10) 449 (542) + 1.04[e]


409 (67 700) + 1.10[e]


2a 226 (58 900) 758 (30) 741 (335) + 1.28 �0.98
270 (47 000) + 1.53 �1.22
308 (70 300) + 1.78 �1.35[f]


330 (60 300)
362 (52 200)
434 (22 400)
470 (20 700)


2b 240 (42 500) + 1.36 �0.45
270 (48 000) + 1.66 �1.05
304 (61 100) �1.46
330 (42 500) �1.65[f]


430 (45 700)
506 (12 600)
630 (27 000)


2c 272 (56 700) + 1.27 �0.50
280 (53 300) + 1.50 �1.05
304 (72 300) �1.49
440 (47 400) �1.57[f]


614 (40 600)
772 (2700)


[a] For 1a–c, data are in argon-purged dichloromethane; for 2a–c in argon-purged acetonitrile. [b] Lumines-
cence quantum yields at room temperature are not reported, since in all the cases they were lower than 10�4,
and accurate determination was difficult. [c] For 1a–c the measurements were performed in argon-purged 1,2-
dichloroethane, for 2a–c in argon-purged acetonitrile. [d] In MeOH/EtOH 4:1 (v/v) matrix. [e] Irreversible
process. [f] Other irreversible processes take place at more negative potentials, but they are not discussed
here.
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bridging ligand-based p* orbitals, and 2) electrostatic inter-
actions.[15] In spite of the first-sight similitude among 2 a–c,
these species are different one another from an electronic
viewpoint: complexes 2 b and 2 c differ from each other by
the central ring of the bridge (pyrimidine vs. pyrazine); this
also introduces differences in the distances between the
metal centres (although relatively slight; compare the Ru�
Ru distances reported in the crystallographic section, 6.13
vs. 6.89 � for 2 b and 2 c, respectively). On the other hand,
complex 2 a differs from the other two rack-type complexes
because of the energy level and the much more localized
nature of the bridging ligand-centred LUMO (see later the
discussion of the reduction processes). It is hard to discuss
in full detail the differences in the oxidation splitting among
the complex series (250, 300 and 230 mV for 2 a, 2 b and 2 c,
respectively), because they arise from various factors whose
relative contributions are difficult to evaluate. As a matter
of fact, the larger oxidation splitting of 2 b relative to 2 c is
certainly due to the nature of the central ring of the bridge,
while when compared to 2 a can be mainly attributed to the
energy difference between the orbitals involved in the super-
exchange mechanism.


For the sake of convenience, we start the discussion of the
reduction processes from 2 b and 2 c. Both these species
show four one-electron reduction processes at very similar
potentials. The first two processes take place at potentials
less negative than the first terpy-based reduction occurring
in [Ru(terpy)2]


2+ (�1.25 V vs SCE),[14] so they are both at-
tributed to the bridging ligands. In particular, reduction can
be assigned to the central part of the bridging ligand strand,
involving a delocalized orbital that receives dominant con-
tributions from the pyrimidine/pyrazine ring and the two
conjugate C=N double bonds. The difference in potential
between the first two processes (600 and 550 mV for 2 b and
2 c, respectively) also agrees with the electron-pairing
energy expected for such orbitals.[16] The third and fourth re-


duction processes of 2 b and 2 c are assigned to the first re-
duction of the two terpy ligands.


As far as the reduction behaviour of 2 a is concerned, the
first reduction is still attributed, as for the other racks, to
the first reduction of the bridging ligand; however, it occurs
at a potential that is far more negative than that for first re-
duction of 2 b and 2 c. This is due to the nature of the orbital
involved, which in 2 a is essentially localized on the bis-coor-
dinated pyrimidine, with negligible contribution from the
hydrazone moieties and missing extensive conjugation with
the C=N double bonds. In contrast to the other racks, the
second reduction of 2 a cannot be assigned to a second re-
duction of the same pyrimidine site: in fact, potential sepa-
ration between first and second processes in 2 a is too small
(240 mV) to be attributed to electron pairing. Therefore,
both the second and third processes are assigned to the
terpy units. Interestingly, the potential separation between
the two terpy-centred processes is 130 mV (Table 5), smaller
with respect to that found in the isomeric species 2 b, in
spite of the structural similarity. Whereas a different interac-
tion through the bridging ligand cannot be excluded, cou-
lombic reasons could also play a role: as shown by X-ray de-
termination (see above and also Figure 1 a); the distance be-
tween coordinated terpy groups is smaller in 2 b than in
2 a.[17]


For all the complexes, further reduction processes take
place at more negative potentials, but they are ill-defined
and will not be discussed here.


Absorption spectra : The absorption spectra of the free li-
gands (solvent: dichloromethane) show moderately intense
bands in the 260–460 nm spectral region (see Figure 5a and
Table 5). For such ligands, both spin-allowed p–p* and n–p*
transitions are expected,[18,19] with the latter having lower ex-
tinction coefficients. The absorption spectrum of terpy dis-
plays one band peaking at 280 nm, due to the spin-allowed
p–p* transition, and a weak band around 340 nm, due to
n–p* transitions.[14,19] The relatively high absorption coeffi-
cients of the bands which dominate the spectra of 1 a–c sug-
gest that such bands are due to spin-allowed p–p* transi-
tions. Figure 5a shows a progressive increase of the lmax of
the lowest energy band in the following order: 1 a (340 nm),
1 b (379 nm) and 1 c (409 nm). This bathocromic effect can
be explained by the nature of the diazine rings and by the
increase of conjugation between the heteroaromatic ring
and the C=N bonds. On increasing the conjugation, the en-
ergetic difference between the p and p* levels decreases, so
the wavelength of the corresponding p–p* transitions in-
creases. In 1 a, the lowest energy bands receive contributions
from p–p* transitions involving orbitals localized on the
central pyrimidine ring or in the “peripheral” pyridine–hy-
drazone moieties. In 1 b, there are two chromophoric C=N
bonds in conjugation with the same pyrimidine ring, in meta
orientation. The lowest energy band is therefore here as-
signed to a p–p* transition delocalized over the central
moiety of the ligand and is red-shifted relative to that of 1 a.
When the orientation of the two C=N bonds is para, as in


Figure 4. Differential pulse voltammogram of 2 b in acetonitrile solution.
The peak at about 0.4 V is ferrocene, used as an internal standard. Work-
ing electrode: glassy carbon (8 mm2, Amel) electrode. Counter electrode:
a Pt wire. Reference electrode: SCE separated with a fine glass frit. The
concentration of the complex was about 5� 10�4


m. Tetrabutylammonium
hexafluorophosphate (0.05 m) was used as supporting electrolyte. Scan
rate: 20 mV s�1.


Chem. Eur. J. 2005, 11, 3997 – 4009 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4005


FULL PAPERSupramolecular Chemistry



www.chemeurj.org





1 c, the conjugation is improved and the p–p* transition is at
even lower energies. In all the ligands, the lower intensity n–
p* bands are probably obscured, so their positions are not
experimentally defined. It should be considered anyway that
in hydrazone molecules containing electron-withdrawing
groups (in the present case, diazine rings), the p–p* transi-
tions can have some charge-transfer character,[20] also in-
duced by mixing between p–p* and n–p* states. This can
have important effects in particular as far as the deactiva-
tion processes are concerned (see luminescence section).


The absorption spectra of the rack-type metal complexes
(Figure 5b, Table 5; solvent: acetonitrile) exhibit intense
bands both in the UV and in the visible region. For all the
complexes, the bands in the UV region receive main contri-
butions from spin-allowed ligand-centred (LC) transitions
(namely, p–p*) involving the terpy ligands (in particular, the
band peaking at about 310 nm, common to all the species, is
attributed to terpy-centered transitions), with the contribu-
tion from LC transitions involving the bridging ligands; this
becomes especially relevant in the case of 2 a. The bands
peaking at 430 and 440 nm in the spectra of 2 b and 2 c, re-
spectively, are attributed to superposition of the lowest lying
LC transitions involving the bridging ligands and the spin-al-
lowed metal-to-ligand charge-transfer (MLCT) transitions
involving terpy ligands. In 2 a, the lowest lying LC band
occurs in the UV region, so that the absorption between 400
and 500 nm probably receives contributions only from


MLCT transitions involving the terpy ligands. As far as the
intense bands at l>600 nm of 2 b and 2 c are concerned,
they can be attributed to spin-allowed MLCT transitions in-
volving the �N=C�diazine�C=N� central moiety of the
bridge as the acceptor orbital, while the corresponding Ru-
to-bridge CT transition in 2 a, involving the much more diffi-
cult-to-reduce “isolated” pyrimidine fragment of the bridg-
ing ligand, is probably responsible for the broad absorption
between 500 and 600 nm of 2 a.


Finally, the spectrum of 2 c also shows a relatively weak
band at about 775 nm (Table 5, Figure 5b). We tentatively
attribute such a weak band to a spin-forbidden singlet-triplet
MLCT transition. Actually, 3MLCT absorption bands are
hardly discernable in ruthenium(ii) complexes. Although
never mentioned in mononuclear complexes, a few cases
have been reported in multinuclear complexes. In particular,
non-negligible spin-forbidden MLCT absorption has been
mentioned in a tetranuclear species containing 2,3-bis(2’-
pyridyl)pyrazine as a bridging ligand.[21] Interestingly, that
bridging ligand and the one in 2 c share a pyrazine ring as
the central subunit of the bridge. This could justify why the
spin-forbidden transition is visible in 2 c but not in 2 a and
2 b.


Luminescence properties : The luminescence properties of
the free ligands 1 a–c and of the rack-type complexes 2 a–c
have been investigated in dichloromethane (free ligands)
and acetonitrile (complexes) fluid solution at room tempera-
ture and in an MeOH/EtOH 4:1 (v/v) rigid matrix at 77 K
(all the compounds). The free ligands exhibit luminescence
under all the experimental conditions used, while among the
metal complexes only 2 a is luminescent, both at room tem-
perature and at 77 K. Data are collected in Table 5, while
some luminescence spectra are shown in Figure 6.


Luminescence energies and lifetimes of 1 a–c suggest that
the excited state from which emission takes place is the
lowest lying singlet p–p* level. Actually, emission spectra
look like the spectral image (in particular, at room tempera-
ture) of the lowest lying p–p* absorption band. The emis-
sion maxima gradually move to lower energy in the series
1 a, 1 b, 1 c (Table 5, Figure 6a), in agreement with the attri-
bution. That the emissive state also has a CT character, as
mentioned in the absorption spectra discussion, is supported
by the solvent dependence of the emission band: for exam-
ple, the room temperature emission maximum of 1 a moves
from 432 nm in dichloromethane to 442 nm in methanol, so
indicating that the excited state has a larger dipolar nature
than the ground state. This partial CT character, which sug-
gests mixing with close lying n–p* states, also accounts for
the quite low emission quantum yields (lower than 10�4, see
Table 5), which would be surprisingly low if a pure p–p*
fluorescence was considered. At 77 K the luminescence life-
times of the free ligands increase substantially (Table 5, Fig-
ure 6 a); the spectra become structured and weakly blue-
shifted. Altogether, these changes would suggest a reduced
contribution at 77 K of the CT character in the emissive
levels.


Figure 5. a) Absorption spectra of 1 a (solid line), 1 b (dashed line) and
1c (dotted line) in dichloromethane. b) Absorption spectra of 2 a (solid
line), 2 b (dashed line) and 2 c (dotted line) in acetonitrile.
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Ruthenium(ii) polypyridine complexes are usually lumi-
nescent from their lowest lying 3MLCT state.[14,22] However,
complexes containing tridentate ligands (e.g., terpy), are
scarcely luminescent at room temperature relative to species
based on bidentate ligands (e.g., 2,2’-bipyridine).[14,22b] Re-
cently, this drawback was overcome by several strategies, in-
cluding the use of ligands having reduction potentials less
negative.[2,23] The presence of such ligands moves the corre-
sponding 3MLCT state to low energies, so decreasing the ef-
ficiency of the activated process to the “poisoning” (with
regard to the luminescence properties) 3MC level. This ap-
proach anyway is sometimes a two-edged sword, since very
low 3MLCT states have diminished luminescence properties
because the Franck–Condon factors for radiationless decay
of the (potentially) luminescent level increase on decreasing
the excited state energy (i.e., the basis of the so-called
energy-gap law[24]). To obtain room-temperature emission
from ruthenium(ii) complexes, the above-mentioned effects
have to be taken into account and suitably balanced. The
rack-type complex 2 a indeed shows a relatively long-lived
emission both at room temperature and at 77 K (Table 5,
Figure 6b). The spectral shape, energy and lifetime, together
with comparison with literature data,[14,22] indicate that such
an emission can be straightforwardly attributed to the
lowest-lying 3MLCT state, in which the acceptor orbital is


mainly centred on the substituted pyrimidine ring. The
slight blue-shift of the emission spectrum and its longer life-
time on passing from room temperature fluid solution to
77 K rigid matrix are in line with the CT attribution.


The absence of emission within the wavelength region in-
vestigated (l<850 nm) for 2 b and 2 c is not surprising: in
fact, on considering the energy of the singlet MLCT state as
inferred by absorption spectroscopy (>600 nm in both com-
plexes), the corresponding triplet levels should lie at wave-
length longer than 800 nm and could be out of the sensitivity
range of our equipment (note that the band assigned in 2 c
to the singlet–triplet absorption lies close to 800 nm, so the
corresponding emission spectrum would be further displaced
in the near-IR region). In these conditions, we cannot ex-
clude that 2 b and 2 c can exhibit luminescence in the near-
IR region, although it is expected that because of the
energy-gap law, the eventual luminescence quantum yields
would be extremely low.


Conclusion


New RuII bimetallic isomeric complexes (2 a–c) with ditopic,
isomeric hydrazone-based ligands were synthesized and
characterized by several techniques, including NMR meth-
ods and crystallography. The absorption spectra, redox be-
haviour and luminescence properties of the new complexes
and of the free ligands have been studied. The results indi-
cate that the molecular diversity introduced by the isomer-
ism translates into interesting differences as far as the spec-
troscopic, luminescence and redox properties of the ligands
and the rack-type new metal complexes are concerned. For
example, spin-allowed MLCT bands (l>600 nm) are pres-
ent in 2 b and 2 c, while the lowest energy absorption MLCT
band of 2 a lies at significantly higher energy. Moreover,
while 2 a exhibits a typical 3MLCT emission both in fluid so-
lution at room temperature and in rigid matrix at 77 K, com-
plexes 2 b and 2 c do not show any emission for l<850 nm.
In general, it is shown that by taking advantage of relatively
slight differences within the ditopic, isomeric hydrazone-
based ligands strands, predetermined molecular architec-
tures exhibiting significantly different properties can be ob-
tained.


Preparation of tri- and poly-, homo- or heterometallic
complexes of the same family, as well as their decoration
with suitable groups able to modify their electronic proper-
ties in predetermined ways, could constitute further devel-
opments in this area of multicentre rack-type complexes. In
particular, the combination of the specific redox properties
with the difference in shape between the “lateral” com-
plexes 2 a and 2 b and the “alternate” complex 2 c suggests
the possibility to generate extended multicentre metallosu-
pramolecular architectures of curved or linear, respectively,
“metallomolecular wires”.


Figure 6. a) Luminescence spectra of 1 a (solid line), 1b (dashed line) and
1c (dotted line) in dichloromethane at room temperature and (inset) lu-
minescence spectrum of 1b in MeOH/EtOH 4:1 (v/v) at 77 K. b) Lumi-
nescence spectra of 2a at room temperature in acetonitrile fluid solution
(solid line) and at 77 K in an MeOH/EtOH 4:1 (v/v) rigid matrix (dashed
line).
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Experimental Section


Materials and general methods : The following compounds were prepared
as previously described: 1a,b,[7] 3,[11] 4,[10] 5,[10] 6[9] and [Ru(terpy)Cl3].


[12]


The following reagents were purchased from commercial sources: RuCl3


(Aldrich, Avocado), terpy (Aldrich, Avocado), 2,5-dimethylpyrazine (Al-
drich), benzaldehyde (Aldrich), benzoic anhydride (Aldrich). 400 MHz
1H and 100 MHz 13C NMR spectra were recorded on a Bruker Ultra-
shield Avance 400 spectrometer and 300 MHz 1H and 75 MHz 13C NMR
spectra were recorded on a Bruker 300 spectrometer. The solvent residu-
al signal[25] was used as an internal reference for both 1H and 13C NMR
spectra. The following notation is used for the 1H NMR spectral splitting
patterns: singlet (s), doublet (d), triplet (t), multiplet (m). The 2D-NMR
used experiments were: COSY (correlation spectroscopy), NOESY (Nu-
clear Overhauser enhancement spectroscopy or nuclear Overhauser and
exchange spectroscopy), ROESY (rotating-frame Overhauser enhance-
ment (effect) spectroscopy); they were done on 300 MHz or 500 MHz
Bruker spectrometers. FAB-MS, EI-MS and ES-MS measurements were
performed by the Service de Spectrom�trie de Masse, Universit� Louis
Pasteur. Melting points were recorded on a B�chi Melting Point B-540
apparatus and are uncorrected. UV/Vis spectra were recorded on a
Varian-Cary-3 spectrometer or on a Jasco V-560 spectrometer. IR spectra
were recorded on a Perkin–Elmer 1600-FTIR spectrometer; KBr pellets.
Luminescence spectra were recorded on a Jobin-Yvon Spex Fluoromax P
fluorimeter equipped with a Hamamatsu R3896 photomultiplier. Emis-
sion spectra have been corrected by the use of software purchased with
the fluorimeter. Luminescence lifetimes were determined by time-corre-
lated single-photon-counting (TCSPC) with an Edinburgh OB900 spec-
trometer (light pulse: Hamamatsu PL2 laser diode, pulse width 59 ps at
408 nm; or nitrogen discharge, pulse width: 2 ns). Electrochemical experi-
ments were performed as previously described,[1f] with acetonitrile (metal
complexes) or 1,2-dichloroethane (free ligands) as solvents. Experimental
uncertainties are as follows: absorption maxima, 2 nm; emission maxima,
4 nm; emission lifetimes, 10%; redox potentials, 10 mV.


Crystal structure determinations : The crystals were obtained by diffu-
sion–recrystallization by using pure acetonitrile (for 2c) or a CH3CN/
CH3OH 9:1 mixture (for 2a and 2b) as a solvent and Et2O (for 2a and
2b) or iPr2O (for 2c) as a nonsolvent.


The crystals were placed in oil, and a single crystal was selected, mounted
on a copper wire and placed in a low-temperature N2 stream (T=173 K).
The X-ray diffraction data were collected on a Nonius-Kappa-CCD dif-
fractometer with graphite monochromatized MoKa radiation (l=


0.71073 �), f scans. The structures were solved by direct methods and re-
fined (based on F2 with all independent data) by full-matrix least-squares
methods (OpenMolen package (for 2a and 2c) or SHELXL-97 (for 2b)).


