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… exhibits signatures of electronic
delocalization. In their Full Paper
on page 7782 ff., J. L. Kiplinger,
D. E. Morris et al. have shown that
multimetallic uranium and thorium
architectures can be easily assem-
bled by using nitrile insertion
chemistry into actinide–carbon
bonds. With its covalent metal–
ligand bonds, the resulting 1,4-phe-
nylenediketimide bridging ligand
provides a useful platform for the
study of metal–metal interactions.
Electrochemistry of the thorium
analogue affords definition of
metal-based processes in the ura-
nium bimetallic system.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and published
by Wiley-VCH. This group of
Societies has banded
together as Chemistry
Publishing Society
(ChemPubSoc) Europe for
its combined publishing
activities. The journal is also
supported by the Asian
Chemical Editorial Society
(ACES).


Chemodifferentiation
In their Communication on page 7756 ff., B. Alcaide, P.
Almendros, and T. Mart3nez del Campo describe the chemo-
differentiation between an alkene and an allene moiety
using iron or precious-metal catalysis, respectively. The
reaction showed unprecedented chemodivergence. An iron-
catalyzed tandem cycloetherification/b-lactam ring cleavage
to afford allenic morpholin-3-ones was also accomplished.


Versatile Sensors
In their Full Paper on page 7774 ff. , I. Willner et al.
describe versatile sensors to probe the CK2 protein kinase
activity. Different methods, such as impedance spectroscopy,
molecular-force interactions, or contact-angle measure-
ments, were used and proved to be effective tools to probe
the activity of the enzyme, which is active in intracellular
signal transduction, cell division, and cell proliferation.


Polyvalency
In their Concept article on page 7738 ff., R. S. Kane et al.
review recent developments in the design of polyvalent
ligands for in vivo applications. Topics discussed include the
design of polyvalent inhibitors of toxins and viruses, the use
of polyvalency for targeted drug delivery and imaging, and
applications of polyvalency for enhancing or suppressing
immune responses.
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Introduction


Polyvalency refers to the simultaneous attachment of multi-
ple ligands on one entity to multiple complementary recep-
tors on another entity and is a concept that nature makes
extensive use of.[1,2] Examples of naturally occurring poly-
valent interactions include antigen–antibody interactions
and the binding of viruses or bacterial toxins to their cellular
receptors.[1] Polyvalent interactions can not only be collec-
tively much stronger than the corresponding monovalent in-
teractions, but can also have properties that are different
from those displayed by their constituents that interact
mono ACHTUNGTRENNUNGvalently.[1–4] Consequently, there has been an increas-
ing interest in recent times in both the development of theo-
retical models to analyze polyvalent interactions and in the
design of polyvalent ligands.[1,2,5–9] In particular, synthetic
polyvalent ligands, consisting of scaffolds presenting multi-
ple copies of suitable molecules (e.g., peptides or sugars),
have numerous medical applications, ranging from the inhib-
ition of toxins and pathogens to drug delivery, imaging, and
influencing the function of the immune system. This review
highlights recent reports in this area, with major emphasis
on studies that have demonstrated efficacy in vivo.


Design of Polyvalent Inhibitors of Toxins and
Viruses


The design of a polyvalent inhibitor involves the attachment
of multiple copies of a suitable ligand to a scaffold such as a
polymer or a liposome. Multiple simultaneous interactions
between a polyvalent inhibitor and its polyvalent target can
result in an interaction affinity that is orders of magnitude
greater than that for the corresponding monovalent interac-


tion. The discussion below focuses on inhibitors presenting
multiple copies of a biospecific ligand (e.g., a peptide or a
sugar that binds specifically to the target).
An important target that has been successfully neutralized


by synthetic polyvalent ligands in vivo is anthrax toxin. An-
thrax toxin, which is secreted by Bacillus anthracis, is re-
sponsible for the major symptoms and death in anthrax.[10,11]


The toxin comprises a receptor-binding protein, protective
antigen (PA) and the toxic enzymes lethal factor (LF) and
edema factor (EF).[10] Following attachment to its receptor
on the target cell, PA is cleaved by proteases into a 63 kDa
fragment that oligomerizes on the cell surface to form a
heptamer, [PA63]7, which binds LF and/or EF (Figure 1a)
and transports them into the cytoplasm of the host cell.[10, 12]


The design of molecules that recognize [PA63]7 represents a
promising strategy for neutralizing anthrax toxin. To that
end, Mourez et al. used phage display to identify a peptide
that binds to [PA63]7.


[12] Attachment of multiple copies of
this peptide to a polyacrylamide backbone resulted in a
polyvalent inhibitor that was almost four orders of magni-
tude more potent than the corresponding monovalent pep-
tide in vitro and neutralized the toxin in a rat model.[12] This
work represented the first demonstration of the in vivo effi-
cacy of a synthetic, polymeric, polyvalent toxin inhibitor.


More recently, we have synthesized potent polyvalent in-
hibitors of anthrax toxin based on a variety of scaffolds[13–17]


(Figure 1b–c) and elucidated structure–activity relationships.
Studies with liposome-based inhibitors have revealed the in-
fluence of peptide density, membrane fluidity,[16] and mem-
brane heterogeneity[17] on the inhibitory potency. We func-
tionalized liposomes with the [PA63]7-binding peptide at dif-
ferent densities and observed a distinct transition in half-


Abstract: This article reviews recent developments in
the design of polyvalent ligands for in vivo applications.
Topics discussed include the design of polyvalent inhibi-
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sponses.
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Figure 1. Illustration of the binding of the toxic enzymes (EF or LF) to
the heptameric subunit of anthrax toxin, [PA63]7 in the absence of any in-
hibitor (a), in the presence of a polymer-based polyvalent inhibitor (b),
and in the presence of a liposome-based polyvalent inhibitor (c).


Chem. Eur. J. 2008, 14, 7738 – 7747 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7739


CONCEPTS



www.chemeurj.org





maximal inhibitory concentrations (IC50 values) from
�10�6m to lower, more potent values (�10�8m) over a
narrow range of peptide densities. Moreover, the average
inter-peptide distance at this transition (35–50 H) matched
the average separation between peptide-binding sites on the
heptamer.[12] Previous theoretical studies had found that
random heteropolymers recognize surfaces presenting multi-
ple binding sites when the statistics characterizing the distri-
bution of heteropolymer ligands along the polymer back-
bone and the density of surface binding sites were similar or
“matched”.[18] Our results suggest that the recognition of
target proteins (e.g., [PA63]7) by peptide-functionalized lipo-
somes is also facilitated by statistical pattern matching, that
is, by statistically matching the pattern of ligands on the
polyvalent liposomes to that of a polyvalent target. “Pat-
tern-matched” polyvalent liposomes inhibited anthrax toxin
in vitro at concentrations four orders of magnitude lower
than the corresponding monovalent peptide and neutralized
the toxin in vivo.[16] We also recently demonstrated that
phase separation, that is, the clustering of inhibitory pep-
tides into membrane domains, can significantly enhance the
potency of liposome-based polyvalent inhibitors.[17]


We have also recently synthesized liposome-based poly-
valent inhibitors that target the cellular receptors for an-
thrax toxin.[13] By using phage display to identify a peptide
that binds the anthrax toxin receptors and attaching multiple
copies of this peptide to liposomes, we designed inhibitors
that neutralized anthrax toxin both in vitro and in vivo. This
work was the first demonstra-
tion of a receptor-directed an-
thrax antitoxin and also repre-
sents a promising strategy to
combat a variety of viral and
bacterial diseases. In particular,
blocking conserved host recep-
tors used by pathogens repre-
sents a powerful strategy to
overcome the problem of
pathogen resistance to antimi-
crobial therapeutics, because
extensive alterations to the
pathogen may be required to
enable it to switch to a new re-
ceptor that can still support
pathogenesis.[13]


Several groups have de-
signed potent polyvalent inhib-
itors of other toxins such as
the heat-labile enterotoxin
(LT) from E. coli, the Shiga-
like toxin (Stx) from enterohe-
morrhagic E. coli (EHEC)
strain O157:H7 and the cholera
toxin.[1,19–25] Guided by the
crystal structure of the Shiga-
like toxin I (Stx-I) from E. coli
in complex with an analogue


of its carbohydrate receptor, Kitov and co-workers designed
oligovalent inhibitors consisting of receptor analogues teth-
ered to a glucose molecule as the central core. The inhibitor,
termed as “Starfish” (Figure 2), protected Vero cells against
both Stx-I and II.[20] “Starfish” could also inhibit Stx-I in
vivo but not Stx-II; however, a derivative of this molecule
termed “Daisy” (Figure 2) protected mice against both Stx-I
and II.[22] In another study, Neri et al. synthesized potent in-
hibitors of Stx by conjugating multiple copies of a derivative
of globotriaosyl ceramide (Gb3), which is a natural receptor
of Stx, to a polyacrylamide backbone. The resultant inhibi-
tor was found to inhibit both Stx-I and II in vivo.[24] Similar
inhibition of toxicity in mice was observed by Nishikawa
and co-workers, when they administered a carbosilane-
based-dendrimer presenting multiple copies of a Gb3 deriva-
tive.[21] In another study, by screening a polyvalent peptide
library, Nishikawa et al. identified a tetravalent peptide that
exhibited a high affinity for the Stx-II and was able to pro-
tect mice from a lethal dose of an EHEC serotype.[23]


The principle of polyvalency has also been used to synthe-
size potent inhibitors of influenza viruses that are effective
in vivo. These inhibitors target the viral proteins neuramini-
dase or hemagglutinin. Honda and co-workers have devel-
oped polyvalent inhibitors by attaching multiple copies of
the monovalent neuraminidase inhibitor Zanamivir to poly-
glutamic acid backbones. These inhibitors were more potent
in vivo than the monovalent inhibitor.[26,27] Matrosovich and
co-workers have synthesized polyacrylamide-based inhibi-


Figure 2. Chemical structure of “Starfish”, which inhibits Stx-I in mice and “Daisy” which protects mice from
both Stx-I and II. Reproduced with permission from reference [22]. Copyright 2003, The University of Chica-
go Press.
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tors of the influenza virus, presenting multiple copies of a
modified sialic acid monomer. The inhibitor was found to
increase the survival of mice infected with a mouse-adapted
variant of the H3N2 strain of the influenza virus.[28] Re-
searchers have also used dendrimers for the synthesis of in-
hibitors of the influenza virus. Polyvalent sialic acid conju-
gated polyamidoamine dendrimers were effective in pre-
venting infection by a H3N2 influenza subtype.[29]


Polyvalency in Targeted Drug Delivery and
Imaging


The attachment of multiple copies of ligands to nanoscale
scaffolds for targeted drug delivery or imaging is well estab-
lished. This section highlights recent innovation in poly-
valent targeting, the design of targeting ligands, and the en-
gineering of nanoscale scaffolds.


Polyvalent targeting : One key principle of targeted nanopar-
ticle (NP) drug delivery is that attaching multiple targeting
molecules to the surface of NPs will improve their ability to
bind to target cells and deliver the drug.[30] Holl et al. dem-
onstrated that polyvalency improves the specificity of target-
ing of NPs to tumor cells that overexpress the folate recep-
tor.[31] They tested the binding characteristics of a series of
dendrimers with the number of presented folic acid mole-
cules ranging from zero to 15. The experiments showed that
dendrimers bound more tightly to the cells—by as much as
170000-fold—as the number of folic acid molecules in-
creased. Calculations suggested that 5–6 folate receptors
can clump together on the surface of a cell to bind to a
single dendrimer presenting multiple folic acid moieties.
While strategies for delivering cytotoxic drugs to tumor


cells are based on targeting cell-surface receptors overex-
pressed on tumor cells, these receptors are often also pres-
ent on healthy cells, which can therefore also receive the
drug. To improve the selectivity of drug delivery to target
cells, Saul et al. took advantage of the fact that tumors usu-
ally overexpress multiple cell-surface receptors.[32] Lipo-
somes loaded with a chemotherapeutic agent, doxorubicin,
and functionalized with either folic acid, a monoclonal anti-
body against the epidermal growth factor receptor (EGFR),
or both ligands, were used to deliver doxorubicin to healthy
cells and to tumor cells overexpressing both the folate re-
ceptor (FR) and EGFR.[32] The singly targeted NPs were
less specific compared to the dual-labeled liposomes. The
optimal formulation contained three monoclonal antibodies
and an average of 200 folic acid molecules per liposome. In
the future it would be very interesting to explore the use of
this dual-ligand approach for targeted delivery in vivo.


Identification of ligands : Ruoslahti and co-workers screened
random peptide libraries displayed on phage for their ability
to mediate the homing of phage to tumors in vivo.[33] Selec-
tion of phage from the libraries yielded three peptide motifs
capable of homing to tumor vasculature: an RGD (arginine-


glycine-aspartic acid) motif embedded in a double-cyclic
peptide (termed RGD-4C), an NGR (asparagine-glycine-ar-
ginine) motif, and a GSL (glycine-serine-leucine) motif.[33]


Conjugating an anticancer drug or a proapoptotic peptide to
the RGD-4C peptide yielded compounds with increased ef-
ficacies against tumors and lowered toxicity to normal tis-
sues in mice.[33]


Weissleder et al. described the parallel synthesis of a li-
brary consisting of magnetofluorescent NPs functionalized
polyvalently with 146 different synthetic small molecules in
an array format.[34] Screening this library against different
cell lines led to the discovery of a series of NPs with specif-
icity for endothelial cells, activated human macrophages, or
pancreatic cancer cells. The polyvalent attachment of small
molecules to nanoparticles also contributed to an increase in
their specific binding affinity.
DNA and RNA aptamers represent another promising


class of ligands for targeting. Langer and co-workers have
shown that aptamer-conjugated NPs enable the specific de-
livery of a cytotoxic drug, docetaxel, both in vitro and in
vivo.[35] They used an aptamer that binds to the extracellular
domain of the prostate-specific membrane antigen (PSMA)
expressed on the surface of prostate cancer cells.[36] In ex-
periments with mice bearing human prostate tumors, the
tumors shrank drastically, and all treated mice survived. In
contrast, only 57% of the animals treated with an untarget-
ed NP survived and only 14% of the animals treated with
docetaxel alone survived.


Novel polyvalent scaffolds : There are several different
classes of NPs currently in development for targeted deliv-
ery and imaging. Lewis et al. have designed polyvalent fluo-
rescently labeled NPs, based on a plant virus called the
cowpea mosaic virus (CPMV), for non-invasive imaging and
targeting of the mammalian cardiovascular system.[37]


CPMV can be labeled with fluorophores at high densities
without quenching the fluorescence, resulting in an extreme-
ly bright, nontoxic material that is an outstanding tool for
imaging vasculature in live animals ACHTUNGTRENNUNG(Figure 3).[37] CPMVs
have been used to effectively image the vasculature in the
embryos of several species, and were reported to be superior
to other imaging particles such as lectins, fluorescent dex-
trans, or polystyrene microspheres.[37] Destito et al. have
functionalized CPMV with tumor ligands such as folic
acid.[38] These novel targeted particles had a high degree of
specificity for the receptors and for uptake by tumor cells.
The unique optical properties of quantum dots (QDs)


make them ideal scaffolds for in vivo optical imaging. Aker-
man et al. explored the use of peptide-functionalized and
polyethylene glycol (PEG) coated QDs for targeting and
imaging.[39] Ex vivo histology revealed that these QDs were
directed to the tumor vasculature and organ-specific targets
by the peptides. Peptide-functionalized QDs were injected
into the tail vein of nude mice with breast carcinoma xeno-
graft tumors. The blood vessels were visualized by co-inject-
ing fluorescently-labeled tomato lectin. QD fluorescence co-
localized with blood vessel staining in the tumor tissue due
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to specific targeting. Gao et al.
used triblock copolymer-
coated QDs for prostate
cancer targeting and imaging
in vivo by conjugating a pros-
tate specific membrane antigen
(PSMA)-specific monoclonal
antibody to the QDs.[40] Multi-
color capability of QD imaging
in live animals was also dem-
onstrated by using QD-tagged
cancer cells. Cai et al. devel-
oped RGD peptide-modified
QDs that exhibited high affini-
ty integrin avb3-specific binding
as demonstrated by in vitro
cell labeling, ex vivo tumor
tissue staining, and in vivo
tumor vasculature imaging.[41]


Rao and co-workers have
developed a QD–protein con-
jugate for in vivo imaging ap-
plications, that generates its
own light based on the princi-
ple of bioluminescence reso-
nance energy transfer
(BRET).[42] They covalently
conjugated multiple molecules
of Renilla reniformis luciferase
(Luc8) to a single fluorescent
QD. The Luc8-catalyzed oxida-
tion of its substrate coelentera-
zine results in the emission of
broad-spectrum blue light
peaking at 480 nm. Due to the
complete overlap of the luci-
ferase emission and QD ab-
sorption spectra, QDs conju-
gated to Luc8 were efficiently
excited in the absence of exter-
nal light (Figure 4a,b).[42] In
vivo imaging showed greatly
enhanced signal-to-background
ratio after injection of cells la-
beled with the Luc8–QD probe
into the blood stream (Fig-
ure 4c).[42] This bioluminescent
quantum dot technology has
the potential to greatly im-
prove near-infrared fluores-
cence detection in living tissue.
Bhatia et al. have developed


a new small interfering RNA
(siRNA) delivery platform
using PEG-coated, peptide-
functionalized QDs that also
double as imaging agents.


Figure 3. a) Subunit organization of CPMV: domain A (blue) represents the small subunit, domains B
(orange) and C (yellow) represent the two domains of the large subunit. The maximum (31 nm) and minimum
(25 nm) particle diameters according to the refined crystal structure are indicated. b) Surface model of CPMV
particle showing predicted arrangement of conjugated fluorochromes. Reproduced with permission from refer-
ence [37]. Copyright 2006, Nature Publishing Group.


Figure 4. a) A schematic of a quantum dot that is covalently coupled to a BRET donor, Luc8. The biolumines-
cence energy of Luc8-catalyzed oxidation of coelenterazine is transferred to the quantum dots, resulting in
quantum dot emission. b) Bioluminescence emission spectra of indicated QD-Luc8 conjugates, each QD has
fluorescence emission at indicated wavelength. c) Representative bioluminescence images of a nude mouse in-
jected via tail vein with C6 glioma cells labeled with QD655-Luc8-R9, acquired with a filter (575–650 nm)
(left) and without any filter (right). Reproduced with permission from reference [42]. Copyright 2006, Nature
Publishing Group.
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Their studies determined that a ratio of 20 homing peptides
to one siRNA produced the optimal level of protein sup-
pression.[43] Using a similar strategy, Moore et al. have de-
signed a multifunctional delivery vehicle using NPs that are
not only capable of transporting antitumor siRNA into cells
but also imaging them using magnetic resonance imaging
(MRI) and fluorescence optical imaging (FOI).[44] They at-
tached an average of three dye molecules, four membrane-
penetrating molecules, and five siRNA molecules to the iron
oxide NPs. They were able to track NP uptake by the
tumors in vivo using both MRI and FOI and showed that
large numbers of the NPs accumulated in tumors. Using
fluorescence microscopy they showed that the siRNA agent
was taken up along with the NPs and was able to silence a
known cancer gene in the tumors.
Ruoslahti and co-workers have designed dextran-coated


superparamagnetic iron oxide (SPIO) NPs that act like a de-
veloping clot in order to target tumors.[45] In vivo phage dis-
play yielded a peptide, that is, cysteine-arginine-glutamic
acid-lysine-alanine (CREKA), that homed to the vascula-
ture inside breast cancer tumors growing in mice. Using a
mouse strain that lacks fibrinogen and a control group of
normal mice they showed that the CREKA peptide recog-
nizes clotted blood, which is present in the lining of tumor
vessels but not in vessels of normal tissues. Multiple copies
of fluorescein-labeled CREKA peptide were coupled to the
SPIO particles. The peptide–NP conjugates that accumulat-
ed in the tumor enhanced blood clotting in tumor vessels
and thus created additional binding sites for the NPs. This
“self-amplification” of the tumor-homing property of the
NPs greatly enhanced the ability to image the tumors and
contributed to blocking about 20% of the blood vessels in
the tumor.
Metal nanoshells and carbon nanotubes—nanomaterials


that absorb near-infrared (NIR) radiation—constitute an-
other promising class of polyvalent scaffolds. The generation
of heat by the NIR irradiation of these nanomaterials has
been used to kill tumor cells. NIR light holds particular
promise for these applications because of the relative trans-
parency of biological systems at these wavelengths. Hirsch
et al. used silica-gold nanoshells as scaffolds for the photo-
thermal treatment of tumors both in vitro and in vivo.[46]


Magnetic resonance temperature imaging (MRTI) demon-
strated that tumors reached temperatures which caused irre-
versible tumor damage within a matter of minutes. Dai and
co-workers targeted single-walled carbon nanotubes
(SWNTs) to tumor cells in vitro by functionalizing them
with multiple copies of folic acid; the NIR irradiation of the
nanotubes resulted in cell death.[47] They also functionalized
SWNTs with PEG chains bearing multiple copies of an
RGD peptide and a macrocyclic chelating agent called
DOTA, which in turn was used to conjugate a positron emit-
ting radionuclide 64Cu. RGD binds to integrins, which are
over-expressed on tumor cells; consequently, the researchers
were able to target the polyvalent SWNTs to cancer cells
and image their biodistribution in mice by using in vivo
positron emission tomography.[48] Recently our group has


demonstrated the ability to remotely deactivate proteins ad-
sorbed onto carbon nanotubes by near-infrared and visible
irradiation.[49] The mechanism of protein deactivation was
found to be photochemical—mediated by the photoinduced
generation of reactive oxygen species. We also designed
polyvalent peptide-functionalized nanotubes that could se-
lectively recognize and destroy a target protein (anthrax
toxin) from a mixture of proteins.[49]


Development of Molecules That Can Modulate
Immune Responses


Polyvalency plays an important role in the functioning of
the immune system. Synthetic polyvalent ligands can be de-
signed to both enhance and suppress immune responses as
summarized below.


Enhancing immunogenicity : In recent years, engineered vi-
ruses have been used as novel scaffolds for the polyvalent
display of antigens,[50–54] enabling the generation of both T-
cell and antibody based immune responses without an adju-
vant. Kaltgrad et al. arrayed tetra- and hexasaccharides on
the surface of cowpea mosaic virus.[53] Chickens were then
inoculated with these viral assemblies, raising avian IgY an-
tibodies (the equivalent of human IgG) that were shown to
have high avidity and specificity when analyzed on a printed
glycan array. Liu et al. conjugated a synthetic version of the
Cap tetrasaccharide, which is displayed on the lipophospho-
glycan of leishmania parasites, to phospholipids and to the
influenza virus coat protein hemagglutinin.[54] These conju-
gates were incorporated into the membrane of influenza
virus particles, which then elicited IgM and IgG anti-glycan
antibodies in mice. Moreover, these antibodies cross-reacted
with the natural carbohydrate antigens expressed by leish-
mania cells.
There has also been a fundamental interest in understand-


ing how the display of haptens on polymeric scaffolds influ-
ences their immunogenicity. In 1976, Dintzis et al. described
the synthesis of a series of linear polyacrylamides function-
alized with haptens at various densities. Polymers with
hapten substitutions of less than 12–16 groups were not im-
munogenic in mice, whereas all polymers with a higher
degree of substitution triggered an immune response. Based
on this result, the authors concluded that a minimum
number of antigens was required to cluster together to ini-
tiate a cellular immune response.[55] Recently, Puffer et al.
used ring-opening metathesis polymerization (ROMP) to
synthesize a series of polymers functionalized with defined
valencies of the 2,4-dinitrophenyl (DNP) group, which can
be recognized and internalized by specific B-cells.[56] These
polymers were injected into mice to activate B-cell signaling
and elicit an antibody response in vivo. Despite the fact that
no differences in BCR internalization were observed, only
the ligands of high valencies were able to promote an anti-
body response. By clustering the BCRs on the surface of the
B-cell into membrane microdomains, the ligands with high
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valencies were able to initiate a signaling response that led
to the release of Ca2+ from the endoplasmic reticulum. Ca2+


release in turn induced other signaling events that eventual-
ly led to antibody production (Figure 5).


Immunogenicity can also be enhanced by designing poly-
valent ligands that interfere with a natural signal that sup-
presses the immune response. When a T-cell recognizes a
specific major histocompatibility complex (MHC)–peptide
complex on an antigen presenting cell, a co-stimulatory
signal, delivered by the B7 family of receptors to CD28, is
required for T-cell proliferation. CTLA-4 is a receptor on T-
cells that competes with CD28 for binding to B7 receptors,
keeping proliferation in check. Unfortunately, this negative
signal also interferes with the cytotoxic T-lymphocyte-
(CTL)-dependent clearance of tumor cells. To combat this
problem, Santulli-Marotto et al. used a screening process to
identify RNA aptamers that bound to CTLA-4 with high af-
finity and specificity.[57] The aptamers inhibited CTLA-4
function in vitro, and when they were assembled into tet-
ramers, their ability to enhance the proliferation of anti-
tumor T-cells greatly increased both in vitro and in vivo
(Figure 6). This enhanced proliferation resulted in a signifi-
cant decrease in tumor growth rate in vivo.
Much effort has been put into developing cancer vaccines


that would direct the immune system against the antigens
that are upregulated on the surface of tumor cells. Poly-
valent formulations that contain many of these tumor-associ-
ated antigens have been synthesized and tested. However,
these approaches have been reviewed previously[58] and will
not be discussed in detail here.


Immunosupression : While the previous section focused on
enhancing immune responses, it can be equally important to
suppress undesirable immune system processes. For instance,
inflammation may need to be reduced in the event of aller-
gic reactions. Suppression of immune system function may
be required in the context of autoimmune disease. Success-
ful organ transplantation also requires prevention of the re-


jection of transplanted organs by the immune system. The
design of synthetic polyvalent molecules provides a promis-
ing approach to immunosuppression.


Anti-inflammation : One way to reduce inflammation is to
stop immune cells from entering the site of injury or allergy.
Since these cells arrive at their site of action by rolling
along the arterial walls, inhibiting this rolling of leukocytes
is one strategy that has been pursued.[59–61] Recent work has
shown the utility of this approach in vivo. Ali et al. polyva-
lently presented Sialyl-Lewis(x) and related ligands on a
polylysine backbone.[62] The polymers, when conjugated at
high enough densities, inhibited E-selectin-dependent leuko-
cyte rolling. The degree of inhibition and the time scale
over which inhibition was seen was influenced by the identi-
ty of the ligand, the density of ligand on the backbone, and
the concentration of polyvalent ligand injected. Kretzschmar
et al. synthesized trivalent Sialyl-Lewis(x) ligands, and
showed inhibition of E-selectin and P-selectin mediated cell
adhesion both in vitro and in vivo.[63]


Autoimmunity : The immune system employs many process-
es to ensure that self-reactive B-cells and T-cells are elimi-
nated. Failure of these processes leads to autoimmunity, and
combating self-reactive immune cells can be challenging. At-
tempts to block the activity of these cells have met with
some success. Piaggio et al. have evaluated the therapeutic
efficacy of multimerized epitopes at the effector phase of a
type 1 diabetes model and assessed their mechanism of
action.[64] Diabetes was induced in transgenic mice express-
ing the influenza hemagglutinin (HA) in pancreatic b-cells
by adoptive transfer of T helper 1 cells that were specific to
a peptide derived from HA. A multimerized self-peptide,
consisting of four covalently linked linear peptides derived


Figure 5. Polymers presenting varying ligand densities are used to cluster
B-cell receptors on the surface of B-cells to initiate signaling and elicit an
antibody response in vivo. a) Polymers with low ligand density cannot ef-
fectively cluster cellular receptors, and do not lead to signaling. b) High
ligand density enables clustering of cellular receptors and leads to signal-
ing.


Figure 6. a) B7 receptors presented on a tumor cell can bind to either
CD28, causing proliferation of anti-tumor T-cells, or to CTLA-4, causing
inhibition of T-cell proliferation. b) A polyvalent aptamer binds to and
blocks CTLA-4 and disrupts the down-regulation signal, thereby leading
to enhanced proliferation of anti-tumor T-cells.
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from HA, was seen to protect the mice from a challenge
with diabetes-inducing T-cells specific for HA. The tetramer
was shown to bind to and cluster MHC class II molecules on
the surface of antigen presenting cells (APCs). This cluster-
ing promoted activation-induced death of the diabetogenic
T-cells, possibly by co-localizing these cells with CD4+


CD25+ regulatory T-cells of the same specificity. These mice
were also resistant to a second challenge with the diabeto-
genic T-cells.[64]


Multiple sclerosis is an autoimmune disease in which the
immune system is directed against myelin, the protein
sheath that surrounds nerve fibers to protect neurons. CD4+


T-cells that recognize complexes of MHC II with a peptide
fragment (amino acid residues 85–99) derived from the
myelin basic protein (MBP) play a key role in the develop-
ment of autoimmunity. A polymer therapeutic composed of
a random sequence of four amino acids (tyrosine, glutamic
acid, alanine, and lysine, termed YEAK) in a specific ratio
has been approved by the FDA as the therapeutic Copax-
one. This copolymer is broken down by antigen presenting
cells and fits into the MHC II used by the MBP-derived
fragment, blocking its association with the fragment.[65] It
has been reported that Copaxone only reduces MS relapse
rate by �30% in patients.[66] Stern et al.[66, 67] and Illes
et al.[68] modified the composition of the copolymer, substi-
tuting different amino acids based on the size of the binding
pocket in the MHC class II protein. Two modified random
copolymers showed greater activity against experimental au-
toimmune encephalomyelitis in a mouse model. One copoly-
mer, dubbed VWAK, promoted anergy of T-cells displaying
the specific disease related MHC II molecule, while the
other, FYAK, induced the production of anti-inflammatory
T helper 2 cytokines IL-4 and IL-10.


Hyperacute rejection : In the event of organ failure, finding a
donor is usually very difficult; the number of recipients in
need is always greater than the number of available donors.
Xenotransplantation from pigs is a way to overcome this
problem. However, most non-primate mammals have oligo-
saccharides on their cells termed aGal, the three main epi-
topes being Gala1–3Galb1–4Glcb-R, Gala1–3Galb1–
4GlcNAcb-R, and Gala1–3Galb1–4GlcNAcb1–3Galb1–
4Glcb-R.[69] Unfortunately, humans have natural polyclonal
anti-aGal antibodies, including IgM, IgG, and IgA isotypes.
After a xenograft, hyperacute rejection (HAR) occurs when
the anti-aGal IgG binds to the aGal epitopes on the cells of
the transplanted organ, leading to antibody-dependent cell-
mediated cytotoxicity. The anti-aGal IgM also bind to the
aGal epitopes, causing complement-dependent cell lysis.
A few strategies have been pursued to overcome this dif-


ficulty, including immune suppression and the use of affinity
columns that remove circulating anti-aGal antibodies from
the recipientRs serum. Though both methods have had some
success, immune suppression can leave a patient vulnerable
to disease, and antibody removal by columns can be incom-
plete (80–100% removal).[70] Soluble monomeric aGal
cannot be used as an anti-aGal blocker, since the monova-


lent interaction is too weak. Liu and Roy have developed
methods of presenting aGal epitopes polyvalently, making
di-, tri-, tetra-, and hexameric disaccharide clusters.[71, 72]


These constructs have been successfully tested in vitro for
their ability to protect aGal presenting cells from anti-aGal
antibodies. Katopodis et al. have developed a glycoconju-
gate of aGal epitopes on a poly-l-lysine backbone.[73] This
anti-aGal binding polymer had been tested in numerous in
vivo studies of baboons receiving pig organ transplants, and
has shown to be effective at preventing hyperacute rejection
of the xenotransplants.[73–78] Diamond et al. have also devel-
oped a polyvalent display of Gala1–3Gal conjugated poly-
ethylene glycol polymers that can bind to anti-aGal antibod-
ies in non-human primates.[79]


Conclusions and Future Directions


The examples presented in this review clearly illustrate the
versatility of polyvalent interactions, and the numerous ther-
apeutic applications of this phenomenon. Promising direc-
tions for the future range from improvements in the funda-
mental understanding of polyvalent recognition, to the
design of novel ligands and polyvalent scaffolds, and the
design of polyvalent ligands for novel therapeutic targets.
Fundamental studies that relate the structure and compo-


sition of polyvalent ligands to their activity, and that provide
a better mechanistic understanding of polyvalent recognition
are critical to enable the rational design of potent polyvalent
ligands. As discussed in this review, several polyvalent li-
gands have shown efficacy in animal models, and further
pre-clinical and clinical studies with these lead compounds
would be of tremendous interest. It would also be important
to design effective polyvalent therapeutics for other disease
targets; receptor-directed inhibitors would be of particular
interest, given the growing resistance to available antimicro-
bial agents. Another promising approach involves the design
of polyvalent inhibitors based on self-assembly. Individual
molecules comprising of a ligand and a self-assembling
moiety consisting of novel dendrimers have been shown to
form noncovalent nanoparticles which function as poly-
valent ligands. These self-assembled nanoparticles, but not
the individual molecules, were shown to efficiently inhibit
polyvalent interactions such as IgM binding to the aGal epi-
tope.[80] Using this design principle, it is conceivable that a
polyvalent receptor can be utilized as a template to optimize
its own polyvalent inhibitor (Figure 7).[80] Another important
area involves the development of novel scaffolds for the
polyvalent display of ligands, e.g., those based on pro-
teins[81–84] or multifunctional nanoparticles which would
carry therapeutic agents, be amenable to imaging, and have
the ability to be delivered to a specific site by surpassing
permeation barriers (Figure 8).[85]


Thus, with the rapid expansion of this field, the identifica-
tion of novel ligands and scaffolds, and the development of
novel targeting principles, polyvalency can be expected to
find even more exciting applications in the future.
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Stable and Potent Polyvalent Anthrax Toxin Inhibitors: Raft-Inspired
Domain Formation in Liposomes that Contain PEGylated Lipids


Prakash Rai,[a] David Vance,[a] Vincent Poon,[b] Jeremy Mogridge,*[b] and
Ravi S. Kane*[a]


The design of polyvalent molecules,[1–5] which consist of
multiple copies of a ligand attached to a suitable scaffold,
represents a promising approach for designing potent inhibi-
tors of pathogens and microbial toxins.[1,6–11] Liposomes are
particularly attractive scaffolds for designing polyvalent in-
hibitors;[9,10, 12–15] however, the poor colloidal stability of con-
ventional liposomes and their short circulation times in
vivo[16,17] are major obstacles that limit their therapeutic use.
Herein, we describe the design of highly stable and active
polyvalent anthrax toxin inhibitors based on liposomes that
incorporate polyethylene glycol (PEG)-functionalized lipids
(PEGylated liposomes). Furthermore, drawing from the
concept of lipid rafts[15,18,19]—domains that are believed to
exist in cellular membranes—we have designed heterogene-
ous domain-containing PEGylated liposomes that are con-
siderably more active than their homogeneous counterparts
(Scheme 1). These raft-mimetic PEGylated polyvalent lipo-
somes are attractive not only for designing inhibitors for
toxins and pathogens, but also for the design of efficient tar-
geted drug-delivery systems.


While liposomes have been investigated extensively for
applications in drug delivery, as described above, conven-
tional liposomes are limited in effectiveness because of their
low colloidal stability and their rapid uptake by macrophage
cells of the immune system, predominantly in the liver and


spleen.[20] The ability to enhance the physical stability and
extend the circulation lifetime through modification with
PEG, achieved by using lipids with PEG attached to their
hydrophilic head groups, has proven to be useful in the con-
text of drug delivery.[17,20–22] We first tested whether the use
of PEGylated liposomes (Scheme 1b) would enable the
design of stable and active polyvalent anthrax lethal toxin
(LeTx) inhibitors.
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Scheme 1. a) Conventional liposome functionalized with peptides,
b) PEGACHTUNGTRENNUNGylated liposome with a fraction of the PEG lipids functionalized
with peptides, c) phase-separated liposome with PEG lipids present only
in the gel phase, with a fraction of the PEG lipids attached to peptides,
and d) phase-separated liposome with PEG lipids present in both phases,
with peptides attached to only a fraction of PEG lipids in the gel phase.
Figure not drawn to scale.
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To that end, we made liposomes (100 nm diameter) com-
posed of a 19:1 mixture of 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC) and a pyridyl dithiopropionate deriva-
tive of l-a-distearoyl phosphatidylethanolamine-N-[amino-
ACHTUNGTRENNUNG(polyethylene glycol)2000] (DSPE-PEG2000-PDP). We
functionalized these liposomes with an inhibitory peptide
HTSTYWWLDGAPC[9,23] (4.7%) that binds to the hepta-
meric cell-binding component of anthrax toxin, [PA63]7,
thereby blocking the binding of the toxic enzyme lethal
factor (LF). Inhibition of the binding of LF to [PA63]7 pre-
vents the cytosolic delivery of LF, thereby inhibiting cell
death. Peptide-functionalized PEGylated liposomes protect-
ed RAW264.7 cells from LeTx with a half-maximal inhibito-
ry concentration (IC50) of about 35 nm on a per-peptide
basis; control PEGylated liposomes functionalized with thio-
glycerol showed no inhibitory activity (Figure 1a). Further-


more, as seen in Figure 1a, the activity of the polyvalent
PEG ACHTUNGTRENNUNGylated liposomes (Scheme 1b) was comparable to that
of conventional (non-PEGylated) DSPC-based liposomes
(Scheme 1a) with the same peptide density (20 nm), which
indicates that the use of PEGylated lipids does not compro-


mise inhibitory activity. Polyvalent inhibitors that used
PEG ACHTUNGTRENNUNGylated liposomes as a scaffold were over four orders of
magnitude more potent than the corresponding monovalent
peptide, which does not inhibit cytotoxicity, even at concen-
trations as high as 2 mm.


We monitored the physical stability of the peptide-func-
tionalized liposomes as a function of storage time at 4 8C by
measuring their RH value over a period of 21 d. For compar-
ison, we also monitored the size of conventional liposomes
over the same period. Conventional liposomes showed a
consistent gradual increase in RH over a 21 d period, where-
as PEGylated liposomes showed no significant change in
size (Figure 1b), which confirmed the greater colloidal sta-
bility of PEGylated liposomes as compared with the conven-
tional liposomes.


Having demonstrated the ability to make stable and
active polyvalent anthrax LeTx inhibitors based on PEG-
ACHTUNGTRENNUNGylated liposomes, we next tested the influence of the hetero-
geneity of the liposomal membrane on stability and inhibito-
ry activity. We previously showed that lateral phase separa-
tion provides a general route to increase the efficiency of
polyvalent recognition by conventional liposomes.[15] We hy-
pothesized that laterally phase-separated PEGylated lipo-
somes functionalized with an inhibitory peptide would be
significantly more stable than the corresponding non-PEG-
ACHTUNGTRENNUNGylated or conventional liposomes, while still retaining their
potency.


To that end, we made liposomes with three different com-
positions: 1) distearoylphosphatidylcholine (DSPC) and
DSPE-PEG2000-PDP (molar ratio 19:1); 2) dioleoylphos-
phatidylcholine (DOPC), DSPC, and DSPE-PEG2000-PDP
(molar ratio 75:23.8:1.2); and 3) DOPC, DOPE-PEG2000,
DSPC, and DSPE-PEG2000-PDP (molar ratio
71.2:3.8:23.8:1.2). We reasoned that liposomes composed of
gel-phase lipids DSPC and DSPE-PEG2000-PDP would be
homogeneous (Scheme 1b); those composed of fluid-phase
lipid DOPC and gel-phase lipids DSPC and DSPE-
PEG2000-PDP would phase separate, with PEG lipids pres-
ent primarily in domains enriched with gel-phase lipids
(Scheme 1c); and liposomes of the third composition would
phase separate and contain PEGylated lipids in both phases
(Scheme 1d). Furthermore, we hypothesized that inhibitors
based on phase-separated liposomes would be more potent
than inhibitors based on homogeneous liposomes, and that
phase-separated liposomes that contain PEGylated lipids in
both phases (Scheme 1d) would be more stable than those
that have PEGylated lipids in only one phase (Scheme 1c).


To visualize phase separation, we used confocal microsco-
py to examine giant unilamellar vesicles (GUVs) that incor-
porated 1% of the fluorescent dye 1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine (DiIC), which partitions pref-
erentially into gel-phase domains, or the fluorescent dye
Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine (TR-DHPE), which partitions preferentially into
fluid-phase domains. Consistent with our hypothesis, GUVs
composed of DSPC, DSPE-PEG2000-PDP, and DiIC ap-
peared to be uniformly fluorescent (Figure 2a), whereas


Figure 1. In vitro characterization of peptide-functionalized PEGylated
liposomes. a) Percentage inhibition of cytotoxicity vs. concentration for
peptide-functionalized PEGylated liposomes (*), thioglycerol-functional-
ized PEGylated liposomes (*), and DSPC-based non-PEGylated pep-
tide-functionalized liposomes (!). b) Hydrodynamic radii (RH) deter-
mined by dynamic light scattering for PEGylated liposomes (black) and
DSPC-based non-PEGylated liposomes (gray).
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GUVs composed of DOPC, DSPC, DSPE-PEG2000-PDP,
and TR-DHPE (Figure 2b) and GUVs composed of DOPC,
DOPE-PEG2000, DSPC, DSPE-PEG2000-PDP, and TR-
DHPE (Figure 2c) showed the presence of dark phase-sepa-
rated domains.


Next, to test the stability of liposomes that had the three
different lipid compositions described above, we used dy-
namic light scattering to measure the hydrodynamic radii as
a function of storage time (Figure 2, bottom). Again, consis-
tent with our hypothesis, the dynamic-light-scattering data
indicated that phase-separated liposomes that contained
PEG ACHTUNGTRENNUNGylated lipids in both phases (Scheme 1d) were compa-
rable in stability to homogeneous PEGylated liposomes
(Scheme 1b) and significantly more stable than phase-sepa-
rated liposomes that contained PEGylated lipids in only one
phase (Scheme 1c).


Next, we tested the effect of domain formation on the po-
tency of polyvalent anthrax LeTx inhibitors based on PEG-
ACHTUNGTRENNUNGylated liposomes. Homogeneous PEGylated liposomes
(Scheme 1b) composed of DSPC and DSPE-PEG2000-PDP
(molar ratio 95:5) and heterogeneous PEGylated liposomes
(Scheme 1d) composed of DOPC, DOPE-PEG2000, DSPC,
and DSPE-PEG2000-PDP (molar ratio 71.2:3.8:23.8:1.2)
were allowed to react with [PA63]7-binding peptide
HTSTYWWLDGAPC[9,23] and the remaining unreacted
thiol-reactive groups on the liposomes were quenched with


thioglycerol. We tested the ability of these polyvalent inhibi-
tors to protect RAW264.7 cells from death caused by an-
thrax LeTx. The IC50 for inhibitors based on heterogeneous
PEGylated liposomes was more than tenfold lower than
that for homogeneous PEGylated inhibitors on a per-pep-
tide basis, which is consistent with our hypothesis (Fig-


ure 3a). We used fluorescence resonant energy transfer
(FRET) with fluorescein as the donor and rhodamine as the
acceptor to confirm that the peptides cluster in lipid do-
mains in the heterogeneous PEGylated liposomes. The ho-
mogeneous and heterogeneous PEGylated liposomes were
treated with a mixture of fluorescein- and rhodamine-la-
beled [PA63]7-binding peptide (1:1 molar ratio; 0.85% total
peptide density). The significant increase in donor quench-
ing and acceptor emission for heterogeneous PEGylated lip-
osomes relative to homogeneous PEGylated liposomes (Fig-
ure 3b) confirmed that the peptides cluster into domains in
the heterogeneous liposomes.


Collectively, our results demonstrate the ability to design
highly active and stable polyvalent inhibitors based on later-
ally phase separated PEGylated liposomes. These raft-in-
spired stable liposomes are well suited for applications rang-


Figure 2. Characterization of homogeneous and heterogeneous PEGylat-
ed liposomes by confocal microscopy and dynamic light scattering. Top:
Confocal micrographs of GUVs composed of a) DSPC/DSPE-PEG2000-
PDP/DiIC, b) DOPC/DSPC/DSPE-PEG2000-PDP/TR-DHPE, and
c) DOPC/DOPE-PEG2000/DSPC/DSPE-PEG2000-PDP/TR-DHPE.
Bottom: RH determined by dynamic light scattering for liposomes com-
posed of DSPC/DSPE-PEG2000-PDP (black), DOPC/DSPC/DSPE-
PEG2000-PDP (gray), and DOPC/DOPE-PEG2000/DSPC/DSPE-
PEG2000-PDP (white). *: The difference in the RH value is statistically
significant compared with the other samples at 21 d. (P<0.02; unpaired
Student’s T-Test).


Figure 3. Characterization of phase-separated peptide-functionalized PE-
Gylated liposomes. a) IC50 values for peptide-functionalized PEGylated
liposomes (0.85% density) for homogenous PEGylated liposomes
(black) and phase-separated PEGylated liposomes (gray). b) FRET data
for phase-separated PEGylated liposomes functionalized with *: fluores-
cein-labeled peptide only, *: rhodamine-labeled peptide only, and ~: a
1:1 mixture of fluorescein-labeled and rhodamine-labeled peptides, and
!: homogenous PEGylated liposomes functionalized with a 1:1 mixture
of fluorescein- and rhodamine-labeled peptides.
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ing from the design of inhibitors for a variety of toxins and
pathogens to the targeting of cells for imaging and drug de-
livery.
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Self-Assembly of l-Cysteinato Trinuclear Cations into
Metallosupramolecular Architectures Controlled by Protons, Metal Ions, and
Chirality
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During the past decade, metallosupramolecular architec-
tures such as coordination rings, cages, and tubes have at-
tracted considerable attention because of their structural
characteristics and potential applications, which include the
recognition and inclusion of small molecules and ions.[1,2] In
many cases, metallosupramolecules have been synthesized
by means of metal-assisted assembly of organic molecules
with several metal-binding sites,[1] which leads to the forma-
tion of thermodynamically stable assembled structures. On
the other hand, examples of metallosupramolecular species
created by the self-assembly of one kind of building block
are relatively rare,[2] although this method is advantageous
for the reversible control of assembled and disassembled
structures by external factors. One way to achieve this is to
design coordination compounds with vacant acceptor sites at
a metal center, together with free donor groups that come
to bind to another metal center in response to external fac-
tors. A mercury(II) coordination compound with free car-
boxyl groups is a potential candidate for creating a reversi-
ble self-assembly system because 1) a mercury(II) ion can
adopt several coordination geometries, such as two-coordi-
nated linear, three-coordinated T-shape, and four coordinat-
ed tetrahedron; 2) a mercury(II) ion has a good affinity not
only for soft sulfur donors but also for hard oxygen
donors;[3] and 3) the donating ability of carboxyl groups


toward a metal center can be controlled by changing the pH
of the solution. Thus, as part of our research project on the
rational construction of chiral metallosupramolecular archi-
tectures based on thiolato metal complexes,[4] we newly pre-
pared three diastereomers (DLDL, LLLL, and DLLL) of a
chiral CoIIIHgIICoIII trinuclear complex with two pendent
COOH groups, [Hg{Co ACHTUNGTRENNUNG(l-Hcys)(en)2}2]ACHTUNGTRENNUNG(ClO4)6 (1; l-H2cys=
l-cysteine), and investigated the possibility of their self-as-
sembly induced by the deprotonation of the COOH groups
in water. As a result, we found that the LLLL isomer of 1 is
self-assembled into a unique (LLLL-Co


IIIHgIICoIII)n metallo-
helix structure (3), whereas its DLDL isomer was converted
into a (DLDL-Co


IIIHgIICoIII)2 dimeric structure (2). In addi-
tion, the LLLL isomer of 1 was found to be assembled into a
(LLLL-Co


IIIHgIICoIII)6 metallocage structure (4Cr) in the
presence of Cr3+ , encapsulating an aqua chromium ACHTUNGTRENNUNG(III) ion
in its cavity. To our surprise, this (LLLL-Co


IIIHgIICoIII)6 met-
allocage compound was exclusively isolated when the meso-
like DLLL isomer of 1 was treated under the same condi-
tions. Herein we report on these remarkable results, togeth-
er with the incorporation of another aqua metal ion in the
metallocage structure (Scheme 1).
Compound DLDL-1 was isolated as dark-red needle crys-


tals from the 2:1 reaction of DL-[Co ACHTUNGTRENNUNG(l-Hcys)(en)2] ACHTUNGTRENNUNG(ClO4)2
[5]


and Hg ACHTUNGTRENNUNG(ClO4)2 in aqueous HClO4. The IR spectrum of
DLDL-1 showed a relatively sharp C=O stretching band at
1725 cm�1,[6] which suggests the presence of COOH
groups.[7] Single-crystal X-ray analysis demonstrated that
DLDL-1 is an expected S-bridged Co


IIIHgIICoIII trinuclear
complex with two pendent COOH groups, DLDL-[Hg{Co ACHTUNGTRENNUNG(l-
Hcys)(en)2}2] ACHTUNGTRENNUNG(ClO4)6 (Figure 1a). In DLDL-1, the two thiolato
groups from two DL-[Co ACHTUNGTRENNUNG(l-Hcys)(en)2]


2+ units coordinate to
the central HgII atom in a roughly linear geometry (Hg�S=


2.381(2) :; S-Hg-S=174.0(1)8), whereas the COOH groups
that adopt an equatorial orientation do not participate in
the coordination. When DLDL-1 was dissolved in water, fol-
lowed by the addition of NaClO4, dark-red crystals with a
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blocklike shape (2) were produced. The presence of depro-
tonated COO� groups in 2 was suggested by its IR spec-
trum, which gives a C=O stretching band at 1620 cm�1.[6] X-
ray analysis revealed that 2 has a (DLDL-Co


IIIHgIICoIII)2 di-
meric structure composed of two DLDL-[Hg{Co ACHTUNGTRENNUNG(l-
cys)(en)2}2]


4+ trinuclear units with deprotonated COO�


groups (Figure 1b). In 2, one of the two COO� groups of
each CoIIIHgIICoIII trinuclear unit adopts an equatorial ori-
entation and binds to the HgII atom of another trinuclear
unit, such that each HgII center is situated in a T-shaped ge-
ometry with an O1S2 donor set (average Hg�S=2.412(2),
Hg�O=2.496(4) :; S-Hg-S=164.28(5), S-Hg-O=97.7(1)8).
The other COO� group of each CoIIIHgIICoIII trinuclear unit
has an axial orientation and is hydrogen bonded with two en
amine groups of the adjacent DL-[Co ACHTUNGTRENNUNG(l-cys)(en)2]


+ mononu-
clear unit. This hydrogen-bonding interaction appears to
prevent the pendent COO� group from binding to another
CoIIIHgIICoIII trinuclear unit to construct a higher assembled
structure.
The LLLL isomer of 1 was also prepared by a similar 2:1


reaction of LL-[Co ACHTUNGTRENNUNG(l-Hcys)(en)2] ACHTUNGTRENNUNG(ClO4)2 with Hg ACHTUNGTRENNUNG(ClO4)2,
and its deprotonated species (3) was isolated as dark-red
needle crystals by dissolving LLLL-1 in water, followed by
the addition of NaClO4. The structures of LLLL-1 with
COOH groups and 3 with COO� groups were established
by single-crystal X-ray analyses, along with their IR spectra,
which show C=O stretching bands at 1721 and 1620 cm�1,
respectively. As shown in Figure 2a, LLLL-1 has an S-bridg-
ed CoIIIHgIICoIII trinuclear structure in LLLL-[Hg{CoACHTUNGTRENNUNG(l-
Hcys)(en)2}2]


6+ , in which two LL-[Co ACHTUNGTRENNUNG(l-Hcys)(en)2]
2+ mono-


nuclear units with equatorially orientated COOH groups are
linked by a linear HgII atom through thiolato groups (aver-
age Hg�S=2.371(2) :; S-Hg-S=176.11(5)8). This trinuclear
structure in LLLL-1 corresponds well with that in DLDL-1,
apart from the chirality about two CoIII centers. On the
other hand, the structure of 3 derived from LLLL-1 is mark-
edly different from the dimeric structure in 2 derived from


Scheme 1. Synthetic routes for CoIIIHgIICoIII trinuclear (DLDL-, LLLL-,
and DLLL-1), (DLDL-Co


IIIHgIICoIII)2 dimeric (2), (LLLL-Co
IIIHgIICoIII)n


helix (3), and (LLLL-Co
IIIHgIICoIII)6 cage (4Cr) complexes.


Figure 1. Perspective views of the complex cations of a) DLDL-1 and b) 2.
Co=green, Hg=purple, C=gray, N=blue, O= red, and S=yellow.


Figure 2. Perspective views of the complex cations of a) LLLL-1, b) 3, and c) 4Cr. Co=green, Hg=purple, Cr=dark blue, C=gray, N=blue, O= red, S=


yellow.
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DLDL-1. That is, in 3 the two COO� groups of each
CoIIIHgIICoIII trinuclear unit adopt an axial orientation and
bind to two HgII atoms from two adjacent CoIIIHgIICoIII


units in an anti fashion (Scheme 2).[8] This binding mode


leads to the construction of a (LLLL-Co
IIIHgIICoIII)n tubular


helix structure in {LLLL-[Hg{CoACHTUNGTRENNUNG(l-cys)(en)2}2]
4+}n with a di-


ameter of around 20 :, as illustrated in Figure 2b. The helix
turn of 3 consists of the six CoIIIHgIICoIII trinuclear units
with a pitch of 16.6 :, and a large tubular channel is formed
insides the helix. In crystal 3, the tubular helices uniformly
adopt a left-handedness and are arranged parallel to one an-
other along the a axis.[6] The HgII atoms in 3 are each situat-
ed in a seesaw-type geometry bound by two thiolato and
two carboxylato donors (average Hg�S=2.410(6), Hg�O=


2.541(7) :; S-Hg-S=171.4(2), O-Hg-O=74.8(3)8).
When Cr ACHTUNGTRENNUNG(ClO4)3 was added to an aqueous solution of


LLLL-1, instead of NaClO4, dark-red block crystals (4Cr)
that contain Co, Hg, and Cr atoms were produced. The IR
spectrum of 4Cr was similar to that of 3, giving a C=O
stretching band at 1624 cm�1 due to deprotonated COO�


groups. X-ray analysis revealed that the entire complex
cation of 4Cr consists of six LLLL-[Hg{CoACHTUNGTRENNUNG(l-cys)(en)2}2]


4+


units with deprotonated COO� groups (Figure 2c). Like in
3, the two COO� groups of each CoIIIHgIICoIII trinuclear
unit in 4Cr bind to two Hg


II atoms from two adjacent
CoIIIHgIICoIII units and each HgII atom has a seesaw-type
geometry with an S2O2 donor set (average Hg�S=2.340(1),
Hg�O=2.633(3) :; S-Hg-S=168.84(4), O-Hg-O=


82.21(9)8). However, the two COO� groups of each
CoIIIHgIICoIII unit are directed to an equatorial orientation
and their binding mode toward two HgII atoms is syn
(Scheme 2). As a result, each CoIIIHgIICoIII unit in 4Cr is con-
nected to four CoIIIHgIICoIII units through two donating
COO�Hg and two accepting Hg�OOC bonds to construct a
discrete (LLLL-Co


IIIHgIICoIII)6 metallocage structure with
the largest Co···Co separation of 15.9 :. In 4Cr, one octahe-
dral [Cr ACHTUNGTRENNUNG(H2O)6]


3+ cation (average Cr�O=1.971(4) :) is en-
capsulated into a cavity of the cationic (LLLL-
CoIIIHgIICoIII)6 metallocage with a total formal charge of
+24.[9] There exist multiple O�H···O hydrogen bonds be-
tween H2O molecules of the [Cr ACHTUNGTRENNUNG(H2O)6]


3+ cation and COO�


groups of the surrounding CoIIIHgIICoIII units (average
O···O=2.613(6) :), which might be responsible for the for-
mation and stabilization of the metallocage structure in
4Cr.


[10] Here it should be noted that dark-red needle crystals


of LLLL-1 were regenerated on adding HClO4 to an aque-
ous solution of 3 or 4Cr. This result clearly indicates that the
metallohelix structure in 3 and the metallocage structure in
4Cr are disassembled to the parental LLLL-1 by changing the
pH of the solution.
In contrast to the case for LLLL-1, the addition of Cr-


ACHTUNGTRENNUNG(ClO4)3 to an aqueous solution of DLDL-1 resulted in the iso-
lation of the (DLDL-Co


IIIHgIICoIII)2 dimeric compound 2. No-
tably, the (LLLL-Co


IIIHgIICoIII)6 metallocage compound 4Cr,
which consists only of the LL configurational [Co ACHTUNGTRENNUNG(l-
cys)(en)2]


+ mononuclear units, was exclusively isolated from
an aqueous solution of the meso-like DLLL isomer of 1,


[11]


assisted by the addition of Cr ACHTUNGTRENNUNG(ClO4)3. The predominant exis-
tence of the deprotonated species of DLDL-1 in the remain-
ing solution was confirmed by the absorption and circular
dichroism (CD) spectral measurements.[6] Thus, DLLL-1 is
subject to disproportionation to give the DLDL and LLLL


configurational CoIIIHgIICoIII units, and only the LLLL units
are self-assembled around a templating [Cr ACHTUNGTRENNUNG(H2O)6]


3+ cation
to construct the thermodynamically stable metallocage
structure in 4Cr.
Compound 4Cr was also produced by the direct 2:1 reac-


tion of LL-[Co ACHTUNGTRENNUNG(l-cys)(en)2] ACHTUNGTRENNUNG(ClO4) and Hg ACHTUNGTRENNUNG(ClO4)2 in water,
followed by the addition of CrACHTUNGTRENNUNG(ClO4)3. When another metal
perchlorate, M ACHTUNGTRENNUNG(ClO4)2 or 3 (M=MnII, FeIII, CoII, NiII, CuII,
ZnII), was added to the reaction solution, instead of Cr-
ACHTUNGTRENNUNG(ClO4)3, a series of (Co


IIIHgIICoIII)6 metallocage compounds
encapsulating an aqua metal ion (4M) was produced.