Data for 2a : Formula: C105H100F48N32O3P8Ru4 (2 C48H40N14Ru2·
8PF6·4 CH3CN·CH3OH·2 H2O); Mr : 3422.18; crystal system: triclinic;
space group: P1̄; cell dimensions: a= 14.5964(1), b=20.5711(2), c =


25.0751(2) �, a =102.860(5)8, b=105.329(5)8, g =93.126(5)8, V=


7027.5(1) �3; Z=2; colour: brown; crystal dimensions: 0.16 � 0.13 �
0.08 mm; 1calcd =1.62 g cm�3 ; F(000): 3412; m=0.635 mm�1; hkl limits:
�19,20/�28,28/�35,35; q range: 2.5�q�30.048 ; number of data mea-
sured: 61742; number of data with I>3s(I): 25682; number of variables:
1661; R =0.085; Rw =0.114; goodness-of-fit : 1.317; largest peak in final
difference: 1.017 e��3.


Data for 2 b : Formula: C54H49N17Ru2P4F24 (C48H40N14Ru2·4PF6·3 CH3CN);
Mr : 1718.12; crystal system: monoclinic; space group: P21/n ; cell dimen-
sions: a=14.882(5), b=13.131(5), c =34.498(5) �, a=90.00(5)8, b=


100.31(5)8, g=90.00 (5)8, V= 6633(4) �3; Z =4; colour: green; crystal di-
mensions: 0.10 � 0.08 � 0.05 mm; 1calcd =1.721 gcm�3 ; F(000): 3424; m=


0.672 mm�1; hkl limits: �20,20/0,18/0,48; q range: 1.20�q�30.058 ;
number of data measured: 19 356; number of data with I>2s(I): 10601;
number of variables: 895; R=0.0523; Rw =0.1682; goodness-of-fit : 1.060.


Data for 2 c : Formula: C30H29F12N10P2Ru ((C48H40N14Ru2·4PF6·6 CH3CN)/
2); Mr : 920.63; crystal system: triclinic; space group: P1̄; cell dimensions:
a= 8.8208(2), b=13.0232(3), c =15.8342(4) �, a =97.160(5)8, b=


95.309(5)8, g =90.199(5)8, V =1796.82(7) �3; Z= 2; colour: green; crystal


dimensions: 0.20 � 0.04 � 0.02 mm; 1calcd =1.70 gcm�3 ; F(000): 922; m=


0.627 mm�1; hkl limits: �12,10/�18,18/�22,22. q range: 2.5�q�30.068 ;
number of data measured: 16315; number of data with I>3s(I): 5635;
number of variables: 496; R=0.048; Rw =0.062; goodness-of-fit : 1.059;
largest peak in final difference: 1.286 e��3.


CCDC-257649 (2a), CCDC-257650 (2b) and CCDC-257651 (2c) 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.


Pyrazine-2,5-dicarboxaldehydebis[methyl(pyridin-2-yl)hydrazone] (1 c):
A solution of hydrazine derivative 3 (100 mg, 0.813 mmol, 2.12 equiv)
and dialdehyde 4 (52 mg, 0.382 mmol, 1 equiv) in EtOH (5 mL) was
heated to reflux for 3 h. Then, the mixture was cooled and filtered. The
precipitate was washed with EtOH and dried for 10 h under high
vacuum: 1c (86 mg, 65 %). Yellow solid; m.p. 305 8C; 1H NMR
(400 MHz, CDCl3):d=9.16 (s, 2H; HG), 8.26 (ddd, J=1.0, 2.0, 5.0 Hz,
2H; HA), 7.76 (dt, J =1, 8.7 Hz, 2H; HD), 7.74 (s, 2 H; HF), 7.66 (ddd, J =


2.0, 7.0, 8.7 Hz, 2H; HC), 6.87 (ddd, J=1.0, 5.0, 7.0 Hz, 2 H; HB),
3.73 ppm (s, 6H; HE); 13C NMR (75 MHz, CDCl3): d=157.26, 148.63,
147.19, 140.89, 137.95, 132.29, 116.86, 110.41, 29.89 ppm; IR (KBr): ñ=


3004 (w), 2902 (w), 1590 (s), 1560 (s), 1483 (s), 1435 (s), 1349 (s), 1213
(s), 1131 (s), 1029 (m), 921 (s), 868 (m), 770 (s), 731 (m), 613 cm�1 (w);
UV/Vis (CHCl3): lmax =247, 409 nm; FAB-MS: m/z (%): 347.2 (100)
[M+H]+ ; HRMS (FAB-MS): calcd for [C18H18N8 +H]+ : 347.1733; found:
347.1737.


[{Ru(terpy)}2(1 a)](PF6)4 (2 a): [Ru(terpy)Cl3] (19.6 mg, 0.044 mmol,
2.2 equiv) and free ligand 1 a (7 mg, 0.020 mmol, 1equiv) were dissolved
in ethanol/water (5 mL, 1:1 v/v). The mixture was heated under reflux for
19 h, then cooled to room temperature and filtered. Excess aqueous
NH4PF6 was added to the solution and the precipitate was collected. The
solid was purified by recrystallization from acetonitrile/Et2O to afford 2 a
(23 mg, 71%) as a brown solid. M.p. >300 8C; 1H NMR (400 MHz,
CD3CN): d=8.93 (s, 2 H; HE), 8.52 (d, J= 8.2 Hz, 4H; HM), 8.37 (t, J =


8.2 Hz, 2H; HN), 8.31 (d, J =7.8 Hz, 4 H; HL), 7.93–7.88 (m, 8 H; HK, HI),
7.84 (d, J =7.8 Hz, 2 H; HD), 7.72–7.66 (m, 2 H; HC), 7.23–7.19 (m, 4H;
HJ), 6.94–6.91 (m, 4H; HA, HB), 6.49 (s, 1H; HG), 5.02 (s, 1H; HH),
4.15 ppm (s, 6 H; HF); IR (KBr): ñ=3110 (w), 1614 (s), 1566 (w), 1527
(m), 1460 (s), 1391 (m), 1268 (m), 1122 (s), 1006 (w), 842 (s), 558 cm�1


(s); UV/Vis (CH3CN): lmax =226, 270, 308, 330, 362, 434, 470 nm; ES-
MS: m/z calcd for [Ru2(1 a)(terpy)2(PF6)3]


+ = [C48H40F18N14P3Ru2]
+ :


1451.1, found: 1451.1; calcd for [Ru2(1 a)(terpy)2(PF6)2]
2+ =


[C48H40F12N14P2Ru2]
2+ : 653.1, found: 652.8; calcd for [Ru2(1 a)-


(terpy)2PF6]
3+ = [C48H40F6N14PRu2]


3+ : 387.0, found: 386.8; calcd for [Ru2-
(1a)(terpy)2]


4+ = [C48H40N14Ru2]
4+ : 254.1, found: 253.8.


[{Ru(terpy)}2(1 b)](PF6)4 (2 b): [Ru(terpy)Cl3] (19.6 mg, 0.044 mmol,
2.2 equiv) and free ligand 1 b (7 mg, 0.020 mmol, 1 equiv) were dissolved
in ethanol/water (5 mL, 1:1 v/v). The mixture was heated under reflux for
20 h, then cooled to room temperature and filtered. Excess aqueous
NH4PF6 was added to the solution and the precipitate was collected. The
solid was purified by recrystallization from water, then from acetonitrile/
Et2O to afford 2 b (20 mg, 62 %) as a green solid. M.p. >300 8C;
1H NMR (400 MHz, CD3CN): d =8.74 (s, 2H; HF), 8.56 (d, J =8.1 Hz,
4H; HM), 8.43 (t, J =8.1 Hz, 2H; HN), 8.32 (d, J= 8.1 Hz, 4 H; HL), 7.90
(td, J =1.6, 8.1 Hz, 4H; HK), 7.87 (d, J =6.3 Hz, 4 H; HI), 7.73 (s, 1H;
HG), 7.67 (ddd, J=1.6, 7.4, 8.8 Hz, 2H; HC), 7.23–7.19 (m, 6H; HD, HJ),
6.75 (dd, J= 1.0, 5.5 Hz, 2H; HA), 6.65 (ddd, J= 1.0, 5.5, 7.4 Hz, 2 H; HB),
5.26 (s, 1H; HH), 4.14 ppm (s, 6H; HF); IR (KBr): ñ =3111 (w), 1603 (m),
1491 (m), 1436 (s), 1382 (w), 1321 (m), 1149 (m), 1109 (w), 838 (s), 767
(m), 558 cm�1 (s); UV/Vis (CH3CN): lmax =240, 270, 304, 330, 430, 506,
630 nm; ES-MS: m/z calcd for [Ru2(1 b)(terpy)2(PF6)3]


+ =


[C48H40F18N14P3Ru2]
+ : 1451.1, found: 1451.0; calcd for [Ru2(1b)(terpy)2-


(PF6)2]
2+ = [C48H40F12N14P2Ru2]


2+ : 653.1, found: 652.8; calcd for [Ru2(1 b)-
(terpy)2PF6]


3+ = [C48H40F6N14PRu2]
3+ : 387.0, found: 386.8; calcd for [Ru2-


(1b)(terpy)2]
4+ = [C48H40N14Ru2]


4+ : 254.1, found: 253.8.


[{Ru(terpy)}2(1 c)](PF6)4 (2 c): Ru(terpy)Cl3 (19.6 mg, 0.044 mmol,
2.2 equiv) and free ligand 1c (7 mg, 0.020 mmol, 1 equiv) were dissolved
in ethanol/water (5 mL, 1:1 v/v). The mixture was heated under reflux for
20 h, then cooled to room temperature and filtered. Excess aqueous


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3997 – 40094008


J.-M. Lehn, S. Campagna et al.



www.chemeurj.org





NH4PF6 was added to the solution and the precipitate was collected. The
solid was purified by recrystallization from acetonitrile/Et2O to afford 2 c
(19 mg, 59 %) as a green solid. M.p. >300 8C; 1H NMR (400 MHz,
CD3CN): d=8.73 (d, J =7.8 Hz, 4 H; HM), 8.52–8.46 (m, 6H; HN, HL),
8.28 (s, 2H; HF), 7.98 (td, J =1.5, 7.8 Hz, 4 H; HK), 7.91 (d, J =5.9 Hz,
4H; HI), 7.66 (ddd, J= 1.0, 7.3, 8.8 Hz, 2H; HC), 7.27 (ddd, J= 1.0, 5.4,
6.9 Hz, 4H; HJ), 7.15 (d, J= 8.8 Hz, 2H; HD), 7.14 (s, 2H; HG), 6.78 (dd,
J =1.0, 6.0 Hz, 2 H; HA), 6.65–6.61 (m, 2H; HB), 3.98 ppm (s, 6 H; HE);
IR (KBr): ñ=3095 (w), 1605 (m), 1509 (s), 1468 (s), 1404 (s), 1317 (m),
1198 (m), 1036 (w), 837 (s), 766 (s), 557 cm�1 (s); UV/Vis (CH3CN):
lmax =272, 280, 304, 440, 614, 772 nm; ES-MS: m/z calcd for [Ru2(1 c)-
(terpy)2(PF6)3]


+ = [C48H40F18N14P3Ru2]
+: 1451.1, found: 1451.0.


2,5-Pyrazinedicarboxaldehyde (4): Compound 4 was prepared by ozono-
lysis of 6, as previously described.[10] It was purified by recrystallization
(reprecipitation) from a CHCl3/iPr2O mixture. Yield 20–30 %; yellowish
solid; m.p. 124–125 8C; 1H NMR (400 MHz, CDCl3): d= 10.23 (s, 2H),
9.30 ppm (s, 2H); 13C NMR (100 MHz, CDCl3): d=191.79, 148.77,
143.41 ppm; UV/Vis (CHCl3): lmax =280 nm; EI-MS: m/z (%): 136.1
(100) [M]+ , 107.1 (47) [M�29]+ , 80.0 (12) [M�56]+ , 52.1 (34) [M�84]+ ,
29.1 (11) [M�107]+ ; HRMS (EI-MS): calcd for [C6H4O2N2]


+ :136.0273;
found: 136.0275.


2,5-(E,E)-Distyrylpyrazine (6): Compound 6 was prepared by condensa-
tion of benzaldehyde with 2,5-dimethylpyrazine, as previously de-
scribed.[9] Yellow solid; m. p. 224 8C; 1H NMR (300 MHz, CDCl3): d=


8.60 (s, 2H), 7.74 (d, J=16.1 Hz, 2 H), 7.61 (d, J =7.2 Hz, 4H), 7.44–7.30
(m, 6H), 7.18 ppm (d, J =16.1 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=


149.24, 143.42, 136.42, 134.53, 128.99, 127.44, 124.25 ppm (two overlaping
peaks); UV/Vis (CHCl3): lmax =305, 384 nm.
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Molecular Recognition of Sialic Acid End Groups by Phenylboronates


Kristina Djanashvili,[a] Luca Frullano,[a, b] and Joop A. Peters*[a]


Introduction


The contrast in MRI images can be greatly improved by the
use of contrast agents (CAs).[1] However, most of the cur-
rently available MRI CAs distribute rather unselectively
over the extracellular space. If it were possible to accumu-
late CAs in the diseased tissue by means of molecular recog-
nition, a much better contrast would be achievable. This has
become feasible thanks to the increased knowledge of re-
ceptors, which allows the design of MRI CAs that respond


to, for example, functional groups that are overexpressed
due to disease.[2] Tumors are known to have cell surfaces on
which sialic acids are overexpressed. Sialic acids contain the
nine-carbon amino sugar neuraminic acid (Neu),[3] and the
most common member of this family is 5-acetylneuraminic
acid (4, Scheme 1).


Abstract: A multinuclear NMR study
of the interaction between phenylbo-
ronic acid (PBA) and sialic acid
(Neu5 Ac) has been performed. The
latter compound is known to be over-
expressed on the cell surface of tumor
cells. The results of this investigation
suggest that the binding of PBA to
sialic acid is pH dependent. 17O NMR
experiments with glycolic acid as the
model compound prove that an inter-
action at the a-hydroxycarboxylate
occurs at pH < 9, while a study with
threonic and erythronic acids shows
that the PBA group interacts selective-


ly with the vicinal diol functions at
higher pH. Similarly, Neu5 Ac binds
PBA through its a-hydroxycarboxylate
at low pH (< 9) and through its glycer-
ol side chain at higher pH values. The
conditional stability constant of the
phenylboronate ester at pH 7.4 is 11.4.
On cell surfaces, sialic acid is connect-
ed to the neighboring sugar unit
through the 2-hydroxy group. To mimic


this the 2-a-O-methyl derivative of
Neu5 Ac was included in this study.
The erythro configuration of the hy-
droxy substituents prevents stable-com-
plex formation at positions C7 and C8
and, consequently, the strongest inter-
action is observed at positions C8 and
C9, leading to a five-membered 2-
boron-1,3-dioxalate. In addition, a rela-
tively small amount of the C7–C9 six-
membered complex was observed. Mo-
lecular modeling studies confirm that
the C8–C9 boronate complex has the
lowest energy.


Keywords: borates · carbohydrates ·
glycoproteins · molecular recogni-
tion · sialic acids
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. 1) pH profile of
the 11B NMR chemical shift of PBA. 2) pH dependence of the
11B NMR chemical shifts of a mixture of Neu5 Ac and PBA. 3)
11B NMR spectrum of a solution of Neu5 Ac and H3BO3 at pH 11. 4)
Energies and geometry of the calculated borate and PBA complexes
of 2-a-O-methyl Neu5ac (Cartesian coordinates).


Scheme 1. Structures of the polyols investigated in this study: (1) glycolic
acid, (2) d-erythronic acid, (3) l-threonic acid, (4) 5-acetylneuraminic
acid (Neu5 Ac), (5) 2-a-O-methyl Neu5 Ac.
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The importance of the sialic acid level as a diagnostic and
prognostic indicator for different diseases has prompted the
quest for specific targeting agents. Different approaches
have been undertaken for this purpose. Bertozzi and co-
workers have exploited the sialosides biosynthetic pathway
to express a modified sialic acid, serving as an anchor for co-
valent binding of an aminoxy-substituted Gd-[DTPA]-com-
plex.[4] The disadvantage of such a covalent targeting is that
sialic acid catabolism occurs in lysosomes where the pH is
relatively low (ca. 4–5). Under these conditions metal ions
may dissociate from the chelate and exert toxic effects.


Currently, the only promising class of synthetic sugar re-
ceptors known is based on arylboronic acids. The ability of
boric and boronic acids to form stable esters with polyhy-
droxy compounds is well known.[5,6] Boric acid can form
cyclic esters with 1,2- or 1,3-diols in a 1:1 or 1:2 ratio; the
possible equilibria between boric acid, borate, and the corre-
sponding esters are summarized in Scheme 2.[7] The esters
formed by borate anions, with the boron in its tetragonal hy-
bridization, are always much more stable than the trigonal
ones formed by boric acid. Phenylboronic acid behaves simi-
larly to boric acid, although evidently it can only form esters
with a 1:1 stoichiometry (Scheme 2). The presence of the
aryl group also allows the design of more complex structures
that can act as saccharide receptors.[8]


Some examples of receptors for sialic acid based on aryl-
boronic acids have been reported in the literature. Shinkai
et al. have developed a fluorescent sensor bearing a PBA
moiety that is apt to interact with diols and the positively


charged 1,10-phenanthroline–Zn2+ chelate moiety for car-
boxylate binding.[9] The two-site binding of sialic acid to the
receptor was demonstrated by the fact that the association
constant is much lower in the absence of Zn2+ .


Patterson et al. have explored carbohydrate receptors
based on a poly(allylamine) (PAA) polymer substituted
with both fluorescent arylboronic acid and carboxylic acid
functions.[10] PAA with a 2 % loading of the fluorescent aryl-
boronic acid shows a response to sialic acid that is much
higher than that for glucose, and slightly higher than that for
fructose. Kataoka et al. have demonstrated that the PBA
moiety in the copolymer of 3-(acrylamido)phenylboronic
acid with N,N-dimethylacrylamide acts as an inhibitor for
the cellular binding of an N-acetylneuraminic acid-specific
lectin on lymphocytes.[11] The binding of PBA to the sialic
acid moiety was studied by 11B, 1H, 13C, and 15N NMR spec-
troscopy with 3-(propionamido)phenylboronic acid as a
model.[12] This compound shows an unusual pH dependence
of the conditional stability constant of its esters with sialic
acid, which was attributed to the formation of a trigonal bo-
ronic acid ester stabilized by an intramolecular B�N or B�
O bond between the amide group of Neu5 Ac and the boron
atom.