[12] On
the other hand, the addition of Ca ACHTUNGTRENNUNG(ClO4)2 or Cd ACHTUNGTRENNUNG(ClO4)2
under the same conditions led to the isolation of 3 with a
tubular metallohelix structure. It has been shown that the
averaged M�Owater distances in the first hydration shell for
M=CdII (2.30 :) and CaII (2.42 :) are appreciably larger
than those for M=CrIII (1.97 :), FeIII (2.03 :), NiII


(2.06 :), ZnII (2.10 :), CoII (2.11 :), CuII (equatorial=
1.97 :, apical=2.40 :), and MnII (2.19 :).[13] Thus, the pres-
ence of an aqua metal ion with an appropriate size is essen-
tial for the construction of the (CoIIIHgIICoIII)6 metallocage
structure. Note that the addition of a 1:1 mixture of a per-
chlorate salt of M1=FeIII, NiII, or ZnII and a perchlorate salt
of M2=CrIII, CuII, or MnII afforded (CoIIIHgIICoIII)6 metallo-
cage compounds that selectively encapsulate an aqua M1
ion. This result implies that an aqua metal ion with M�Owater
distances of approximately 2.05–2.10 : is best fitted for the
cavity of the (CoIIIHgIICoIII)6 metallocage to act as an effec-
tive template.
In summary, we developed a remarkable self-assembly


system based on the chiral CoIIIHgIICoIII trinuclear complex
with two pendent l-cysteinato carboxyl groups. This is the
first example that shows reversible self-assembly of a single
kind of building units into two different metallosupramolec-
ular architectures (metallohelix and metallocage), controlled
by the solution pH, the presence/absence of an appropriate
metal ion, and the chirality of an octahedral metal center.
Not only their aesthetically appealing homochiral structures,
but the selective uptake and encapsulation of a cationic
aqua metal ion in the cationic (CoIIIHgIICoIII)6 metallocage


Scheme 2. a) Syn and b) anti configurational orientations of carboxyl
groups in the CoIIIHgIICoIII unit.
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with a formal charge of +24 are noteworthy. The versatility
of coordination geometry about a mercury(II) center in
combination with the tunable binding ability and orientation
of l-cysteinato carboxyl groups is a key to the self-assembly/
disassembly of this system. Finally, the present results
should provide valuable insight into the design and creation
of self-assembly systems that reversibly afford functional
metallosupramolecular species in response to external fac-
tors.


Experimental Section


Experimental details, together with spectroscopic data, are given in the
Supporting Information.
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A resplendent age of metal catalysis has bloomed in the
last years. Particularly, gold and platinum complexes are ex-
cellent catalysts for the formation of C�C and C�heteroa-
tom bonds.[1] Recently, iron salts have emerged as powerful
alternatives in view of their inexpensiveness and environ-
mental friendliness.[2] On the other hand, allenes are a class
of compounds with two cumulative carbon-carbon double
bonds, which are versatile synthetic intermediates in organic
synthesis.[3] A process which involves a selective chemical re-
action, even if the structure of the substrate suggests numer-
ous possibilities for reactivity, represents an attractive strat-
egy. These substrates must have diverse reactive sites, at
which different transformations can take place. In this con-
text, carbon–heteroatom cyclization is of major interest. Al-
though many efforts have been made in these fields, to the
best of our knowledge, the chemodivergent metal-catalyzed
heterocyclization of alcohols bearing both an allene and an
alkene center has not yet been reported.[4] The selective
preparation of different oxacycles from the same enallenol
requires two appropriate catalytic systems that are capable
of chemodifferentiating between various alkene functions
and developing a dissimilar role for each partner. Otherwise,
a mixture of at least two different products is possible. As
part of a program aimed at expanding the use of metal cat-
alysis in heterocyclic and allene chemistry,[5] we focused on
finding a solution to the challenging problem of metal-cata-


lyzed chemodistinguishing (alkene versus allene) oxycycliza-
tion of enallenols. The results of our investigation using
iron, platinum, and gold salts form the subject of this paper.
The structures of enallenols that we synthesized and used


for chemodifferentiation are shown in Figure 1. Racemic
enallenols 1a–d were readily prepared beginning from the
appropriate 4-oxoazetidine-2-carbaldehyde via regiocontrol-
led indium-mediated Barbier-type carbonyl–allenylation re-
action in aqueous media using our previously described
methodology.[6] Optically active non-b-lactam precursors
syn-1e and anti-1e were prepared from (R)-2,3-O-isopropy-
lideneglyceraldehyde, via metal-mediated sequential preny-
lation and allenylation, followed by protecting groups ma-
nipulation (Scheme S1, see Supporting Information).


Initially, we planned to study the cyclization of olefinic a-
allenol 1a under different metal catalysis. In a first series of
runs, the cyclization of enallenol 1a was catalyzed by pre-
cious metal salts (AgNO3, [PtCl2ACHTUNGTRENNUNG(CH2=CH2)]2, and AuCl3)
to afford the allene cycloisomerization adduct 2a as the sole
isomer (Table 1, entries 1–3).[7] Further studies were de-
signed to test the effects of different metal catalysis in the
chemoselectivity of the hydroalkoxylation reaction. The pos-
sibilities of Lewis-acid catalyzed cyclization of unsaturated
alcohol 1a were first studied in the presence of different
metallic chlorides.[8] The reactivities of BiCl3, InCl3, and
HfCl4, were examined under catalytic amounts (20 mol%)
in refluxing dichloromethane. However, complete conver-
sion of enallenol 1a was not detected by TLC and 1H NMR
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Figure 1. Structures of enallenols 1a–e. PMP=4-MeOC6H4.
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analysis of the crude reaction mixtures. Complete conver-
sion was observed by heating a solution of enallenol 1a in
dichloromethane at 70 8C in a sealed tube using 1.5 equiva-
lents of the metallic chloride (Table 1, entries 4–6). Since
iron-catalyzed reactions have captured much recent atten-
tion, we decided to test the catalytic efficiency of FeCl3. To
our delight, this FeIII salt was able to chemospecifically cata-
lyze the cyclization in favour of the alkene component to ex-
clusively afford the b-lactam-tetrahydrofuran hybrid 3a in
83% isolated yield (Table 1, entry 7).[9] The lower limit of
the iron-catalyst loading was 10 mol%. It deserves to be
mentioned that the allene moiety is not altered under the
oxycyclization reaction conditions. Besides the total chemo-
control, the reaction was regiospecific and only the five-
membered ring ether was formed, without the presence of
the isomeric six-membered ring. A control experiment that
would rule out the participation of HCl as the active catalyst
was undertaken. A strong difference of reactivity using
FeCl3 and HCl as catalysts was observed (compare entries 7
and 8). When enallenol 1a was treated with hydrochloric
acid (entry 8) with the same catalyst ratio, a 30% yield of
3a was obtained; highlighting the efficiency of FeCl3 in the
catalytic process.
To further probe the scope of these chemodivergent trans-


formations, we examined the olefinic phenylallenol 1b and
the non-b-lactam allenols 1e (allenol 1e was prepared as an
inseparable syn/anti mixture 70:30). Under similar condi-
tions, the corresponding dihydrofurans 2 and tetrahydrofur-
ans 3 were chemospecifically obtained in good yields by pre-
cious metal and iron catalysis, respectively (Scheme 1). For-
tunately, the diastereomeric adducts 2ca, 2cb, 3ca, and 3cb,
from the selective cyclization of allenols syn-1e and anti-1e,


could be easily separated by gravity flow chromatography.
Full chirality transfer has been accomplished from the start-
ing enallenols syn-1e and anti-1e.
Next, we decided to test these selective cycloetherification


reactions in substrates 1c and 1d. As expected, both the
gold- and platinum-catalyzed oxycyclizations did totally con-
trol the reaction toward the corresponding dihydrofurans 2d
and 2e (Scheme 2). Worthy of note, in contrast to the iron-


catalyzed reaction of d-olefinic a-allenols 1a and 1b which
lead to tetrahydrofurans, the reaction of g-olefinic a-allenols
1c and 1d under identical conditions gave allenic morpho-
lin-3-ones 4a and 4b as the sole products (Scheme 2),[10]


through an exclusive 4-trig cyclization by attack of the hy-
droxy group to the proximal alkene carbon followed by b-
lactam ring opening.[11] Additionally, we performed an ex-
periment in which enallenol 1c was treated with 10 mol%
HCl and we observed the formation of morpholin-3-one 4a
in very low yield (10%). This result indicates that FeCl3 is
the real catalytic species of our reactions.[12]


Probably, AuCl3 and [PtCl2ACHTUNGTRENNUNG(CH2=CH2)]2 enhance the reac-
tivity of the enallenol moiety through selective complexa-
tion to the 1,2-diene site;[13] while FeCl3 may activate the


Table 1. Chemodivergent cycloetherification reaction of enallenol 1a
under modified metal-catalyzed or metal-promoted conditions.[a]


Entry Catalyst (mol%) Conditions[a] ACHTUNGTRENNUNG(2a/3a)
Ratio


Yield
[%][b]


1 AuCl3 (5) A 100:0 65
2 AgNO3 (100) B 100:0 55
3 ACHTUNGTRENNUNG[PtCl2 ACHTUNGTRENNUNG(CH2=CH2)]2


(5)
C 100:0 63


4 BiCl3 (150) D 0:100 60
5 InCl3 (150) D 0:100 60
6 HfCl4 (150) D 0:100 70
7 FeCl3 (10) E 0:100 83
8 HCl (10) F 0:100 30


[a] Reaction conditions. A: 5 mol% AuCl3, CH2Cl2, RT, 1 h; B: 1 equiv
AgNO3, acetone/H2O 4:1, D, 0.5 h; C: 5 mol% [PtCl2 ACHTUNGTRENNUNG(CH2=CH2)]2, 10
mol% TDMPP, CH2Cl2, RT, 6 h; D: 1.5 equiv MClx, CH2Cl2, sealed tube,
70 8C, BiCl3: 52 h, InCl3: 56 h, HfCl4: 48 h; E: 10 mol% FeCl3, DCE,
sealed tube, 80 8C, 24 h; F: 10 mol% HCl, DCE, sealed tube, 80 8C, 24 h.
[b] Yield of pure, isolated product with correct analytical and spectral
data. PMP=4-MeOC6H4. TDMPP= tris(2,6-dimethoxyphenyl)phosphine.
DCE=1,2-Dichloroethane.


Scheme 1. Chemodivergent metal-catalyzed preparation of dihydrofurans
2 and tetrahydrofurans 3. i) 5 mol% AuCl3, CH2Cl2, RT, 2b : 1 h; 2c :
1.5 h. ii) 5 mol% [PtCl2 ACHTUNGTRENNUNG(CH2=CH2)]2, 10 mol% TDMPP, CH2Cl2, RT, 2b :
6 h; 2c : 12 h. iii) 10 mol% FeCl3, DCE, sealed tube, 80 8C, 3b : 24 h; 3c :
20 h.


Scheme 2. Chemodivergent metal-catalyzed preparation of dihydrofurans
2 and morpholinones 4. i) 5 mol% AuCl3, CH2Cl2, RT, 2d : 1.5 h; 2e : 2 h.
ii) 5 mol% [PtCl2ACHTUNGTRENNUNG(CH2=CH2)]2, 10 mol% TDMPP, CH2Cl2, RT, 2d : 4 h;
2e : 5 h. iii) 10 mol% FeCl3, DCE, sealed tube, 80 8C, 4a : 1.5 h; 4b : 2.5 h.
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enallenol group by coordination to the hydroxyl moiety. The
formation of morpholin-3-ones 4 should proceed by a path-
way that involve full, o partial, C�O bond formation at the
b-lactam stage in the transition state. The hydroxyl–iron
complex 5 is formed initially through coordination of the
iron trichloride to the oxygen atom of enallenols 1. Accord-
ingly, the Lewis acid FeCl3 considerably increases the
Brønsted acidity of the hydroxyl protons of g-olefinic a-alle-
nols 1. Next, chemo- and regioselective intramolecular pro-
tonation of the alkene moiety with concomitant 4-exo oxy-
cyclization forms species 6, which rapidly evolves to inter-
mediates 7 through selective b-lactam ring cleavage. Finally,
demetalation affords heterocycles 4 and regenerates the iron
catalyst (Scheme 3). An alternative pathway involving coor-
dination of FeCl3 to the olefinic double bond cannot be
ruled out at the moment. The morpholin-3-one formation
must be driven by relief of the strain associated with the
four-membered ring on forming a more stable six-membered
ring.


In conclusion, the chemodifferentiation between an
alkene and an allene moiety using iron- or precious-metal
catalysis, respectively, was presented, which showed unpre-
cedented chemodivergence. Besides, an iron-catalyzed
tandem cycloetherification/b-lactam ring cleavage to afford
allenic morpholin-3-ones was accomplished. Mechanistic
consideration and reactivity of differently substituted enalle-
nols are under investigation.
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Isomeric Effect on Microscale Self-Assembly: Interplay between Molecular
Property and Solvent Polarity in the Formation of 1D n-Type Microbelts


Jie-Yu Wang, Jing Yan, Zhendong Li, Ji-Min Han, Yuguo Ma,* Jiang Bian,* and
Jian Pei*[a]


Isomerism, a well-known phenomenon, results from the
difference in atomic connectivity for molecules having the
same chemical formula.[1] Isomers with the same main
carbon skeleton which differ in the position of functional
groups may have drastically different physical and chemical
properties. In nature, for example, the mere change of the
position of a methyl group might modify the biological ac-
tivity of the whole protein. In one case, the EcoRV restric-
tion endonuclease changes its selectivity towards Mg2+ as
the cofactor to Mn2+ , after an isoleucine unit near the active
site was replaced by leucine.[2] However, how such isomeric
effects are expressed at the nano- and microscale, and in
device performance, remains an interesting yet seldom ex-
plored question.
One-dimensional (1D) nano- or microstructures based on


organic semiconductors have attracted much attention due
to their potential application in photoelectronic devices such
as transistors, light-emitting diodes, and photovoltaic cells.[3]


Among all noncovalent interactions, p–p stacking is consid-
ered as one of the main driving forces for the formation of
1D assembly.[4] By modulating the size of the conjugated
planes, the type and the length of the substituents, or the ex-
ternal conditions such as temperature, different morpholo-
gies including wires and tubes were achieved.[5] However,
little has been done to explore the effect of the position of
substitution at the conjugated core on the formation of the


1D microstructure, which would not only lead to a new di-
mension in molecular design but also help us to gain further
insight into the self-assembly process. Herein, we report the
development of a family of n-type semiconductors under
mild conditions, and their different self-assembly behavior
in various solvents. We observed an interesting “isomeric
effect” at microscale, which is explained by detailed calcula-
tion, and with which we have been able to set some general
rules regarding the one-dimensional self-assembly process of
planar p-conjugated molecules.
n-Type organic semiconductors are indispensable for


diodes and complementary circuits with high operation
speed and low power consumption, but their development
lags far behind that of their p-type counterpart.[6] As part of
our continuing efforts toward synthesizing new organic n-
type materials, we have identified truxenone as a promising
candidate. The three carbonyl groups of truxenone greatly
reduce the electron density of the aromatic core, a feature
that has been shown to effectively promote p–p interac-
tion,[7] which is important for the conduction of electrons in
n-type materials. Compounds 1a–c were synthesized from
2a–c in one step by combining oxidation and alkylation.
The electron-deficient aromatic core of truxenone and its C3
symmetry provide us with an excellent platform to investi-
gate the delicate interplay between the molecular properties
and solvent polarities in the self-assembly of 1D microstruc-
tures. We found that the effect of substitution at different
positions and the number of substituents are reflected not
only at the molecular level, but also in the different behav-
ior observed during the formation of the 1D microstruc-
tures. Such an understanding would contribute much to the
future molecular design of self-assembly processes. In addi-
tion, the obtained microstructures, which display a large
aspect ratio, are ideal for the construction of FET devices.[8]


Scheme 1 illustrates the synthetic approach to truxenone
derivatives 1a–c. The trimerization of 3a–c catalyzed by
acid afforded 2a–c. After demethylation of 2a–c by BBr3 in
CH2Cl2, reaction with n-hexyl bromide in a suspension of
K2CO3 and DMF in air afforded 1a–c. In our newly devel-
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oped method, alkylation and oxidation were accomplished
in one step under mild conditions and in good yield, in
sharp contrast to the harsh conditions and low yield usually
employed in the construction of the truxenone core.[9] The
mechanism of the one-step reaction might be similar to that
in the facile oxidation of a fluorene unit, namely involving
the generation of carbonanion.[10] Indeed, in protic solvents
such as ethanol, only the corresponding nonoxidized com-
pounds were obtained. The identity and purity of all as-syn-
thesized compounds were confirmed by 1H NMR and
13C NMR spectroscopy, mass spectrometry, and elemental
analysis (see the Supporting Information).
The self-assembly behavior of such a planar conjugated


system through p–p stacking was first characterized by con-
centration-dependent 1H NMR spectra. For example, for 1b,
the signal at d=8.56 ppm, which was assigned to proton Ha,
significantly shifted upfield to d=7.99 ppm as its concentra-
tion in CDCl3 increased from 1 mm to 50 mm at room tem-
perature (Figure 1). Another two signals assigned to protons
Hb and Hc showed similar upfield shifts. Such shifts are a
result of shielding from the ring current of neighboring aro-
matic molecules by cofacial stacking.[11] The signal at d=


4.06 ppm, which corresponds to a methylene group of n-hex-
yloxy, moved to d=3.75 ppm. The overall results from the
concentration-dependent 1H NMR spectra indicate that
these planar conjugated compounds have the potential to
form 1D nano- or microstructures through p–p stacking. We
tentatively propose the stacking mode to be as shown in
Figure 1, which corresponds well with the different extent of
chemical shift changes of different protons. Unlike the usu-
ally observed slipped cofacial stacking mode, the truxenone
cores could rotate relative to each other around the C3 axis
to minimize the electron repulsion between the p elec-
trons,[12] thanks to the one-directional circular arrangement


of the molecular structure. Also, strong local dipoles created
by the three carbonyl groups allow the core to stack in a
electronically favorable manner.[13] Finally, due to the stron-
ger p–p interaction between the electron-deficient conjugat-
ed planes,[7b] a strong tendency to self-assemble could be
achieved with relatively small cores compared to larger elec-
tron-rich polycyclic aromatic hydrocarbons (PAHs). Com-
pound 1c also showed similar concentration-dependent be-
havior in the 1H NMR spectra, although to a smaller extent.
During the process, we were surprised to find that the solu-
bility of 1a, the constitutional isomer of 1b, was so poor
that the same experiment could not be carried out on
1a,which drew our attention to the large differences in the
molecular properties of this pair of isomers.
The differential scanning calorimetry (DSC) of 1a in ni-


trogen showed a distinct melting point at around 179 8C,
well below the decomposition temperature (Td) at 400 8C.
Compound 1b exhibited a distinct glass transition tempera-
ture (Tg) at around 95 8C and a melting transition (Tm) at
128 8C. No Tg and Tm above 50 8C were observed for 1c
before its TD at around 390 8C. Such a large difference in
melting points further supports our hypothesis that the inter-
molecular interaction of 1a and 1b differ greatly. Therefore,
exploring the respective behavior of these two isomers in
forming 1D structures should be highly interesting. At the
same time, 1c was also included in the experiment to study
the effect of the number of substituents.
The SEM images of the 1D microstructures for 1a, 1b,


and 1c in THF, dioxane, and n-hexane are shown in
Figure 2. As expected, the responses of 1a–c to these sol-
vents differ greatly as a function of the solvent polarity;
however, there are some general trends. After heating in
THF at a concentration of 1 mgmL�1, and then cooling
down to room temperature, only 1a formed 1D microbelts
(width: 2–10 mm, length: 20–200 mm); 1b and 1c did not
show any 1D structures under the same conditions. Upon
changing to the moderately polar solvent dioxane, mi-
crobelts of 1a with a similar width and length distribution to
those observed with THF were obtained. In addition, uni-
form microbelts of 1b with a diameter of 1–2 mm clearly
emerged, and microfibers of several hundreds of microme-
ters in length were readily formed from 1c in dioxane.


Scheme 1. The synthetic approach to 1a–c.


Figure 1. Partial 1H NMR spectra (CDCl3) of 1b as the concentration in-
creased from 1 mm to 50 mm.
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Upon further decreasing the solvent polarity, for example,
to n-hexane, no assembly structure of 1a was observed due
to its poor solubility. In contrast, microbelts of 1b not only
grew longer but also tended to be more rigid and straight,
and irregular structures for 1c were again observed in n-
hexane.
To understand the different behaviors of 1a–c, we per-


formed extensive calculations on their molecular properties.
Geometry optimizations and frequency analysis were carried
out on 1a–c with the AM1 method by using the Gaussian03
program package.[14] The optimized structures are shown in
Figure 3. The molecular properties were evaluated by using
the B3LYP functional with a 6-31 g(d) basis set. Table 1 lists
the calculated total molecular polarizability and molecular
electric moments of 1a–c.
For 1c, the steric repulsion between the two adjacent side


chains forces the alkoxy chains to flip out of the molecular
plane in the equilibrium geometry. As a result, 1c has a
dipole moment of 1.99 D, whereas 1a and 1b are nonpolar
due to their C3h symmetry and nearly planar structures. This
significant difference increases the solubility of 1c in polar
solvents such as THF. Moreover, the additional three hexyl-
oxy chains increase van der Waals interaction between 1c
and hexane molecules, which hamper the growth of the 1D
structure of 1c in hexane. Thus, microfibers from 1c were
obtained only in dioxane, a moderately polar solvent with
the lowest solvent–solute interaction. From this observation,
we suggest that adjacent alkoxy groups might not be a good
choice for designing 1D self-assembly structures, unless the


interaction between the aromatic cores is indeed fairly
strong.[15]


The origin of different properties of two isomers 1a and
1b, which is highly similar in structure and size, was more
subtle. We speculate that the difference might result from
the different strength of the p–p interaction along the


Figure 2. SEM images of 1a–c precipitate from 1: THF; 2: dioxane; 3: n-hexane. Scale bars: 10 mm.


Figure 3. Optimized conformations of a) 1a ; b) 1b ; c) 1c.
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growth direction of the 1D assemblies. Generally, the inter-
action between the arene planes can be divided into electro-
static and dispersion interactions.[7b] Our calculations show
that the polarizability, which is correlated with the disper-
sion interaction,[16] does not differ greatly for 1a and 1b.
Hence, it can be inferred that the different performance of
1a and 1b is due to their different electrostatic properties.
Since these two compounds are both nonpolar molecules,
the first nonvanishing electrical moment, traceless quadru-
ple moment, was used as a description of the molecular
charge distribution and the electrostatic interaction between
a pair of molecules.[17] As shown in Table 1, the traceless
quadruple moment as defined by Buckingham[18] of 1a is
about 50% larger than that of 1b, which means that the
electrostatic interaction in stacked complexes of 1a will be
much stronger than that in 1b. To break the relatively
strong solute–solute interaction in 1a, a relatively polar sol-
vent such as THF should be employed to provide suitable
solubility for initiating the one-dimensional self-assembly
process. In the case of 1b, the intermolecular interaction be-
tween the conjugated cores is much weaker. Therefore, in-
stead of considering the solubility problem, the successful
1D assembly of 1b requires less interference from solvent
molecules. Accordingly, the longest and most uniform 1D
structure for 1b emerges in n-hexane, the least polar sol-
vent. The difference in the p–p interaction of 1a and 1b
also correlates well with other observed properties of 1a
and 1b, such as their melting points. To sum up, the seem-
ingly small difference in the position of the substituents in
1a and 1b drastically changes the molecular properties,
which is manifested in their different behavior in forming
1D microbelts. Moreover, from these results, we deduced a
semiempirical rule, “like attracts like,” which stresses the
importance of the matching between the molecular property
and the solvent polarity. We believe that the deduced rules
are also applicable to other self-assembly systems.
The HOMO and LUMO energy levels of 1a–c in thin


films were measured by cyclic voltammetry, and calculated
from the onset of oxidation and reduction waves, which
were �6.20 and �3.09 eV for 1a, �6.23 and �3.32 eV for
1b, and �5.97 and �3.06 eV for 1c, respectively. Their
LUMO energy levels, combined with their favorable mor-
phology, indicated that 1a–c might be promising candidates
for n-channel FET devices.[19] Fabrication of devices using
the 1D microbelts is in progress in our laboratory.


In summary, we have developed a mild and efficient syn-
thetic approach to truxenone derivatives 1a–c and investi-
gated their self-assembly behavior in various solvents. This
investigation reveals that 1a–c favor the formation of bulk
quantity 1D microstructures through self-assembly under
appropriate conditions. The difference in their self-assembly
behavior, such as different morphologies and response to-
wards solvent polarity, is rooted in their molecular proper-
ties. The computational study reveals some guidelines for
designing molecular structures and choosing assembly condi-
tions for future work. Finally, long microstructures are readi-
ly obtained from n-type semiconductors 1a–c, which show
great potential in integrated nano- or microelectronic devi-
ces.
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Since the introduction of soft ionization techniques, such
as electrospray ionization (ESI)[1] and matrix-assisted laser
desorption/ionization (MALDI),[2,3] to generate intact pep-
tide and protein ions in the gas phase for mass-spectrometric
investigations,[4–6] fragmentation of protonated peptides and
proteins has become one of the most important methods for
characterization of their amino acid sequence. Therefore it
is of considerable interest to understand the dissociation
pathways and mechanisms for protonated peptides.[7,8] Sev-
eral models, for example the mobile-proton model[9] and the
pathways-in-competition model,[7] have been put forward to
explain the experimental results. The observed fragmenta-
tion pattern depends on many diverse elements, including
the amino acid composition, size of the peptide, charge of
the molecule, translational energy and other instrumental
parameters, which results in the dissociation mechanism
being very complex. Many activation methods have been
used to dissociate peptide and protein ions, such as colli-
sion-induced dissociation (CID),[10] surface-induced dissocia-
tion (SID),[11] electron-capture dissociation (ECD),[12] black-
body infrared dissociation (BIRD)[13,14] and infrared multi-
ple-photon dissociation (IRMPD). IRMPD, as a low-energy
activation method, has attracted heightened interest recent-
ly,[15–20] and IRMPD vibrational spectroscopy is also a very
powerful technique to clearly elucidate the structures of gas-
phase ions in combination with electronic-structure calcula-
tions.[21–27] However, to date, the IRMPD mechanism has
not been unambiguously understood. The mode-selective
IRMPD described in the present work provides a further in-
sight into the peptide dissociation mechanism.
In the present work, the IRMPD pathways and mecha-


nisms for protonated glycine and the series of protonated
oligomers (GlyGly, GlyGlyGly, GlyGlyGlyGly and GlyGly-
GlyGlyGly) have been investigated. The combination of a
free-electron laser (FEL) and ion-trap mass spectrometers


or Fourier transfer ion-cyclotron mass spectrometers
(FTICR) has been demonstrated to be a very powerful tool
for the investigation of the IRMPD mechanism of peptides.
This high-intensity IR source may be tuned precisely to a
given wavelength corresponding to a particular vibrational
mode, such that initial mode-specific activation may be ac-
complished. This then permits the question to be addressed
of whether the initial protonation site or the different con-
formations of a peptide will have any effect on the dissocia-
tion pathway of the peptide and whether there is any differ-
ence in dissociation pathways when different vibrational
modes are activated. Without any side chains, Glyn forms
the backbone of peptides and proteins. Thus they may serve
well as a model to understand the structures and properties
of peptides and proteins.
By scanning the wavelength of the IR laser, IRMPD vi-


brational spectra are obtained that can then be used to de-
termine the optimal wavelength to activate the protonated
oligomers of glycine. For example, the decomposition spec-
trum of the parent ion of protonated GlyGly is shown in
Figure 1, together with the two fragment ion spectra at m/z


[a] Dr. R. Wu, Prof. T. B. McMahon
Department of Chemistry, University of Waterloo
Waterloo, Ontario, N2L 3G1 (Canada)
Fax: (+1)519-746-0435
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Figure 1. Change in intensities as a function of IR laser wavelength for a)
the parent ion of GlyGlyH+ (m/z 133) and b) the m/z 76 and c) m/z 88
fragment ions.
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76 and 88. In these spectra, ten replicates at every wave-
length have been recorded and each of the ten intensities
are displayed, with no averaging, leading to the scattered
appearance of the data. It can be seen that each dip in the
decomposition spectrum of the parent ion is directly related
to the increase in the intensity of a fragment ion. Across the
entire wavelength range studied, the signal intensity of the
fragment peak at m/z 76 is clearly stronger than that at m/z
88 (to be discussed below).
The IRMPD vibrational spectrum, expressed as the frag-


mentation efficiency, Pfrag (Pfrag=�lnACHTUNGTRENNUNG[Iparent/
(Iparent+SIfragment)]), as a function of the photon energy, in
cm�1, is shown in Figure 2. This spectrum is a sensitive
probe of the structure of the parent ions. To assign the
bands, the calculated spectra of the two most energetically
favourable, yet structurally distinct, stable isomers are in-
cluded.


In GGH01, the most stable isomer, the proton is bound to
the amino nitrogen atom and a hydrogen bond is formed be-
tween one of the acidic hydrogen atoms of the resulting am-
monium group and the amide oxygen. The amide NH forms
a second hydrogen bond with the carboxyl oxygen atom. At
the B3LYP/6-311+GACHTUNGTRENNUNG(d, p) level of theory,[28] GGH01 is
1.2 kcalmol�1 more stable in free energy at 298 K than
GGH02, in which a proton is bound to an amide oxygen
with two resulting intramolecular hydrogen bonds. As seen
in Figure 2, the experimental IRMPD spectrum is in very
good agreement with that calculated for GGH01. The weak
band at 1077 cm�1 corresponds to the amide CN stretch, and
the strongest band at 1166 cm�1 can be assigned to the bend-
ing vibration of the hydroxyl group. These are consistent
with the calculated values of 1077 and 1172 cm�1 for
GGH01, respectively. The umbrella vibration of �NH3 ap-


pears at 1418 cm�1, which fits very well with the calculated
value of 1409 cm�1. The band at 1540 cm�1 corresponds to
that calculated for the NH bending of the amide group (the
amide II mode) at 1542 cm�1. The bands at 1722 and
1788 cm�1 correspond to the amide I modes (the carbonyl
stretching vibrations), which are in excellent agreement with
the calculated values of 1729 and 1786 cm�1 for this mode in
the amide and carboxylic acid groups, respectively. Accord-
ing to the calculated energies, presuming a Boltzmann distri-
bution of possible isomers, the amounts of GGH01 and
GGH02 would be 98.0 and 2.0%, respectively. Examination
of the experimental IRMPD spectrum leads to the conclu-
sion that, while the presence of GGH02 cannot be excluded,
the most stable isomer, GGH01, is clearly the dominant spe-
cies.
In the IRMPD mass spectra shown in Figure 3, the laser


wavelength has been fixed at the carbonyl stretching mode
for each of the protonated glycine oligomers investigated.


For protonated glycine, the main fragment peak at m/z 48
corresponds to the loss of CO with a somewhat weaker
peak from the loss of 46 u. The fragmentation of GlyH+ has
been extensively investigated by different experimental and
computational methods.[29–33] Using CID, the main fragmen-
tation corresponds to the loss of 46 u with only a minor frag-
ment appearing at m/z 48. Hoppiliard et al.[31] investigated
several different dissociation pathways using theoretical cal-
culations and, according to their results, the barriers for loss
of HCOOH, C(OH)2 or CO2+H2 are 90.3, 74.8 and
72.9 kcalmol�1, respectively. However, the barriers for the
loss of CO or sequential loss of CO and water are identical
at 36.6 kcalmol�1. When protonated glycine loses ammonia,
the calculated energy barrier is 78.0 kcalmol�1. From these
data, the authors concluded that the loss of HCOOH or
C(OH)2 under low-energy collision conditions is impossible
and thus the loss of 46 u must correspond to the loss of CO


Figure 2. a) IRMPD vibrational spectrum of protonated GlyGly and the
calculated spectra of the two most stable isomers: b) GGH01 and c)
GGH02.


Figure 3. IRMPD mass spectra of the protonated glycine and its peptides:
a) Gly, b) GlyGly, c) GlyGlyGly, d) GlyGlyGlyGly and e) GlyGlyGly-
GlyGly.
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and water. The fragmentation of protonated glycine by loss
of CO and water requires proton transfer from the amino to
the hydroxyl group, which yields an intermediate that can
either eliminate CO+H2O or CO, depending upon the life-
time of the intermediate(s), which is determined by the spe-
cific experimental conditions. The low-energy CID spectrum
shows a dominant loss of CO+H2O with a minor loss of
CO.[29,30] In contrast, in the metastable ion spectrum of
FAB- and CI-generated protonated glycine, CO loss is the
almost exclusive dissociation channel.[32,33] In the current
IRMPD spectrum, the losses of CO and CO+H2O are both
observed in an approximate 3:2 ratio. According to the cal-
culated energy barrier of 36.6 kcalmol�1,[29] roughly seven
photons at 1750 cm�1 are required to dissociate the proton-
ated glycine. The energy of the products in the CO+H2O
loss channel lies only 5.6 kcalmol�1 below the overall reac-
tion barrier. This means that if the departing CO molecule
carries off one (~6 kcalmol�1) or more vibrational quanta,
the subsequent loss of H2O will become endothermic. This
indicates that IRMPD is a very low-energy activation
method.
For a protonated peptide, if fragmentation occurs at the


C�N bond of a peptide linkage and if the charge is retained
on the N-terminal fragment, a b ion is produced; if the
charge is on the C-terminal fragment, a y ion forms after
proton migration from the N-terminal to the C-terminal
product, as shown in Scheme 1. Other product ions, includ-


ing the a ions, internal iminium (immonium) ions (that origi-
nate from non-terminal residues) and ions that result from
the loss of small neutral molecules, for example, CO, H2O,
and NH3, may also be formed from the fragmentation of the
protonated peptide or from its charged products.[8]


In the IRMPD spectrum of protonated GlyGly, the domi-
nant fragment appears at m/z 76 (y1 fragment). In addition,
there is a very small peak at m/z 88, corresponding to the
loss of CO and ammonia. Van Dongen et al.[34] found that
fragmentation of protonated GlyGly includes y1 (72%), a1
(17%) and b2 (5%) ions as well as loss of CO (6%) by
using low-energy CID. However, in the present IRMPD
spectrum, the peak corresponding to the loss of CO is
almost negligible. Quantum-chemical and RRKM (Rice–
Ramsperger–Kassel–Marcus) calculations have been carried
out on protonated GlyGly to understand the main fragmen-
tation pathways leading to formation of a1 and y1 ions. Two
possible mechanisms[35] were considered. The first pathway


results in elimination of aziridinone as a neutral counterpart
of the y1 ion formed, in which the nitrogen atom in the N-
terminal group attacks the positive carbon atom and forms
the aziridinone, a three-membered-ring species. The second,
“a1–y1”, pathway leads to simultaneous formation of a1 and
y1 ions. The calculated results showed that the “a1–y1”
pathway has a much lower threshold energy (38.0 kcal
mol�1) than that of the “aziridinone” formation (48.6 kcal
mol�1). Furthermore, the “a1–y1” pathway is more kinetical-
ly favourable over the entire internal energy range than that
for “aziridinone” formation. The elimination of water from
the carboxyl group of protonated GlyGly has also been in-
vestigated by density functional theory calculations.[36] Al-
though the threshold energy for b2 ion formation (37.1 kcal
mol�1) is slightly lower than that for the y1 ion (38.4 kcal
mol�1), the former requires a tight transition state with an
activation entropy of �1.2 calmol�1K�1, while the latter has
a loose transition state with a +8.8 calmol�1K�1 entropy
change. This leads to y1 being the major fragment ion over
a wide energy range, consistent with the present experimen-
tal results.
For the protonated GlyGlyGly, the main fragment is b2,


consistent with previous observations.[37, 38] There is a popu-
lar and reasonable mechanism for the formation of the b2
ion for protonated GlyGlyGly. After activation, it is ener-
getically feasible for the proton to migrate from one posi-
tion to another. When the proton resides on an amide group
adjacent to the N terminus, the amide oxygen atom at the N
terminus attacks the carbonyl carbon atom of the second
amide bond, thereby forming a transition state comprised of
an incipient oxazolone (the b2 ion) and an incipient (neu-
tral) glycine. The products then separate to give the b2 ion,
and glycine. As can be seen from Figure 3, both y2 and y1
also appear. Their intensities are markedly weaker than that
of b2; however, y2 is stronger than y1. This is consistent
with the previous results in which the onset energy of y2 is
evidently lower than that of y1.[29] The formation of y1 is
due to the cleavage of the same amide bond as in formation
of b2. The much stronger b2 peak can be attributed to the
fact that the proton affinity of the corresponding neutral for
b2 is higher than that for y1, that is, glycine.
The main fragment of protonated GlyGlyGlyGly is y2.


The y2 and b2 ions are both due to the cleavage of the same
middle amide bond. Klassen et al.[29] have observed much
slower dissociation kinetics for cleavage of the amide bonds
at either end of the peptide compared with the middle
bond. In contrast to GlyGlyGly, here y2 is evidently the
stronger peak, in which the proton affinity of the corre-
sponding neutral for b2 is less than that for y2, that is, digly-
cine. This has also been confirmed by calculations, in which
the proton affinity of the neutral for b2 is 217.4 kcalmol�1 at
the B3LYP/6-311+GACHTUNGTRENNUNG(d, p) level of theory, and the proton
affinities of Gly and GlyGly are 211.5 and 219.2 kcalmol�1,
respectively. The calculated value for Gly is also consistent
with that of 211.9 kcalmol�1 in the NIST database. In addi-
tion, b3 and y3 ions are minor fragments, and the small
peak at m/z 229 is due to the loss of water.


Scheme 1.
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For the protonated GlyGlyGlyGlyGly, peaks correspond-
ing to b2, b3, b4, y2 and y3 ions all appear. The b2/y3 and
b3/y2 pairs are each due to the cleavage of the same amide
bonds, respectively. In the CID spectrum,[39] the main peaks
are the b4 ion and the loss of water. Other peaks, such as
b2, y2, b3 and y3, are much weaker than b4. In the present
spectrum, b2, b3, b4, y2 and y3 have almost the same inten-
sities. This happens not only at 1745 cm�1, but also at other
frequencies, such as 1230 and 1540 cm�1 as well as others.
From these phenomena, it may be inferred that the barriers
for the different decomposition channels, that is, the cleav-
age of the amide bonds (with the exception of the first
amide bond adjacent to the N terminus) are very similar,
with an energy difference of less than the energy of one
1750 cm�1 photon (~5 kcalmol�1). In addition, dissociation
leading to a proton resident on either the N-terminal or C-
terminal fragment has nearly the same probability. For ex-
ample, the b2 and y3 pair as well as b3 and y2 pair are
nearly equal in intensity, which implies that the product sig-
nals may not be controlled by a statistical distribution. This
possibility clearly requires further study.
Reid et al. have investigated the fragmentation of oligo-


mers of glycine[39] using CID and found that for tetra- and
pentaglycine the MS/MS spectra reveal major losses of neu-
tral water. However, in the IRMPD spectra, although the
peaks corresponding to the loss of water appear, the intensi-
ties are much lower and the main fragment pathways are
due to the cleavage of the amide bonds. This then indicates
that IRMPD forms the more structurally informative b and
y sequence ions and fewer, less useful, non-sequence ions
formed by loss of small neutrals such as water and ammo-
nia.
To investigate the effect of activating different vibrational


modes on the fragmentation, the corresponding IRMPD
spectra of protonated GlyGly obtained at different activa-
tion wavelengths are shown in Figure 4. The modes at 1163,
1416, 1727 and 1788 cm�1 correspond to the bending vibra-


tion of the hydroxyl group, the umbrella vibration of �NH3
and the two carbonyl stretching vibrations, respectively.
From these spectra, it is apparent that the decomposition
mechanisms are the same at the different activation wave-
lengths, although the decomposition efficiencies are differ-
ent, because the absorption intensities, the laser intensities
and the energies of the photons are different at these wave-
lengths, in accord with the data shown in Figure 2.
It is of interest to speculate whether the initial protona-


tion sites or different conformations give rise to different
dissociation mechanisms. It has been previously reported
that b- and y-type “sequence ions” formed by CID may be
influenced not only by the initial site of protonation, but
also by the proton affinities of the fragments formed, pep-
tide conformation and competing neighbouring group par-
ticipation reactions leading to the formation of “nonse-
quence” ion structure.[39] This conjecture is addressed below.
Combined with the theoretical calculations, the experi-


mental IRMPD spectra of GlyGlyGlyH+ indicate clearly
that two main isomers co-exist under the present experimen-
tal conditions.[40] These two isomers have totally different
protonation sites and conformations. One isomer is a linear
structure with a proton bound to an amide oxygen atom,
and the protonation site of the other, cyclic, isomer is at the
amino nitrogen atom. Consequently they have different vi-
brational spectra. Here the two modes at 1803 and
1745 cm�1 have been selected to activate and dissociate the
two different isomers of the protonated GlyGlyGly. The vi-
bration at 1803 cm�1 corresponds to the carbonyl stretching
of the linear isomer and that at 1745 cm�1 is due to the same
mode of the cyclic isomer. The IRMPD mass spectra are
shown in Figure 5. These two spectra are almost identical,
with the exception that the fragments in the spectrum at
1745 cm�1 are slightly stronger, which is due to the stronger
absorption. These experimental results indicate very clearly
that the dissociation mechanism is not related to the initial
protonation site or peptide conformation.
IRMPD is a relatively new activation method with consid-


erable potential to reveal both structural and energetic in-
formation for peptides and proteins. By using a very power-
ful wavelength-tunable FEL combined with ion-trap mass
spectrometry, IRMPD mechanisms of protonated peptides
of glycine (Gly1�5H


+) have been investigated. The experi-
mental results indicate that the main fragmentation path-
ways of the peptides are due predominantly to the cleavage
of the amide bond. Compared with traditional low-energy
collision-induced dissociation, IRMPD forms more structur-
ally informative sequence b and y ions, and fewer less useful
non-sequence ions from the loss of small neutrals such as
water and ammonia. It is found clearly that the dissociation
pathways are the same through excitation of different
modes of the peptide. For the first time, it has thus been
confirmed that the peptide dissociation pathway is not relat-
ed to the initial protonation site or the conformation of the
peptide. A further understanding of the dissociation mecha-
nism of peptides will aid in determination of sequence in
peptides and proteins of large size.


Figure 4. IRMPD mass spectra of GlyGlyH+ obtained via exciting the
different modes: a) 1163, b) 1416, c) 1727 and d) 1788 cm�1.
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Experimental Section and Computational Methods


Experiments have been carried out using the free-electron laser (FEL) at
the Centre de Laser Infrarouge dMOrsay (CLIO) facility in Orsay
(France) coupled to an electrospray ionization ion-trap mass spectrome-
ter (Bruker Esquire3000+ ). This experimental configuration has been
described in detail previously.[26,27] The FEL facility is based on emission
from a 10–50 MeV electron beam. For the high-energy electron beam,
the emission photon wavelength could be tuned by adjusting the gap of
the undulator, which was placed in the optical cavity. In the present
work, the electron energy was set to 48 MeV in order to adjust and scan
the wavelength from 1000 to 2000 cm�1. The IR-FEL output consisted of
macropulses 8 ms in length with a repetition rate of 25 Hz. Each macro-
pulse involved approximately 500 micropulses with a width of a few pico-
seconds. For a typical average IR power of 500 mW, the corresponding
micropulse and macropulse energies are about 40 mJ and 20 mJ, respec-
tively.


To produce protonated species of glycine and its oligomer, a 10�5m solu-
tion of the sample dissolved in a mixture of water and methanol, with a
very small amount of formic acid, was used. The desired ion was isolated
and confined in the ion trap for the controlled period of time, during
which the IR laser beam, tuned to a desired wavelength, was introduced
into the ion trap to dissociate the isolated ion. Mass spectra were then re-
corded to probe dissociation. The IRMPD vibrational spectrum was mea-
sured by scanning the wavelength in steps of ~4 cm�1.
Theoretical calculations were carried out with the Gaussian 03 program
package.[28] The structures of the protonated peptides were optimized at
the density functional theory (DFT) level, by employing the B3LYP ex-
change-correlation functional and the 6-311+G ACHTUNGTRENNUNG(d, p) basis set. The cal-
culated harmonic vibrational frequencies have been determined using the
same method, scaled by a factor of 0.99. The calculated frequencies and


intensities were convoluted assuming a Lorentzian profile with a 35 cm�1


full-width at half-maximum.
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A New Zeolitic Topology with Sixteen-Membered Ring and
Multidimensional Large Pore Channels


Tao Wu,[a] Xianhui Bu,[b] Rui Liu,[a] Zhien Lin,[a] Jian Zhang,[b] and Pingyun Feng*[a]


The importance of 4-connected zeolite-type framework is
highlighted by many industrial applications of zeolites.[1] It is
well known that topological features as well as chemical
compositions play vital roles for both established and
emerging applications. Therefore, there has been an ever in-
creasing interest in the synthetic design of new crystalline
porous materials.


For zeolite scientists, one of the most desirable and intri-
guing topological features is the 3-ring (i.e., rings with three
tetrahedral atoms or T-atoms, not counting bridging oxygen
atoms), because it has been proposed that the 3-ring can
lead to low framework density and high pore volume.[2] Un-
fortunately, the 3-ring is uncommon in 4-connected struc-
tures because of the inherent strain associated with the
small ring size.[3] Thus, one synthetic strategy to create top-
ologies with 3-rings is to lengthen the T–O distance. One
specific example is the use of larger T-atoms such as Ge
(compared with Al and Si).[4]


Recently, a number of metal organic framework materials
have been synthesized by using organic ligands to replace
oxygen anions.[5] Of particular interest is the synthesis of
metal imidazolate frameworks with 4-connected zeolite-type
topologies.[6–10] Intuitively, the large T–L distance in the imi-
dazolate framework should be conducive to the formation
of 3-rings. However, few tetrahedral metal imidazolate
frameworks were known to have 3-rings prior to this work.
It is also worth noting that most known imidazolate struc-
tures tend to adopt the same framework topology as those
already found in aluminosilicate or phosphate structures.


Because the average ring size in a 4-connected net is as-
sumed to be within a narrow range (around 6),[11] the occur-
rence of small rings such as 3-rings is likely to be accompa-
nied by the simultaneous occurrence of large or extra-large
rings. Our synthetic strategy to create low density frame-
work with large and extra-large ring sizes in the imidazolate
system is based on the reasoning that the steric interaction
caused by substituents on imidazolate (already observed in
some imidazolate frameworks[7]) may lead to large and
extra-large rings. With this strategy, 5,6-dimethylbenzimi-
daozle (H-DMBim) was selected as the building block for
fabricating new imidazolate frameworks.


Here, we report two zeolite-like structures (denoted as
TIF-1Zn and TIF-1Co, TIF = tetrahedral imidazolate frame-
work) with a previously unknown topology and highly open
microporous framework. This new framework features both
3- and 16-rings (in addition to 4-, 10- and 12-rings), new
types of loop configurations, and multidimensional intersect-
ing large pore channels. Prior to this work, the 16-ring is not
known in any 4-connected zeolite-type structures.
TIF-1Zn and TIF-1Co were synthesized by solverthermal


reaction of Zn(Ac)2·2 H2O or Co(Ac)2·4 H2O and 5,6-di-
ACHTUNGTRENNUNGmethylbenzimidazole in a mixed solvent (� )-2-amino-1-bu-
tanol and benzene at 150 8C. Single crystal [Zn-
ACHTUNGTRENNUNG(DMBim)2]·(G)x (G= guest solvent molecules) and polycrys-
talline CoII analogue were obtained. The crystal structure of
TIF-1Zn was determined by single crystal X-ray diffraction
while TIF-1Co was identified as isostructural to TIF-1Zn on
the basis of X-ray powder diffraction patterns (Figure S1).
TIF-1Zn crystallizes in a highly symmetrical tetragonal


space group P42/mnm.[12, 13] The asymmetric unit (Figure S2)
includes four zinc sites, of which only Zn4 is situated on a
symmetry site with a 1/4 occupancy. This gives the ratio of
4:4:4:1 for these zinc sites (T1, T2, T3 and T4). Each unit cell
contains 52 T atoms, leading to a very large unit cell volume
of 32 212 @[3] (Figure S3). As in zeolites, each T atom is co-
ordinated with four N atoms from four different ligands and
each ligand links two T atoms. This unique framework con-
tains three types of loop configurations (Figure 1a–c). The
loop configuration of a T-atom is defined by the local coor-


[a] T. Wu, R. Liu, Dr. Z. Lin, Prof. Dr. P. Feng
Department of Chemistry, University of California
Riverside, CA 92521 (USA)
Fax: (+1) 951-827-4713
E-mail : pingyun.feng@ucr.edu


[b] Prof. Dr. X. Bu, Dr. J. Zhang
Department of Chemistry and Biochemistry
California State University, 1250 Bellflower Blvd
Long Beach, CA 90840 (USA)


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800736.


Chem. Eur. J. 2008, 14, 7771 – 7773 G 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 7771


COMMUNICATION







dination geometry of this T-atom to its adjacent T-atoms
and shows the distribution of 3- or 4-rings around this T-
atom.


An unusual feature is the occurrence of a unique type of
secondary building unit (SBU) composed of 13 T atoms
(Figure 1d). Each SBU is bonded to four adjacent SBUs by
T1T1T3T3 4-rings to form a 2D layer (Figure S6a). Two adja-
cent layers, related by 42 symmetry operation, are joined to-
gether in the ABAB sequence by T3T3T3T3 4-rings (Fig-
ACHTUNGTRENNUNGure S6b) to generate a 3-D framework (Figure 2a).


One of the most striking features here is the co-existence
of 3- and 16-membered rings, which helps to produce a
framework with very low framework density and multidi-
mensional channels. The presence of 16-rings is confirmed
by vertex symbols of T-atoms (3.125.4.4.122.16 for T1;
3.4.4.123.10.122 for T2; 3.4.4.10.122.16 for T3; and
4.4.4.4.10.10 for T4) (Figure S4). It is of interest to note that
rings of five different sizes co-exist here. Two of these ring
sizes (i.e., 3- and 16-rings) are quite rare for metal imidazo-
late frameworks (Figure S5). The largest 16-ring has a
window size of 28.5 @M 22.6 @ as measured using the intera-
tomic distances.


As expected from the presence of both small (3-rings)
and extra-large rings (16-rings), TIF-1Zn has a very low
framework density. The framework density (FD) is defined
as the number of T-atoms per 1000 @,[3] which is traditional-
ly used to characterize the openness of zeolite frameworks.
Because of the large size of imidazolate ligand, the frame-
work density of this topology is much lower than that of alu-
minosilicate zeolites or phosphates. The framework density
of TIF-1Zn (1.61) is comparable to other metal imidazolate
frameworks (e.g., SOD 2.50; RHO 2.01; LTA 2.04; GME
2.09).


Also of interest is the multidimensional large pore chan-
nel system with the ring size of 12, 12, 12, 10, and 10, respec-
tively, for channels along various crystallographic directions
(Figure S7). The channels along the [110] and [01̄0] direc-
tions are very unusual because they are defined by alternat-


ing 16- and 12-rings. Figure 2b shows the cross-sectional
view of multidirectional channels.


Despite the highly open framework topology and multidi-
mensional large pore system, TIF-1Zn exhibits high thermal
stability. Thermal gravimetric analysis (TGA) under the N2


atmosphere performed on TIF-1Zn (washed with ethanol
and dried in air) shows a gradual weight loss of 0.93 % be-
tween 30–140 8C, likely due to the loss of residual solvent
molecules. A long plateau in the temperature range between
150 and 440 8C was observed (Figure S8). Such thermal sta-
bility up to about 440 8C is rather high for a framework
structure containing organic building blocks.


The permanent porosity of TIF-1Zn was confirmed by
gas adsorption measurements performed on Micromeritics
ASAP 2010 surface area and pore size analyzer. The sample
for surface area analysis was treated by immersing as-syn-
thesized TIF-1Zn with methanol, and then dichloro-
ACHTUNGTRENNUNGmethane, followed by evacuation at room temperature. The
treated sample was characterized by XRD to confirm that it
has the same structure with as-synthesized sample (Fig-
ure S9). The sample was degassed at 150 8C prior to the
measurement. A Type I isotherm was observed, indicating


Figure 1. Loop configurations of four kinds of T-atoms (a, b, and c) in
secondary building unit (d) in TIF-1Zn.


Figure 2. a) The topological network of TIF-1Zn viewed along [001]. b)
Cross-sectional view of multidimensional channels.
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that TIF-1Zn is microporous (Figure 3). The Langmuir sur-
face area of 667.5 m2 g�1and the pore size of 11.7 @ were cal-
culated using the data in the range of p/p0 = 0.059–0.205. A
single data point at relative pressure 0.250 gives a micropore
volume of 0.231 cm3 g�1by Horvath–Kawazoe equation.


In conclusion, two new 4-connected metal imidazolates
with unprecedented 4-connected topology have been synthe-
sized and structurally characterized. TIF-1Zn exhibits per-
manent microporosity and has high thermal stability. It fea-
tures unusual topological features such as 3-, and 16-rings
and multidimensional large pore channels and underlines
the rich synthetic and structural chemistry of imidazolate
based porous frameworks that are yet to be explored.


Experimental Section


Typical synthesis of TIF-1Zn : Zn(Ac)2·2H2O (118.8 mg), 5,6-dimethyl-
benzimidazole (157.6 mg), (� )-2-amino-1-butanol (4.0 mL) and benzene-
ACHTUNGTRENNUNG(3.2 mL) are mixed in a Teflon-lined autoclave and stirred for 30 min.
The autoclave was then sealed and heated at 150 8C for 5 d, followed by
cooling to room temperature. A large amount of colorless crystals were
obtained with a yield of 43.2 % (76.6 mg; based on zinc salt). The crystals
were washed using ethanol three times and dried in air for other meas-
urements. IR data for as-synthesized TIF-1Zn (KBr): ñ = 1475s, 1337 m,
1203 m, 1167w,1093w, 1021w, 848 m, 813w, 648w cm�1. The synthesis of
TIF-1Co was similar with that of TIF-1Zn, except for the replacement of
the Zn(Ac)2·2H2O by Co(Ac)2·4 H2O. A large amount of violet powder
was obtained with a yield of 39.2 % (68.2 mg).
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Introduction


The phosphorylation of proteins by protein kinase is a key
process in signal transduction and the regulation of intracel-
lular processes.[1]The over-expression of protein kinases has
been reported to be involved in different diseases, such as
cancer[2] or Alzheimer.s disease.[3] Hence, the rapid detec-
tion of the activity of protein kinases is of immediate signifi-
cance for clinical diagnostics. Different methods for the de-
tection of protein kinases have been developed, such as im-
munoassays that use fluorescence-labeled antibodies (Fab)
against sequence-specific phosphorylated peptides,[4] and the
protein kinase-induced radioactive labeling of the phos-
phorylated product with radioactive ATP.[5] Other methods
to monitor the activities of protein kinases include the fluo-
rescence polarization assay,[6] the amplified electrochemical
detection of kinase with Au nanoparticles,[7] a protein
kinase-induced aggregation of Au nanoparticles,[8] and de-
tection of the depletion of ATP as a result of a biocatalyzed
phosphorylation process.[9] Furthermore, a label-free detec-
tion of protein kinase was achieved by monitoring the phos-
phorylation reaction on a field-effect transistor device.[10] In
the present study, we probed the activity of casein kinase,
CK2, which phosphorylates serine/threonine residues of pro-
teins. At least 160 different proteins are phosphorylated by


CK2, and many of these proteins are active in intracellular
signal transduction, DNA replication, the synthesis of pro-
teins, and cell division and proliferation. The CK2 is local-
ized in the nuclei of the cells and exists also in the cytosol.[11]


The enzyme is a heterotetramer composed of a, a’ and b


subunits. The a and a’ subunits are catalytically active and
the b subunits recognize the substrates and synergistically
stimulate the catalytic activity of the a/a’ subunits.[12]


Here, we introduced different methods to monitor the ac-
tivities of kinases (specifically, casein kinase), namely, elec-
trochemical impedance spectroscopy, contact angle, and
chemical force measurements.