The design of new targeting CAs capable of recognizing
diseased tissue requires insight into the binding modes of
PBA to sialic acid, which is overexpressed on the cell sur-
face. Therefore we decided to study the interactions be-
tween PBA and the a-hydroxycarboxylic acids glycolic acid
(1), erythronic acid (2), and threonic acid (3) as models for
the various relevant functional groups in sialic acid (see
Scheme 1). With the insight obtained it is possible to under-
stand the binding of PBA to Neu5 Ac (4) and its 2-a-methyl
derivatives (5). The latter compound serves as a model for
Neu5 Ac bound to a neighboring sugar unit in glycoproteins.


Results and Discussion


Glycolic acid : Glycolic acid (HG) is the simplest a-hydroxy-
carboxylic acid and its interaction with PBA was studied to
gain insight into the binding of PBA to the a-hydroxycar-
boxylic acid moiety in Neu5 Ac (C(1)OOH and C(2)OH).
The 11B NMR spectrum of a mixture of glycolic acid (0.1m)
and PBA (0.1 m) displays a resonance for the equilibrium be-
tween free B0 and B� (Scheme 3). In addition, a second res-
onance at d=�9.9 ppm is observed between pH 3 and 9
(Figure 1). The chemical shift of this resonance is typical for
a PBA ester, which has a tetragonal boron atom (B�Gcarboxylate,
Scheme 3). The exchange between this species and B0/B� is
slow on the 11B NMR time scale. The concentration of
B�Gcarboxylate reaches a maximum at pH 6; at pH >8, its con-
centration is much lower, and at pH >10 it is no longer ob-
servable. The maximum in concentration of this species
occurs when the pH value of the sample is between the pKa


of glycolic acid (4.21�0.02) and that of PBA (10.05�0.03)
in the same solvent (see Supporting Information). This indi-
cates that the ester concerned is formed by reaction of B0


Scheme 2. Ester formation between 1,2- or 1,3-diols and boric acid (R=


OH) or phenylboronic acid (R =Ph).
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with L� (Scheme 3). A similar species has been observed in
the glycolic acid–boric acid system.[7] The proposed binding
mode of glycolic acid to the boron atom in the B�L ester
was supported by measuring the 17O NMR spectrum of a
sample in which the carboxylate group of glycolic acid was
10 % enriched in 17O. The spectrum of a 0.8 m solution of the
17O-enriched glycolic acid in the absence of PBA at �15 8C
shows a single relatively sharp resonance at d= 253 ppm.
After the addition of one equivalent of PBA at pH 7.3 two
broad resonances (at d= 264 and 391 ppm) became visible,
signaling the loss of symmetry of the carboxyl group upon
binding to boron (Figure 2). A similar behavior has been ob-


served upon coordination of glycolic acid to Al3+ .[13] The
signal at d= 391 ppm can be assigned to the carbonyl
oxygen of the B-bound carboxylate. The other carbonyl


oxygen atom is most likely co-
inciding with the resonance of
the free carboxylate at about
d= 250 ppm.[14]


The formation constant (Kf)
of the B�G ester, corresponding
to the equilibrium shown in
Equation (1), can be defined by
Equation (3), whereas the acidi-
ty constant (KGly) of HG is
given by Equation (2). The 13C
and 11B chemical shifts for the
species that are in rapid ex-
change on the NMR time scale
can be described by Equa-
tions (6) and (7), respectively.
Here, cn is the molar fraction of
species n and dn is its intrinsic
chemical shift. The molar frac-
tions of free PBA (B0 + B�) and
of the ester with glyconate
(B�G) were determined from
the integrals in the 11B NMR
spectra.


B0 þG� Ð B�G ð1Þ


KGly¼½G��½Hþ�=½HG� ð2Þ


Kf¼½B�G�=½B0�½G�� ð3Þ


CtB¼½B0� þ ½B�� þ ½B�G� ð4Þ


CtGly¼½HG� þ ½G�� þ ½B�G� ð5Þ


dC
i ¼


X


n


cC
n dC


n ð6Þ


Scheme 3. Possible reactions between an a-hydroxyacid (glycolic acid
R =H) and phenylboronic acid.


Figure 1. pH dependence of the 11B NMR resonances (top left), molar fractions calculated from the integration
of the 11B NMR resonances (bottom left), and pH dependence of the 13C NMR resonances in the carbonyl
(top right) and aliphatic area (bottom right) for a mixture of glycolic acid (1 m) and phenylboronic acid (1 m).


Figure 2. 17O NMR spectrum of a solution of glycolic acid (0.8 m) and
PBA (0.8 m) in methanol/water (1:2 v/v, 10 % D2O) at pH 7.3 (40.7 MHz,
�15 8C).
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dB
i ¼


X


n


cB
n dB


n ð7Þ


The value of Kf was evaluated to be 1.6�0.2 by a simulta-
neous fitting of the 13C and 11B NMR shifts and the molar
fractions of the boron species as obtained from the integrals,
with Equations (2)–(7) To facilitate comparison of the vari-
ous compounds discussed, we also defined a conditional sta-
bility constant at pH 7.4, Kf


c [see Equation (8)]. For glycolic
acid Kf


c equals Kf.


Kf
c ¼ ½B�G�=ð½B0� þ ½B��Þð½G�� þ ½HG�Þ ð8Þ


Erythronic and threonic acid : Erythronic acid (HE) and
threonic acid (HT) (see Scheme 1) were investigated be-
cause they contain both an a-hydroxycarboxylic acid and a
1,2,3-triol motif in their structures. Both moieties occur in
Neu5 Ac and are potential binding sites for PBA. It should
be noted that the vicinal diol unit at C7/C8 in Neu5 Ac has
the erythro configuration. The 11B NMR spectra of a mixture
of equimolar amounts of erythronic or threonic acid (0.1 m)
and PBA (0.1m) as a function of pH are very similar for
both sugar acids. Two signals are present in the entire pH
range investigated, corresponding to free PBA (B0/B�) and
to a convolution of the resonances of the various possible
PBA–substrate esters (Figure 3). In both cases the chemical
shift of the bound species, in the pH range up to 9, is about
d=�10 ppm, which is similar to the value for the
B�Lcarboxylate species observed in the PBA–glycolate system.


Therefore, it may be concluded that here also an a-hydroxy-
carboxylate ester (B�Tcarboxylate or B�Ecarboxylate) with the bo-
ronate moiety bound to C1 and C2 is the predominant ester
at pH 2–9.


Above pH 9, a shift of about 2 ppm towards lower fre-
quencies is observed, indicating the disruption of the inter-
action at C1 and C2, which is consistent with the behavior
of glycolate. However, now a new ester is formed that is in
fast exchange with B�Lcarboxylate (L= T or E) on the 11B NMR
time scale. In this high pH region, only interactions with the
exocyclic triol moiety (at C2, C3, and C4) need to be consid-
ered. Three binding modes of B� may be envisaged; 1) to
C2 and C3, 2) to C3 and C4, and 3) to C2 and C4. The
former two cases lead to five-membered boronate esters,
whereas the latter gives a six-membered ring. It has been
shown that five- and six-membered phenylboronate esters
have chemical shifts of about d=�12 ppm and d=


�15 ppm, respectively.[15] From the resonance at d=


�12 ppm at pH > 10 in the present case, it may be conclud-
ed that binding to vicinal diol functions occurs to a consider-
able extent. The presence of six-membered esters cannot be
excluded, however, because the resonance for this species
would have a chemical shift of about d=�15 ppm and,
therefore, may be obscured by the signal for free B0/B� . Be-
tween pH 2 and 9, the 13C NMR spectra of 0.1 m erythronate
or threonate in the presence of an equimolar amount of
PBA are both similar to the spectra observed for the HG–
PBA system (Figure 4). Two broad resonances are observed
for the carboxylate group (C1), showing that for this nucleus
the exchange between the boronate ester and the free acid


is relatively slow on the NMR
timescale. Broad and averaged
signals are observed for all the
other carbons, and only for the
C2 carbon of threonic acid is a
partial splitting visible. These
spectra are consistent with the
formation of a B� Lcarboxylate


ester at C1 and C2 under these
conditions.


The spectra of erythronic and
threonic acid in the presence of
PBA become different above
pH 9. In this region the spectra
of erythronic acid display, be-
sides resonances belonging to
free PBA (B�) and free eryth-
ronic acid (E�), resonances cor-
responding to two pairs of
B�Ldiol esters. Based on previ-
ous studies[7] on the interaction
between H3BO3 and various
poly(hydroxy)carboxylates,
these resonances can be attri-
buted to the pair of five-mem-
bered esters formed by interac-
tion of PBA at C3 and C4. In


Figure 3. pH dependence of the 11B NMR chemical shifts of mixtures of threonic (top left) or erythronic acid
(top right) (about 1 m) and PBA (0.9 m) along with the molar fractions determined by the 11B integrations
(threonic acid: bottom left; erythronic acid: bottom right).


Chem. Eur. J. 2005, 11, 4010 – 4018 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4013


FULL PAPERMolecular Recognition of Sialic Acid End Groups



www.chemeurj.org





these phenylboronate esters the B atom is chiral and, conse-
quently, each of the interactions mentioned with the chiral
a-hydroxycarboxylates results in two diastereoisomers. The
major species observed at this pH can be assigned to the
ester formed at C3 and C4. Formation of an ester at C2 and
C3 can be excluded because of their unfavorable erythro
configuration. Upon interaction at positions C2 and C3, the
two terminal groups would assume a sterically unfavorable
position and, moreover, the negatively charged boron atom
would be relatively close to the carboxylate anion.


Besides these sets of signals, two sets of signals of relative-
ly low intensity are visible, suggesting the presence of a
small quantity of the six-membered ester originating from
the interaction at positions C2 and C4 and of the five-mem-
bered ester formed at positions C2 and C3.


For the sample of threonic acid and PBA, besides the res-
onances belonging to free PBA (B�) and free threonic acid
(L�), six sets of relatively sharp resonances are observed
above pH 9. These resonances can be attributed to three
pairs of diastereomeric B�Ldiol esters originating from the in-
teractions at C2 and C3, C3 and C4, and C2 and C4. The
major species is most likely one of the diastereoisomers of
the ester formed with the diol at C2 and C3, which has a
threo configuration.


The integrals of the 11B resonances in the spectra of
threonic or erythronic acid and PBA were used to calculate
the conditional stability constant, Kf


c, at pH 7.4, as defined
in Equation (8) for glycolic acid. For threonic acid we deter-
mined Kf


c to be 11.4�1.5 m
�1 and for erythronic acid 4.4�


0.5 m
�1. The higher formation constant for threonic acid with


respect to erythronic acid reflects the presence of a more fa-


vorable threo configuration at C2/C3 in the former com-
pound.


The nature of the species observed at basic pH in the mix-
ture of PBA and threonic acid (1:1) was confirmed by the
study of the 11B NMR spectra of a mixture of boric acid and
threonic or erythronic acid (Figure 5). Borate and its esters


Figure 4. 13C NMR spectra of a mixture of threonic acid (1 m) and phenylboronic acid (0.8 m) at pH 12.5 (top left) and 8.6 (bottom left), and of a mixture
of erythronic acid (1 m) and phenylboronic acid (0.8 m) at pH 12.3 (top right) and 8.3 (bottom right).


Figure 5. 11B NMR spectra of a solution of threonic acid (1.0 m, spectrum
a) and H3BO3 (2.2 m), and of a solution of erythronic acid (1.1 m, spec-
trum b) and H3BO3 (2.0 m) in methanol/water (1:2 v/v, 10 % D2O).
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have lower molecular volumes than the corresponding phe-
nylboronate derivatives and, therefore, also lower rotational
correlation times. Since the relaxation of 11B is dominated
by the quadrupolar mechanism, the 11B relaxation rates of
the boronate species are lower than those of the phenylbo-
ronate ones and, consequently, the linewidths of the
11B NMR resonances of the borate esters are smaller than
those of the corresponding PBA esters, which facilitates the
identification of the different species. The 11B NMR spec-
trum of the threonic acid–boric acid mixture at pH 11 shows
four peaks at d=�8.8 (2.7 %), �13.7 (24.6%), �17.7
(70.8 %), and �18.4 ppm (1.9 %) (Figure 5). From the chem-
ical shift increments derived by Van Duin et al. ,[7] these four
resonances can be assigned to the B�L2 species (d=


�8.8 ppm), the five-membered B�Ldiol species (d=


�13.7 ppm, interaction at C2/C3 and C37C4), the six-mem-
bered B�Ldiol species (d=�18.4 ppm, interaction at C37C4),
and to the free borate anion (d=�17.7 ppm).


The spectrum of the erythronic acid–boric acid mixture
shows slightly broader resonances but the pattern is similar
to that observed for threonic acid. Here also the resonance
at d=�13.4 ppm (25.3%) is indicative of a five-membered
B�Ldiol species due to interaction at C2 and C3 and/or C3
and C4, and the resonance at d=�17.1 ppm (54.8 %) can be
assigned to the free borate anion. The shoulder observed on
this peak, at d=�17.7 ppm (19.2 %), suggests the presence
of a six-membered B�Ldiol ester. In this case the amount of
B�L2 is negligible. A lower percentage of the bound species
in the case of erythronic acid with respect to threonic acid is
found in the form of five-membered esters, which reflects
once again the presence of the unfavorable erythro configu-
ration at C2/C3.


N-Acetylneuraminic acid : From the results described above,
it can be expected that N-acetylneuraminic acid (Neu5 Ac)
may interact with PBA through the a-hydroxyacid unit (C1/
C2) and/or the glycerol moiety (C7–C9). The glycerol
moiety of Neu5 Ac has an erythro configuration between C7
and C8,[16] which is unfavorable for binding PBA.


The pH dependence of the 11B NMR spectra of a solution
of 0.6 m Neu5 Ac in the presence of an equimolar amount of
PBA is similar to that observed for erythronic or threonic
acid. Two resonances were observed which could be as-
signed to the free PBA (B�/B0) and to a possible ester
(B�L), respectively. At pH < 8, the BL� resonance is at
about d=�10 ppm. The 11B NMR chemical shift data of gly-
colic, threonic, and erythronic acid interacting with
PBA have shown that this chemical shift is typical for a
B�Lcarboxylate species. Therefore, it can be concluded that, at
pH <8, the a-hydroxycarboxylate moiety at C1/C2 is in-
volved in the binding of PBA. Around pH 9 this 11B NMR
resonance shifts to about d=�12 ppm, which shows that the
PBA unit moves to the glycerol moiety at C7–C9 (see Sup-
porting Information).


The integrals of the 11B NMR resonances at pH 7.4 were
used to calculate the conditional stability constant, Kf


c, de-
fined similarly to Equation (8), for glycolic acid. The values


of Kf
c obtained for Neu5 Ac are compared with those for


glycolic, threonic, and erythronic acid in Table 1.
The value of the conditional stability constant for


Neu5 Ac is much higher than that for erythronic acid under
the same conditions. This may be rationalized by the in-
creased distance between the boronate and the carboxylate
anion, which results in lower charge repulsion between the
two groups.


The importance of the a-hydroxycarboxylate moiety for the
binding was confirmed by an investigation of the interaction
of PBA with the 2-a-O-methyl derivative of N-acetylneura-
minic acid (5). In this case the methyl group blocks the in-
teraction of the boronic function at positions C1 and C2
leaving the glycerol tail as the only possible interaction site.
As result, at pH < 8 no interaction is observable, while in
the case of Neu5 Ac an interaction with PBA is detected
above pH 2 (Figure 6).


At pH values higher than 8 the binding to the glycerol tail
of sialic acids becomes important; however, the broad 11B
resonances prevent the observation of separate peaks for
the various esters formed upon interaction. The use of
H3BO3, which gives sharper resonances, is therefore helpful
for understanding the binding modes of the boronate func-
tion to 5. At pH 11 the 11B NMR spectrum of a solution of
H3BO3 (instead of PBA) and 5 shows three resonances at


Table 1. Conditional stability constants for the interaction between the
investigated polyols and phenylboronic acid at pH 7.4 and 25 8C.


Kf
c [m�1]


glycolic acid 1.6�0.2
erythronic acid 4.4�0.5
threonic acid 11.4�1.5
sialic acid 11.6�1.9


Figure 6. 11B NMR spectra of a) a-methyl Neu5 Ac (5) (0.05 m) and PBA
(1:2.5) at pH 5.4, and b) Neu5 Ac (0.6 m) and PBA (1:1) at pH 4.2 in
methanol/water (1:2 v/v, 10 % D2O).
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d=�13.9 (14.3%), �16.8 (79.3%), and �18.1 (6.3 %) ppm.
The peak at d=�16.8 ppm can be assigned to free B0/B� (in
fast exchange), whereas chemical shifts of d=�13.9 and
�18.1 ppm are characteristic of five- and six-membered
borate esters, respectively (see Supporting Information).


The 13C NMR spectrum of 5 in the presence of an excess
of PBA reveals, besides the signals for free 5, three sets of
resonances (two of which have relatively high intensity),
thereby suggesting that at least two major and one minor
phenylboronate esters occur in this solution (Figure 7). Un-


fortunately, the complexity of both 13C and 1H NMR spectra
does not allow a complete assignment and evaluation of
coupling constants, therefore these parameters cannot be
used to discriminate between the various types of boronate
esters. However, from the results of the 11B NMR study on
the borate esters (see above), it may be expected that both
five- and six-membered esters are present in the sample
with PBA as well. Since the B atom in these PBA esters is
chiral, three pairs of diastereoisomers can be envisaged. An
inspection of molecular models shows that some of these
isomers have severe steric interactions. Semi-empirical cal-
culations show that, in particular, the PBA esters at C7/C8
and C7/C9 with the B atom in the S configuration are highly
strained. These calculations were performed without taking
into account counterions or solvation effects, therefore the
relative energies should only be considered as a crude mea-
sure of the stabilities. Similar calculations on the borate
esters are qualitatively in agreement with the stabilities as
determined by 11B NMR spectroscopy. The results are com-
piled in Table 2.


Based on the results of these calculations, we conclude
that the two major sets of peaks that are observed in the
13C NMR spectrum can be assigned to the two diastereoiso-
meric five-membered esters with the boronate function at-
tached to C8 and C9, whereas the minor compound is the R
isomer of the six-membered ester at positions C7–C9.