Results and Discussion


Electrochemical impedance spectroscopy is a versatile tool
to follow biocatalytic reactions and biomolecular recognition
events at electrode surfaces.[13] The electron-transfer resis-
tances at modified electrodes, in the presence of a redox
label solubilized in the bulk electrolyte solution, are strongly
dependent on electrostatic interactions between the redox
label in the electrolyte solution and the charged electrode
surface or changes in the dielectric properties of the surface
caused by the biocatalytic or biorecognition events.[14] For
example, DNA hybridization on electrode surfaces was ana-
lyzed in the presence of [Fe(CN)6]


3�/4� as redox label by
means of electrochemical impedance spectroscopy (EIS).
The hybridization of the analyte DNA with the capturing
nucleic acid linked to the electrode increased the interfacial
electron-transfer resistances as a result of the electrostatic
repulsion of the redox label.[15] Similarly, EIS was applied to
follow the formation of an aptamer–adenosine complex by


Abstract: Three different methods to
investigate the activity of a protein
kinase (casein kinase, CK2) are de-
scribed. The phosphorylation of the se-
quence-specific peptide (1) by CK2
was monitored by electrochemical im-
pedance spectroscopy (EIS). Phosphor-
ylation of the peptide monolayer as-
sembled on a Au electrode yields a
negatively charged surface that electro-
statically repels the negatively charged
redox label [Fe(CN)6]


3�/4�, thus increas-
ing the interfacial electron-transfer re-
sistance. The phosphorylation process
by CK2 is further amplified by the as-
sociation of the anti-phosphorylated
peptide antibody to the monolayer.
Binding of the antibody insulates the
electrode surface, thus increasing the
interfacial electron-transfer resistance


in the presence of the redox label. This
method enabled the quantitative analy-
sis of the concentration of CK2 with a
detection limit of ten units. The second
method employed involved contact-
angle measurements. Although the
peptide 1-functionalized electrode re-
vealed a contact angle of 67.58, phos-
phorylation of the peptide yielded a
surface with enhanced hydrophilicity,
36.88. The biocatalyzed cleavage of the
phosphate units with alkaline phospha-
tase regenerates the hydrophobic pep-
tide monolayer, contact angle 55.38.
The third method to characterize the


CK2 system involved chemical force
measurements between the phosphory-
lated peptide monolayer associated
with the Au surface and a Au tip func-
tionalized with the anti-phosphorylated
peptide antibody. Although no signifi-
cant rupture forces existed between the
modified tip and the 1-functionalized
surface (6�2 pN), significant rupture
forces (multiples of 120�20 pN) were
observed between the phosphorylated
monolayer-modified surface and the
antibody-functionalized tip. This rup-
ture force is attributed to the dissocia-
tion of a simple binding event between
the phosphorylated peptide and the
fluorescent antibody (Fab) binding
region.
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the separation of an aptamer–nucleic acid duplex associated
with the electrode, and the subsequent decrease of the inter-
facial electron-transfer resistances.[16] The association of pro-
teins to electrode surfaces insulates these surfaces and thus
increases the interfacial electron-transfer resistances in the
presence of a solubilized redox label. This has been used to
detect the association of proteins to electrodes and, specifi-
cally, to monitor the formation of immunocomplexes on
electrodes,[17] and to develop EIS-based immunosensors.
Furthermore, biocatalytic transformations at electrode surfa-
ces, such as enzyme cleavage of duplex DNA[18] or the bio-
catalytic deposition of insoluble products on electrodes[19]


were investigated by EIS.
In the present study, EIS measurements were applied to


measure casein kinase (CK2) activity by probing the interfa-
cial electron-transfer resistances, Ret, in the presence of
[Fe(CN)6]


3�/4� as redox label (Scheme 1). Electrostatic inter-
actions between the interface and charged redox labels in
solution are known to control the interfacial electron-trans-
fer resistances.[13,15,18] Specifically, a surface that becomes
negatively charged as a result of a chemical transformation
will be accompanied by an increase in the electron-transfer
resistance in the presence of a negatively charged redox
label in the electrolyte solution (due to the repulsion of the
label), and a decrease in the interfacial electron-transfer re-
sistance in the presence of a positively charged redox label


(due to electrostatic attraction of the label).[20] In the pres-
ent system, the phosphorylation of the peptide monolayer
produces a negatively charged peptide, and hence, an in-
crease in the electron-transfer resistance is anticipated upon
using the negatively charged redox label [Fe(CN)6]


3�/4�. It
should be noted, however, that the peptide carries seven car-
boxylic acid residues as opposed to two positive arginine
units, and thus, the peptide is negatively charged already
prior to the phosphorylation. As a positively charged redox
label (Ru ACHTUNGTRENNUNG(NH3)6


3+) is attracted to the surface prior to phos-
phorylation and yields a Ret �0, a positively charged label
cannot be used in the present study to probe the phosphory-
lation reaction.
Peptide 1 is the substrate of CK2. This peptide was immo-


bilized on an electrode surface by the primary modification
of the electrode with the thiolated N-hydroxysuccinimide
active ester monolayer, followed by coupling of 1 to the sur-
face. The surface coverage of 1 on the Au surface was esti-
mated by microgravimetric quartz crystal microbalance
(QCM) measurements to be 3.3I10�11 molecm�2. The CK2-
catalyzed phosphorylation of the serine residue in 1 yields
the phosphorylated product 2. The negative charges result-
ing on the surface electrostatically repel the negatively
charged redox label, and hence, the interfacial electron-
transfer resistance increase as expected. The association of
the antibody that is specific for the CK2 product 2 is antici-


Scheme 1. Analysis and amplification of casein kinase activity by electrochemical impedance spectroscopy (ALP=alkaline phosphatase).
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pated to further block the electron transfer and thus in-
crease the interfacial electron-transfer resistance. Figure 1A
shows the time-dependent electrochemical impedance spec-
tra (in the form of Nyquist plots) of the 1-modified Au elec-
trode upon treatment with CK2 (500 U). The interfacial


electron-transfer resistances increase as the biocatalytic pro-
cess is prolonged, and the interfacial electron-transfer resist-
ance reaches a saturation value of Ret=2.7 kW after approxi-
mately 20 min of reaction (Figure 1A, inset). This is consis-
tent with the fact that increasing the time interval of the bio-
catalytic reaction enhances the negative charge associated
with the surface, resulting in progressively higher interfacial
electron-transfer resistances. Saturation of the impedance
spectra implies either complete phosphorylation of the mon-
olayer or the equilibrium state, in which the negatively
charged ATP is electrostatically repelled from the phos-
phorylated monolayer, thus blocking further phosphoryla-
tion. Control experiments revealed that the impedance spec-
trum of the 1-functionalized Au electrode did not change


upon treatment of the surface with CK2 or ATP only. Fur-
thermore, treatment of the electrode modified with the
phosphorylated monolayers with alkaline phosphatase re-
moved the phosphate groups and restored the spectrum of
the 1-modified surface. These results demonstrate that the
biocatalyzed phosphorylation of the peptide is, indeed, the
origin for the changes in the impedance spectra. Figure 1B
shows the electrochemical impedance spectra of the 1-func-
tionalized electrode (a), the phosphorylated monolayer after
treatment with CK2 for 20 min (b), and the 2-modified sur-
face after treatment with the antibody for 10 and 20 min (c)
and (d), respectively.
The interfacial electron-transfer resistances (Ret) increase


upon association of the antibody (Ab) from 2.7 to 4.5 kW,
consistent with the association of the antibody to the phos-
phorylated antigen and the blocking effect of the bound pro-
tein on the interfacial electron transfer. Figure 2 depicts the
quantitative analysis of CK2 by EIS. In this experiment, the
1-functionalized electrodes were reacted with CK2/ATP for
a fixed time interval of ten minutes, and subsequently, the
phosphorylated monolayer-modified electrodes were chal-
lenged with the anti-2-Ab. Figure 2c and e show the Nyquist
plots of the phosphorylated surface, generated upon chal-
lenging the electrode with CK2 (250 U), before and after
treatment with the Ab, respectively. Similarly, curves d and f
show the impedance spectra of the 1-modified electrode
treated with CK2 (500 U), before and after reaction with
the anti-2-Ab, respectively. The interfacial electron-transfer


Figure 1. A) Time-dependent electrochemical impedance spectra (in the
form of Nyquist plots) showing phosphorylation of the 1-functionalized
electrode by CK2 (500 U) and ATP (0.1 mm) for different time intervals:
a) 0, b) 1, c) 5, d) 10, e) 20 min. Inset: time-dependent changes of the in-
terfacial electron-transfer resistances upon phosphorylation of the 1-
modified electrode. B) Electrochemical impedance spectra for a) the 1-
modified Au electrode, b) after phosphorylation of the monolayer with
CK2 (500 U) and ATP (0.1 mm) for 20 min, c) and d) after the treatment
of the phosphorylated monolayer with the anti-phosphorylated peptide
Ab (1 mgmL�1) for 10 and 20 min, respectively. All experiments were per-
formed in HEPES buffer (0.05m, pH 7.4) using [Fe(CN)6]


3�/4� as redox
label. A bias potential of 0.2 V vs SCE was applied, and a 10-mV alter-
nate voltage in a frequency range of 100 MHz–10 kHz was used.


Figure 2. Electrochemical impedance spectra showing analysis of differ-
ent concentrations of CK2, according to Scheme 1: a) the 1-functional-
ized electrode, b) the 1-functionalized electrode treated for 10 min with
the anti-phosphorylated peptide antibody, c) the phosphorylated peptide
monolayer generated by 250 U of CK2 for 20 min, d) the phosphorylated
peptide monolayer generated by 500 U of CK2 for 20 min, e) the phos-
phorylated monolayer generated in (c) after treatment with the anti-
phosphoserine antibody (1 mgmL�1) for 10 min, f) the phosphorylated
monolayer generated in (d) after treatment with the antibody
(1 mgmL�1) for 10 min. Inset: calibration curve showing changes in the
interfacial electron-transfer resistances upon analyzing different concen-
trations of CK2 by the antibody-amplified scheme (DRet represents the
difference between the electron-transfer resistance after the association
of the antibody to the phosphorylated monolayer and the electron-trans-
fer resistance at the 1-functionalized electrode). All experiments were
performed in 0.05m HEPES buffer, pH 7.4, using [Fe(CN)6]


3�/4� as redox
label. A bias potential of 0.2 V vs. SCE was applied, and a 10-mV alter-
nate voltage in a frequency range of 100 MHz–10 kHz was used.
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resistances of the two electrodes after phosphorylation have
values of 1.9 and 2.5 kW, respectively, and after association
of antibodies the interfacial electron-transfer resistances in-
crease to 3.4 and 4.3 kW, respectively. The extent of phos-
phorylation of the 1-modified peptide monolayer is con-
trolled by the concentration of CK2. Hence, the increase in
the interfacial electron-transfer resistance is controlled by
the concentration of CK2, and the electron-transfer resistan-
ces increase as the concentration of CK2 is elevated. For ex-
ample, increasing the concentration of CK2 from 250 to
500 U induces changes in the interfacial electron-transfer re-
sistances of 600 and 900 W, respectively (Figure 2c and d, re-
spectively). These interfacial changes are, however, less ac-
curate upon analyzing lower concentrations of CK2 that
result in lower coverage of the phosphorylated product (the
reduced accuracy is due mainly to slight differences in the
electrode surface area and the coverage of the surface by 1
for different electrodes). The greater differences in the inter-
facial electron-transfer resistances as a result of association
of the Ab to the phosphorylated surface allow us to probe
with good accuracy low concentrations of CK2. Figure 2,
inset, shows the derived calibration curve. The CK2 could
be analyzed with a sensitivity of 10 U.
A series of control experiments demonstrated the specific-


ity of phosphorylation of the 1-functionalized monolayer
electrode by CK2, and revealed the specificity of the 2-
modified electrode towards the anti-2-Ab (see Supporting
Information). In one set of experiments (Figure S1), the 1-
functionalized monolayer was interacted with the foreign ty-
rosine kinase (Src kinase) and ATP. Only a minute change
in the interfacial electron-transfer resistance, DRet=100 W,
was observed, implying that the foreign kinase does not
phosphorylate the peptide. Treatment of the same electrode
with CK2 and ATP induced a large change in the interfacial
electron-transfer resistance, DRet=900 W, consistent with the
effective phosphorylation of the surface. Treatment of the
resulting phosphorylated 2-monolayer electrode with the
foreign anti-BSA Ab resulted in a minute change in the in-
terfacial electron-transfer resistance, DRet=70 W, indicating
that the anti-2-Ab binds specifically to the surface. In a set
of further control experiments (Figure S2), the specificity of
the phosphorylation of peptides by different kinases was ex-
amined. In these experiments, the Au electrode was func-
tionalized with the Src-kinase-specific peptide substrate. The
CK2 and ATP did not induce any significant change in the
interfacial electron-transfer resistance, but treatment of this
electrode with the tyrosine kinase (Src kinase) and ATP
yielded a DRet of approximately 1200 W. These results indi-
cate that electrochemical impedance spectroscopy might be
used as a versatile method to monitor different kinases.
Control of the hydrophilic/hydrophobic properties of sur-


faces is a subject of extensive research.[21] Particularly inter-
esting are systems in which the surface properties are rever-
sibly controlled by means of external signals such as electro-
chemical,[22] photochemical,[23] or chemical[24] stimuli. The
use of enzymes to reversibly control surface properties is,
however, rare.[25] The phosphorylation of peptides by kinases


and the formation of negatively charged products, together
with the availability of phosphatases, such as alkaline phos-
phatase, that cleave off the phosphate groups suggest that
surface properties could be interchanged by these two fami-
lies of enzymes. The formation of a negatively charged pep-
tide monolayer on the Au surface upon the CK2-mediated
phosphorylation of 1 is anticipated to yield a surface of en-
hanced hydrophilicity, whereas the alkaline phosphatase-in-
duced cleavage of the phosphate units is expected to restore
the 1-functionalized surface of enhanced hydrophobicity.
Figure 3a shows the shape of an aqueous droplet on the 1-
functionalized surface. The resulting contact angle was 67.58.


Figure 3b depicts the shape of an aqueous droplet deposited
on the 1-functionalized Au surface after its treatment with
CK2/ATP (CK2=500 U) and the formation of the phos-
phorylated surface. Clearly, the aqueous droplet is flattened
on the surface, contact angle 36.88, consistent with the for-
mation of a surface with increased hydrophilicity. The subse-
quent treatment of the surface with alkaline phosphatase re-
sulted in the dephosphorylation of the peptide to the 1-
modified surface. Figure 3c shows the image of the resulting
droplet. The contact angle of the droplet is 55.38, consistent
with regeneration of the 1-modified surface. Accordingly,
the surface could be cycled between hydrophilic and hydro-
phobic states by means of the two biocatalytic transforma-


Figure 3. Images of aqueous droplets consisting of 50-mm HEPES buffer
on: a) the 1-functionalized Au surface, b) the phosphorylated peptide
monolayer-modified surface, c) the dephosphorylated monolayer after
treatment of the 2-modified electrode with alkaline phosphatase (20 U).
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tions. Control experiments re-
vealed that treatment of the 1-
modified surface with either
CK2 or ATP alone did not
affect the contact angle of the
1-modified surface. This im-
plies that the phosphorylation
and dephosphorylation pro-
cesses are, indeed, responsible
for the observed changes in
the contact angles. The biocat-
alytic control over the hydro-
philicity of the surface is at-
tributed to the fact that phos-
phorylation of the serine unit
in the 1-modified surface
yields an anionic site that en-
hances the hydrophilic nature
of the monolayer-modified sur-
face. The dephosphorylation of
the phosphate group by phos-
phatase regenerated the serine
unit, resulting in a surface of
hydrophobicity comparable to
the original 1-modified surface.
The characterization of bio-


molecular interactions by
means of chemical-force meas-
urements has been addressed
in numerous studies.[26] For ex-
ample, DNA hybridization,[27]


antigen–antibody complex for-
mation,[28] aptamer–protein in-
teractions,[29] or biotin–avidin
binding[30] were characterized
by means of chemical-force
microscopy. The analysis of
biocatalytic transformations by means of chemical force mi-
croscopy is, however, rare, and only a few examples have
been reported.[24,31] For example, the activity of tyrosinase
was analyzed by force microscopy, by detecting the enzyme-
stimulated generation of cathechol units on surfaces by
means of force interactions exerted through p-donor–ac-
ceptor interactions between a p-acceptor-modified tip and
the p-donor cathechol-functionalized surface. The availabili-
ty of the specific antibody for the phosphorylated peptide
(2) formed by CK2 suggests that force interactions could be
applied to monitor the enzyme activity through the separa-
tion of the respective immunocomplex. Accordingly, a Au
surface was modified with the peptide 1, and a Au-coated
AFM tip was functionalized with the antibody against the
phosphorylated 2 (Figure 4A). The 1-modified surface was
subjected to CK2/ATP and the force interactions between
the antibody-functionalized tip and the modified surface
were monitored before and after the reaction with CK2/
ATP. Subsequently, the phosphorylated 2-modified surface
was reacted with alkaline phosphatase, and the force inter-


actions between the antibody-functionalized tip and the sur-
face were characterized. Figure 4B shows representative
force curves between the Ab-modified tip and the 1-func-
tionalized surface (a), after phosphorylation (b), and after
treatment of the phosphorylated surface with phosphatase
(c). Figure 4C shows histograms of the forces between the
Ab-modified tip and the 1-functionalized surface (a), forces
between the Ab-functionalized tip and the phosphorylated
surface (b), and the forces between the Ab-modified tip
with 1-functionalized surface after treatment with phospha-
tase (c). The average force between the 1-modified surface
and the functionalized tip is 6 pN.
After phosphorylation, substantially higher rupture forces


are observed, consistent with the formation of an antibody-
phosphorylated peptide on the surface. The observed rup-
ture forces are multiples of 120�10 pN, as rupture forces of
120�10, 240�20, 360�40, up to 960�80 pN were ob-
tained. The basic value of 120 pN is attributed to the rupture
forces between the phosphorylated antigen and one of the
Fab antibody domains. Indeed, this observed rupture force


Figure 4. A) Scheme for probing the phosphorylation of the 1-functionalized surface by CK2/ATP using chemi-
cal force microscopy. B) Typical force curves representing interactions of the anti-phosphoserine antibody-
modified tip with: a) the 1-functionalized surface, b) the phosphorylated, 2-functionalized surface, c) the phos-
phorylated surface that was treated with alkaline phosphatase to restore the 1-modified surface. C) Histograms
of forces resulting from interactions of the antibody-modified tip with: a) the 1-functionalized surface, b) the
phosphorylated, 2-modified surface, c) the dephosphorylated monolayer surface generated by treatment of the
2-modified surface with alkaline phosphatase.
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value is in the range of rupture forces of other antigen–anti-
body immunocomplexes originating from a single Fab
domain.[32] Treatment of the phosphorylated surface with al-
kaline phosphatase resulted in a surface that revealed very
low rupture forces with the antibody-modified tip, 35�4 pN.
This is consistent with alkaline phosphatase removing the
phosphate sites, hence depleting the affinity for interaction
between the tip and the surface.
In conclusion, the present study has introduced three dif-


ferent methods to probe the biocatalytic activity of CK2 on
the 1-functionalized surface. Electrochemical impedance
spectroscopy may be used as quantitative method to analyze
the activity of the kinase and to follow the phosphorylation
process by amplification of the phosphorylated product
through the generation of the respective antigen–antibody
complex. Chemical force microscopy enabled us to charac-
terize the specific molecular interactions between the phos-
phorylated product and the antibody, and contact-angle
measurements allowed us to monitor the biocatalytic perfor-
mance of the kinase by probing the hydrophilicity of the
phosphorylated/dephosphorylated peptide-modified surface.
We applied these methods to analyze “pure” kinase samples,
however, a future goal is their application to actual biologi-
cal samples.


Experimental Section


All chemicals were purchased from Aldrich and used without further pu-
rification. Ultrapure water from a NANOpure Diamond (Barnstead)
source was used throughout all experiments. Casein kinase 2 was pur-
chased from New England BioLabs. The substrate of the enzyme (1), ad-
enosine triphosphate (ATP), monoclonal anti-phosphoserine antibody,
and alkaline phosphatase (E.C. 3.1.3.1) were purchased from Sigma. Ty-
rosine kinase-Src kinase was purchased from Cell Signaling Technologies.
The Src kinase substrate was synthesized by Biosight, Israel.


Modification of electrodes : Au-coated (50 nm Au layer) glass plates (22I
22 mm2) (Analytical m-Systems, Germany) were sonicated with acetone
and isopropanol for 30 min and then washed with ultrapure water. The
slides were then dried under a nitrogen stream and immersed for 20 min
in a solution of 2 mg of dithio-diNHS (di(N-succinimidyl)-3,3’-dithiodi-
propionate) in 1 mL of DMSO. After multiple rinsing cycles with DMSO
and subsequent rinsing with HEPES buffer (0.05m, pH 7.4) the slides
were introduced into a solution of CK2 substrate (peptide 1, 0.01 mg) in
HEPES buffer (0.05m, pH 7.4) for 1 h in the presence of 0.1 mm of ATP.
After rinsing the surfaces with HEPES buffer (0.05m) the slides were
modified with a mercaptohexanol solution (1 mm) for 30 sec to fill any
pinhole defects, and to prevent nonspecific adsorption. The resulting
modified slides were then reacted with different concentrations of CK2
in Tris buffer, supplied with the enzyme (20 mm, pH 7.5), that included
KCl (50 mm) and MgCl2 (10 mm). One unit of enzyme (U) is the amount
of enzyme that transfers 1 pmole of phosphate to peptide 1 (100 mm) in
one minute at 308C in a reaction volume of 25 mL. Alkaline phosphatase
(ALP) was treated in borate buffer (pH 9.3) and MgCl2 (1 mm).


Electrochemical surface characterization and contact-angle measure-
ments : Electrochemical impedance spectroscopy (EIS) measurements on
the modified electrodes were performed using an Autolab electrochemi-
cal analyzer (EcoChemie, The Netherlands) connected to a PC (FRA
version4.9 software). Samples were in a [Fe(CN)6]


3�/4� solution (5 mm) in
HEPES buffer (0.05m) with a graphite counter-electrode and a saturated
calomel reference electrode (SCE). The electrochemical impedance spec-
tra were recorded by applying a bias potential of 0.2 V vs. SCE, and ap-


plying a 5-mV alternate voltage, using 30 equally spaced frequencies, in
the frequency range of 100 mHz–10 kHz as perturbation voltage. Electro-
chemical impedance spectra were plotted as Nyquist diagrams in the
form of complex plane diagrams (real impedance Z’ plotted vs complex
impedance Z’’). The experimental impedance spectra were fitted by using
electric equivalent circuits. For this purpose commercial software (Zview,
version2.1b, Scribner Associates, Inc.) was employed.


Static contact-angle measurements were performed on the modified Au
by using a CAM 2000 Optical-Angle Analyzer (KSV Instruments, Fin-
land). A droplet of the 0.05-m HEPES buffer solution, approximately 20-
mL with diameter of roughly 0.5 cm, was deposited on the surface by
using a syringe. The images of the droplets were recorded and each con-
tact-angle measurement was repeated at least three times. The reported
value represents the average of these results.


AFM : Au-coated AFM cantilevers (Csc 38 Cr–Au MikroMasch) were
treated with acetone and isopropanol for 30 min and then washed with
ultrapure water. The cantilevers were then immersed for 20 min in a solu-
tion of 2 mg of dithio-diNHS (di(N-succinimidyl)-3,3’-dithiodipropionate)
in 1 mL of DMSO. After multiple rinsing cycles with DMSO and subse-
quent rinsing with HEPES buffer (0.05m, pH 7.4), the cantilevers were
introduced into a solution of 0.01 mg of anti-phosphoserine Ab (Sigma) in
HEPES buffer (0.05m, pH 7.4) for 1 h.


Force measurements were carried out at RT by using a Multimode scan-
ning probe microscope with a Nanoscope 3A controller and a Pico Force
module (Digital Instruments, Veeco Probes, Santa Barbara, CA). The
spring constants of the Au-coated cantilevers (MikroMasch, Germany)
were determined in air by using the thermal-noise method to give an
average spring constant of 0.012 Nm�1. All experiments were conducted
in the Tris buffer/kinase solution or the alkaline phosphatase/borate
buffer in a liquid cell. To measure the force interactions, the probe tip
was lowered to the surface and immediately retracted at a rate of
0.1 mms�1, and data points were analyzed with their associated spring
constants. Histograms were prepared by using Origin software. Each his-
togram was the result of at least 70 separate force measurements.
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Complexes Exhibiting Metal–Metal Communication


Eric J. Schelter, Jacqueline M. Veauthier, Christopher R. Graves, Kevin D. John,
Brian L. Scott, Joe D. Thompson, Jaime A. Pool-Davis-Tournear, David E. Morris,* and
Jaqueline L. Kiplinger*[a]


Introduction


The rich magnetic and electrochemical properties of the 5f
elements make actinide-based functional materials an intri-
guing prospect.[1] However, exploiting these properties re-
quires a fundamental understanding of how to promote and
control short-range electronic delocalization and magnetic
exchange interactions between actinide metal centers; mas-
tery that has been attained for transition metals, but not for
the actinides.[1e, f, 2] To date, much attention has been paid to
the synthesis of high nuclearity polyoxo clusters; however,


the actinide–actinide interactions in these systems have
been too weak for any clear detection.[3] In contrast to tran-
sition metals, self-assembled actinide frameworks that are
held together by noncovalent bonds also exhibit little to no
metal–metal interaction.[4]


Although a few examples of magnetic exchange between
5f and 3d metals have been reported,[5] the only approach
that has been successful in promoting interactions between
actinide ions in molecular complexes has been through the
use of covalently linked bridging ligands. For example,
imido linkages were employed in the single example of un-
ambiguous 5f1–5f1 antiferromagnetic coupling in [{(Me-
C5H4)3U


V}2(m-1,4-N2C6H4)] (1).[6] Furthermore, use of ket-
ACHTUNGTRENNUNGimide ligand linkages allowed clear actinide-mediated elec-
tronic delocalization in [(C5Me5)2U


IV
ACHTUNGTRENNUNG(-N=C(Bz) ACHTUNGTRENNUNG{tpy-UIII-


ACHTUNGTRENNUNG(C5Me4Et)2})2] (2).
[7] Although appreciable 5f3-5f2-5f3 mag-


netic interactions were also anticipated for 2—derived from
direct exchange by overlap with local SOMOs on the inter-
vening reduced terpyridyl groups—the ligand field signa-
tures of the uranium ions in the cT product for this complex
masked any signatures for magnetic interactions.
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Abstract: Reaction of two equivalents
of [(C5Me4Et)2U ACHTUNGTRENNUNG(CH3)(Cl)] (6) or
[(C5Me5)2ThACHTUNGTRENNUNG(CH3)(Br)] (7) with 1,4-di-
cyanobenzene leads to the formation
of the novel 1,4-phenylenediketimide-
bridged bimetallic organoactinide com-
plexes [{(C5Me4Et)2(Cl)U}2(m-ACHTUNGTRENNUNG{N=C-
ACHTUNGTRENNUNG(CH3)-C6H4-(CH3)C=N})] (8) and
[{(C5Me5)2(Br)Th}2(m-ACHTUNGTRENNUNG{N=C ACHTUNGTRENNUNG(CH3)-C6H4-
ACHTUNGTRENNUNG(CH3)C=N})] (9), respectively. These
complexes were structurally character-
ized by single-crystal X-ray diffraction
and NMR spectroscopy. Metal–metal
interactions in these isovalent bimetal-
lic systems were assessed by means of
cyclic voltammetry, UV-visible/NIR ab-


sorption spectroscopy, and variable-
temperature magnetic susceptibility.
Although evidence for magnetic cou-
pling between metal centers in the bi-
metallic UIV/UIV (5f2–5f2) complex is
ambiguous, the complex displays ap-
preciable electronic communication be-
tween the metal centers through the p


system of the dianionic diketimide
bridging ligand, as judged by voltam-


metry. The transition intensities of the
f–f bands for the bimetallic UIV/UIV


system decrease substantially compared
to the related monometallic ketimide
chloride complex, [(C5Me5)2U(Cl) ACHTUNGTRENNUNG{-N=


C ACHTUNGTRENNUNG(CH3)-(3,4,5-F3-C6H2)}] (11). Also re-
ported herein are new synthetic routes
to the actinide starting materials
[(C5Me4Et)2UACHTUNGTRENNUNG(CH3)(Cl)] (6) and
[(C5Me5)2ThACHTUNGTRENNUNG(CH3)(Br)] (7) in addition
to the syntheses and structures of the
monometallic uranium complexes
[(C5Me4Et)2UCl2] (3), [(C5Me4Et)2U-
ACHTUNGTRENNUNG(CH3)2] (4), [(C5Me4Et)2U ACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-
C6H4-C=N}2] (10), and 11.


Keywords: actinides · bimetallic
complexes · electrochemistry · elec-
tronic communication · magnetic
properties
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The nitrile insertion chemistry that has been successfully
applied by our group in the synthesis of monometallic urani-
um and thorium ketimide complexes, as well as 2, represents
a rational synthetic strategy for crafting well-defined bimet-
allic actinide complexes.[8] The use of an aromatic spacer
equipped with two ketimide functional groups as the cova-
lent anchors for the actinide–actinide framework should
allow manipulation of the metal combinations and the prop-
erties (substitution pattern, type of p network) of the bridg-
ing ligands to tune the electronic and magnetic interactions
between the metal centers. Within such a covalent diket-
ACHTUNGTRENNUNGimide ligand framework, the study of a superexchange
mechanism between the two uranium ions could be facilitat-
ed, which was previously effective for observation of mag-
netic exchange in 1.
Herein, we report that nitrile insertion chemistry with 1,4-


dicyanobenzene can be used to prepare 1,4-phenylenediket-
ACHTUNGTRENNUNGimide-bridged bimetallic thorium (5f0–5f0) and uranium
(5f2–5f2) complexes, and that the uranium system displays
clear signatures of electronic communication between the
two metal centers through the p system of the novel dia-
nionic bridging ligand. In the course of these studies we de-
veloped synthetic routes to (C5Me4Et)MgCl·THF and sever-
al monometallic thorium and uranium complexes, which we
also describe.


Results and Discussion


Synthesis of bimetallic actinide complexes 8 and 9 : Entry
into this new class of bimetallic organoactinide compounds
is illustrated in Scheme 1. The uranium system required the
synthesis of [(C5Me4Et)2UCl2] (3) and [(C5Me4Et)2UACHTUNGTRENNUNG(CH3)2]
(4), which were prepared in an analogous fashion to the
known C5Me5 derivatives.[9] Namely, reaction of
(C5Me4Et)MgCl·THF (2.2 equiv) with UCl4 in toluene gave


[(C5Me4Et)2UCl2] (3) as a dark red crystalline solid in 97%
isolated yield. Subsequent treatment of 3 with excess
MeMgBr in Et2O/dioxane gave dark red 4 in 72% yield fol-
lowing workup. Complexes 3 and 4 have been structurally
characterized. As shown in Figure 1, the molecular struc-
tures of 3 and 4 reveal a bent metallocene framework with a
pseudotetrahedral coordination environment about the ura-
nium metal centers and the two chloride (U(1)�Cl(1)=


2.591(4) N, U(1)�Cl(2)=2.598(4) N) or methyl (U(1)�
C(23)=2.429(4) N, U(1)�C(24)=2.415(4) N) ligands, re-
spectively, residing within the metallocene wedge. The met-
rical parameters in these complexes are as expected and
compare well to other structurally characterized urani-
um(IV) chloride[10] and methyl[8a] complexes.


Scheme 1. Synthetic outline for the preparation of complexes 6–10.


Figure 1. Molecular structures of complexes 3 (left) and 4 (right) with
thermal ellipsoids at the 50% probability level. Hydrogen atoms are
omitted for clarity. Selected bond lengths [N] and angles [8] for 3 : U(1)�
Cl(1) 2.591(4), U(1)�Cl(2) 2.598(4), Cl(1)�U(1)�Cl(2) 97.19(13), U(1)�
C5Me4Et(cent) 2.44(1), C5Me4Et(cent)�U(1)�C5Me4Et(cent) 137.4(3). Selected
bond lengths [N] and angles [8] for 4 : U(1)�C(23) 2.429(4), U(1)�C(24)
2.415(4), C(23)�U(1)�C(24) 95.22(15), U(1)�C5Me4Et(cent) 2.454(4),
2.459(4), C5Me4Et(cent)�U(1)�C5Me4Et(cent) 141.0(1).
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The mixed methyl chloride complex [(C5Me4Et)2U-
ACHTUNGTRENNUNG(CH3)(Cl)] (6) was nearly quantitatively prepared in situ by
treating a solution of 4 in toluene with the methide-abstract-
ing agent, Ph3CCl.


[11] Although 6 was not isolated, it was
characterized by 1H NMR spectroscopy. Subsequent addi-
tion of 1,4-dicyanobenzene (0.5 equiv) to 6 yielded brown
crystalline [{(C5Me4Et)2(Cl)U}2(m-ACHTUNGTRENNUNG{N=C ACHTUNGTRENNUNG(CH3)-C6H4-
(CH3)C=N})] (8) in 43% isolated yield. The moderate yield
reflects the high solubility of complex 8. The bimetallic tho-
rium analogue [{(C5Me5)2(Br)Th}2(m-ACHTUNGTRENNUNG{N=C ACHTUNGTRENNUNG(CH3)-C6H4-
(CH3)C=N})] (9) was made in a similar fashion and obtained
as an orange crystalline solid in 14% yield from 1,4-dicyano-
benzene (0.5 equiv) and [(C5Me5)2ThACHTUNGTRENNUNG(CH3)(Br)] (7), which
was generated from [(C5Me5)2Th ACHTUNGTRENNUNG(CH3)2] (5) and Ph3CBr.
The C5Me4Et ligand framework was chosen for crystallini-


ty reasons and to distinguish between thorium and uranium
in efforts to make a mixed actinide (UIV/ThIV) bimetallic
system. However, all attempts to prepare such a UIV/ThIV


complex through the reaction between mixtures of 6 and 7
and 1,4-dicyanobenzene yielded only the homo-bimetallic
products 8 and 9, as determined by NMR spectroscopy. The
inability of this chemistry to produce the UIV/ThIV bimetallic
system is not currently understood. In fact, similar efforts to
prepare the monometallic complement of 8,
[(C5Me4Et)2U(Cl) ACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-C6H4-C�N}], also yielded
only the homo-bimetallic product 8.
The molecular structures of 8 and 9 confirm that two


[(C5Me4Et)2U(Cl)] or [(C5Me5)2Th(Br)] units are bridged by
the 1,4-phenylenediketimide ligand to form a conjugated
complex with an anti configuration, as shown in Figure 2.
Both molecules reside on an inversion center, with U···U
and Th···Th through-space distances of 10.956 N and
11.049 N, respectively. For the bimetallic complexes, each
eight-coordinate metal center adopts a bent-metallocene ge-
ometry and contains a bridging ketimide and either a chlo-
ride (for 8) or bromide (for 9) ligand within the metallocene
wedge. The actinide–halide bond lengths are consistent with
reported values for other U�Cl (for 8)[10] and Th�Br (for
9)[12] complexes. Although the U(1)�N(1) bond length of
2.250(2) N in 8 is slightly larger than the range (2.04(2)–
2.225(5) N) observed for previously reported UIV ketimide
complexes, the N(1)�C(21) bond length of 1.260(3) N com-
pares well to those reported for other UIV ketimide struc-
ACHTUNGTRENNUNGtures.[8a,e,h] Similarly, for complex 9, the Th(1)�N(1) bond
length of 2.213(4) N falls slightly short of the range
(2.25(2)–2.286(5) N) seen in other structurally characterized
ThIV ketimide complexes, but the N(1)�C(22) bond length
of 1.266(6) N is similar to that presented by the uranium
system 8 and is in agreement with those reported for other
ThIV ketimide structures.[8a,e,f,g] Importantly, the p system
providing the communication pathway between the two UIV


metal centers in 8 remains intact, as evidenced by the small
torsion angles defined by N(1)�C(21)�C(23)�C(25) (7.38)
and C(22)�C(21)�C(23)�C(24) (8.38). Similar metrical pa-
rameters are observed for the ThIV/ThIV bimetallic frame-
work with N(1)�C(22)�C(24)�C(25)=11.88 and C(23)�
C(23)�C(24)-C(26)=10.78.


Synthesis of monometallic ketimide complexes 10 and 11:
Given the inability of this chemistry to produce a suitable
mixed-actinide (UIV/ThIV) bimetallic system, the monometal-
lic complexes [(C5Me4Et)2UACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-C6H4-C=N}2] (10)
and [(C5Me5)2U(Cl) ACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-(3,4,5-F3-C6H2)}] (11) were
prepared to aid in the interpretation of the data obtained
from the spectroscopic and magnetic studies on the UIV/UIV


bimetallic complex (8). As shown in Scheme 1, the bis-
ACHTUNGTRENNUNG(ketimide) 10 was prepared by reaction of 4 with 1,4-dicya-
nobenzene (2 equiv). Following workup, complex 10 was iso-
lated as a dark green solid in 45% isolated yield. Similarly,
reaction of [(C5Me5)2UACHTUNGTRENNUNG(CH3)(Cl)] with 3,4,5-trifluorobenzo-
nitrile (one equiv) affords the brick-red monometallic keti-
mide chloride derivative 11 in 18% yield [Eq. (1)]. Despite
their low-to-moderate yields, both complexes were fully
characterized, and their molecular structures are presented
in Figure 3.
As with the bimetallic UIV/UIV complex 8, both monome-


tallic structures 10 and 11 feature an eight-coordinate UIV


metal center that adopts a bent-metallocene geometry and
contains either two ketimide ligands (for 10) or a ketimide
and a chloride ligand (for 11) within the metallocene wedge.
The U�Nketimide (2.171(8), 2.187(8) N for 10 ; 2.155(5) N for


Figure 2. Molecular structures of 8 (top) and 9 (bottom) with thermal el-
lipsoids at the 50% probability level. Hydrogen atoms are omitted for
clarity. The molecules reside on a crystallographic inversion center. Se-
lected bond lengths [N] and angles [8] for 8 : U(1)�N(1) 2.250(2), U(1)�
Cl(1) 2.7106(13), N(1)�C(21) 1.260(3), N(1)�U(1)�Cl(1) 108.67(11),
U(1)�N(1)�C(21) 175.29(19), U(1)�C5Me4Et(cent) 2.471(6), 2.493(6),
C5Me4Et(cent)�U(1)�C5Me4Et(cent) 140.2(2). Selected bond lengths [N] and
angles [8] for 9 : Th(1)�N(1) 2.213(4), Th(1)�Br(1) 2.8508(5), N(1)�C(22)
1.266(6), N(1)�Th(1)�Br(1) 100.69(10), Th(1)�N(1)�C(22) 176.2(3),
Th(1)�C5Me5(cent) 2.512(5), 2.525(5), C5Me5(cent)�Th(1)�C5Me5(cent)
139.9(2).
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11) and N=C (1.304(12), 1.253(12) N for 10 ; 1.263(7) N for
11) bond lengths observed for the ketimide ligands in 10
and 11 are statistically consistent with reported values for
other uranium ketimide complexes.[8a,e,h] The nitrile bond
lengths (1.166(12), 1.163(13) N) in complex 10 are as expect-
ed for uncoordinated nitrile groups.[13] The interplanar
angles (f) between the planes formed by ketimide atoms
N=C ACHTUNGTRENNUNG(CMe) ACHTUNGTRENNUNG(Cipso) and the ketimide aryl groups are 19.6 and
21.78. These values compare well with those observed (f=


5–358) for other bis ACHTUNGTRENNUNG(ketimide)–Th/U complexes that do not
possess ortho substituents on the ketimide aryl group.[8g,h]


Finally, it is noteworthy that the U�Nketimide and U�Cl
bond lengths are substantially longer in the bimetallic UIV/
UIV ketimide chloride complex 8 (U�N=2.250(2) N, U�
Cl=2.7106(13) N) compared with the structurally related
monometallic UIV ketimide chloride complex 11 (U�N=


2.155(5) N, U�Cl=2.6649(13) N).


Electrochemistry of 8 and 9 : Metal–metal communication
between the two 5f2 UIV metals in 8 was assessed by using a
combination of voltammetry, UV-visible/NIR absorption
spectroscopy, and magnetic susceptibility. The electrochemi-
cal data provide the clearest manifestation of an interaction
between the metal centers, as illustrated in Figure 4. Data
for monometallic UIV and ThIV bis ACHTUNGTRENNUNG(ketimide) complexes all
show the same general behavior illustrated for the known
bis ACHTUNGTRENNUNG(ketimide) complexes, [(C5Me5)2AnACHTUNGTRENNUNG{-N=CPh2}2] (An=U
(12), Th (13)).[8a, 14] The oxidation wave (I) is attributed to a
UV/UIV process, and the reduction wave (II) to a UIV/UIII


process. The more negative reduction wave (III) is attribut-
ed to a ketimide ligand-based process because it occurs at
the same potential in both 12 and 13, and no metal-based
redox activity is expected for complexes of ThIV under these
experimental conditions.[15] The structurally related bimetal-
lic thorium complex 9 exhibited two quasi-reversible reduc-
tion waves that also must be attributed to sequential one-
electron reductions of the bridging ketimide ligand. Notably,
the potentials of these waves are more positive than the re-


Figure 3. Molecular structures of 10 (top) and 11 (bottom) with thermal
ellipsoids at the 50% probability level. Hydrogen atoms are omitted for
clarity. Selected bond lengths [N] and angles [8] for 10 : U(1)�N(1)
2.171(8), U(1)�N(2) 2.187(8), N(1)�C(23) 1.304(12), N(2)�C(32)
1.253(12), N(3)�C(31) 1.166(12), N(4)�C(40) 1.163(13), N(1)�U(1)�N(2)
106.0(3), U(1)�N(1)�C(23) 172.0(7), U(1)�N(2)�C(32) 174.0(8), U(1)�
C5Me4Et(cent) 2.460(9), 2.459(9), C5Me4Et(cent)�U(1)�C5Me4Et(cent) 141.8(3).
Selected bond lengths [N] and angles [8] for 11: U(1)�N(1) 2.155(5),
U(1)�Cl(1) 2.6649(13), N(1)�C(21) 1.263(7), N(1)�U(1)�Cl(1) 98.79(14),
U(1)�N(1)�C(21) 176.9(4), U(1)�C5Me5(cent) 2.447(6), 2.450(6),
C5Me5(cent)�U(1)�C5Me5(cent) 140.5(2).


Figure 4. Voltammetric data in �0.1m [Bu4N][B(fluoroaryl)4]/THF.
A) Square-wave data for 8 with 10 mV pulse height at 60 Hz. B) Cyclic
data for 8, 9, 12,[14] and 13[8a] at 200 mVs�1. Rest potentials are indicated
by vertical arrows.
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duction wave of the terminal ketimide ligand in 12 and 13,
consistent with a more spatially delocalized redox orbital in
the bridging ketimide.
The cyclic voltammogram for the bimetallic UIV/UIV


system 8 is quite rich, and the inventory of redox processes
is much more clearly discerned in the square-wave traces
shown in Figure 4A. This complex clearly possesses four re-
duction waves clustered around �2 V and two poorly re-
solved oxidation waves centered at approximately 0 V (all
potentials are versus [(C5H5)2Fe]


+ /0 in approximately 0.1m


[Bu4N][B(fluoroaryl)4]/THF, in which fluoroaryl=C6F5 or
3,5-(CF3)2-C6H3). The variations in the square-wave voltam-
metric peak heights in Figure 4A are not associated with dif-
ferences in the number of electrons involved in the redox
process, but rather reflect variations in the heterogeneous
electron-transfer rate constants for the processes as de-
scribed previously.[16] Based on the comparative behaviors il-
lustrated in Figure 4, generic wave assignments follow in a
straightforward manner. For the reduction waves, two must
be attributable to bridging ligand-based processes, as seen
for 9, and the other two are ascribed to the one-electron re-
duction of each of the two UIV centers. Similarly, the two ox-
idation waves at approximately 0 V are attributed to the
one-electron oxidation of each of the two UIV centers. The
additional wave at around 0.4 V is ascribed to oxidation of
the chloride ligand(s) and leads to some degradation of the
reduction processes, as seen in the green trace (Figure 4B).
Specific assignments for each of the four reduction waves


for 8 cannot be made solely on the basis of existing data.
Based on the current amplitudes in the square-wave data,
the processes at �1.84 and �2.22 V are comparable and ex-
hibit less reversible behavior than the processes at �2.09
and �2.33 V. Inasmuch as the observed ligand-based reduc-
tions for 9 are also quasi-reversible in nature, it is plausible
to suggest that these lower amplitude waves for 8 in the
square-wave data are also ligand-based reductions. This
would leave the waves at �2.09 and �2.33 V attributable to
the UIV/UIII processes. Clearly, however, these assignments
remain equivocal.
For two equivalent but non-interacting redox centers, the


theoretical separation between voltammetric waves associat-
ed with the same transformation (e.g., reduction or oxida-
tion in the present case) is 36 mV. The observed separation
of the two UIV-based oxidation waves for 8 is 120 mV. If the
reduction waves for 8 are assigned as suggested above, the
two reduction waves corresponding to UIV-based processes
have a separation of 240 mV. The apparent difference in the
separations for oxidation (120 mv) versus reduction
(240 mV) waves must reflect, at least in part, the fact that
the two reduction steps have an intervening ligand-based re-
duction process that would likely alter the redox potential
of the second metal-based step. Regardless of the actual as-
signments of the reduction waves, the separations among
these waves significantly exceed that for non-interacting
centers. Thus, the electrochemical data illustrate a significant
metal–metal interaction in 8. For comparison, in bimetallic
MoV/MoV systems containing an unsaturated bridging ligand


and comparable metal–metal spacings, the separation be-
tween metal-based oxidation waves is 765 mV for
[{Tp*(NO)(Cl)Mo}2{m-(4,4’-bipyridine)}] ,


[17] which contains a
dipyridyl bridge and 340 mV for [{Tp*(O)(Cl)Mo}2{m-(O-
C6H4-CH=CH-C6H4-O)}] (Tp*= tris(3,5-dimethylpyrazol-1-
yl)hydroborate),[18] which possesses a 1,4-diphenolate bridg-
ing ligand.


Electronic absorption spectroscopy of 8 and 11: The elec-
tronic absorption spectral data, even for isovalent bimetallic
complexes such as 8 can, in principle, provide information
about the extent of metal–metal interaction if suitable base-
line data for monometallic species are available. We were
unsuccessful in isolating the most appropriate monometallic
analogue of 8 (e.g., [(C5Me4Et)2U(Cl) ACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-C6H4-C�
N}]), but data are available for the monometallic chloroketi-
mide with an electron-withdrawing phenyl group,
[(C5Me5)2U(Cl) ACHTUNGTRENNUNG{-N=C ACHTUNGTRENNUNG(CH3)-(3,4,5-F3-C6H2)}] (11). Compa-
rative UV-visible/NIR spectral data for 8 and 11 are pre-
sented in Figure 5. We focus on the f–f spectral region in the
NIR where transitions derive from the 5f2 manifold of UIV.
The data for 11 are comparable to those previously reported
by us for a wide range of UIV bis ACHTUNGTRENNUNG(ketimide) complexes.[8] In
particular, although these f–f transitions are parity-forbidden
to a first approximation, we have attributed the substantial
observed transition intensities to an intensity-stealing mech-
anism derived from energetically nearby, visible charge-
transfer transitions involving the 5f orbitals.
The fidelity in the spectral band positions and relative in-


tensities between 8 and 11 are quite remarkable, but there is
a very surprising change in the spectral intensities. One
might expect that the transition intensities for the bimetallic
system would be approximately twice those for the structur-


Figure 5. UV-visible (a) and NIR (c, 10Q the actual intensities) ab-
sorption spectral data for 8 (blue) and 11 (red) in toluene. Molar absorp-
tivity values for 8 are per mole of complex.
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ally analogous monometallic systems, since the absorption
cross-section for the system with two chromophore metals
should increase concomitantly. Here we see the rather sur-
prising result that the transition intensities for these f–f
bands actually decrease substantially for the bimetallic com-
plex. The origin of this behavior is at present unclear.


Magnetic susceptibility of 8 and 10 : Magnetic susceptibility
and cT data for complexes 8 and 10 are shown in Figure 6.
The high-temperature cT values for 8 (1.00 emuKmol�1 per
UIV ion) and 10 (0.81 emuKmol�1) are consistent with re-
ported values for UIV ions in low-symmetry ligand fields.[2a,19]


As expected for UIV complexes, the primary temperature-
dependent signature for these complexes is the ligand-field
perturbation of the nominal 3H4 ground state from the 5f2


configuration.[2a] This signature is clearly observed in the cT
versus T data, which decreases over the whole temperature
range and reaches around 0 emuKmol�1 at low temperature.
This is also reflected by the c versus T data that becomes
temperature-independent at around 50 K for the complexes.
Such behavior indicates orbital quenching of the 3H4 term
by the ligand field by removing the degeneracy of the nine
ligand-field states to achieve an orbital singlet (nonmag-
netic) ground state. Very small paramagnetic impurities, evi-
dent by the slight upturn (Curie tail) in the c versus T data,
are also exhibited by 8 and 10 at around 10 K (Figure 6).
In addition to the ligand-field effects for these ions, com-


plex 8 has the potential to undergo additional perturbation
of its magnetic susceptibility by magnetic coupling interac-
tions between the ions. We have also shown that ketimide
bridging ligands have the ability to promote magnetic com-
munication between ions by means of other structural mo-
tifs,[8e] presumably as a result of the UIV–N p-bonding inter-
action that involves the nitrogen lone pair. Previous studies


have attempted to ascertain the presence of magnetic cou-
pling in such systems through the use of structurally and
magnetically similar complexes to reproduce and subtract
ligand-field effects from the susceptibilities of multimetallic
complexes. To perform a subtraction analysis to unambigu-
ously detect magnetic coupling in complex 8, a mixed-metal
UIV/ThIV complex, which has not been synthetically forth-
coming, is required to precisely reproduce the ligand-field
effects in 8. Another possible approach for the analysis of 8
could be to use twice the susceptibility of 10 in this fashion;
however, the ligand-field energies of UIV ketimide com-
plexes have been shown to be very sensitive to substitution
of the ketimide groups.[8h] As such, the results of such analy-
sis for 8 using 10 are unreliable in this case.


Conclusion


Nitrile insertion chemistry with 1,4-dicyanobenzene was
used to prepare simple dinuclear ThIV/ThIV and UIV/UIV


complexes, thus enabling the study of the manifestations of
electronic delocalization and magnetic interactions between
actinide ions. Although the 1,4-phenylenediketimide bridg-
ing ligand possesses a significant covalent component to its
bonding with uranium, evidence for magnetic superexchange
is not evident by simple susceptibility measurements. How-
ever, the complex does display electronic communication
between the metal centers through the p system of the di-
ACHTUNGTRENNUNGanionic bridging ligand, as judged by the substantial wave
separation for the sequential reduction and oxidation pro-
cesses of the two uranium metals. These results clearly show
that these new bimetallic structures are useful platforms for
studying metal–metal interactions and, with the prospect of
preparing both mixed-valent and higher-nuclearity systems,
offer new opportunities for exploring the electronic struc-
ture and valence delocalization in actinides.


Experimental Section


General synthetic procedures : Reactions and manipulations were per-
formed in a recirculating Vacuum Atmospheres (Model HE-553-2 with a
MO-40-2 Dri-Train or NEXUS with a 40CFM Dual Purifier NI-Train)
dry box (N2), or using standard Schlenk line techniques. Glassware was
dried overnight at 150 8C before use. All NMR spectra were recorded in
[D8]toluene, [D6]benzene, or [D8]THF with a Bruker Avance 300 MHz
spectrometer. Chemical shifts for 1H and 13C{1H} NMR spectra were ref-
erenced to solvent impurities and 19F NMR resonances were referenced
to CFCl3 at d=0.00 ppm. Mass spectrometric (MS) analyses were ob-
tained at the University of California, Berkeley Mass Spectrometry Fa-
cility with a VG ProSpec (EI) mass spectrometers. Elemental analyses
were performed at the University of California, Berkeley Microanalytical
Facility, on a Perkin–Elmer Series II 2400 CHNS analyzer.


Materials : Unless otherwise noted, reagents were purchased from com-
mercial suppliers and used without further purification. Celite (Aldrich),
alumina (Brockman I, Aldrich), and 4 N molecular sieves (Aldrich) were
dried under dynamic vacuum at 250 8C for 48 h prior to use. Anhydrous
toluene (Aldrich), diethyl ether (Aldrich), tetrahydrofuran (Aldrich), di-
oxane (Aldrich), hexane (Aldrich), and pentane (Aldrich) were dried
over KH for 24 h, passed through a column of activated alumina under


Figure 6. Magnetic data for 8 (blue) and 10 (red) from 2–350 K.
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nitrogen and stored over activated 4 N molecular sieves prior to use.
[D6]benzene (Aldrich, anhydrous), [D8]THF (Cambridge Isotope Labora-
tories) and [D8]toluene (Aldrich, anhydrous) were purified by storage
over activated 4 N molecular sieves under N2 prior to use. [(C5Me5)2Th-
ACHTUNGTRENNUNG(CH3)2],


[9] [(C5Me5)2U ACHTUNGTRENNUNG(CH3)(Cl)],
[9] UCl4,


[20] [Bu4N][B ACHTUNGTRENNUNG(C6F5)4],
[21] and


[Bu4N][B ACHTUNGTRENNUNG(3,5- ACHTUNGTRENNUNG(CF3)2-C6H3)4]
[21] were prepared according to literature pro-


cedures.


Caution! Depleted uranium (primarily isotope 238U) and natural thorium
(232Th) are weak a emitters with a half-life of 4.47#109 years and 1.41#
1010 years, respectively; manipulations and reactions should be carried out
in monitored fume hoods or in an inert atmosphere dry box in a radiation
laboratory equipped with a- and b-counting equipment.


Synthesis of (C5Me4Et)MgCl·THF : In a dry box, a 1 L Schlenk flask
equipped with a magnetic stirrer bar was charged with iPrMgCl (3.0m/
Et2O, 112 mL, 224 mmol). The diethyl ether was removed from the solu-
tion under a dynamic vacuum to give a grey gelatinous mass that was sus-
pended in toluene (250 mL). Ethyltetramethylcyclopentadiene (40.4 g,
269 mmol) was added to the suspension and the reaction vessel was
sealed and removed from the dry box to a Schlenk line where it was
placed under an argon atmosphere. The reaction mixture was heated to
105 8C for 12 h, then cooled to room temperature and returned to the dry
box. The reaction was concentrated under reduced pressure and THF
(100 mL) was added. Solvents were further removed to yield a thick
white paste to which pentane (250 mL) was added. The resulting suspen-
sion was stirred at ambient temperature overnight. (C5Me4Et)MgCl·THF
was collected as a white powder (58.4 g, 208 mmol, 93%) by filtration
over a medium-porosity fritted filter and was dried under a vacuum.
1H NMR (300 MHz, [D6]benzene, 25 8C): d=3.56 (br s, 4H; a/b-C4H8O),
2.56 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 2H; C5Me4CH2CH3), 2.16 (s, 6H; C5Me4Et),
2.12 (s, 6H; C5Me4Et), 1.30 (br s, 4H; a/b-C4H8O), 1.23 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=


7.5 Hz, 3H; C5Me4CH2CH3).


Synthesis of 3 : In the dry box, a 250 mL Schlenk flask equipped with a
stirrer bar was charged with UCl4 (11.3 g, 29.7 mmol),
(C5Me4Et)MgCl·THF (18.4 g, 65.3 mmol), and toluene (150 mL). On a
Schlenk line, the reaction vessel was placed under nitrogen and heated at
105 8C for 24 h, after which the resulting maroon solution was filtered
while hot over a Celite-padded coarse frit. The frit was washed with hot
toluene until the washings were colorless. Solvents were removed under
reduced pressure to give 3 as a dark red solid (17.5 g, 28.8 mmol, 97%).
Analytically pure samples of 3 were obtained by slow evaporation of a
concentrated solution of 3 in toluene at room temperature. 1H NMR
(300 MHz, [D6]benzene, 25 8C): d=22.99 (s, 6H; C5Me4CH2CH3), 13.80
(s, 24H; C5Me4Et), �2.84 ppm (s, 4H; C5Me4CH2CH3); MS (70 eV): m/z :
606 [M]+ , 571 [M�Cl]+ , 457 [M�C5Me4Et]


+ ; elemental analysis calcd
(%) for C22H34Cl2U: C 43.50, H 5.64; found: C 43.18, H 5.51.


Synthesis of 4 : [(C5Me4Et)2UCl2] (3, 8.0 g, 13 mmol), Et2O (150 mL), and
dioxane (10 mL) were added to a 250 mL Schlenk flask charged with a
stirrer bar. Dropwise addition of MeMgBr (3.0m/Et2O, 13.2 mL,
4.40 mmol) resulted in the immediate formation of a white precipitate.
The mixture was stirred at room temperature for 16 h. The solvent was
removed under reduced pressure to give a red solid, which was redis-
solved in hexane (30 mL) and filtered through a Celite-padded coarse
frit. The frit was washed with hexane until the filtrate was colorless. The
red-orange filtrate was concentrated (20 mL) and cooled at �35 8C to
form dark red crystalline 4 (5.3 g, 9.4 mmol, 72%). 1H NMR (300 MHz,
[D8]THF, 25 8C): d =14.5 (s, 6H; C5Me4CH2CH3), 5.6 (s, 12H; C5Me4Et),
5.1 (s, 12H; C5Me4Et), �4.3 (s, 4H; C5Me4CH2CH3), �137.2 ppm (s, 6H;
U-CH3); MS (70 eV): m/z : 566 [M]+ , 551 [M�CH3]


+ , 536 [M�2CH3]
+ ;


elemental analysis calcd (%) for C31H48U: C 56.52, H 7.34; found: C
56.79, H 7.89.


Synthesis of 6 : Complex 6 was prepared in situ as needed for the synthe-
sis of 8 using the following procedure: A solution of Ph3CCl (0.52 g,
1.9 mmol) in THF (15 mL) was added to a 125 mL side-arm flask charged
with 4 (1.1 g, 1.9 mmol) and THF (10 mL). The mixture was stirred at
room temperature for 16 h to give 6 as a red solution. 1H NMR
(300 MHz, [D6]benzene, 22 8C): d =9.37 (s, 24H; C5Me4Et), 6.04 (s, 6H;
C5Me4CH2CH3), 4.53 (s, 4H; C5Me4CH2CH3), �166.78 ppm (s, 3H; U-
CH3).


Synthesis of 7: Complex 7 was prepared in situ as needed for the synthe-
sis of 9 according to the following procedure: A 125 mL side-arm flask
was charged with 5 (0.45 g, 0.84 mmol) and toluene (20 mL). A solution
of Ph3CBr (0.28 g, 0.86 mmol) in toluene (10 mL) was added to this clear,
pale off-white solution of 5 resulting in an immediate color change to
yellow. The mixture was stirred at room temperature for 16 h to give 7 as
a yellow solution. The 1H NMR spectrum of 7 is identical to that report-
ed for [(C5Me5)2Th ACHTUNGTRENNUNG(CH3)(Cl)].