The pattern of the interaction between PBA and Neu5 Ac
that emerges from our investigations differs substantially
from that reported by Kataoka et al. for 3-(propionamido)-
phenylboronic acid and Neu5 A.[11] The occurrence of a rela-
tively strong interaction at pH <7 can, in our view, be as-


cribed to an interaction with the a-hydroxycarboxylate
moiety present at positions C1 and C2 of Neu5 Ac. At pH
>7, the glycerol tail of Neu5 Ac becomes involved in the
binding, and is the sole interaction site at pH >10. Kataoka
et al. ascribed the high Kf


c observed at pH <7 to a stabiliza-
tion of the trigonal boronic function bound at C7 and C8 of
Neu5 Ac. This interaction seemed to be supported by 15N,
11B, and 1H NMR chemical shifts of the functions concerned
and by the 2D ROESY NMR spectra of the Neu5 Ac esters
of another PBA derivative reported by Strongin et al.[17] An
inspection of molecular models, however, suggests that both
the B�N and B�O bonds would result in severe steric
strain. For example, the separation of the B and the N
atoms in this compound is significantly larger (3.5 �) than
the optimal length for a typical B�N bond, which is 1.6–
1.7 �.[18] The presence of a dative bond also does not agree
with the 11B NMR chemical shift, which was reported to be
d=�11.1 ppm (pH 10), whereas a value of between d=�4
and �7 ppm would be expected for a B atom involved in a
dative bond.[19]


Similar arguments hold for the ROESY data. The distan-
ces between the NH protons and various other protons in
the PBA ester are strongly dependent on the rotations of
the glycerol side-chain of Neu5 Ac and cannot be directly re-
lated to the PBA derivative in question. All NMR spectro-
scopic data can equally well be interpreted by the structures
described above for the PBA esters of Neu5Ac. The phenyl
moiety in these compounds may give rise to substantial in-
duced chemical shifts of the nuclei in its proximity. These
shifts will be strongly dependent on the position of the
phenyl group with respect to these nuclei.


The main binding sites of Neu5 Ac for PBA are summa-
rized schematically in Figure 8.


Figure 7. Fragments of the 13C NMR spectrum of a mixture of a-methyl
Neu5 Ac (0.6 m) and PBA (1 m) at pH 11.5.


Table 2. Relative energies of Neu5 Ac-PBA/H3BO3 complexes obtained
from the semiempirical calculations, compared to the complex with the
lowest energy.


Complex B-Binding DE [kJ]
site


Neu5 Ac- 8–9 0
borate 7–9 10.8
complex 7–8 21.4


8–9 R 0
8–9 S 8.4


Neu5 Ac- 7–9 R 16.7
PBA 7–9 S 35.2
complex 7–8 R 20.9


7–8 S 33.5


Figure 8. Schematic representation of the possible binding sites for PBA
on Neu5 Ac.
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Conclusion


From the results of the present study it can be concluded
that phenylboronic acid forms esters with Neu5 Ac between
pH 2 and 12. At low pH (2–8), the a-hydroxycarboxylate
moiety at C1/C2 is involved in the binding, whereas at pH
>8 the binding of PBA takes place at the glycerol side
chain to give a five-membered ester at C8 and C9. The for-
mation of another five-membered complex at C7 and C8 is
limited by the unfavorable erythro configuration of the gly-
cerol tail. Molecular modeling studies confirm these conclu-
sions, and show the lowest energies for the above-mentioned
ester. The insight into the binding of PBA by Neu5 Ac ob-
tained in this study may be useful for the design of artificial
receptors for sialic acid moieties in glycoproteins. On the
cell surface sialic acids represent the terminal sugar residue
of a glycan chain. That is, they are linked through C2 to po-
sitions 3 or 6 of the penultimate sugar or to position 8 of an-
other sialic acid molecule.[20] Consequently, the carboxyl
group is not available for interaction with the PBA receptor
and, at physiological pH, it is the carrier of negative charge
on the sugar molecule (pKa =2.2). The experiment with the
2-a-O-methyl derivative of sialic acid demonstrates that in-
teraction with PBA occurs even without carboxylic group
participation.


More-selective and -effective artificial receptors for sialic
acid residues in glycoproteins, therefore, should contain
both a PBA unit and a group that is able to recognize the
negatively charged COO� group of sialic acid. Recently, we
have successfully applied these principles in the design of a
potential sialic acid targeting MRI contrast agents.[21]


Experimental Section


Compounds : D2O was obtained from ARC Laboratories BV (Amster-
dam, The Netherlands) and 17O-enriched water (25 % 17O) from A.
Matheson, USA Company (Miamisburg, Ohio). The water used for the
preparation of samples was purified with a Milli-Q filtration system. Gly-
colic acid was purchased from Acros (Geel, Belgium) and N-acetylneura-
minic acid (Neu5 Ac) was purchased from Rose Scientific Ltd. (Edmon-
ton, Canada). For some experiments Neu5 Ac was converted into the
methyl ester 2-a-O-methyl-5-acetylneuraminic acid according to a pub-
lished procedure.[22] The structure was confirmed from the 13C NMR
spectrum (75.48 MHz, D2O, 25 8C, tBuOH, APT): d =174.85 (CO),
170.85 (CO), 100.38 (C), 72.27 (CH), 71.40 (CH), 70.19 (CH), 67.71
(CH), 65.30 (CH2), 53.80 (CH), 53.17 (CH3), 51.66 (CH3), 41.58 (CH2),
22.75 ppm (CH3). During the 11B NMR titration the ester group was hy-
drolyzed at high pH to form 5 in situ, as confirmed by the shift of the
CH3 peak at d=53.17 ppm in the 13C NMR spectrum to d= 49.14 ppm.


Threonic and erythronic acids were obtained from Aldrich as their calci-
um salts and were converted into the corresponding water-soluble
sodium salts with a Dowex 50W � 8 cation-exchange resin.
17O-Enrichement of glycolic acid was achieved by stirring a 0.81 m aque-
ous solution of glycolic acid containing 4 % of 17O-labeled water at 80 8C
and pH�4 for a period of 16 h, followed by freeze-drying of the solution.
17O NMR (40.67 MHz, D2O): d=253 ppm (ref. H2O, pH 5).


NMR spectroscopy : All NMR measurements were performed on Varian
INOVA-300 and VXR-400S spectrometers at 25 8C unless stated other-
wise using 5-mm sample tubes. All NMR spectra were recorded using a
water (10 % D2O)/methanol (2:1 v/v) mixture as the solvent. 13C NMR


spectra were measured at 75.48 MHz and tBuOH was used as an internal
reference with the methyl peak of the standard set at d= 31.2 ppm.
11B NMR were measured at 128.33 or at 96.3 MHz, with a 0.1 m solution
of boric acid in D2O(d=0.00 ppm) as external standard. The conversion
to the BF3·Et2O scale is as follows: d(H3BO3 scale) =d(BF3·Et2O
scale)�18.7. About 240 scans were collected using a delay and an acquisi-
tion time of 1 s. 17O NMR spectra were recorded at 40.67 MHz. A spec-
tral window of 29996 Hz and an acquisition delay of 0 s were applied.
17O NMR spectra of mixtures of 17O-enriched glycolic acid and PBA
were acquired at �15 8C to lower the exchange rates on the 17O NMR
time scale. The peak positions and the integrations of the resonances in
11B, 17O and quantitative 13C spectra were determined by fitting the ob-
served signals with Lorentzian line-functions.


Determination of stability constants : NMR-titration experiments were
used to determine both the pKa values of the studied compounds and the
apparent stability constant (Kf) of the complexes. The pH values of the
samples were measured at ambient temperature with a Corning 125 pH
meter and a calibrated micro-combination probe purchased from Aldrich
Chemical Company. The pH values of the solutions were adjusted with
1m solutions of NaOH and HCl. The reported values are uncorrected for
isotope effects and the presence of methanol. It has been reported that
corrections for the solvent systems selected are negligible.[23]


Computer calculations were performed with the Micromath Scientist pro-
gram, version 2.0 (Salt Lake City, Utah, U.S.A).


Molecular modeling : Calculations were performed with the HyperChem
7.5 Professional program. The MM+ force field was used to optimize
the conformations of the possible complexes of Neu5 Ac and PBA and to
calculate the energies (given in kJ mol�1). The conformations obtained
were re-optimized by using AM1 semiempirical quantum mechanics. The
default options (Restricted Hartree–Fock (RHF) spin pairing) were used
with a total charge of �2 and a spin multiplicity of 1. Molecular dynamics
at 1000 K and searches with the conformational search tool of the Hyper-
Chem software were performed to obtain the various conformational
minima.
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A Dispensable Methoxy Group? Phenyl Fencholate as a Chiral Modifier of n-
Butyllithium


B. Goldfuss,*[a] M. Steigelmann,[b] T. Lçschmann,[c] G. Schilling,[d] and F. Rominger[d]


Dedicated to Professor Dr. Paul von Ragu� Schleyer on the occasion of his 75th birthday


Introduction


Organolithiums are among the most versatile and widely
used reagents in organic chemistry.[1] Their use in enantiose-
lective alkylations[2] and lithiations[3] is of special interest.
Structural elucidations of chiral nBuLi complexes in the
solid state[4] and in solution[5] provide the basis for more ra-
tional developments of new and efficient, chirally modified
organolithium compounds for asymmetric synthesis.[6] We
have recently shown that modular fenchols[7] are efficiently
accessible and applicable in both organozinc[8] and organo-
palladium[9] catalysts for the purpose of exploring the origins
of enantioselectivities. Mixtures of anisyl fenchols (1) with
n-butyllithium in hexanes generate enantiopure nBuLi ag-
gregates. Such species are unique in terms of their variable


stoichiometries, binding modes and enantioselectivities in
C�C couplings with benzaldehyde, because all of these
properties can be tuned by modification of the anisyl ortho-
substituents X (Scheme 1).[10]


The anisyl methoxy unit appears to be essential for the
formation of such unusual mixed nBuLi aggregates: With
the strong chelating side-arm in N,N-dimethylaminobenzyl
fenchol (2), only a simple, organolithium-free, pure lithium
fencholate (2-Li)2 is created with nBuLi (Scheme 2).[11]


Keywords: chiral aggregates · lithi-
um · NMR spectroscopy · structure
elucidation · X-ray diffraction


Abstract: Phenyl fenchol forms a 3:1 aggregate with n-butyllithium (3-BuLi),
showing unique lithium–HC agostic interactions both in toluene solution (1H,7Li-
HOESY) and in the solid state (X-ray analysis). Although methoxy–lithium coor-
dination is characteristic for many mixed aggregates of anisyl fencholates with n-
butyllithium, endo-methyl coordination to lithium ions compensates for the miss-
ing methoxy groups in 3-BuLi. This gives rise to a different orientation of the fen-
chane moiety, encapsulating and chirally modifying the butylide unit.
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Scheme 1. Anisyl fenchols (1-X) form a variety of nBuLi aggregates (1-
X-BuLi), depending on the ortho-substituent X, with 3:1, 2:2 or 2:4 com-
positions.[10]
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Here, we report the formation and structural characterisa-
tion, both in solution and in the solid state, of the methoxy-
free aggregate 3-BuLi (Scheme 2), which demonstrates that
methoxy groups are indeed dispensable for chiral modifica-
tions of nBuLi with aryl fencholates.


Results and Discussion


The aggregate 3-BuLi crystalli-
ses with a 3:1 composition from
mixtures of phenyl fenchol 3
and n-butyllithium in hexanes
(Figure 1), and hence shows the
same stoichiometry as the
parent anisyl fencholate 1-H-
BuLi (Scheme 1).[10d] Both 3-
BuLi and 1-H-BuLi[10d] exhibit
a distorted cubic [Li4O3C] core
in which three lithium ions bind
to the butylide unit (Lib,
Figure 1). Although in 1-H-
BuLi, methoxy groups coordi-
nate to these butylide-binding
lithium ions (Lib, Scheme 1),[10d]


in methoxy-free 3-BuLi, endo-
methyl groups (C10, Meendo) of
the bicyclic [2.2.1]heptane moi-
eties develop close contacts to
the Lib ions, and hence compensate for the missing methoxy
coordination (Li�H: 2.1 �, Table 1, Figure 1). Agostic Li�
C(b) contacts with butylide units appear in some 2:2 aggre-
gates with “naked” Lib cations, for example, in 1-SiMe3-
BuLi (Scheme 1, Lib–C(b): 2.38 �).[10b,c,12] Apparently due to
rather strong C10–Meendo coordination, no close agostic Lib–
Cb butylide contact is formed in 3-BuLi (Figure 1, Lib–C(b):
2.73 �). In the case of 1-H-BuLi, the lithium cation trans to
the butylide unit (Lit) tends to be contacted by C(8)H3


methyl groups (Li�H: 2.7 �, Table 2).[10d] However, in 3-
BuLi, this Lit cation experiences significant ortho-hydrogen
coordination by phenyl C�Hortho units (mean value: Li�Ho


2.1 �, Table 1). Hence, in contrast to anisyl fencholates
(Scheme 1), 3-BuLi encapsulates its butylide with the fen-
chane moiety rather than with the methoxy-free aryl units
(Figure 1).


To complement the solid-state structural analyses of
nBuLi fencholates and to gain additional information about


Scheme 2. Instead of an nBuLi aggregate, a simple lithium fencholate (2-
Li)2 is formed with 2 and nBuLi.[11] However, the new 3:1 aggregate 3-
BuLi originates from methoxy-free phenyl fenchol (3). Butylide-binding
and trans-lithium ions are denoted as Lib and Lit, respectively.


Figure 1. X-ray crystal structure of 3-BuLi. Endo-methyl groups (C10,
Meendo) exhibit close contacts to butylide-binding lithium ions (Lib, distan-
ces in �, for Li�H distances see Table 1) and compensate the missing
lithium coordination of methoxy groups.


Table 1. Li�H distances [�] in the X-ray crystal structure of phenyl fencholate 3-BuLi (Scheme 2, Figure 1).[a]


Ph–Hm Ph–Ho C(8)H3 C(10)H3 C(6)Hendo C(b)HH C(b)HH C(a)HH C(a)HH


Lib – 2.9 2.9 2.2 2.4 3.6 4.0 2.1 2.8
Lib – 3.0 3.2 2.1 2.3 2.6 2.8 2.9 3.0
Lib – 2.9 2.9 2.1 2.3 3.4 4.0 2.1 2.9
Lit 3.8[b] 2.1[b] –[c] –[c] –[c] –[c] –[c] –[c] –[c]


[a] Hydrogen atoms at butylide C(a) are refined, other hydrogen atoms are constructed with a C�H bond
length of 0.990 �. [b] Mean value. [c] Distances longer than 4.50 �.


Table 2. Li�H distances [�] in the parent anisyl fencholate 1-H-BuLi due to X-ray structure analysis
(Schemes 1 and 2)[a] and to cross-peaks (+) of 1H,7Li-HOESY experiments (in [D8]toluene at �10 8C).[b]


OCH3


(d=3.76 ppm)
C(8)H3


(d=0.98 ppm)
C(a)HH


(d=�0.39 ppm)
C(a)HH


(d=�0.63 ppm)


Lib (d =1.06 ppm) 3.1, 3.3, 3.2 (+)[c] 4.3, 4.4, 4.2 (+)[c] 2.3, 2.6, 3.1 (+)[c] 2.6, 3.1, 2.2 (+)[c]


Lit (d =0.73 ppm) –(�)[e] 2.7[d] (+)[c] –(�)[e] –(�)[e]


[a] The X-ray crystal structure is reported in reference [10d]. [b] Hydrogen atoms at butylide C(a) are derived
from a Fourier-map, other hydrogen atoms are constructed with a C�H bond length of 0.990 �. [c] (+)-NOE-
effect indicating short 1H�7Li distances in solution. [d] Mean value. [e] Distances longer than 4.50 �, no NOE-
effects (�) were detected.
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aggregation and coordination in solution, 1H,7Li-HOESY ex-
periments were performed in [D8]toluene at �10 8C.[13] A
toluene solution of the parent anisyl fencholate aggregate 1-
H-BuLi shows a 1H NMR singlet at d=3.76 ppm for the me-
thoxy group (Table 2). Two triplets at d=�0.39 and
�0.63 ppm can be assigned to the diastereotopic a-CH2 pro-
tons of the butylide unit, which couple to b-CH2 protons.
This diastereotopy of the a-CH2 butylide protons indicates a
significant chiral butylide modification and rigidity induced
by the anisyl fencholate. The 9:1:1 intensities of the methoxy
proton and the two a-CH2 protons agree with the 3:1 com-
position of 1-H-BuLi found in the solid state (Scheme 1).[10d]


Two 7Li NMR signals at d= 0.73 and 1.06 ppm show intensi-
ties in the ratio of 1:3. The results of 1H,7Li-HOESY experi-
ments reveal that short contacts due to NOE correlations
are apparent in 1-H-BuLi between the three lithium ions at
d= 1.06 ppm and the methoxy groups at d= 3.76 ppm
(Table 2). In contrast, no such methoxy contacts are found
for the lithium ion at d= 0.73 ppm, which is rather close to
the C(8)-methyl groups (d= 0.98 ppm) of the bicyclic
[2.2.1]heptane fragments (Table 2). This suggests a methoxy-
coordination of three Lib cations and a non-coordinated Lit


cation, in agreement with the X-ray crystal structure of 1-H-


BuLi (Scheme 3).[10d]


The t-butyl-substituted anisyl fencholate 1-tBu-BuLi
(Scheme 1) shows a 1H NMR singlet at d=3.71 ppm, which
again can be assigned to the methoxy group of the anisyl
moiety (Figure 2). The butylide group in 1-tBu-BuLi gives
rise to two triplets of doublets at d=�0.74 and �0.85 ppm
(2J=4.2, 3J=12.8 Hz), which originate from diastereotopic
a-CH2 protons by coupling with non-equivalent b-CH2 pro-
tons (multiplets at d=0.70 and 1.04 ppm). The 3:1:1 intensi-
ties of the methoxy and a-CH2 signals, as well as the same
intensities of two 7Li signals at d=1.03 and 2.15 ppm, reveal
1-tBu-BuLi to be a 1:1 aggregate in solution, as it was also
found in the solid state (Scheme 1).[10b] From the 1H,7Li-
HOESY cross-peaks between the methoxy group (d=


3.71 ppm) and the 7Li signal at d= 1.03 ppm, but not the
signal at d=2.15 ppm (Figure 2), methoxy coordination cor-
responding to that exhibited by the X-ray structure of 1-


tBu-BuLi can be derived.[10b] From this X-ray structure,
short Li�H distances between non-methoxy-coordinated
lithiums and C(8)H3 groups, as well as butylide b-CH2 groups,
are apparent (Table 3).[10b] 1H,7Li-HOESY cross-peaks indi-
cate analogous short contacts in solution (Figure 2) and sig-
nify the close similarity between the solid-state and solution
structures of 1-tBu-BuLi.