[9] 1H NMR (300 MHz, [D6]benzene,
25 8C): d =1.97 (s, 30H; C5Me5), 0.30 ppm (s, 3H; Th-CH3).


Synthesis of 8 : A solution of Ph3CCl (0.52 g, 1.9 mmol) in THF (15 mL)
was added to a 125 mL side-arm flask charged with 4 (1.1 g, 1.9 mmol)
and THF (10 mL). The mixture was stirred at ambient temperature for
16 h to give 6 as a red solution. Next, a solution of 1,4-dicyanobenzene
(0.12 g, 0.94 mmol) in THF (15 mL) was added to the solution of 6, re-
sulting in a dark brown solution, which was stirred at room temperature
for 16 h. The volatile compounds were removed under reduced pressure
to afford a brown powder, which was redissolved in pentane (�25 mL)
and filtered through a Celite-padded coarse porosity frit. The frit was
washed with pentane until the washings were colorless. The brown filtrate
was concentrated (20 mL) and cooled to �35 8C to afford dark brown
crystalline 8 (0.54 g, 0.41 mmol, 43%). 1H NMR (300 MHz, [D6]benzene,
25 8C): d=4.3 (s, 12H; C5Me4Et), 2.7 (s, 12H; C5Me4Et), 2.3 (s, 12H;
C5Me4Et), 2.0 (s, 20H; C5Me4Et (12H) and C5Me4Et (8H)), 1.7 (s, 12H;
C5Me4Et), �0.55 (s, 4H; Ar-H), �0.90 (s, 3H; N=C(Me)), �39.5 ppm (s,
3H; N=C(Me)); elemental analysis calcd (%) for C54H78Cl2N2U2: C
49.81, H 6.04, N 2.15; found: C 49.68, H 6.10, N 2.17.


Synthesis of 9 : A 125 mL side-arm flask was charged with 5 (0.45 g,
0.84 mmol) and toluene (10 mL). A solution of Ph3CBr (0.28 g,
0.86 mmol) in toluene (10 mL) was added dropwise to the clear, pale off-
white thorium solution of 5, resulting in an immediate color change to
yellow. The mixture was stirred at room temperature for 16 h to give 7 as
a yellow solution. Next, a solution of 1,4-dicyanobenzene (0.054 g,
0.42 mmol) in toluene (10 mL) was added dropwise with stirring to the
solution of 7, resulting in a bright orange solution, which was stirred at
room temperature for 4 h, filtered through a Celite-padded coarse porosi-
ty frit, and the volatile compounds removed under reduced pressure. Two
successive recrystallizations from a solution of THF (5 drops) and diethyl
ether (5 mL) at �30 8C produced orange crystalline 9 (0.078 g,
0.059 mmol, 14%). 1H NMR (300 MHz, [D6]benzene, 25 8C): d=8.10 (s,
4H; Ar-H), 2.22 (s, 6H; N=C(Me)), 2.04 (s, 60H; C5Me5); elemental
analysis calcd (%) for C50H70Br2N2Th2: C 45.39, H 5.33, N 2.12; found: C
45.39, H 5.26, N 2.25.


Synthesis of 10 : A solution of 4 (1.0 g, 1.8 mmol) in THF (20 mL) was
added dropwise to a 125 mL side-arm flask charged with 1,4-dicyanoben-
zene (0.47 g, 3.7 mmol) and THF (20 mL), resulting in a dark green solu-
tion that was stirred at room temperature for 1 h. The volatile com-
pounds were removed under reduced pressure to give a green powder,
which was redissolved in toluene (20 mL) and filtered through a Celite-
padded coarse frit. The frit was washed with toluene until the washings
were colorless. The green filtrate was concentrated (�10 mL), layered
with hexane (�10 mL), and cooled to �35 8C to give dark green crystal-
line, analytically pure 10 (0.37 g, 0.45 mmol, 25%). 1H NMR (300 MHz,
[D8]toluene, 65 8C): d=20.5 (s, 4H; Ar-H), 2.3 (s, 4H; C5Me4Et), �1.0 (s,
12H; C5Me4Et), �1.7 (s, 12H; C5Me4Et), �4.6 (s, 6H; C5Me4Et),
�10.6 ppm (s, 6H; N=C(Me)); elemental analysis calcd (%) for
C40H48N4U: C 58.38, H 5.88, N 6.81; found: C 58.09, H 5.98, N 6.61.


Synthesis of 11: A solution of 3,4,5-trifluorobenzonitrile (0.31 g,
1.92 mmol, 2.3 equiv) in 1:1 (v/v) pentane/toluene (20 mL) was added
dropwise to a 250 mL side-arm flask charged with [(C5Me5)2U ACHTUNGTRENNUNG(CH3)(Cl)]
(0.47 g, 0.84 mmol) and pentane (100 mL), during which time the solution
changed color from orange-red to dark orange-brown. The reaction mix-
ture was stirred at room temperature for 14 h. The volatile compounds
were removed under reduced pressure to give a brown solid, which was
extracted with pentane (10 mL). The resulting suspension was filtered
through a Celite-padded coarse frit. The filtered solid was washed with
warm pentane (3Q5 mL). The combined filtrates were cooled to �30 8C
to give brick-red crystalline, analytically pure 11 (0.11 g, 0.15 mmol,
18%). X-ray quality crystals of 11 were obtained by slow evaporation of
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a concentrated solution of 11 in hexane at room temperature. (300 MHz,
[D6]benzene, 25 8C): d=7.84 (s, 3H; CH3), 3.89 (s, 30H; C5Me5),
�2.81 ppm (s, 2H; ortho-C6H2F3);


19F NMR (300 MHz, [D6]benzene,
25 8C, CFCl3): d=�64.85 (s, 1 F; para-C6H2F3), �129.15 ppm (s, 2 F;
meta-C6H2F3); MS (70 eV): m/z : 715.4 [M]+ ; elemental analysis calcd
(%) for C36H40N2F6U: C 46.97, H 4.93, N 1.96; found: C 47.06, H 5.10, N
1.78.


Electronic absorption spectroscopy: Electronic absorption spectral data
were obtained for solutions of complexes 8 and 11 in toluene over the
wavelength range 280–2500 nm on a Perkin–Elmer Model Lambda 950
UV-visible/NIR spectrophotometer. Data were collected in 1 mm or 1 cm
path-length cuvettes loaded in the Vacuum Atmospheres dry box systems
described above. Samples were typically run at multiple dilutions to opti-
mize absorbance in the UV-visible and NIR, respectively. Spectral resolu-
tion was typically 2 nm in the visible region and 4–6 nm in the NIR.


Electrochemistry : Cyclic wave voltammetric data were obtained in the
Vacuum Atmospheres dry box systems described above. All data were
collected with a Perkin–Elmer Princeton Applied Research Corporation
(PARC) Model 263 potentiostat under computer control with PARC
Model 270 software. All sample solutions contained about 2–3 mm com-
plex with 0.1m [Bu4N][B ACHTUNGTRENNUNG(C6F5)4] or [Bu4N][B ACHTUNGTRENNUNG(3,5- ACHTUNGTRENNUNG(CF3)2-C6H3)4] support-
ing electrolyte in THF. All data were collected with the positive-feedback
IR compensation feature of the software/potentiostat activated to ensure
minimal contribution to the voltammetric waves from uncompensated so-
lution resistance (typically �1 kW under the conditions employed). Solu-
tions were contained in PARC Model K0264 microcells consisting of a
�3 mm diameter Pt disk working electrode, a Pt wire counter electrode,
and an Ag wire quasi-reference electrode. Scanning rates from 20 to
5000 mVs�1 were employed in the cyclic voltammetry scans to assess the
chemical and electrochemical reversibility of the observed redox transfor-
mations. Half-wave potentials were determined from the peak values in
the square-wave voltammograms or from the average of the cathodic and
anodic peak potentials in the reversible cyclic voltammograms. Potential
calibrations were performed at the end of each data collection cycle
using the ferrocenium/ferrocene couple as an internal standard. Electron-
ic absorption and cyclic voltammetric data were analyzed with Wavemet-
rics IGOR Pro (Version 4.0) software on a Macintosh platform.


Magnetic susceptibility : Magnetic susceptibility data were collected with
a Quantum Design Superconducting Quantum Interference Device
(SQUID) magnetometer at 5 T from 2 to 350 K. The samples were pulv-
erized and sealed in a 5 mm Wilmad 505-PS NMR tube along with a
small amount of quartz wool that held the sample near the center of the
tube. Contributions to the magnetization from the quartz wool and the
NMR tube were measured independently and subtracted from the total


measured signal. Diamagnetic corrections were made with the use of Pas-
calSs constants.


Crystallographic experimental details : Crystals were mounted in a nylon
cryoloop using Paratone-N oil under an argon gas flow. The data were
collected on a Bruker D8 APEX II charge-coupled-device (CCD) diffrac-
tometer, with a KRYO-FLEX liquid nitrogen vapor-cooling device. The
instrument was equipped with a graphite-monochromatized MoKa X-ray
source (l=0.71073 N), with MonoCap X-ray source optics. Hemispheres
of data were collected with w scans. Data collection and initial indexing
and cell refinement were handled with APEX II software.[22] Frame inte-
gration, including Lorentz-polarization corrections, and final cell parame-
ter calculations were carried out with SAINT+ software.[23] The data
were corrected for absorption with the SADABS program.[24] Decay of
reflection intensity was monitored by analysis of redundant frames. The
structure was solved with direct methods and difference Fourier tech-
niques. Unless otherwise noted, non-hydrogen atoms were refined aniso-
tropically and hydrogen atoms were treated as idealized contributions.
Residual electron density originating from solvent contributions was re-
moved with SQUEEZE/PLATON.[25] Structure solution, refinement,
graphics, and creation of publication materials were performed with
SHELXTL.[26] Additional details of data collection and structure refine-
ment are listed in Table 1. CCDC-681147 (3), 681148 (4), 681149
(8·2THF), 681150 (9·2THF), 681151 (10·0.5C7H8), and 681152 (11) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Harvesting Dye Aggregates
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Introduction


Progressive global warming caused mainly by burning fossil
fuels is one of the major problems of the present time.[1] A
way out from this detrimental problem is the utilization of
renewable energy resources, particularly solar light, in a sus-
tainable way.[2] For the exploration of this possibility, natural
light-harvesting (LH) systems can serve as archetypes be-
cause nature satisfies its whole energy demand by using sun-
light with the help of LH systems. A most fascinating exam-
ple of such natural light-harvesting systems can be found in


the chlorosomes of green phototrophic bacteria (e.g., Chlo-
ACHTUNGTRENNUNGroflexus aurantiacus), which are constructed from the rod-
type self-assemblies of bacteriochlorophylls (BChls) and are
enveloped in a lipid monolayer.[3] In contrast with other bac-
terial and plant antenna systems, the chlorosomes are pro-
tein-free and their structure and function rely on the self-as-
sembly of BChls c, d, and e, controlled and determined only
by pigment–pigment interactions instead of protein–pigment
interactions.[4] The construction of protein-free pigment ag-
gregates allows the implementation of close packing of the
units and facilitates very efficient light harvesting.[5] The effi-
cient light harvesting by chlorosomal antennae enables such
organisms to inhabit depths of up to 2300 m under the water
surface where light is extremely scarce.[6] The intriguing ar-
chitectural principle for the supramolecular organization of
dyes in chlorosomes can be mimicked by using semisynthet-
ic molecules that are preprogrammed for self-assembly.
Thus, for the better understanding of chlorosomal light-har-
vesting systems, Tamiaki et al. developed zinc chlorin 2,


Abstract: A series of zinc 31-hydroxy-
methyl chlorins 10a–e and zinc 31-hy-
droxyethyl chlorins 17 with varied
structural features were synthesized by
modifying naturally occurring chloro-
phyll a. Solvent-, temperature-, and
concentration-dependent UV/Vis and
CD spectroscopic methods as well as
microscopic investigations were per-
formed to explore the importance of
particular functional groups and steric
effects on the self-assembly behavior of
these zinc chlorins. Semisynthetic zinc
chlorins 10a–e possess the three func-
tional units relevant for self-assembly
found in their natural bacteriochloro-
phyll (BChl) counterparts, namely, the
31-OH group, a central metal ion, and
the 131 C=O moiety along the Qy axis,
and they contain various 172-substitu-


ents. Depending on whether the zinc
chlorins have 172-hydrophobic or hy-
drophilic side chains, they self-assemble
in nonpolar organic solvents or in
aqueous media, respectively. Zinc
chlorins possessing at least two long
side chains provide soluble self-aggre-
gates that are stable in solution for a
prolonged time, thus facilitating eluci-
dation of their properties by optical
spectroscopy. The morphology of the
zinc chlorin aggregates was elucidated
by atomic force microscopy (AFM)
studies, revealing well-defined nano-
scale rod structures for zinc chlorin


10b with a height of about 6 nm. It is
worth noting that this size is in good
accordance with a tubular arrangement
of the dyes similar to that observed in
their natural BChl counterparts in the
light-harvesting chlorosomes of green
bacteria. Furthermore, for the epimeric
31-hydroxyethyl zinc chlorins 17 with
hydrophobic side chains, the influence
of the chirality center at the 31-position
on the aggregation behavior was stud-
ied in detail by UV/Vis and CD spec-
troscopy. Unlike zinc chlorins 10, the
31-hydroxyethyl zinc chlorins 17
formed only small oligomers and not
higher rod aggregate structures, which
can be attributed to the steric effect
imposed by the additional methyl
group at the 31-position.
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which is a model compound for the naturally occurring
BChl c 1 (see Scheme 1).[7a] Like BChls, zinc chlorin 2 forms
extended dye aggregates in nonpolar solvents, such as n-


hexane or n-heptane.[7b,c] Intensive investigations of dye ag-
gregates of BChl c 1 and zinc chlorin 2 revealed almost
identical spectral and photophysical properties compared to
those of the natural chlorosomal self-assemblies, which con-
firmed the suitability of zinc chlorin dyes for the imitation
of chlorosomal antennae systems.[8] The major advantage of
the zinc chlorin model compounds over the native bacterio-
chlorophylls lies in their easy semisynthetic accessibility
from Chl a and their higher chemical stability.


Although the self-aggregation of BChl c, d, and e is well
known, as mentioned above, the exact structure of chloroso-
mal aggregates has been a matter of controversial discussion
for a long time.[3i,7a, 9] However, the common feature for all
of the proposed structural models is the fact that the forma-
tion of the aggregates of BChl c is achieved by self-assembly
that involves three noncovalent interactions (Scheme 1,
right):[7a,10] 1) p–p interactions between the tetrapyrrole
rings; 2) coordination between the central metal ion and the
oxygen atom of the 31-hydroxy group, which creates a slip-
ped arrangement of chromophores in the p stacks; and
3) hydrogen bonding between the 31-hydroxy and 131-keto
groups, which assemble the chromophores into rod-shaped
supramolecular structures. These interactions promote exci-
tonic coupling among the most closely packed and well-or-
dered molecules resulting in excitonically coupled J-aggre-
gates.[11]


Although the in vitro aggregates of 1 and 2 possess similar
spectral properties to naturally occurring chlorosomal aggre-
gates, they are of poor solubility in nonpolar solvents and
thus prone to agglomeration,[12] consequently, only restricted
information from spectroscopic investigations can be de-
duced. Balaban and co-workers have recently addressed this
problem by preparing related porphyrin assemblies and they
obtained microcrystalline structures that were characterized
by X-ray diffraction and electron microscopy,[13] whereas we
have focused our work on zinc chlorin model compounds
that afford well-defined self-assembled aggregates with good
solubility and lasting stability in solution to facilitate spec-
troscopic and microscopic investigations. Thus, we have syn-


thesized zinc chlorins 10a–c, which have one to three dode-
cyl chains at the 172 position,[14] as well as zinc chlorins
10d,e, which contain hydrophilic polyethylene glycol chains


(see Scheme 2), and thoroughly
investigated their self-aggrega-
tion properties in nonpolar or-
ganic solvents and aqueous
media, respectively.


Bacteriochlorophylls c, d, and
e in the chlorosomes of green
bacteria occur as diastereo-
meric mixtures, to be more spe-
cific, these are epimers because
they only vary in the chirality
at the 31 carbon center and the
configurations at positions 17
and 18 are fixed.[15a] Depending
on the type of bacteria and the


light conditions under which they prevail, the epimeric ratio
varies. Generally, the proportion of the R epimer outweighs
that of the S epimer, for example, in Chloroflexus aurantia-
cus the proportion of the R epimer is about 67%, whereas
in Chlorobium tepidium it is 85–90%.[15] The physiological
relevance of 31S and 31R configured bacteriochlorophyll in
chlorosomes is still unclear.[15a,16] Previous studies indicated
that the aggregate structures of the 31S and 31R stereoiso-
mers of the bacteriochlorophylls differ in size, and for the
construction of chlorosomal light-harvesting systems both
epimers are needed.[15a] In contrast to the natural bacterio-
chlorophyll, zinc chlorin model compound 2 lacks the
methyl group at the 31 position. Thus, to have a better un-
derstanding of the influence of this additional chirality
center on self-assembly, we have synthesized epimeric zinc
chlorins (31S)-17 and (31R)-17 with two dodecyl alkyl chains
analogous to 10b at the 172 position to achieve enhanced
solubility in nonpolar solvents such as n-hexane or n-hep-
tane. The self-assembly of the epimerically pure zinc chlor-
ins (31S)-17 and (31R)-17, and mixtures with different per-
centages of S and R epimers have been studied in nonpolar
solvents by UV/Vis and CD spectroscopies. Herein, we pro-
vide the synthetic and characterization details of zinc chlor-
ins 10a–e and 17 and report in-depth investigations of self-
assembly of these dyes into soluble biomimetic light-harvest-
ing aggregates that aim to contribute to the structural eluci-
dation of chlorosomal antennae and to a better understand-
ing of the structure–property relationships of these highly
efficient light-harvesting systems.


Results and Discussion


Synthesis of zinc chlorins 10a–c with 172-dodecyl chains and
10d,e with 172-oligoethylene glycol chains : Zinc chlorins
10a–e were synthesized from Chl a, which was extracted
from cyanobacteria Spirulina platensis[17] according to the
route outlined in Scheme 2. Chl a was converted into pheo-
phorbide a according to a literature procedure,[17] and the


Scheme 1. Structures of naturally occurring bacteriochlorophyll c 1 and zinc chlorin model compound 2, and a
model showing the three noncovalent interactions involved in the formation of supramolecular rod aggregates
(right).
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latter was further hydrolyzed with concentrated hydrochlo-
ric acid in a yield of 77%. This was followed by esterifica-
tion of 6 with the respective dodecyloxybenzyl alcohols
11a–c and in the case of 6a also with tetraethyleneoxyben-
zyl alcohols 11d,e in the presence of dicyclohexylcarbodi-
ACHTUNGTRENNUNGimide (DCC), 4-dimethylaminopyridine (DMAP), 4-(di-
ACHTUNGTRENNUNGmethylamino)pyridinium-p-toluenesulfonate (DPTS), and
H>nigs base (N-ethyldiisopropylamine) in dry dichlorome-
thane,[18] leading to the corresponding esters 7a–c in yields
of 51–76% and 8d,e in yields of 57–63%. Subsequently, the
31-vinyl group of 7a–c was transformed into the correspond-
ing diol with osmium tetroxide, followed by oxidative cleav-
age by sodium periodate to afford the respective formyl de-
rivatives 8a–c in yields of 65–98%. Selective reduction of
the formyl groups of 8a–e to the corresponding alcohols 9a–
e was carried out with borane-tert-butylamine complex with


a yield of 68–83%. Finally, the metalation step with metha-
nolic zinc acetate in tetrahydrofuran (THF) afforded the
zinc chlorins 10a–e as turquoise green solids with yields of
56–92%. The intermediates and final products were purified
by silica gel column chromatography, and subsequently by
HPLC and characterized by 1H NMR spectroscopy and
high-resolution mass spectrometry (HRMS).


Synthesis of epimeric zinc chlorins with 31R and 31S configu-
rations : The synthetic route to the epimeric zinc chlorins 17
is shown in Scheme 3. Starting from Pheo a (5), 31-hydroxy-
ACHTUNGTRENNUNGethyl Pheo a 12 was synthesized in two steps according to a
known literature method.[16a,19] The 31-vinyl group of the
Pheo a was subjected to bromination with 38% HBr in
acetic acid, followed by substitution of the bromine atom
with a hydroxyl group. In the subsequent step, the hydroxy


Scheme 2. Synthesis of zinc chlorins 10 a–e : a) Collidin, 170 8C, 6 h; b) concd H2SO4, MeOH, RT, 12 h; c) concd HCl, RT, 6 h; d) appropriate benzyl alco-
hol 11a–e, DCC, DMAP, DPTS, H>nigs base, CH2Cl2, RT, 3–4 h; e) OsO4, NaIO4, AcOH, THF/H2O, RT, 5 h; f) BH3ACHTUNGTRENNUNG(tBu)NH2, THF, RT, 2–4 h;
g) ZnACHTUNGTRENNUNG(OAc)2, MeOH, THF, RT, 3 h.
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group was oxidized into the corresponding ketone 13 with
tetrapropylammonium perruthenate and N-methylmorpho-
line-N-oxide in a yield of 84%.[20] Next, the 172-propionate
ester was hydrolyzed into the corresponding carboxylic acid
with concentrated HCl, and the resulting acid was esterified
with 3,5-bis(dodecyloxy)benzyl alcohol 11b as described
before to afford the corresponding ester 14 in a yield of
31%. The 31R/S diastereomers of hydroxyethyl derivative 15
were obtained by the reduction of ketone compound 14
with sodium borohydride in dry ethanol in a yield of 67%.
The diastereomers were separated by semipreparative
HPLC using a chiral column in normal phase, and the inte-
gration of the HPLC chromatogram showed >99 and
>95% diastereomeric purity for 31S-16 and 31R-16, respec-
tively. The separation of the diastereomers was followed by
the metalation of 31R-16 and 31S-16 with a saturated solu-


tion of methanolic zinc acetate in THF as the solvent to
afford the diastereomeric zinc chlorins 31R-17 and 31S-17,
which were again purified by semipreparative HPLC using a
chiral column in normal phase. The intermediate products
12–15 were purified by HPLC with a reverse-phase column
and characterized by 1H NMR spectroscopy and HRMS.
The configurations of 31R-17 and 31S-17 were assigned by
comparing the HPLC retention times and significant
1H NMR chemical shifts of these diastereomers with those
of similar compounds reported in the literature (for details
see the Supporting Information).[15b,16a,c,21]


Optical properties of zinc chlorins 10a–c and spectroscopic
studies of their aggregation : The optical properties of mono-
mers and aggregates of zinc chlorins 10a–c have been char-
acterized by UV/Vis and CD spectroscopies. For this pur-


Scheme 3. Synthesis of zinc chlorins (31R/S)-17: a) 38% HBr/AcOH, RT, 12 h; b) MeOH, concd HCl, RT, 0.5 h; c) tetrapropylammonium perruthenate
(TPAP), N-methylmorpholine-N-oxide (NMO), CH2Cl2, RT, 2 h; d) concd HCl, RT, 3 h; e) 11b, DCC, DMAP, DPTS, H>nigs base, CH2Cl2, RT, 2.5 h; f)
NaBH4, EtOH, THF, RT, 1.5 h; g) separation of the epimers by HPLC with a chiral column (reprosil 100 chiral-NR) with n-hexane/CH2Cl2 (1:1) as
eluent; h) Zn ACHTUNGTRENNUNG(OAc)2, MeOH, THF, 1 h.
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pose, monomer stock solutions of the respective zinc chlorin
were prepared in THF and subsequently added to nonpolar
solvents, such as n-hexane or n-heptane, to prepare aggre-
gate solutions containing 1 vol% THF.


The formation of aggregates can be visually observed by
the instantaneous color change of turquoise-blue monomer
solutions to a pale-green color in the aggregate solutions
(Figure S2 in the Supporting Information). Compared with
the absorption bands of the monomeric zinc chlorins, aggre-
gates of these dyes show redshifted absorption maxima due
to J-type excitonic coupling between the S0-S1 transition
dipole moments of the chlorin Qy bands.[11] Therefore, the
aggregation properties of zinc chlorin dyes can be conven-
iently assessed by UV/Vis spectroscopy as the aggregate Qy


band shows a large bathochromic shift (about 100 nm), com-
pared to that of the corresponding monomers. As can be
seen in Figure 1, the maxima of the Qy absorption bands of


the monomers of 10a–c in THF appear at 648 nm, whereas
for the corresponding aggregates in n-heptane/THF (100:1)
the Qy-band maxima occur at 741–743 nm for this series of
compounds. Owing to precipitation from the aggregate solu-
tion, the absorption coefficient (e) for 10a aggregates ap-
pears to be too small.


The fluorescence emission spectrum of 10b aggregates re-
veals a small Stokes shift of about 1 nm. The bathochromic
shift of the Qy band and the small Stokes shift are character-
istic for the formation of J-aggregates.[11]


The long-term stability of the aggregates of 10a–c was in-
vestigated by recording time-dependent UV/Vis spectra. A
decrease in the absorbance of the aggregate solutions over a
period of two days at room temperature indicates precipita-


tion from the solution. Unlike the known literature model
compound 2, zinc chlorins 10b and 10c with two and three
alkyl chains, respectively, form soluble aggregates that are
stable for a long time in nonpolar solvents, which is evident
by the almost unchanged absorption over two days (Fig-
ure S3 in the Supporting Information). In contrast, aggre-
gates of 10a show uncontrolled agglomeration over the
course of a few hours, which leads to a decrease in absorp-
tion of the Qy aggregate band and finally to precipitation.
Based on these observations, it can be concluded that at
least two alkyl chains at the 172 position are necessary for
properly soluble and persistent aggregates of zinc chlorins in
nonpolar solvents.


For further characterization of the self-assembly of chlor-
ins 10b and 10c, the aggregation process was investigated
by temperature-dependent UV/Vis spectroscopy in the tem-
perature range between 15 and 95 8C. For this purpose, the
zinc chlorins were dissolved in di-n-butyl ether (20%), fol-
lowed by the addition of the nonpolar solvent n-heptane
(80%) to initiate self-assembly. Prior to each measurement,
the solutions were allowed to equilibrate for 1.5 h at the
measuring temperature to ensure a stationary state. As
shown in Figure 2a for zinc chlorin 10c, with increasing tem-
perature the Qy band of the aggregates at 741–742 nm de-
creases and the monomer band at 648 nm increases. These
spectral changes reveal that the aggregates dissociate at
higher temperature. Upon cooling to the initial temperature
of 15 8C, the Qy band was completely recovered, which is in-
dicative of the reversibility of the aggregation process. Simi-
lar observations were made for dye 10b[14] (Figure S4 and S5
in the Supporting Information). Another remarkable feature
of both dyes is that no precipitation was observed upon
heating and cooling processes, proving the thermodynamic
stability of the aggregates unlike many other self-organized
dye aggregates[22] and model compound 2.


Although, the aggregates of 10b and 10c in solution show
similar properties, they can be distinguished by their distinct
melting temperatures. The plot of normalized absorption at
741 nm of the Qy band of the aggregates versus temperature
provides sigmoidal curves (Figure 2b for 10c), which can be
approximated with the Boltzmann function [Eq. (1)],[23]


A ¼
Aagg�Amon


1þeT�Tm
DT


þAmon ð1Þ


in which A is the total absorption and can be expressed as a
linear combination of absorption for the monomer and ag-
gregates [Eq. (2)].


A ¼ AaggaaggþAmonð1�aaggÞ ð2Þ


The term aagg in Equation (2) is the normalized fraction
of aggregated molecules, which can be related to the melting
temperature Tm [Eq. (3)] at which a =0.5 and DT are related
to the width of the curve.


Figure 1. UV/Vis spectra of the zinc chlorin monomer 10a–c in THF
(lQy=647 nm) and their aggregates (lQy=740–743 nm) in n-heptane/THF
(100:1) at RT (c for 10a=1.2O10�5m (b); c for 10b=1.6O10�5m


(g); c for 10c=2.8O10�5m (d). Thin lines refer to the monomers
whereas thick lines are for the aggregates. Fluorescence emission spec-
trum (lex=690 nm) of the aggregates of 10b (c) in n-heptane/THF
100:1 is also shown; Ifl= fluorescence intensity.
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aagg ¼
1


1þeT�Tm
DT


ð3Þ


Curve fitting with the Boltzmann function provided a con-
centration-dependent melting temperature in the range of
44 to 74 8C for the zinc chlorin 10c (Figure 2b), whereas for
10b melting temperatures of 60 and 74 8C at concentrations
of 3.1O10�6 and 1.1O10�5m, respectively, were observed
(Figure S4, inset in the Supporting Information). A compari-
son of the melting temperatures of zinc chlorins 10b and
10c (60 and 44 8C, respectively) at very similar concentra-
tions (3O10�6m) of solutions reveals a higher thermodynam-
ic stability for the aggregates of 10b.