The new phenyl fencholate 3-BuLi exhibits 1H-multiplets
at d=�0.21 ppm for the butylide a-CH2 group, with intensi-
ties of 2:15 relative to phenyl protons (Figure 3). This is in
agreement with a 3:1 composition (Figure 1). In analogy to
the solid-state structure of 3-BuLi, 7Li signals (d=0.48 ppm,
one lithium and d=2.15 ppm, three lithium nuclei) indicate
Lib(1,2,3) and Lit(4) differentiations (Figure 3). The unique
agostic interactions of Lib ions with the endo-C(10)H3 methyl
groups (1H d= 1.29 ppm) are not only apparent from the X-
ray crystal structure of 3-BuLi (Figure 1, Table 1), but also
from 1H,7Li-HOESY cross-peaks (Figure 3). In addition, Lib


ions have close contacts to C(6)Hendo (1H d= 2.37 ppm) of the


Scheme 3. 1H,7Li-HOESY experiments of the parent anisyl fencholate ag-
gregate 1-H-BuLi in toluene solution (�10 8C) reveal a structure similar
to that found from X-ray analysis (Scheme 1, Table 2).[10d]


Figure 2. Two-dimensional 1H,7Li-HOESY contour plot of complex 1-
tBu-BuLi (�10 8C, [D8]toluene, 500 MHz). Dashed lines indicate the se-
lected correlations. Only one fencholate and one n-butylide unit are
shown for clarity.


Table 3. Li�H distances [�] in the X-ray crystal structure of the anisyl
fencholate 1-tBu-BuLi (Scheme 1).[a]


OCH3 C(6)Hendo C(CH3)3 C(8)H3 C(b)HH C(b)HH


Li(1) 3.2 2.3 3.1 3.8 –[b] –[b]


Li(2) 3.1 3.2 3.4 3.3 –[b] –[b]


Li(3) –[b] 2.6 –[b] 2.1 2.6 2.5
Li(4) –[b] 2.9 –[b] 2.0 2.8 2.5


[a] The X-ray crystal structure is reported in reference [10b]. Hydrogen
atoms are constructed with a C�H bond length of 0.990 �. [b] Distances
longer than 4.50 �.
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bicyclic [2.2.1]heptane unit. In agreement with the solid
state structure (Table 1, Figure 1), the Lit ion exhibits agostic
interactions mainly with ortho-hydrogen atoms of phenyl
groups (Figure 3).


Conclusion


The new n-butyllithium phenyl fencholate 3-BuLi demon-
strates that methoxy groups are indeed dispensable for the
formation of mixed organolithium aggregates with fenchols,
although the manifold of nBuLi anisyl fencholates was hith-
erto ascribed to methoxy coordination. In methoxy-free 3-
BuLi, agostic endo-methyl coordination to the lithium ions
compensates for the lack of missing Li�OMe contacts. In
contrast to “classical” nBuLi anisyl fencholates, the aryl
group orients towards the lithium ion trans to butylide (Lit),
and the chiral fenchane unit encapsulates the n-butylide unit
to a greater extent. This might give rise to altered enantiose-
lectivities in C�C couplings or lithiations. In non-polar tolu-
ene solutions and in the solid state, basically the same struc-
tures are apparent, as revealed by the results of NMR spec-
troscopic analysis. Hence, with 3-BuLi, an even broader
range of aryl fencholates becomes available for the design
of new chiral n-butyllithium modifiers.


Experimental Section


General : Reactions were conducted under argon atmosphere (by using
Schlenk and needle-septum techniques) with dried and degassed solvents.


X-ray crystal analyses were performed by using a Bruker Smart CCD dif-
fractometer with a MoKa radiation at 200 K. Data sets corresponding to a
complete sphere of data were collected by using 0.38 w-scans. The struc-
ture was solved by using direct methods, least-squares refinement and
Fourier techniques. Most hydrogen atoms were taken into account at
geometrically calculated positions, C(a) hydrogen atoms were refined
isotropically. NMR spectra were recorded by using a Bruker Ac 300 and
DRX 500 spectrometer (1H chemical shifts refer to toluene, 7Li to LiBr).
CCDC 192453 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
1H,7Li-HOESY NMR spectroscopy experiments : All measurements were
performed by using [D8]toluene at �10 8C and a Bruker DRX 500 spec-
trometer. All 2D spectra were acquired by using non-spinning 5 mm tube
diameter samples with deuterium field-frequency locking. Spectra were
processed in phase-sensitive mode with square sinebell weighting both in
F1 and F2. The following parameters were used:[12e] spectral window of
1000 Hz (F1 = 7Li) and 6000 Hz (F2 = 1H); 128 increments and 16 scans
per increment in t1; sinebell weighting in F1 and F2 for the phase-sensitive
spectra; 10.1 ms proton 908 decoupler pulse, in inverse mode with gradi-
ent selection.


Synthesis and characterisation of 3 : n-Butyllithium (50.3 mL, 0.08 mol,
1.6m solution in hexane) was added to a solution of 2-bromobenzene
(12.6 g, 0.08 mol) in 20 mL THF at �78 8C over 30 min. A white precipi-
tate was formed after stirring for 20 min at �78 8C. An amount of (�)-
fenchone (12.9 mL, 0.08 mol) was added slowly to this suspension at
�78 8C, and the mixture was stirred for 12 h at room temperature. Hydro-
lytic workup, drying and concentration of the organic layer and distilla-
tion yielded colourless 3 (17.1 g, 93 %). B.p. 106 8C (1.0 � 10�2 mbar).
[a]20


Na =�31.5 (n-hexane); 1H NMR (CDCl3, 300 MHz): d=0.45 (s, 3 H;
CH3), 1.05 (s, 3H; CH3), 1.14 (s, 3H; CH3), 1.22 (m, 1H; CH2), 1.41 (m,
1H; CH2), 1.50 (m, 1 H; CH2), 1.61 (s, 1H; OH), 1.81 (m, 1 H; CH2), 2.21
(m, 1H; CH2), 2.34 (m, 1H; CH2), 7.17 (m, 1H; Har), 7.28 (m, 2 H; Har),
7.56 ppm (m, 2H; Har); 13C NMR (CDCl3, 75.5 MHz): d=17.4, 21.3, 24.1,
30.1, 33.7, 41.9, 45.7, 49.0, 52.8, 84.1, 126.0, 127.2, 127.6, 145.1 ppm;
MS(EI): 230.0 [M+], 213.0 [M+�OH], 153.0 [M+�C6H5]; IR (neat): ñ=


3494 (s, OH), 3091 (w, aryl), 2990–2874 cm�1 (s, alkyl); elemental analysis
calcd (%): C 83.43, H 9.63; found: C 83.16, H 9.60.


Synthesis and characterisation of 3-BuLi : A solution of nBuLi in hexanes
(1.60 m, 0.42 mL, 0.66 mmol) was added to phenyl fenchol 3 (0.115 g,
0.5 mmol) at RT. Maintaining the reaction mixture at �60 8C for some
days yielded 3-BuLi as colourless crystals. Yield 54 %. M.p. 160 8C
bubbly, 165 8C gelatinous; 1H NMR (500 MHz, [D8]toluene, �10 8C): d=


�0.16 (m, 2 H; CaH2, BuLi), 0.45 (s, 9 H; 3CH3), 0.96 (m, 2 H; CH2,
BuLi), 1.18 (s, 9 H; 3CH3), 1.23 (m, 2 H; CH2, BuLi), 1.31 (m, 3 H; CH3,
BuLi; m, 2 H; CH2), 1.53 (s, 9H; 3CH3; m, 2 H; CH2), 1.67 (s, 3H; CH),
1.93 (m, 6H; CH2; m, 2 H; CH2, BuLi), 2.41 (m, 3H; CH2), 6.88 (t, J =


7.3 Hz, 3 H; Har), 7.09 (m, 6H; Har), 7.28 (d, J=7.0 Hz, 3 H; Har),
7.59 ppm (d, J= 7.7 Hz, 3H; Har); 13C NMR (125 MHz, [D8]toluene,
�10 8C): d=10.1 (C(a)H2-BuLi), 14.0 (CH3-BuLi), 19.2 (CH3), 23.3
(CH3), 26.0 (CH2), 30.9 (CH3), 33.5 (CH2-BuLi), 34.7 (CH2-BuLi), 35.2
(CH2), 42.0 (CH2), 46.5 (Cq), 49.5 (CH), 53.7 (Cq), 84.1 (Cq), 124.9 (Car),
125.0 (Car), 125.1 (Car), 127.0 (Car), 127.1 (Car), 152.0 ppm (Car); 7Li NMR
(194 MHz, [D8]toluene, �10 8C): d =0.48, 2.15 ppm; X-ray crystal analysis
of 3-BuLi: C52H72Li4O3, Mr = 772.86, T =200(2) K, l =0.71073 �, mono-
clinic crystal system, space group P21, Z=4, a =12.6737(3), b=


22.5085(5), c= 16.1657(3) �, b =94.045(1)8, V =4600.04(17) �3, 1calcd :
1.116 gcm�3, reflections collected: 34814, independent reflections: 14 599,
observed reflections: 10 711 [I>2s(I)], absorption coefficient m :
0.065 mm�1, Flack parameter: 0.2(8), R-values [I>2s(I)]: R1 =0.046,
wR2=0.093, largest diff. peak and hole: 0.17, �0.18 e��3 ; goodness-of-
fit: 0.98.


Figure 3. 1H,7Li-HOESY contour plot of 3-BuLi (�10 8C, [D8]toluene,
500 MHz). Dashed lines indicate the selected correlations. Only one fen-
cholate unit is shown for clarity.
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Metal-Directed Synthesis and Photophysical Studies of Trinuclear V-Shaped
and Pentanuclear X-Shaped Ruthenium and Osmium Metallorods and
Metallostars Based upon 4’-(3,5-Dihydroxyphenyl)-2,2’:6’,2’’-terpyridine
Divergent Units


Edwin C. Constable,*[a] Robyn W. Handel,[a] Catherine E. Housecroft,[a]


Angeles Farr�n Morales,[b] Barbara Ventura,[b] Lucia Flamigni,[b] and
Francesco Barigelletti*[b]


Introduction


Metallodendrimers may incorporate metal centres at various
sites and a variety of synthetic methodologies have been de-
vised for the efficient preparation of species in which metal–
metal interactions may be fine-tuned, both with respect to
their magnitude and their directionality.[1–3] We and others
have been particularly interested in species in which lumi-
nescent ruthenium(ii) and osmium(ii) centres have been
built into dendrimers and related species and have devel-
oped strategies for the preparation of a wide variety of mul-
tinuclear compounds based upon {M(tpy)2} and {M(bpy)3}


motifs (tpy= 2,2’:6’,2’’-terpyridine, bpy=2,2’-bipyridine).[1–3]


Particular interest has centred upon systems derived from
multitopic ligands with multiple tpy metal-binding domains
that lead to multinuclear species with multiple {M(tpy)2}
motifs; these have an advantage over compounds with mul-
tiple stereogenic {M(bpy)3} motifs in that they give rise to
monodisperse species rather than mixtures of diastereoisom-
ers.[3–5] By controlling the relative spatial positioning and the
nature of the chemical connectivity between the metal cen-
tres, it is possible to devise systems that generate designed
structures showing controlled directional ruthenium-to-
osmium energy transfer or electron transfer.[6] We have also
drawn attention to the synthetic merits of metallostars (or
first-generation metallodendrimers) in which there is a
single branching point at the core.[1a,7] Such systems show
minimal interactions between surface functional groups and
are amenable to both divergent and convergent synthetic
strategies.


Although a range of strategies for the synthesis of metal-
lodendrimers have been developed, we and others have es-
tablished a metal-directed approach as an efficient, general
and facile method for the linking of metal-containing build-
ing blocks.[7,8] The basic strategy involves reactions at the or-
ganic component of metal complexes containing functional-
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ised heterocyclic ligands. The reaction of either free or coor-
dinated ligands containing nucleophilic substituents with a
complex containing an (activated) electrophilic ligand is
used for the covalent linking of two metal centres through a
new bridging ligand that is assembled in situ. This approach
has been particularly useful in the preparation of complexes
with ether bridges between the component metal-containing
building blocks[9] and is also effective in the preparation of
metallostars in which a core mononuclear electrophilic/nu-
cleophilic zeroth-generation complex is functionalised by re-
action with nucleophilic or electrophilic ligands or metal
complexes, respectively. Convergent approaches in which
bpy and tpy ligands with multiple metal-containing substitu-
ents are brought together by coordination to a metal at the
core of the zeroth generation have also proved success-
ful.[7,8]


The lowest-lying triplet states in ruthenium oligopyridine
complexes lie about 0.2 eV higher in energy than in the cor-
responding osmium complexes and light-driven Ru!Os
energy transfer is easily observed in heterometallic rutheni-
um(ii)–osmium(ii) systems.[6,9–12] In several such systems, the
direction of the vectorial energy flow may be controlled by
modifying the spatial arrange-
ment of the Ru- and Os-based
units, although a quantitative
clarification of the rate constants
is not always possible.[12] At
room temperature, the pentanu-
clear and trinuclear tpy-based
arrays reported herein are pho-
toinert towards Ru!Os photo-
induced energy transfer. Howev-
er, their study at low tempera-
ture provides deep insights into
the process: a practically com-
plete Ru!Os energy conversion
is observed at low temperature
and the measured rate constants
for energy transfer can be de-
scribed in terms of a dipole–
dipole transfer mechanism.[12]


Results and Discussion


Strategy : We planned a diver-
gent approach to the synthesis
of polynuclear complexes in which branching occurred in
the zeroth generation at bifurcating substituents. In previous
studies, we have used pentaerythritol cores and branching
sites to prepare high nuclearity metallodendrimers based
upon a connectivity of four.[5,13] In this paper, we describe
the preparation of metallocentric systems in which the
zeroth generation contains tpy metal-binding domains with
pendant multiple phenolic substituents. The key expansion
step in the synthesis involves the reaction of the pendant
phenolate functionality with electrophilic metal complexes.


Our specific target was the bifurcating ligand 4’-(3,5-dihy-
droxyphenyl)-2,2’:6’,2’’-terpyridine (2). This can bind a metal
centre at the tpy domain and react with two electrophilic
centres at the pendant phenolic sites. The difference in hard-
ness of phenol/phenolate and pyridine nitrogen donors and
the chelating character of the tpy domain ensure that all re-
actions are highly regioselective.


Ligand synthesis : We adopted a variation on the Krçhnke
pyridine synthesis[14] for the preparation of 2 and considered
it optimal to protect the phenolic substituents as methyl
ethers through the ring synthesis. Subsequent deprotection
of the methoxy groups can be achieved in high yield in tpy
derivatives. The reaction of 2-acetylpyridine with 3,5-dime-
thoxybenzaldehyde proceeded smoothly in a sequential one-
pot process involving treatment with KOtBu in THF fol-
lowed by ammonium acetate/acetic acid to give a satisfacto-
ry yield of the dimethoxy compound 1.[15, 16] Deprotection by
heating with pyridinium chloride[16,17] gave the bifurcating
ligand 2 in quantitative yield (Scheme 1). The new ligands 1
and 2 were fully characterised (see Experimental Section)
and had the expected spectroscopic properties.


Synthesis of trinuclear complexes : One of our long-term
aims is the construction of light-driven machines and for this
we require bi- or polyfunctional systems in which light-col-
lecting components are connected through energy- or elec-
tron-transfer processes to motifs that can subsequently per-
form chemical or electrochemical transformations. To this
end, the {M(tpy)2} motif is attractive as one of the tpy li-
gands may be further functionalised with the light-absorbing
components and the other with the conversion system (for
example, a carboxylic acid for anchoring to a semiconductor


Scheme 1. Synthesis of the bifurcating ligand 2 and the core mononuclear complexes for the trinuclear com-
plexes showing the ring-labelling scheme adopted. 1) KOtBu, THF; 2) NH4OAc, AcOH, EtOH, 54.5 % yield;
3) pyridinium chloride, 210 8C, quantitative yield; 4) [M(Ztpy)Cl3]; M =Os or Ru, Z=H (ligand = tpy) or 2-
thienyl (ligand = 5). In the case of the complexes with ligand 5, the thienyl ring is labelled F.
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in Gr�tzel-type photovoltaic devices).[18] The key building
blocks are the mononuclear complexes [M(Ztpy)(2)]2+ ,
which are readily prepared by the reaction of ligand 2 with
[M(Ztpy)Cl3] (M =Ru or Os; Z= H or thienyl) under reduc-
ing conditions (Scheme 1). As representative compounds,
we describe herein complexes with tpy and 4’-(2-thienyl)-
2,2’:6’,2’’-terpyridine (5) auxiliary ligands decorating the sur-
face (ligands as depicted in Scheme 2). The choice of 5


arose from the unusual chemical and photophysical proper-
ties of complexes with this ligand.[16,19] All new complexes
were fully characterised and exhibited the expected spectro-
scopic properties. 1H NMR spectroscopy is particularly
useful for the characterisation of these complexes and the
singlets due to the H3 protons of the central pyridine rings
of the tpy domains make these useful spectator groups as
the polynuclear systems are developed.


Herein, we describe systems with up to 11 magnetically
independent aromatic rings and make a note here of the no-
menclature used. In ligand 2 and functionalised derivatives
thereof, the terminal rings of the tpy are always denoted as
A and the central tpy ring as B, with the phenyl substituent
being the C ring. The constituent rings of the Ztpy ligand in
[M(Ztpy)(2)]2+ (Scheme 1) and derivatives are described as
rings D (terminal), E (central) and F (thienyl substituent).
For mononuclear complexes not containing 2, A, B and C


denote a tpy ligand ready for use in the metal-directed as-
sembly step (usually 4’-chloro-2,2’:6’,2’’-terpyridine 4 or 4’-
bromo-2,2’:6’,2’’-terpyridine 3).


We have previously shown that complexes containing 4’-
halopyridine moieties are activated towards attack at the C-
4’ position by nucleophiles,[20,21] and we have used this phe-
nomenon for the preparation of metallorods, metallostars
and metallodendrimers[5,7,13] by reaction with oxygen-based
nucleophiles. The complexes [M(Ztpy)(2)]2+ (M =Ru or Os,
Ztpy = tpy or 5) react smoothly with the electrophilic com-
plexes [Ru(Ztpy)(Xtpy)]2+ (M =Ru or Os; Ztpy = tpy or 5,
Xtpy=3 or 4) in MeCN in the presence of K2CO3 to give
the desired homo- or heterometallic trinuclear complexes
[(Ztpy)M(6){Ru(Ztpy)}2]


6+ containing the new bifurcated
tritopic bridging ligand 6 (Scheme 3).


The trinuclear complexes are V-shaped and intermetallic
distances may be estimated by molecular modelling. We
have modelled these complexes using molecular mechanics
methods (MMFF in Spartan ’04), and although this approach
ignores intercation repulsion, interactions within and be-
tween ligands are handled well. By constraining the metric
quantities within the {M(tpy)2} units to crystallographically
observed values (M�Nterminal 2.07 �; M�Ncentral 1.98 �), relia-
ble structures may be obtained (Figure 1). In particular, we


note that the chemically sensible and sterically favoured ori-
entation of one {(Otpy)Ru(tpy)} motif above and the other
below the phenyl ring reproduces well that found in the
only structurally characterised noncyclic 3,5-diaryloxyar-
ene.[22] The Mcentral···Ruouter and Ruouter···Ruouter distances are
in the ranges 12.3–12.6 � and 14.0–14.2 �, respectively.
Spectroscopic and other properties will be discussed togeth-
er with those of the pentanuclear species.


Scheme 2. Structures and ring-labelling scheme for the ligands.


Figure 1. MMFF (Spartan ’04) minimised structure of the trinuclear V-
shaped complex [(tpy)Ru(6){Ru(tpy)}2] showing the expected conforma-
tion of the ether-linked moieties; the Rucentral···Ruouter and Ruouter···Ruouter


distances are in the ranges 12.3–12.6 � and 14.0–14.2 �, respectively. Hy-
drogen atoms have been omitted for clarity.
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Synthesis of the pentanuclear complexes : The same strategy
as described above was adopted for the preparation of the
X-shaped pentanuclear species, with the key intermediates
being the tetraphenolic complexes [M(2)2]


2+ . Reaction of
[M(2)2]


2+ with [M(Ztpy)(Xtpy)]2+ (M= Ru or Os; Ztpy=


tpy or 5, Xtpy= 3 or 4) in MeCN in the presence of K2CO3


gave the homo- or heterometallic pentanuclear complexes
[M((6){Ru(Ztpy)}2)2]


10+ in moderate but acceptable yields
(Scheme 4).


Characterisation of the complexes : The 1H NMR spectra of
all the trinuclear and pentanuclear complexes are sharp and
well-resolved and have been fully assigned by a combination
of NOESY and COSY techniques. Figure 2 shows the
500 MHz COSY 90 spectrum of a solution of the V-shaped
complex [(tpy)Ru(6){Ru(tpy)}2][PF6]6 in CD3CN, illustrating
how all 24 pyridine proton environments are readily ob-
served and how the connectivity within each of the magneti-
cally independent subspectra may be established. The most
noticeable feature on going from the complexes of 2 to
those of 6 is a downfield shift of the signals of the C2 (d=


7.11�0.02 ppm) and C4 (d= 6.55�0.04 ppm) protons by
1.36 and 1.44 ppm, respectively. The other indicator peak for


the coupling reaction is that
due to proton B3, which shifts
downfield from d=8.92�
0.04 ppm to d=9.35�0.07 ppm.


The ES mass spectra of the
complexes provide compelling
evidence for the coupling reac-
tions and the nuclearity of the
products; in addition to the ex-
pected [M�PF6]


+ peaks, series
of peaks arising from more
highly charged ions with the ap-
propriate isotopomer distribu-
tions and peak separations are
observed. For example, the ES
mass spectrum of [Ru((6){Ru-
(tpy)}2)2][PF6]10 exhibits clusters
of peaks with m/z correspond-
ing to [M�2 PF6]


2+ ,
[M�3 PF6]


3+ , [M�4 PF6]
4+ ,


[M�5 PF6]
5+ and [M�6 PF6]


6+ ,
all of which show the expected
isotopomer distributions for
pentaruthenium species.


Electrochemical properties of
the complexes : All of the metal
complexes are redox-active,
showing both metal-centred
and ligand-centred processes
(Table 1). Those complexes


Scheme 3. Synthesis of the bifurcated trinuclear complexes showing the ring-labelling scheme adopted.
1) K2CO3, MeCN; M= Os or Ru, Z, X=H (tpy) or 2-thienyl (5). In the case of the complexes with 5, the
thienyl ring is labelled F when it is in the central position attached to ring E, but is labelled L when attached
to the terminal sites on ring K.


Figure 2. 500 MHz COSY 90 spectrum (room temperature) of a solution
of [(tpy)Ru(6){Ru(tpy)}2][PF6]6 in CD3CN.
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containing ligand 5 also exhibit thiophene-based oxidation
waves. In acetonitrile solution, the ruthenium and osmium
complexes exhibit reversible metal(iii)/metal(ii) processes at
+0.8 to + 0.9 and +0.5 to +0.6 V (versus Fc/Fc+), respec-
tively, typical of the {M(tpy)2} centres present. It was not
possible to resolve separate metal-centred processes corre-
sponding to the central and the outer metals for the triru-


thenium and pentaruthenium
processes by cyclic voltamme-
try, differential pulse voltamme-
try or square-wave voltamme-
try, and a single, apparently re-
versible wave was observed.
However, in the heterometallic
complexes [(5)Os(6){Ru(tpy)}2]-
[PF6]6, [(5)Os(6){Ru(5)}2][PF6]6


and [Os((6){Ru(5)}2)2][PF6]10,
both osmium and ruthenium
processes in the correct current
ratio are observed, indicating
that the observation of a single
signal for the tri- and pentaru-
thenium complexes arises from
an unfortunate degeneracy of
the redox processes for the
inner and outer centres, rather


than a shifting of one of the two processes out of the observ-
able window subsequent to the oxidation of either the inner
or outer metal centres.


Absorption and emission spectroscopy: Table 2 lists absorp-
tion maxima and absorption coefficients for solutions of the
tri- and pentanuclear complexes in MeCN as well as those


Scheme 4. Synthesis of the dendritic pentanuclear complexes showing the ring-labelling scheme adopted. 1) RuCl3·3H2O or K2[OsCl6], ethane-1,2-diol,
N-ethylmorpholine, microwave; 2) K2CO3, MeCN; M= Os or Ru, X= H (tpy) or 2-thienyl (5). In the case of the complexes with 5, the thienyl ring is la-
belled L.


Table 1. Redox potentials (E (Ea�Ec) in volts) measured by cyclic or square-wave voltammetry of the mono-
nuclear building blocks and metallostars in MeCN (1.0 m [nBu4N][PF6], Pt or glassy carbon working electrode,
Pt wire counter-electrode, Ag wire, referenced against internal Fc/Fc+). All metal-based processes were rever-
sible;[a] the ligand reductions were irreversible and potentials are taken from the forward scan. All complexes
were used as hexafluorophosphate salts.


Compound Ligand Ru Os tpy


[(tpy)Ru(3)]2+ 0.920 �1.55, �1.67, �1.93
[(5)Ru(4)]2+ 0.896 �1.56, �1.80
[(tpy)Ru(2)]2+ 1.34 0.901 �1.64, �1.85
[(5)Ru(2)]2+ 1.77 0.889 �1.27, �1.72, �1.94
[(5)Os(2)]2+ 1.78, 1.56 0.535 �1.56, �1.79
[Os{2}2]


2+ 0.516 �1.38, �1.66
[(tpy)Ru(6){Ru(tpy)}2]


6+ 0.854 �1.62, �1.83, �1.99
[(5)Ru(6){Ru(tpy)}2]


6+ 1.72 0.846 �1.60, �1.80, �1.93
[(5)Os(6){Ru(tpy)}2]


6+ 1.45 0.840 0.535 �1.62, �1.77, �1.95
[(5)Os(6){Ru(5)}2]


6+ 1.47 0.824 0.543 �1.60, �1.79, �1.98
[Ru((6){Ru(tpy)}2)2]


10 + 0.892 �1.63, �1.81
[Os((6){Ru(5)}2)2]


10 + 1.48 0.835 0.563 �1.61, �1.78, �1.95


[a] Reversible peaks showed the same DE=Ea�Ec as ferrocene in the same solvent.
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for the relevant mononuclear building blocks. All of the
complexes exhibit intense UV absorption bands correspond-
ing to ligand-centred (1LC) transitions, and absorptions in
the visible region attributable to metal-to-ligand charge-
transfer (1MLCT) transitions. These latter bands fall in the
range 480–490 nm (with absorption coefficients e=1.4–2.6 �
104


m
�1 cm�1 per {M(tpy)2} chromophore for both RuII and


OsII centres). An additional absorption at �670 nm (e=


(6�2) �103
m
�1 cm�1) is observed for the OsII-containing


complexes and is assigned to the formally spin-forbidden
transition directly to the {Os(tpy)2}


3MLCT state.[23] Table 3
lists the luminescence properties of model mononuclear
complexes along with those of the new trinuclear and penta-
nuclear complexes, as observed at room temperature and at
77 K in air-equilibrated acetonitrile.


The spectroscopic properties of the trinuclear complexes
[(5)Os(6){Ru(tpy)}2]


6+ and [(5)Os(6){Ru(5)}2]
6+ have been


briefly discussed in a previous report.[9] The pendant thienyl
group was found to stabilise (redshift) the MLCT levels in-


volving ligand 5, for both the
absorption and emission fea-
tures. This resulted in a modu-
lation of the Ru!Os energy
transfer rate between
[(5)Os(6){Ru(5)}2]


6+ and
[(5)Os(6){Ru(tpy)}2]


6+ . In
points 1)–4) below, we describe
the results obtained at room
temperature. The glassy matrix
data at 77 K are discussed later.


1) Each member of the series
of V-shaped trinuclear and X-
shaped pentanuclear complexes
can be considered in terms of
clearly defined building blocks.
This is evident from the absorp-


tion spectra of the polynuclear species, which appear as su-
perimpositions of the spectra of the component mononu-
clear model complexes. This is consistent with a substantial
ground-state electronic decoupling of the components, as a
consequence of the insulating character of the ether connec-
tions.[9,11] Similar conclusions follow from the electrochemi-
cal data (Table 1). With regard to the pentanuclear species,
the absorption spectra presented in Figure 3 provide an il-
lustration of this point, with the additional consideration
that the presence of the thienyl group in ligand 5 stabilises
the MLCT levels involving this ligand.


2) The mononuclear and homometallic polynuclear com-
plexes of ruthenium(ii) are all very weak emitters at room
temperature (F<10�4, lmax =630–670 nm, lexc =480 nm),
with lifetimes in the range of few nanoseconds or less
(Table 3). These features are in general agreement with the
wealth of results from other complexes based on {Ru(tpy)2}
chromophores.[23]


Table 2. Absorption spectroscopic data for the polynuclear complexes and related mononuclear building
blocks. All data are for solutions of [PF6]


� salts in MeCN at room temperature.


Compound MLCT Ligand centred
lmax [nm] (emax [104 dm3 mol�1 cm�1]) lmax [nm] (emax [104 dm3 mol�1 cm�1])


[(tpy)Ru(3)]2+ 480 (1.5) 324 sh, 307 (5.9), 272 (4.0)
[(5)Ru(4)]2+ 490 (2.6) 326 sh, 305 (6.3), 275 (4.6)
[(tpy)Ru(2)]2+ 480 (1.7) 330 sh, 306 (5.6), 272 (3.8)
[(5)Ru(2)]2+ 495 (2.1) 330 sh, 311 (4.9), 283 (4.4)
[(5)Os(2)]2+ 670 (0.78), 494 (2.9) 314 (2.24), 284 (5.7)
[Ru(2)2]


2+ 490 (2.0) 329 sh, 310 (5.1), 284 (4.3)
[Os(2)2]


2+ 670 (0.50), 489 (2.0) 331 sh, 314 (6.0), 285 (5.0)
[(tpy)Ru(6){Ru(tpy)}2]


6+ 480 (5.0) 324 sh, 306 (16.0), 272 (12.0)
[(5)Ru(6){Ru(tpy)}2]


6+ 490 (4.8) 329 sh, 306 (13.5), 275 (10.7)
[(5)Os(6){Ru(tpy)}2]


6+ 670 (0.8), 490 (6.0) 306 (17.0), 276 (13.0)
[(5)Os(6){Ru(5)}2]


6+ 670 (0.8), 500 (7.0) 330 sh, 306 (18.0), 285 (16.0)
[Ru((6){Ru(tpy)}2)2]


10 + 485 (10.5) 306 (26.0), 275 (24.0)
[Os((6){Ru(5)}2)2]


10 + 670 (0.71), 495 (10.5) 331 sh, 306 (22.0), 286 (19.0)


Table 3. Luminescence properties of model mononuclear complexes and those of the new trinuclear and pentanuclear complexes.[a]


298 K 77 K
Ru-based region Os-based region Ru-based region Os-based region


lmax [nm] 105 f t [ns] lmax [nm] 102 f t [ns] lmax [nm] t [ms] lmax [nm] t [ms]


[(tpy)Ru(2)]2+ [b] 630 <3.0 0.6 615 11.0
[Ru(2)2]


2+ 634 4.5 1.4 622 10.5
[(5)Ru(2)]2+ [b] 670 15.0 6.4 654 11.5
[Os(2)2]


2+ 732 1.8 110 722 2.0
[(5)Os(2)]2+ [b] 744 2.0 150 745 2.0
[(tpy)Ru(6){Ru(tpy)}2]


6+ 640 <3.0 �0.6 630 11.0
[(5)Ru(6){Ru(tpy)}2]


6+ 670 <3.0 �0.6 650 10.0
[(5)Os(6){Ru(tpy)}2]


6+ [b] [c] [c] [c] 745 (0.6) 120 630 1.8 � 10�3 750 1.6� 10�3[d]


2.0[d]


[(5)Os(6){Ru(5)}2]
6+ [b] [c] [c] [c] 745 (0.5) 120 630 >5 � 10�3[b] 750 36.0 � 10�3[d]


2.0[d]


[Ru((6){Ru(tpy)}2)2]
10 + 662 3.6 ~1 630 10.3


[Os((6){Ru(5)}2)2]
10 + [c] [c] [c] 740 0.5 110 656 34 � 10�3 724 39� 10�3[d]


2.0[d]


[a] In air-equilibrated acetonitrile solvent, lexc =480 nm; [(tpy)Ru(3)]2+ and [(5)Ru(4)]2+ are both very weak emitters at room temperature, f<3 � 10�5,
and have not been investigated in detail. [b] See also ref. [9]. [c] Too weak to detect. [d] Dual exponential behaviour; the indicated values refer to t1 and
t2 of I(t) =b1exp(�t/t1)+b2exp(�t/t2), where b1 and b2 are pre-exponential factors, and b1 is a negative value (see text).
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3) The mononuclear osmium(ii) complexes, [Os(2)2]
2+ and


[(5)Os(2)]2+ , are more strongly emitting than their rutheni-
um(ii) analogues and exhibit luminescence quantum yields
F~2�10�3 (lmax = 732 and 744 nm, respectively, lexc =


480 nm) with luminescence lifetimes of 110 and 150 ns, re-
spectively. These wavelengths and lifetime features are typi-
cal, and indeed characteristic, of {Os(tpy)2} luminophores in
fluid solution at room temperature.[23]


4) For the heterometallic species [(5)Os(6){Ru(tpy)}2]
6+ ,


[(5)Os(6){Ru(5)}2]
6+ and [Os((6){Ru(tpy)}2)2]


10+ , excitation
at room temperature at 480 nm (at which both Ru-based
and Os-based chromophores are isoabsorptive and absorb
light in approximately 2:1 and 4:1 ratios for the trinuclear
and pentanuclear species, respectively), no ruthenium-based
emission (below 700 nm) is detected. Instead, only osmium-
based emissions at greater than 700 nm are observed for
these heterometallic complexes. This conclusion is based on
a comparison of the lmax and t values listed in Table 3. In
addition, for the heterometallic species, the luminescence
yield is f=0.5–0.6 � 10�2, that is, a third to a quarter of that
of the reference mononuclear complexes [Os(2)2]


2+ and
[(5)Os(2)]2+ . This can be rationalised by the fact that, in the
heterometallic complexes at room temperature, the fraction
of light absorbed by the ruthenium-based chromophores
does not result in Ru!Os energy transfer (which is energet-
ically allowed, with the osmium states lying ~0.25 eV lower
in energy, as estimated from the ruthenium- and osmium-
based emission band maxima (Table 3)) and no sensitisation
of the {Os(tpy)2} luminescence occurs. On this basis, and
given that the lifetimes of the ruthenium-based lumino-
phores investigated here are in the range 0.6 to 6 ns (at
room temperature, see Table 3), one concludes that the
Ru!Os intramolecular energy transfer must be slower than
the intrinsic deactivation, ken�kd, with kd = 1.6–10 � 108 s�1.
Conversely, only the fraction of light directly absorbed by
the osmium-based chromophores is responsible for the ob-


served osmium-based luminescence intensities. This is illus-
trated by the inset in Figure 3, which displays the room tem-
perature luminescence spectra obtained by excitation of iso-
absorbing (480 nm) solutions of [Os(2)2]


2+ and
[Os((6){Ru(5)}2)2]


10+ , the luminescence intensities of which
are in an approximate 4:1 ratio. We stress the fact that upon
480 nm excitation of isoabsorbing solutions followed by hy-
pothetical complete Ru!Os energy transfer, identical Os-
based luminescence intensities would be expected for
[Os(2)2]


2+ and [Os((6){Ru(5)}2)2]
10+ .[24,25]


With regard to measurements at 77 K in frozen solvent,
Figure 4 shows the normalised luminescence profiles of the
pentanuclear complex [Os((6){Ru(5)}2)2]


10+ , along with


those of [(5)Ru(2)]2+ and [Os(2)2]
2+ , the mononuclear com-


plexes that can be regarded as the reference component
units. It can be seen that for the pentanuclear complex, the
ruthenium-based emission region at 650 nm exhibits a
strong reduction in intensity compared to the mononuclear
reference compound. Evidence for quenching and sensitisa-
tion phenomena can be gained from time-resolved experi-
ments, as illustrated for [Os((6){Ru(5)}2)2]


10+ in Figure 5. In
particular, while the luminescence of [(5)Ru(2)]2+ (observed
at 650 nm) is rather long-lived (t= 11.5 ms), the Ru-based
emission for [Os((6){Ru(5)}2)2]


10+ (observed at 650 nm) ex-
hibits tRu =34 ns. In addition, for this complex, the analysis
of the luminescence decay detected at 730 nm (osmium-
based emission region) required a dual exponential law,
I(t)=b1exp(�t/t1)+ b2exp(�t/t2), where b1 and b2 are pre-ex-
ponential factors, and b1 is a negative value. In this case, we
found t1 =39 ns and t2 = 2.0 ms. Further results relating to
the time-dependent luminescence properties of the com-
plexes are collected in Table 3.


Photoinduced processes : The results obtained at 77 K (Fig-
ures 4 and 5) are consistent with effective intramolecular
Ru!Os energy transfer in [Os((6){Ru(5)}2)2]


10+ . This causes
quenching of the donor luminescence (tRu


q =34 ns, as op-


Figure 3. The ground-state absorption spectra of [Os((6){Ru(5)}2)2]
10 +


(c), [Os(2)2]
2+ (b), [Ru(2)(5)]2+ (g) and [Ru((6){Ru(tpy)}2)2]


10 +


(d). The inset shows the room temperature luminescence spectra of
[Os((6){Ru(5)}2)2]


10 + (c) and [Os(2)2]
2+ (b), as obtained from iso-


absorbing solutions at lexc =480 nm.


Figure 4. Normalised luminescence spectra at 77 K for
[Os((6){Ru(5)}2)2]


10 + (c), [Os(2)2]
2+ (b) and [Ru(2)(5)]2+ (g);


lexc = 480 nm in all cases.
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posed to tRu =11.5 ms in the reference complex [(5)Ru(2)]2+),
and concomitant sensitisation of the osmium-based lumines-
cence with t1 =39 ns (a rise time, see Figure 5) and t2 =


2.0 ms. The Ru!Os energy-transfer rate constant ken can
then be calculated according to ken = 1/tRu


q �1/tRu. This yields
ken =2.6 � 107 s�1, practically identical to the value found pre-
viously for the trinuclear complex [(5)Os(6){Ru(5)}2]


6+ ,
ken =2.8 � 107 s�1.[9] This is consistent with an energy-transfer
efficiency, fen~unity, defined in Equation (1):


�en ¼
ken


ken þ kd
ð1Þ


in which kd is the intrinsic deactivation rate constant for the
unquenched Ru-based donor determined for the model;
kd =1/tRu, with tRu = 11.5 ms (Table 3). Given the insulating
character of the ether linkage,[9,11] the Ru!Os energy-trans-
fer step within the trinuclear and pentanuclear species can
be described using the Fçrster dipole–dipole energy-transfer
approach[12,26] [Eqs. (2a)–(2 c)]:


JF ¼
R


Fð~nÞeð~nÞ=~n4d~n
R


Fð~nÞ
ð2aÞ


R0 ¼ 9:79� 103ðK2h�4FJFÞ1=6 ð2bÞ


ken ¼ kd


�
R0


dcc


�
6 ð2cÞ


Here, JF is the Fçrster overlap integral between the lumines-
cence spectrum of the donor, F(ñ), and the absorption spec-
trum of the acceptor, e(ñ), on an energy scale (cm�1); R0 is
the critical transfer radius (the interchromophore distance
for which the energy-transfer efficiency is fen = 0.5); K2 is a


geometric factor (for statistical reasons, K2 = 2=3), f and t are
the luminescence quantum yield and lifetime of the donor,
respectively; h is the refractive index of the solvent and dcc


is the interchromophore distance. By using the 77 K lumi-
nescence properties of the donor model complex
[(5)Ru(2)]2+ , t=11.5 ms and f=0.30,[9] and the absorption
features of the acceptor model [Os(2)2]


2+ , for the pentanu-
clear case one obtains JF =6.7 � 10�14 cm3


m
�1 and R0 = 39 �.


Based on Equation (2 c), dcc = 15 � (cf. 16.5 � for
[(5)Os(6){Ru(5)}2]


6+ [9]), consistent with the molecular-mod-
elling results.


In summary, for the heterometallic trinuclear and penta-
nuclear species at 77 K (Table 3), the Ru!Os energy trans-
fer is quite an efficient process, at variance with what is ob-
served at room temperature. This can be understood on the
basis of the fact that Ru!Os energy transfer for tpy-type
complexes is little affected by the temperature or the state
(fluid or frozen) of the solvent.[27] Thus, at room tempera-
ture, the intrinsic deactivation at the Ru-based donor unit
(Table 3) is much faster than energy transfer, kRT


d >ken; the
reverse is true at 77 K, k77 K


d <ken.


Conclusion


We have demonstrated that the use of metal-activated or-
ganic electrophiles is an efficient and controllable method
for the preparation of V-shaped metallorods and X-shaped
metallostars. In particular, [(5)Os(6){Ru(tpy)}2]


6+ and
[Os((6){Ru(5)}2)2]


10+ are of special interest as the rutheni-
um-to-osmium energy transfer is temperature dependent. At
low temperatures, the energy transfer is efficient and
osmium-centred emission is observed, whereas at room tem-
perature the ruthenium luminophores are efficiently deacti-
vated and no energy transfer is observed. These observa-
tions introduce an additional parameter that may be adjust-
ed in order to tune the energy-transfer processes in antenna
devices.


Experimental Section


General methods : Infrared spectra were recorded on Mattson Genesis
and Shimadzu FTIR 8300 Fourier-transform spectrophotometers with
samples in compressed KBr discs or as solids using a Golden Gate ATR
accessory. 1H and 13C NMR spectra were recorded on Bruker AC 300,
AV 300 and DRX 500 spectrometers at room temperature; the ring-label-
ling scheme adopted for the ligands is shown in the structure diagrams;
chemical shifts are referenced with respect to TMS (d=0 ppm). EI mass
spectra were recorded on a Kratos MS 50 instrument. Electrospray mass
spectra (ES-MS) were recorded by using Finnigan MAT LCT and LCQ
mass spectrometers. Electrochemical measurements were performed with
an Autolab PGSTAT 20 system using platinum or glassy-carbon working
and auxiliary electrodes with an Ag/AgCl electrode as reference, using
purified acetonitrile as solvent and 0.1m [nBu4N][BF4] as the supporting
electrolyte. Potentials are quoted versus the ferrocene/ferrocenium
couple (Fc/Fc+ =0.0 V) and were referenced to internal ferrocene added
at the end of each experiment. All glassware was flame-dried prior to use
and flushed with N2; K2CO3 was dried at 170 8C for at least 24 h before
use.


Figure 5. Time-resolved luminescence properties of [Os((6){Ru(5)}2)2]
10 +


at 77 K, as observed at 650 nm (ruthenium-based region, single-exponen-
tial decay, t=34 ns) and 730 nm (osmium-based region, dual-exponential
decay, t1 =39 ns and t2 = 2.0 ms); see text and Table 3. The time profile of
the 465 nm NanoLED excitation source is also shown (norm.=normal-
ised.).
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Absorption spectra of dilute solutions in acetonitrile (1–2 � 10�5
m) were


measured with a Perkin-Elmer Lambda 45 UV/Vis spectrophotometer.
Luminescence spectra were obtained with a Spex Fluorolog II spectro-
fluorimeter equipped with a Hamamatsu R928 phototube. Air-equilibrat-
ed sample solutions were excited at 480 nm and their concentrations
were adjusted so as to obtain absorbance values �0.15. Low-temperature
measurements were performed using capillary tubes immersed in liquid
nitrogen. Whilst uncorrected luminescence band maxima are referred to
throughout the text, corrected spectra were employed for the determina-
tion of the luminescence quantum yields (the correction procedure was
based on the use of software that takes care of the wavelength-dependent
phototube response). From the wavelength-integrated area of the cor-
rected luminescence spectra, we obtained luminescence quantum yields f
for the samples with reference to [Ru(bpy)3]Cl2 (r, fr =0.028 in air-equili-
brated water[28]) through the use of Equation (3):[29]


�


�r
¼ Arh


2ðareaÞ
Ah2


rðareaÞr
ð3Þ


in which A and h refer to the absorbance values and refractive indices of
the two solutions. Band maxima and relative luminescence intensities
were measured with estimated uncertainties of 2 nm and 20%, respec-
tively. Luminescence lifetimes were measured using an IBH 5000 F
single-photon counting spectrometer; excitation was performed at
465 nm (with a NanoLED source); single- or double-exponential analyses
of the decays were performed with the help of software provided by
IBH. The estimated uncertainty for the lifetime values is 8%.


All metal complexes were repeatedly recrystallised prior to use in photo-
physical studies and were judged to be pure on the basis of chromato-
graphic and spectroscopic studies. In our hands, combustion microanaly-
ses of multinuclear ruthenium or ruthenium/osmium oligopyridine com-
plexes have been found to result in data with anomalously low carbon
figures due to carbide formation.


4’-(3,5-Dimethoxyphenyl)-2,2’:6’,2’’-terpyridine (1): 2-Acetylpyridine
(690 mL, 5.8 mmol) was added dropwise to a solution of KOtBu (1.04 g,
9.3 mmol) in THF (50 mL) and the mixture was stirred at room tempera-
ture for 30 min to give a pale yellow suspension containing the enolate.
A solution of 3,5-dimethoxybenzaldehyde (508 mg, 3.06 mmol) in THF
(5 mL) was then added, whereupon the reaction mixture immediately
became clear and bright orange. After stirring for 17 h at room tempera-
ture, a suspension of dried NH4OAc (5 g) in 2:1 EtOH/AcOH (60 mL)
was added and the reaction mixture was heated to reflux for 5 h. It was
then cooled to room temperature, poured onto ice and after 2 h water
(300 mL) was added, resulting in the deposition of 1 as an off-white pre-
cipitate, which was collected by filtration. Extraction of the filtrate with
CH2Cl2 (100 mL) gave a brown oil from which a further small amount of
1 was obtained after chromatographic separation (Al2O3, toluene/5 %
Et2NH). Yield: 545 mg (50.9 %); 1H NMR (300 MHz, CDCl3): d =8.73
(d, J= 4.8 Hz, 2H; A6), 8.69 (s, 2 H; B3), 8.67 (d, J= 8.1 Hz, 2H; A3),
7.88 (dt, J =1.8, 7.7 Hz, 2 H; A4), 7.36 (ddd, 2 H; A5), 7.01 (d, J =2.2 Hz,
2H; C2), 6.56 (t, 1 H; C4), 3.69 ppm (s, 6 H; OCH3); 13C NMR (125 MHz,
CDCl3): d =161 (C3), 156 (B2), 155 (A2), 150 (B4), 149 (A6), 140 (C1),
136 (A4), 123 (A5), 121 (A3), 119 (B3), 105 (C2), 101 (C4), 55 ppm
(CH3); IR (solid): ñ=2939 (w), 2839 (w), 2360 (w), 1581 (s), 1465 (m),
1388 (s), 1334 (w), 1296 (w), 1203 (s), 1149 (s), 1064 (m), 987 (w), 894
(w), 786 (s), 732 (s), 694 (m), 655 cm�1 (s); MS (EI): m/z : 369 [M]+ , 339
[M�2Me]+ .


4’-(3,5-Dihydroxyphenyl)-2,2’:6’,2’’-terpyridine (2): Concentrated hydro-
chloric acid (17.6 mL) and pyridine (16 mL) were heated under N2 at
210 8C for approximately 2 h with continuous removal of water until the
solution reached a constant internal temperature of 210 8C. After cooling
to 150 8C, 1 (1.1 g, 3.0 mmol) was added and the mixture was heated at
210 8C for 3 h. It was then cooled to 100 8C, whereupon warm water
(60 mL) was added. The pale precipitate that formed was collected by fil-
tration and dried over P2O5 in vacuo. Yield: quantitative; 1H NMR
(300 MHz, [D6]DMSO): d=8.92 (d, J =8.1 Hz, 2 H; A3), 8.86 (d, J =


4.8 Hz, 2 H; A6), 8.73 (s, 2H; B3), 8.30 (dt, J=1.5, 7.7 Hz, 2H; A4), 7.75


(dt, 2 H; A5), 6.84 (d, J =2.2 Hz, 2H; C2), 6.41 ppm (t, 1 H; C4); 13C
NMR (100 MHz, [D6]DMSO): d=147.4 (A6), 140.1 (A4), 125.4 (A5),
122.2 (A3), 118.9 (B3), 104.8 (C2), 103.8 ppm (C4); due to low solubility,
the quaternary C could not be observed; IR (solid): ñ =3055 (m), 2827
(m), 2727 (m), 1593 (s), 1523 (s), 1473 (w), 1419 (m), 1353 (m), 1330 (m),
1292 (m), 1234 (m), 1215 (m), 1153 (s), 1095 (w), 1026 (m), 1002 (m), 956
(m), 879 (w), 844 (s), 783 (s), 729 (m), 702 (m), 678 (m), 648 (m), 617
(m), 567 (s), 532 cm�1 (m); MS (ESI, high resolution): m/z calcd for
C21H16N3O2 [M+H]+ : 342.124; found: 342.123; MS (ESI): m/z : 364
[M+Na]+ , 342 [M+H]+.


[Ru(tpy)(3)][PF6]2 : A mixture of 4’-bromo-2,2’:6’,2’’-terpyridine (3 ;
65.0 mg, 0.209 mmol), [Ru(tpy)Cl3] (95.0 mg, 0.216 mmol) and N-ethyl-
morpholine (4 drops) in EtOH (20 mL) was heated at reflux for 3 h.
Aqueous NH4PF6 was then added and the red precipitate that formed
was collected by filtration. Purification of the crude product by column
chromatography (SiO2; MeCN/saturated aqueous KNO3/H2O, 7:1:0.5)
gave [Ru(tpy)(3)][PF6]2 as an orange solid. Yield: 142 mg (72.5 %); 1H
NMR (300 MHz, CD3CN): d=8.97 (s, 2 H; B3), 8.73 (d, J =8.1 Hz, 2H;
E3), 8.47 (d, J =7.4 Hz, 4H; A3+D3), 8.40 (t, 1H; E4), 7.91 (m, 4 H;
A4+ D4), 7.35 (m, 4 H; A6+D6), 7.15 ppm (m, 4H; A5+D5); IR
(solid): ñ =1600 (w), 1446 (m), 1423 (m), 1392 (m), 1338 (m), 1288 (m),
1242 (w), 1161 (w), 1107 (w), 1053 (w), 902 (w), 817 (s), 786 (s), 763 (s),
648 (m), 621 (m), 551 cm�1 (s); MS (ESI): m/z : 793 [M�PF6]


+ , 324
[M�2PF6]


2+ .


[Ru(5)Cl3]: A mixture of RuCl3·3H2O (261 mg, 1.00 mmol) and 4’-(2-
thienyl)-2,2’:6’,2’’-terpyridine (5 ; 315 mg, 0.100 mmol) in EtOH (200 mL)
was heated at reflux for 2 h. The reaction mixture was cooled and the
brown solid that formed was collected by filtration. The crude [Ru(5)Cl3]
was washed with ethanol, dried and used without further purification.


[Ru(4)(5)][PF6]2 : This complex was obtained as a red solid by following
the method described for [Ru(tpy)(3)][PF6]2 but using 4’-chloro-2,2’:6’,2’’-
terpyridine (4 ; 54.0 mg, 0.202 mmol) and [Ru(5)Cl3] (108 mg,
0.207 mmol). Yield: 120.7 mg (61.3 %); 1H NMR (300 MHz, CD3CN):
d=8.92 (s, 2H; E3), 8.83 (s, 2H; B3), 8.65 (d, J =8.1 Hz, 2H; D3), 8.49
(d, J =8.1 Hz, 2H; A3), 8.18 (dd, J =1.1, 3.7 Hz, 1 H; F3), 7.94 (dt, J =


1.1, 8.1 Hz, 4 H; A4+D4), 7.83 (dd, J=1.1, 5.1 Hz, 1H; F5), 7.46 (d, J=


5.5 Hz, 2H; A6), 7.42 (dd, 1H; F4), 7.38 (d, J= 5.5 Hz, 2 H; D6), 7.19
(ddd, 2 H; A5), 7.17 ppm (ddd, 2 H; D5); IR (solid): ñ=1595 (w), 1539
(w), 1427 (m), 1342 (s), 1288 (m), 1245 (m), 1114 (w), 1029 (w), 825 (s),
786 (s), 756 (m), 702 (m), 651 (m), 555 (s), 528 cm�1 (m); MS (ESI): m/z :
829/831 [M�PF6]


+ , 343/342 [M�2PF6]
2+ .


[Ru(2)2][PF6]2 : A mixture of 2 (63.6 mg, 0.186 mmol), RuCl3·3H2O
(24.3 mg, 0.093 mmol) and N-ethylmorpholine (4 drops) in ethane-1,2-
diol (10 mL) was heated in a modified domestic microwave oven at
600 W for 4 min to give a clear red solution. The product was precipitat-
ed as a red solid by the addition of aqueous NH4PF6. Yield: 87.9 mg
(88.2 %); 1H NMR (300 MHz, CD3CN): d=8.93 (s, 4 H; B3), 8.63 (d, J=


7.7 Hz, 4 H; A3), 7.72 (t, J =7.7 Hz, 4 H; A4), 7.40 (d, J =5.1 Hz, 4 H;
A6), 7.15 (t, J =7.0 Hz, 4H; A5), 7.12 (d, J =2.2 Hz, 4 H; C2), 6.58 ppm
(t, 2 H; C4); IR (solid): ñ=3078 (w), 1604 (m), 1535 (w), 1461 (m), 1411
(m), 1323 (m), 1215 (m), 1149 (m), 1026 (m), 972 (m), 833 (s), 786 (s),
752 (m), 729 (m), 690 (m), 648 (m), 551 (m), 528 cm�1 (m); MS (ESI):
m/z : 929 [M�PF6]


+ , 392 [M�2 PF6]
2+ .


[Ru(tpy)(2)][PF6]2 : This complex was prepared by following the method
described for [Ru(tpy)(3)][PF6]2 using 2 (35.3 mg, 0.103 mmol) and [Ru-
(tpy)Cl3] (45.6 mg, 0.103 mmol). The product was precipitated as an
orange solid by the addition of aqueous NH4PF6; chromatographic purifi-
cation was not required. Yield: 61.2 mg (61.6 %); 1H NMR (300 MHz,
CD3CN): d =8.88 (s, 2H; B3), 8.71 (d, J =8.1 Hz, 2H; E3), 8.58 (d, J=


7.7 Hz, 2 H; A3), 8.46 (d, J =7.7 Hz, 2 H; D3), 8.37 (t, J =8.1 Hz, 1 H;
E4), 7.88 (t+ t, J=1.8, 8.1 Hz, 4H; A4 +D4), 7.37 (d, J=5.9 Hz, 2H;
A6), 7.30 (d, J =5.5 Hz, 2H; D6), 7.12 (m, 4 H; A5 +D5), 7.09 (d, J =


1.8 Hz, 2H; C2), 6.55 ppm (t, 1H; C4); IR (solid): ñ=3325 (w), 1600
(m), 1535 (m), 1465 (m), 1415 (m), 1245 (m), 1161 (m), 1006 (w), 817 (s),
783 (s), 767 (s), 690 (m), 644 (m), 551 (m), 516 cm�1 (s); MS (ESI): m/z :
821 [M�PF6]


+ , 338 [M�2PF6]
2+ .


[Ru(2)(5)][PF6]2 : This complex was obtained as a red solid by following
the method described for [Ru(tpy)(2)][PF6]2 using 2 (32.5 mg,
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0.095 mmol) and [Ru(5)Cl3] (50.2 mg, 0.096 mmol). Yield: 78.3 mg
(78.6 %); 1H NMR (300 MHz, CD3CN): d =8.92 (s, 4H; B3+E3), 8.65
(d, J =7.7 Hz, 2H; D3), 8.62 (d, J=7.7 Hz, 2H; A3), 8.18 (dd, J =1.1,
3.7 Hz, 1 H; F3), 7.94 (dt, J=1.5, 7.7 Hz, 2H; D4), 7.92 (dt, J =1.5,
7.7 Hz, 2 H; A4), 7.83 (dd, J =1.1, 5.2 Hz, 1H; F5), 7.43 (d, J =5.5 Hz,
2H; D6), 7.42 (dd, 1 H; F4), 7.41 (d, J=5.5 Hz, 2 H; A6), 7.17 (m, 4H;
A5+ D5), 7.13 (d, J =2.2 Hz, 2 H; C2), 6.59 ppm (t, J =2.2 Hz, 1 H; C4);
IR (solid): ñ =1604 (m), 1539 (w), 1465 (m), 1411 (m), 1323 (w), 1288
(w), 1245 (w), 1149 (m), 1087 (w), 1006 (w), 817 (s), 786 (s), 752 (m), 713
(m), 651 (m), 621 (m), 551 cm�1 (m); MS (ESI): m/z : 903 [M�PF6]


+ , 379
[M�2PF6]


2+ .


[Os(2)2][PF6]2 : This complex was obtained as a purple solid by following
the method described for [Ru(2)2][PF6]2 using 2 (58.7 mg, 0.172 mmol),
K2OsCl6 (27.8 mg, 0.089 mmol) and N-ethylmorpholine (9 drops) in
ethane-1,2-diol (10 mL). Yield: 85.9 mg (86.0 %); 1H NMR (300 MHz,
CD3CN): d =8.95 (s, 4H; B3), 8.61 (d, J=8.1 Hz, 4 H; A3), 7.77 (dt, J =


1.5, 7.7 Hz, 4H; A4), 7.26 (d, J =5.9 Hz, 4H; A6), 7.08 (ddd, 4H; A5),
7.10 (d, J =1.8 Hz, 4 H; C2), 6.51 ppm (t, 2H; C4); IR (solid): ñ =3052
(w), 1600 (m), 1523 (m), 1461 (m), 1419 (m), 1280 (m), 1245 (m), 1153
(w), 1130 (m), 1087 (m), 1026 (w), 1002 (m), 937 (m), 833 (s), 783 (s), 729
(m), 644 (m), 536 (m), 513 cm�1 (m); MS (ESI): m/z : 1018 [M�PF6]


+ ,
437 [M�2 PF6]


2+ .


[Os(2)(5)][PF6]2 : This complex was prepared by following the method
described for [Ru(2)(5)][PF6]2 using 2 (30.0 mg, 0.088 mmol) and
[Os(5)Cl3] (54.0 mg, 0.088 mmol) in ethane-1,2-diol (10 mL). Purification
of the crude product by column chromatography (SiO2; MeCN/saturated
aqueous KNO3/H2O, 7:2:2) gave [Os(2)(5)][PF6]2 as a brown solid. Yield:
77.2 mg (77.3 %); 1H NMR (300 MHz, CD3CN): d= 8.95 (s, 4H; B3+


D3), 8.63 (d, J =7.4 Hz, 2H; D3), 8.61 (d, J =7.4 Hz, 2H; A3), 8.10 (dd,
J =1.1, 3.7 Hz, 1H; F3), 7.80 (dt, J=1.5, 7.7 Hz, 2H; D4), 7.79 (dt, J =


1.5, 8.08 Hz, 2 H; A4), 7.72 (dd, J=1.1, 5.2 Hz, 1H; F5), 7.42 (dd, J =3.7,
5.1 Hz, 1 H; F4), 7.30 (d, J =5.1 Hz, 2 H; A6), 7.29 (d, J =5.1 Hz, 2 H;
D6), 7.10 (m, 4H; A5+D5), 7.10 (d, J= 2.2 Hz, 2 H; C2), 6.52 ppm (t,
1H; C4); IR (solid): ñ=3066 (w), 1604 (m), 1581 (m), 1523 (m), 1465
(m), 1427 (m), 1396 (m), 1361 (m), 1334 (m), 1284 (m), 1245 (m), 1153
(w), 1076 (w), 1026 (w), 825 (s), 783 (s), 752 (m), 713 (m), 651 (m), 621
(m), 551 cm�1 (m); MS (ESI): m/z : 992 [M�PF6]


+ , 424 [M�2 PF6]
2+ .


[(tpy)Ru(6){Ru(tpy)}2][PF6]6 : [Ru(tpy)(2)][PF6]2 (18.0 mg, 0.019 mmol),
dry K2CO3 (200 mg, 1.45 mmol) and [Ru(tpy)(4)][PF6]2 (39.0 mg,
0.044 mmol) were dissolved in dry acetonitrile (10 mL) and the mixture
was heated to reflux for 4 h. The product was precipitated by the addition
of aqueous NH4PF6 and was purified by column chromatography (SiO2;
MeCN/saturated aqueous KNO3/H2O, 7:1:0.5). The first orange fraction
to be eluted consisted of [Ru(tpy)(4)][PF6]2, and this was followed by a
slower moving red compound that was identified as [(tpy)Ru(6){Ru-
(tpy)}2][PF6]6. Yield: 17.5 mg (34.4 %); 1H NMR (300 MHz, CD3CN): d=


9.28 (s, 2H; B3), 8.76 (d, J =8.1 Hz, 4H; A3+E3), 8.72 (d, J =8.1 Hz,
4H; K3), 8.67 (s, 4H; H3), 8.55 (d, J =8.1 Hz, 4 H; G3), 8.50 (d, J=


8.1 Hz, 4 H; D3), 8.46 (d, J =2.2 Hz, 2H; C2), 8.45 (d, J=7.0 Hz, 4H;
J3), 8.42 (t, J =8.1 Hz, 1H; E4), 8.37 (t, J =8.1 Hz, 2H; K4), 8.02 (t, 1 H;
C4), 7.92 (dt, J= 1.5, 7.7 Hz, 2H; D4), 7.89 (dt, J =1.5, 8.1 Hz, 2 H; A4),
7.83 (dt, J=1.5, 7.7 Hz, 4 H; J4), 7.71 (dt, J=1.5, 7.7 Hz, 4 H; G4), 7.55
(d, J= 5.5 Hz, 4H; J6), 7.44 (d, J =5.5 Hz, 2H; D6), 7.37 (d, J =5.5 Hz,
2H; A6), 7.31 (d, J =5.5 Hz, 4 H; G6), 7.17 (dt, 2 H; A5), 7.15 (dt, 2 H;
D5), 7.08 (ddd, 4H; G5), 7.04 ppm (ddd, 4 H; J5); IR (solid): ñ =1604
(w), 1466 (w), 1404 (m), 1353 (m), 1288 (w), 1245 (w), 1199 (m), 1164
(w), 999 (w), 821 (s), 786 (s), 763 (s), 690 (m), 551 cm�1 (m); MS (ESI):
m/z : 1194 [M�2PF6]


2+ , 748 [M�3 PF6]
3+ , 525 [M�4 PF6]


4+ .


[(5)Ru(6){Ru(tpy)}2][PF6]6 : The method was as described for
[(tpy)Ru(6){Ru(tpy)}2][PF6]6 using [Ru(5)(2)][PF6]2 (38.6 mg,
0.037 mmol) and [Ru(tpy)(4)][PF6]2 (69.8 mg, 0.078 mmol) in MeCN
(10 mL). Chromatographic separation (SiO2; MeCN/saturated aqueous
KNO3/H2O, 7:1:0.5) resulted in orange [Ru(tpy)(4)][PF6]2 as the first frac-
tion, red [Ru(5)(2)][PF6]2 as the second band, and a very slow moving
red band from which a red solid was isolated that was characterised as
[(5)Ru(6){Ru(tpy)}2][PF6]6. Yield: 52.0 mg (50.8 %); 1H NMR (300 MHz,
CD3CN): d=9.30 (s, 2H; B3), 8.95 (s, 2H; E3), 8.77 (d, J =8.1 Hz, 2H;
A3), 8.73 (d, J =8.1 Hz, 4H; K3), 8.68 (s, 4H; H3), 8.67 (d, J =8.1 Hz,


2H; D3), 8.55 (d, J =8.1 Hz, 4 H; G3), 8.47 (d, J =2.2 Hz, 2H; C2), 8.47
(d, J= 7.0 Hz, 4H; J3), 8.38 (t, J =8.1 Hz, 2H; K4), 8.20 (dd, J =1.1,
3.7 Hz, 1 H; F3), 8.03 (t, 1H; C4), 7.95 (dt, J= 1.5, 7.7 Hz, 2H; D4), 7.92
(dt, J =1.5, 8.1 Hz, 2 H; A4), 7.85 (dt, J= 1.5, 7.7 Hz, 4H; J4), 7.85 (dd,
J =1.1, 5.1 Hz, 1 H; F5), 7.72 (dt, J= 1.5, 7.7 Hz, 4 H; G4), 7.55 (d, J =


5.5 Hz, 4 H; J6), 7.48 (d, J =5.5 Hz, 2 H; A6), 7.47 (d, J =5.5 Hz, 2 H;
D6), 7.43 (dd, J= 3.7, 5.1 Hz, 1 H; F4), 7.33 (d, J=5.5 Hz, 4H; G6), 7.19
(m, 4 H; A5 +D5), 7.07 ppm (m, 8H; G5+J5); IR (solid): ñ =1604 (w),
1585 (w), 1446 (w), 1404 (m), 1353 (m), 1288 (w), 1242 (w), 1195 (m),
1164 (w), 1026 (w), 999 (w), 829 (s), 786 (s), 767 (s), 651 (m), 555 cm�1


(m); MS (ESI): m/z : 1234 [M�2 PF6]
2+ , 774 [M�3 PF6]


3+ , 545
[M�4PF6]


4+ .


[Ru((6){Ru(tpy)}2)2][PF6]10 : A solution of [Ru(2)2][PF6]2 (12.0 mg,
0.011 mmol) and [Ru(tpy)(4)][PF6]2 (45.0 mg, 0.048 mmol) in MeCN
(10 mL) was treated with dry K2CO3 (200 mg, 1.35 mmol) and the mix-
ture was heated to reflux for 18 h. Complexes were precipitated by the
addition of aqueous NH4PF6. The pentanuclear product was found to
bind irreversibly to silica; attempted purification by column chromatog-
raphy on silica or Sephadex or by HPLC was unsuccessful. The precipi-
tated salts were dissolved in MeCN and very slowly reprecipitated by the
addition of further aqueous NH4PF6. The first orange-red precipitated
material was collected by filtration and was found to be pure [Ru((6){Ru-
(tpy)}2)2][PF6]10. Yield: 8.9 mg (18.0 %); 1H NMR (500 MHz, CD3CN):
d=9.34 (s, 4H; B3), 8.80 (d, J=8.1 Hz, 4H; A3), 8.71 (d, J=8.1 Hz, 8 H;
K3), 8.69 (s, 8H; H3), 8.56 (d, J =8.1 Hz, 8H; G3), 8.48 (d, J =2.2 Hz,
4H; C2), 8.45 (d, J=7.0 Hz, 8H; J3), 8.40 (t, 4H; K4), 8.05 (t, 2H; C4),
7.93 (dt, J=1.5, 8.1 Hz, 4 H; A4), 7.83 (dt, J=1.5, 7.7 Hz, 8 H; J4), 7.70
(dt, J= 1.5, 7.7 Hz, 8H; G4), 7.56 (d, J =5.5 Hz, 8H; J6), 7.50 (d, J=


5.5 Hz, 4H; A6), 7.31 (d, J=5.5 Hz, 8 H; G6), 7.09 (dt, 4 H; A5), 7.07
(ddd, 8H; G5), 7.03 ppm (ddd, 8H; J6); IR (solid): ñ=1604 (w), 1542
(w), 1454 (w), 1404 (m), 1357 (w), 1288 (w), 1199 (m), 1154 (w), 1002
(w), 825 (s), 786 (s), 763 (s), 651 (m), 551 cm�1 (s); MS (ESI): m/z : 2104
[M�2PF6]


2+ , 1353 [M�3PF6]
3+ , 979 [M�4PF6]


4+ , 754 [M�5PF6]
5+ , 604


[M�6PF6]
6+ .


[(5)Os(6){Ru(tpy)}2][PF6]6 : This complex was obtained as an orange-
brown solid by following the method described for the analogous com-
plex [(5)Ru(6){Ru(tpy)}2][PF6]6 but using [Os(5)(2)][PF6]2 (35.0 mg,
0.030 mmol) and [Ru(tpy)(4)][PF6]2 (58.1 mg, 0.062 mmol). Yield:
32.7 mg (38.3 %); 1H NMR (300 MHz, CD3CN): d=9.30 (s, 2H; B3),
8.96 (s, 2H; E3), 8.75 (d, J= 8.1 Hz, 2 H; A3), 8.72 (d, J =8.1 Hz, 4 H;
K3), 8.67 (s, 4H; H3), 8.64 (d, J =8.1 Hz, 2H; D3), 8.55 (d, J =8.1 Hz,
4H; G3), 8.46 (d, J =8.1 Hz, 4 H; J3), 8.44 (d, J=2.2 Hz, 2 H; C2), 8.38
(4, J =8.1 Hz, 2H; K4), 8.10 (dd, J=1.1, 3.7 Hz, 1 H; F3), 7.95 (t, 1H;
C4), 7.84 (dt, J=1.5, 7.7 Hz, 4H; J4), 7.80 (dt, J=1.5, 7.7 Hz, 2 H; D4),
7.78 (dt, J =1.5, 8.1 Hz, 2H; A4), 7.73 (dd, J=1.1, 5.1 Hz, 1H; F5), 7.72
(dt, J= 1.5, 7.7 Hz, 4H; G4), 7.56 (d, J=5.5 Hz, 4 H; J6), 7.42 (dd, J =3.7,
5.1 Hz, 1 H; F4), 7.34 (d, J =5.5 Hz, 2 H; A6), 7.33 (d, J =5.5 Hz, 2 H;
D6), 7.32 (d, J=5.5 Hz, 4H; G6), 7.12 (dt, 2 H; A5), 7.10 (dt, J =1.1,
7.3 Hz, 2 H; D5), 7.08 (dt, J =1.1, 7.3 Hz, 4H; G5), 7.05 ppm (dt, J =1.1,
7.3 Hz, 4 H; J5); IR (solid): ñ=1604 (w), 1434 (w), 1396 (m), 1357 (s),
1284 (m), 1245 (m), 1199 (m), 1164 (w), 1126 (w), 1029 (w), 999 (w), 825
(s), 786 (s), 763 (s), 651 (m), 551 cm�1 (s); MS (ESI): m/z : 1279
[M�2PF6]


2+ , 804 [M�3PF6]
3+ , 567 [M�4 PF6]


4+.


[(5)Os(6){Ru(5)}2][PF6]6 : This complex was obtained as an orange-brown
solid by following the method described for [(5)Ru(6){Ru(tpy)}2][PF6]6


using [Os(5)(2)][PF6]2 (15.1 mg, 0.013 mmol) and [Ru(5)(4)][PF6]2


(30.5 mg, 0.031 mmol). Yield: 12.7 mg (32.4 %); 1H NMR (500 MHz,
CD3CN): d= 9.35 (s, 2H; B3), 8.97 (s, 2 H; E3), 8.90 (s, 4 H; K3), 8.78 (d,
J =8.1 Hz, 4 H; A3), 8.72 (s, 4 H; H3), 8.64 (d, J =8.8 Hz, 2 H; D3), 8.62
(d, J= 8.4 Hz, 4H; J3), 8.59 (d, J =8.1 Hz, 4H; G3), 8.46 (d, J =1.8 Hz,
2H; C2), 8.16 (dd, J =1.1, 3.7 Hz, 2 H; L3), 8.10 (dd, J=1.1, 3.7 Hz, 1H;
F3), 7.99 (t, 1H; C4), 7.85 (dt, J= 1.5, 8.1 Hz, 4H; J4), 7.81 (dd, J =1.1,
5.1 Hz, 2H; L5), 7.80 (dt, J =1.5, 7.7 Hz, 2H; D4), 7.77 (dt, J =1.5,
8.08 Hz, 2H; A4), 7.73 (dd, J =1.1, 5.1 Hz, 1 H; F5), 7.71 (dt, J =1.5,
8.4 Hz, 4H; G4), 7.59 (d, J=5.1 Hz, 4 H; J6), 7.42 (1 H; F4), 7.41 (2 H;
L4), 7.40 (d, J= 5.1 Hz, 4 H; G6), 7.34 (d, J =5.5 Hz, 2H; D6), 7.33 (d,
J =5.5 Hz, 2 H; A6), 7.11 (ddd, 2H; A5), 7.09 (ddd, 2H; D5), 7.08 (dt,
4H; G5), 7.05 ppm (dt, 4 H; J5); IR (solid): ñ=1612 (w), 1454 (w), 1396
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(m), 1357 (m), 1288 (w), 1199 (m), 1154 (w), 1026 (w), 1002 (w), 825 (s),
786 (s), 752 (m), 725 (m), 651 (m), 551 (s), 528 cm�1 (m); MS (ESI): m/z :
1361 [M�2 PF6]


2+ , 859 [M�3PF6]
3+ , 608 [M�4PF6]


4+ .


[Os((6){Ru(5)}2)2][PF6]10 : This complex was obtained as an orange-
brown solid by following the method described for [Ru((6){Ru(tpy)}2)2]-
[PF6]10 using [Os(2)2][PF6]2 (14.0 mg, 0.012 mmol) and [Ru(5)(4)][PF6]2


(50.2 mg, 0.052 mmol). Yield: 12.8 mg (21.6 %); 1H NMR (500 MHz,
CD3CN): d= 9.43 (s, 4H; B3), 8.90 (s, 8H; K3), 8.82 (d, J =8.1 Hz, 8H;
A3), 8.74 (s, 8 H; H3), 8.61 (d, J= 8.1 Hz, 16 H; J3+G3), 8.49 (d, J=


1.8 Hz, 4 H; C2), 8.16 (d, J =3.7 Hz, 4 H; L3), 8.03 (t, 2H; C4), 7.85 (dt,
J =1.5, 8.1 Hz, 8H; J4), 7.81 (dd, J=1.1, 5.1 Hz, 4 H; L5), 7.77 (t, J =


7.7 Hz, 4 H; A4), 7.69 (dt, J=1.1, 7.7 Hz, 8H; G4), 7.62 (d, J =5.5 Hz,
8H; J6), 7.40 (dd, J =3.7, 5.1 Hz, 4H; L4), 7.40 (d, J =5.5 Hz, 8H; G6),
7.38 (d, J =5.5 Hz, 2H; A6), 7.12 (t, 4H; A5), 7.07 (t, 4H; G5), 7.03 ppm
(dt, 4 H; J5); IR (solid): ñ =1608 (w), 1585 (w), 1465 (w), 1400 (m), 1353
(m), 1284 (w), 1199 (m), 1152 (w), 1087 (m), 1026 (m), 1002 (w), 829 (s),
786 (s), 752 (m), 729 (m), 651 (m), 555 (s), 520 cm�1 (m); MS (ESI): m/z :
1493 [M�3 PF6]


3+, 1083 [M�4 PF6]
4+ , 837 [M�5PF6]


5+ , 674 [M�6PF6]
6+ .
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