The dissociation of aggregates takes place not only at in-
creasing temperature, but also in the presence of coordinat-
ing or polar solvents. Thus, the addition of 20–30% di-
chloromethane to the aggregate solution of 10c in n-heptane
led to a pronounced decrease of the aggregate band at


737 nm and the monomer band at 650 nm increased con-
comitantly. In addition to that, the maximum of the Qy band
shifted from 737 to 723 nm upon increasing the dichlorome-
thane content, which suggested that the p–p interactions are
disturbed by the solvent molecules that strongly interact
with p systems, leading to dissociation of the aggregates
(Figure S7 in the Supporting Information).


Further insight into the aggregation process for zinc chlor-
ins 10b and 10c was obtained by temperature-dependent
CD spectroscopy between 15 and 95 8C in n-heptane/di-n-
butyl ether (4:1). The CD spectra (Figure 3) show a bisig-


nate signal in the region of Qy aggregate band as a result of
an induced CD effect through excitonic coupling of the tran-
sition dipole moments[24] of chiral zinc chlorins. With in-
creasing temperature the intensity of the CD signals de-
creases, which indicates the dissociation of aggregates. The
observed exciton couplet reversibly arises (aggregate forma-
tion) and disappears (aggregate dissociation) upon changes
to the temperature, validating the reversibility of the self-as-
sembly process, hereby the signals do not undergo any time-
dependent change at a particular temperature.


Surprisingly, different CD exciton couplets of isolated
chlorosomes and in vitro BChl c aggregates were reported
in the literature.[17a,25] Griebenow and co-workers have clas-
sified the observed CD spectra into three different types: in
type I the sign of the CD curve changes from positive at


Figure 2. a) Temperature-dependent UV/Vis spectra of 10c in n-heptane/
di-n-butyl ether (4:1) at a concentration of 9.6O10�6m. The initial tem-
perature of 15 8C was increased successively in 10 8C steps up to 95 8C
and at each temperature the solution was allowed to equilibrate prior to
measurement; arrows indicate changes upon increasing temperature.
b) Data points for the decrease of normalized absorption of the Qy aggre-
gate band at 741 nm at three different concentrations of solvents with in-
creasing temperature and fitted curves with the Boltzmann function. The
melting temperatures were obtained from fitted curves and are 74 8C at
c=9.6O10�5m (*), 55 8C at c=5.8O10�5m (~), and 44 8C at c=2.9O
10�5m (&). The UV/Vis spectra at concentrations of 5.8O10�5m and 2.9O
10�5m are shown in Figure S6 in the Supporting Information.


Figure 3. Temperature-dependent CD spectra of a) 10b in n-heptane/di-
n-butyl ether (4:1) at a concentration of 1.1O10�5m and b) 10c in n-hep-
tane/di-n-butyl ether (4:1) at a concentration of 3.1O10�6m. The initial
temperature of 15 8C was increased successively in 10 8C steps up to 95 8C
and at each temperature the solution was allowed to equilibrate prior to
measurement; arrows indicate changes upon increasing temperature. The
anisotropy factor calculated at 15 8C for 10b is g726=2.51O10�3 and for
10c is g730=2.46O10�3.
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smaller wavelengths to negative at longer wavelengths
ACHTUNGTRENNUNG[+/�], type II is the opposite of type I [�/+ ], and also the
so-called mixed type [�/+ /�].[26a] In a theoretical approach
by the groups of Holzwarth and Knoester, it has been pro-
posed that different types of CD spectra are the result of a
“size effect”.[26b,c] According to Holzwarth et al., type II con-
verts to a mixed type at an aggregate length of over 30 mol-
ecules of BChl c.[26b] Interestingly, zinc chlorins 10b,c show
type I CD spectra and exhibit exciton couplets, which have
close spectral resemblance to that of zinc chlorin model
compound 2.


Spectroscopic properties of the zinc chlorins 10d and 10e :
The aggregation studies for zinc chlorins 10d,e were per-
formed in aqueous media because these dyes possess 172-hy-
drophilic side chains. For this purpose, monomer stock solu-
tions of 10d,e were prepared in THF and subsequently
added to ultrapure water Milli-Q to prepare aggregate solu-
tions in water containing 1 vol% THF. The formation of ag-
gregates of 10d was evident by an immediate color change
from turquoise-blue monomer solutions to the pale-green
color of aggregate solutions and the redshift of the Qy aggre-
gate band from 648 (in THF) to 733 nm (in water/THF
100:1) (Figure 4a), indicating self-assembly of this dye. The
Qy aggregate band showed a further bathochromic shift of
up to 747 nm within 24 h, which was, however, accompanied
by the formation of some precipitate. Also in the case of
10e, which has three tetraethylene glycol side chains, no
long-lasting solubility of the aggregates in water could be
achieved. In fact, a slight shift of the Qy aggregate band
from 736 to 734 nm was observed after 24 h (Figure 4b),
which can be attributed to the additional hydrophilic side
chain in 10e, which has a higher spatial demand leading to
destabilization of the aggregates. The solubility properties of
zinc chlorins 10d,e in water/methanol were also examined,
and a similar spectral pattern to that obtained in water/THF
were observed.


With zinc chlorin 10d, the formation of aggregates in
water with a Qy-band shift of 733 to 747 nm (Figure 4a),
which lies in the same range as for chlorosomal aggregates,
is achieved. Further evidence for the formation of J-aggre-
gates of 10d in water is provided by CD spectroscopy, as a
bisignate CD couplet, similar to that of 10b, is observed.
The positive and negative peak values appear in the higher
wavelength region at l=742 nm (De=362m


�1 cm�1) and l=


753 nm (De=�544m
�1 cm�1), whereas at the lower-wave-


length region positive and negative peak values occur at l=


443 nm (De=54m
�1 cm�1) and l=466 nm (De=


�29m
�1 cm�1).


Previously, work on the water solubility of chlorosome an-
alogue aggregates was reported by TamiakiRs group in which
the self-aggregates of BChl c or zinc chlorin model com-
pound 2 were embedded in silicate capsules in which alk-
ACHTUNGTRENNUNGoxyACHTUNGTRENNUNGsilanes imitate the hydrophobic microenvironment of
chlo ACHTUNGTRENNUNGro ACHTUNGTRENNUNGsomes.[27] In another approach to attain water solubili-
ty, amphiphilic zinc chlorins with polyethylene glycol chains
(O ACHTUNGTRENNUNG(CH2CH2O)nH) or (O ACHTUNGTRENNUNG(CH2CH2O)nCOCH3) in the 172 po-


sition were employed. These chlorins showed smaller batho-
chromic shifts of the Qy band in water/THF (100:1) in the
range of 675 to 729 nm,[28] which was attributed to the for-
mation of dimers or higher aggregates, unlike in the case of
10d for which a significantly stronger redshift of up to
747 nm indicates extended chlorosomal-type aggregates.


Spectroscopic studies on aggregation properties of epimeric
zinc chlorins (31R)-17 and (31S)-17: To explore the impact of
the 31 chirality center on self-assembly of zinc chlorins, the
aggregation behavior of 31R/S-17 was studied in detail by
UV/Vis spectroscopy. Samples were prepared as before by
dissolving (31R)-17 and (31S)-17 in THF to obtain monomer
stock solutions, followed by the addition of a nonpolar sol-
vent such as n-heptane (n-heptane/THF 100:1) to initiate
aggregate formation. In the case of aggregates of epimerical-
ly pure (31S)-17 (Figure 5b), a bathochromic shift of the ab-
sorption maxima of the Qy band was observed from 648
(monomer) to 711 nm (aggregates), whereas the Qy band for
the aggregates of (31R)-17 epimer shifted from 648 to
705 nm (Figure 6b). In solutions of both epimers, a signifi-
cant proportion of monomers prevailed even after two to
three days. This is in contrast with zinc chlorins 10b,c for


Figure 4. UV/Vis spectra of zinc chlorins a) 10d at c=5.8O10�6m and
b) 10e at c=1.4O10�5m. Monomers (d) in THF and aggregates (c
and a lines) in water with THF (100:1). Dashed lines refer to the ag-
gregate spectra in a time course of 24 h. Decrease in the intensity of ag-
gregate bands and the concomitant increase in the baseline are indicative
of precipitation of the zinc chlorins.
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which, under comparable conditions, monomers could
barely be observed. Additionally, the bathochromic shift of
the Qy band for (31R)-17 and (31S)-17 is less pronounced
than the shift observed in the case of 10b,c (up to 742 nm)
without the 31-methyl group. These results indicate that
(31R)-17 and (31S)-17 may form dimers or smaller oligomers
rather than extended aggregates like rods, as in the case of
10b,c. Noteworthy, however, is the fact that the UV/Vis
spectra of the (31R)-17 epimer shows a shoulder at about
747 nm (Figure 6b, bold arrow), where the absorption
maxima for the extended rod aggregates of 10b,c also
appear.


The stability of the aggregates of zinc chlorins (31R)-17
and (31S)-17 was explored by temperature-dependent UV/
Vis measurements in the range of 15 to 80 8C. With increas-
ing temperature, the monomer bands of the zinc chlorins at
648 nm increased, whereas the aggregate bands at 711 and
705 nm for (31S)-17 and (31R)-17, respectively, decreased,
which is indicative of the dissociation of aggregates at
higher temperatures. Upon cooling the aggregate solutions,
the aggregate bands were completely recovered for both
epimers, which confirmed that the aggregation was reversi-
ble.


Curve fitting with the Boltzmann function[23] provided a
melting temperature of 49 8C for aggregates of (31S)-17,
whereas a significantly lower melting temperature of 22 8C
was obtained for the aggregates of (31R)-17, revealing a
higher stability for the (31S)-17 aggregates despite their less-
defined J-aggregate spectra. Also, the CD spectra for the ag-
gregates of (31R)-17 and (31S)-17 show distinct differences.


Thus, the amplitude of the CD signals for (31R)-17 are not
only higher in magnitude than those of (31S)-17, but also
show a well-defined bisignate shape similar to 10b,c (type I
according to Griebenow et al.[26a]). The negative CD signal
for the (31R)-17 (742 nm) is also shifted more bathochromi-
cally compared with that of the (31S)-17 stereoisomer
(718 nm). Notably, in such partially self-assembled systems,
a variety of aggregates with different size and geometry may
prevail, which can exhibit quite distinct CD spectra. For this
reason, UV/Vis and CD spectra do not always properly
match together in such a situation. Thus, in the case of
(31R)-17 we attribute the intense bisignated CD signal (Fig-
ure 6a) at long wavelengths to a small fraction of extended
chlorosomal-type J-aggregates that appeared as a shoulder
in the UV/Vis spectra (Figure 6b, bold arrow).


In addition to investigations on the self-assembly of pure
(31R)-17 and (31S)-17 epimers, we have also studied the mix-
tures of these epimers by UV/Vis spectroscopy. For this pur-
pose, stock solutions of the epimers in THF were mixed in
respective ratios and added to n-hexane for the formation of
aggregates. To achieve the highest possible amount of aggre-
gates compared with monomers, solutions containing only
0.5 vol% THF were used. To make the different shifts and
forms of aggregation bands intelligible, the absorption spec-
tra (Figure 7) are normalized. The higher the percentage of
(31S)-17, the further the main aggregate Qy band was batho-
chromically shifted.


Figure 5. Spectroscopic investigation of zinc chlorin epimer (31S)-17 in n-
heptane/THF (100:1) at c=1.7O10�5m. a) CD spectrum at 20 8C. b) UV/
Vis spectra in the temperature range of 20–80 8C measured at 5 8C inter-
vals starting from 20 8C; the sample was allowed to equilibrate for 45 min
prior to each measurement; arrows indicate changes upon increasing
temperature.


Figure 6. Spectroscopic investigation of the zinc chlorin epimer (31R)-17
in n-heptane/THF (100:1) at c=1.7O10�5m. a) CD spectrum at 20 8C.
b) UV/Vis spectra in the temperature range of 20–80 8C measured at 5 8C
intervals starting from 20 8C, the sample was allowed to equilibrate for
45 min prior to each measurement; arrows indicate changes upon increas-
ing temperature.
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In several previous publications it was reported that the
aggregation modes of 31R and 31S epimers of bacteriochlo-
ACHTUNGTRENNUNGro ACHTUNGTRENNUNGphylls are quite distinct.[15c,16a–d] As in the case of the pres-
ent zinc chlorin 17 epimers, earlier studies on BChl c and e
revealed a larger bathochromic shift for the aggregate band
of S epimers.[15c,16c,29] Compared with earlier studies on
BChl c and e, a more pronounced bathochromic shift for the
Qy aggregate band for (31S)-17 was observed. Thus, for ag-
gregate bands of 31R-BChl c and 31S-BChl c, absorption
maxima at 703 and 750 nm, respectively, were observed in
concentrated dichloromethane.[15c]


For the epimers of BChl e in cyclohexane, the 31R-BChl
exhibited the Qy absorption maximum at 706 nm and the S
epimer at 717 nm.[16c] Two previous independent studies
showed that the addition of small amounts of the corre-
sponding S epimers to solutions of R epimers of BChl c and
e afforded aggregates with further bathochromically dis-
placed Qy absorption bands than those observed in the case
of pure R epimers.[16c,d] These observations were considered
to be supportive for the bacteriochlorophyll “double-tube”
model, in which the outer layer is formed preferentially by
R epimers and the inner tube by S epimers. However, our
mixing experiments with the epimeric zinc chlorins (31R)-17
and (31S)-17 did not show such an effect.


Furthermore, it was previously reported that a methyl
group at the 31 position suppresses aggregation, whereas an
additional methyl group at this position (tertiary alcohol)
has no further influence.[30] Thus, our observation that the 31


methyl group in zinc chlorin 17 has a strong influence on
the aggregation behavior is in accordance with previous
studies.


Microscopic characterization of aggregates of zinc chlorins :
Followed by spectroscopic investigations, structural proper-
ties of the zinc chlorin aggregates were elucidated by atomic
force microscopy (AFM). AFM measurements under ambi-
ent conditions allowed the visualization of the self-assem-


bled rod aggregates of zinc chlorin 10b.[14] Tapping-mode
AFM images of an aggregate solution of 10b (Figure 8) on a
highly ordered pyrolytic graphite (HOPG) surface exhibited


isolated rod aggregates with contour lengths of (300�
97) nm and heights of (5.8�0.4) nm (vertical distance be-
tween the black and green triangle in Figure 8B) were in
quite good agreement with the electron microscopy data for
the chlorosomal (C. aurantiacus)[31] BChl c rod aggregates
and also with the tubular model by Holzwarth.[32]


Besides rod-aggregates, globular structures with average
heights of (3.1�0.6) and (5.6�0.7) nm (vertical distance be-
tween the black and blue and black and orange triangles, re-
spectively, in Figure 8B) can also be seen, which are either
formed by degradation of rods during the spin-coating pro-
cess or they co-exist in solution with the rod-aggregates. An
argument in favor of the first interpretation is the fact that
the number of extended rod-aggregates diminishes over
time. This indicates a low stability of these rod aggregates
on the HOPG surface in air and suggests that evaporation
of residual solvent molecules from the inner core of a tubu-
lar assembly destabilizes the rod architecture.


Conclusions


With the newly synthesized zinc chlorins it was possible to
build model systems of natural light-harvesting BChl aggre-
gates that are, in contrast to literature reported for zinc
chlorin 2 aggregates, characterized by a proficient and dura-
ble solubility. This favorable property allowed thorough
spectroscopic and microscopic investigations for the elucida-
tion of the aggregate structural and optical features. To ach-
ieve solubility in nonpolar organic solvents, zinc chlorins
with one (10a), two (10b), and three (10c) dodecyl side
chains were synthesized, thereby a durable solubility of the


Figure 7. Normalized UV/Vis spectra (for clarity only the higher wave-
length region is shown) of zinc chlorin Qy band of (31R)-17 and (31S)-17
and their mixture in n-hexane with 0.5% THF (cS-17 =cR-17=9.6O10�6m).
The spectra, from left to right, are for 100:0 R/S to 0:100 R/S with 10%
incremental increases of the S epimer. The absorption maxima for pure
(31R)-17 and (31S)-17 occur at 704 and 711 nm, respectively.


Figure 8. Tapping-mode AFM images of aggregates of zinc chlorin 10b
on HOPG. Different areas and enlargements of the sample are displayed
in A), C), and D); B) shows the height profile along the red line in A).
The sample was prepared by spin-coating of a solution of 10b in n-
hexane/THF (100:1) on HOPG and measured in air.
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self-assembled aggregates was
obtained with two or more side
chains (10b,c). UV/Vis and CD
spectroscopic studies have
shown that the formation of the
self-assemblies of 10b,c is rever-
sible. Moreover, based on the
congruent position of aggregate
Qy bands (lmax=741–743 nm) in
UV/Vis spectra and similar bi-
signate signals in the CD spec-
tra of the zinc chlorins 10b,c
aggregates and natural BChl c
aggregates, it could be conclud-
ed that the short-range arrange-
ment of these aggregate struc-
tures is quite similar. AFM of
10b aggregates provided direct
evidence for the rod-shaped
structure of the aggregates of
this class of substances. To ach-
ieve water-soluble zinc chlorin
aggregates, hydrophilic tetra-
ethylene glycol side chains were
introduced at the 172 position
of the chlorin unit (10d,e), and
they indeed self-assemble with
similar spectral properties as
the natural BChl c counterparts.


To relate these results to the
natural BChl c aggregate struc-
tures and to investigate the in-
fluence of the chiral center at
the 31 position on aggregation,
epimeric zinc chlorins (31S)-17
and (31R)-17 were synthesized and isolated as pure stereo-
isomers. Spectroscopic studies revealed a strong influence of
the methyl group at the 31 position on aggregation, leading
to a decreased aggregation propensity of both diastereomers
compared with 10b,c. These observations suggest the forma-
tion of open or closed dimers, or other small oligomers of
17. An additional Qy band at 747 nm was only detected for
(31R)-17, which can be ascribed to the formation of extend-
ed rod-shaped aggregates, as observed for the chlorosomal
light-harvesting systems. Scheme 4 summarizes the struc-
ture–property relationships for the semisynthetic zinc chlor-
ins 10a–e and 17 investigated in this work.


To conclude, zinc chlorins with dodecyl side chains 10b,c
or containing polyethylene glycols 10d,e form higher aggre-
gates with nanorod shapes. In contrast, the aggregation pro-
pensity of zinc chlorins (31S)-17 and (31R)-17 with a methyl
group at the 31 stereogenic center is strongly reduced, as evi-
dent from the less-pronounced aggregation and the smaller
bathochromic shift of their Qy aggregate bands. These rela-
tionships between molecular structure and self-assembly ca-
pability toward functional J-aggregates reveal a prominent
influence of the 31-methyl group.


Experimental Section


General procedures


Acidic ester hydrolysis : Pheo a or its derivatives were dissolved in small
amounts of THF and subsequently concentrated hydrochloric acid (5–
10 mL) was added. After stirring for 5–6 h at RT under an argon atmos-
phere, the reaction mixture was poured into saturated aqueous NaHCO3


solution and solid NaHCO3 was added to adjust the pH to 6–7. The re-
sulting carboxylic acids were extracted with CH2Cl2 and the solution was
dried with sodium sulfate. After removal of the drying agent by filtration,
the solvent was removed by rotary evaporation and the crude product
was purified by column chromatography with mixtures of CH2Cl2/metha-
nol as the eluent. The analytical data for the chlorin carboxylic acids ob-
tained are in accordance with those reported in literature.[33]


Esterification of chlorin carboxylic acids : The free carboxylic acids at the
172 position of the chlorins were esterified with the respective alcohols
by using dried coupling reagents. Chlorin carboxylic acids were dissolved
in as small amounts of dry CH2Cl2 as possible and vacuum-dried coupling
reagents DCC, DMAP, and DPTS were added in the presence of H>nigs
base. After stirring at RT for 6 h in the dark, the resulting 172 esters were
purified by silica gel column chromatography.


Oxidation reaction : The 31-vinyl group of chlorins was converted into the
corresponding diol with a catalytic amount of OsO4, followed by oxida-
tive cleavage of the diol by sodium periodate (NaIO4).


[34] The respective
31-vinyl chlorin was first dissolved in THF, followed by the addition of


Scheme 4. Schematic illustration of the self-assembled aggregate structures and assignment of the zinc chlorins
to the respective aggregate structures.
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small amounts of a 1:1 mixture of water and acetic acid and then a cata-
lytic amount of osmium tetroxide (1–2 small crystals; due to the toxicity
of osmium tetroxide, weighing was avoided) was added. Subsequently,
the reaction mixture was stirred at RT under an argon atmosphere, and
the reaction was monitored by thin-layer chromatography. When signifi-
cant amounts of diol intermediate were formed after 1–1.5 h, a saturated
aqueous sodium periodate solution was added dropwise by a syringe
pump (5–10 mLh�1) within 2–4 h. Thereby a color change from olive
green to the grey diol intermediate and then finally to brown 31-aldehyde
was observed. Afterwards, water (100 mL) and diethyl ether (100 mL)
were added and the acetic acid was neutralized with saturated aqueous
NaHCO3 solution. The product was extracted with diethyl ether (3O
100 mL) and washed several times with water (50 mL), and finally dried
over sodium sulfate. After filtration to remove the drying agent the sol-
vent was removed with a rotary evaporator.


Reduction reaction : The 31-formyl group of chlorins was selectively re-
duced to the corresponding primary alcohol with 10 equiv of borane-tert-
butylamine complex (BH3 ACHTUNGTRENNUNG(tBu)NH2) reagent.


[17a] The respective 31-formyl
chlorin was dissolved in THF, followed by the addition of the boron re-
agent and the mixture was stirred at RT under an argon atmosphere. The
color of the reaction mixture changed from dark brown to olive green,
which indicated the formation of the chlorin with a 31-alcohol functionali-
ty. Diethyl ether (100 mL) and water (50 mL) were added to the reaction
mixture and the amine complex was neutralized with saturated ammoni-
um chloride aqueous solution (20 mL). The organic phases were washed
several times with water and dried over sodium sulfate. The desiccant
was filtered off and the solvent was removed under vacuum to give the
31-hydroxymethyl chlorin derivatives.


Metalation reaction : The metalation of chlorins was carried out in THF
and with a saturated solution of zinc acetate in methanol and by stirring
for 2–3 h at RT under an argon atmosphere. The incorporation of zinc
ion into the chlorin center leads to a color change from olive green to
turquoise blue. To terminate the reaction, water (100 mL) and diethyl
ether (100 mL) were added. After adding a saturated aqueous NaHCO3


solution (100 mL) for the neutralization of the acetate, the mixture was
washed with water at least four times to remove the excess amount of
zinc acetate. The organic phase was dried over sodium sulfate, the desic-
cant was filtered off and the solvent was then removed with a rotary
evaporator to afford the zinc chlorins.


132-Demethoxycarbonylpheophorbide a methyl ester (Pheo a): The start-
ing material for all the newly synthesized zinc chlorins was Pheo a, which
was synthesized from natural chlorophyll a according to a known litera-
ture procedure.[17b,35] The provision of chlorophyll a was made by Soxh-
let-extraction of dried algae Spirulina platensis. The extraction was per-
formed with 800 g of algae and extracted for 2–3 d with acetone (1.5–
2 L). After removal of acetone with a rotary evaporator, a dark green
oily residue was obtained, which was heated at reflux with collidin
(200 mL) for 6 h, afterwards collidin was removed under vacuum
(30 mbar) and the residue was immediately cooled to room temperature.
Subsequently, the residue was dissolved in methanol (200 mL) and
cooled to 5 8C and 20% sulfuric acid (150 mL) was added. After stirring
for 12 h at RT, diethyl ether (500 mL) was added and the pH of the aque-
ous phase was adjusted to 6–7 by careful addition of saturated sodium
hydrogen carbonate solution. The product was repeatedly extracted with
diethyl ether and the combined organic phases were washed with water.
The organic layer was dried over sodium sulfate, filtered, and the solvent
was removed with a rotary evaporator. The crude product obtained was
purified on a silica gel column using n-pentane as the eluent to remove
the carotenoids and plant oils. Diethyl ether was used as the eluent to
obtain the desired Pheo a. The latter has the tendency to aggregate on
the column, thus the aggregated portions were collected from the column
with the help of a spatula and washed with diethyl ether and after filtra-
tion the solvent was removed under vacuum. Starting from 800 g of Spir-
ulina platensis, 3–4 g of Pheo a was obtained, which was then character-
ized by NMR and UV/Vis spectroscopies and mass spectrometry.[17b]


132-Demethoxycarbonylpheophorbide a (4’-dodecyloxy)benzyl ester 7a :
According to the general procedure for esterification, the 172-carboxylic
acid derivative of chlorin 6 (498 mg, 0.93 mol) was dissolved in dry


CH2Cl2 (7 mL), followed by the addition of 4-(dodecyloxy)benzyl alcohol
11a (545 mg, 1.87 mmol), DCC (1.53 g, 7.42 mmol), DMAP (568 mg,
4.65 mmol), and DPTS (1.37 g, 4.65 mmol). After stirring for 10 min at
RT, H>nigs base (242 mg, 1.87 mmol) was added to the reaction mixture.
It was further stirred for 3.5 h and was then directly subjected to column
chromatography on silica gel with n-pentane/diethyl ether (1:1) as the
eluent mixture. The olive-green solid obtained following purification by
column chromatography was subjected to further purification by semipre-
parative HPLC (451 mg, 0.56 mmol, 61%). M.p. 38–43 8C; 1H NMR
(400 MHz, CDCl3, 25 8C): d =9.42 (s, 1H; 10-H), 9.32 (s, 1H; 5-H), 8.53
(s, 1H; 20-H), 7.96 (dd, 3Jtrans=17.6 Hz, 3Jcis=11.6 Hz, 1H; 31-H), 7.14
(m, 2H; 6’-H, 2’-H), 6.76 (m, 2H; 3’-H, 5’-H), 6.25 (dd, 3Jtrans=17.8 Hz,
2H, J=1.5 Hz, 1H; 32-H), 6.15 (dd, 3Jcis=11.5 Hz, 2J=1.5 Hz, 1H; 3-H),
5.25 (d, 2J=19.8 Hz, 1H; 132-H), 5.06 (d, 2J=19.8 Hz, 1H; 132-H), 5.01
(d, 2J=12.0 Hz, 1H; 1’’-H), 4.95 (d, 2J=12.0 Hz, 1H; 1’’-H), 4.47 (dq,
3J=7.3, 2.0 Hz, 1H; 18-H), 4.27 (td, 3J=8.7, 2.1 Hz, 1H; 17-H), 3.87 (t,
3J=6.6, 2H; OCH2), 3.64 (s, 3H; 121-H), 3.66–3.60 (m, 2H; 81-H), 3.39 (s,
3H; 21-H), 3.19 (s, 3H; 71-H), 2.75–2.54 and 2.35–2.26 (m, 4H; 171-H,
172-H), 1.79 (d, 3J=7.3 Hz, 3H; 181-H), 1.74–1.66 (m, 5H; CH2, 8


2-H),
1.39–1.26 (m, 18H; 9OCH2), 0.89 (t, 3J=6.7 Hz, 3H; OCH3), 0.38 (s, 1H;
NH), �1.75 ppm (s, 1H; NH); HRMS (ESI): m/z calcd for
C52H64N4O4Na [M+Na]+ : 831.4825; found: 831.4819.


3-Devinyl-3-formyl-132-demethoxycarbonylpheophorbide a (4’-dodecyl-
ACHTUNGTRENNUNGoxy) benzyl ester 8a : According to the general procedure for the oxida-
tion reaction, the oxidative cleavage of the 31-vinyl group of chlorin 7a
was carried out by dissolving 7a (253 mg, 0.31 mmol) in THF (40 mL),
followed by the addition of water (0.5 mL) and concentrated acetic acid,
and subsequently, a small crystal of osmium tetroxide was added. After
stirring the reaction mixture for 2.5 h at RT, saturated aqueous NaIO4 so-
lution (6 mLh�1) was added dropwise. The reaction mixture was extract-
ed as described in the general procedure and subjected to silica gel
column chromatography with a mixture of n-pentane/diethyl ether (3:2),
and then further purified by semipreparative HPLC to obtain a brown
solid (254 mg, 0.31 mmol, 98%). Analytical HPLC: 8a eluted after
8.1 min at a flow of 1 mLmin�1 with a solvent mixture of methanol/
CH2Cl2 (7:3). M.p. 43–52 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d=11.53
(s, 1H; 31-H), 10.28 (s, 1H; 10-H), 9.59 (s, 1H; 5-H), 8.81 (s, 1H; 20-H),
7.12 (m, 2H; 6’-H, 2’-H), 6.75 (m, 2H; 3’-H, 5’-H), 5.31 (d, 2J=20.0 Hz,
1H; 131-H), 5.13 (d, 2J=20.0 Hz, 1H; 132-H), 4.99 (d, 2J=12.0 Hz, 1H;
1’’-H), 4.92 (d, 2J=11.9 Hz, 1H; 1’’-H), 4.55 (dq, 3J=7.3, 1.9 Hz, 1H; 18-
H), 4.36 (td, 3J=8.6, 2.4 Hz, 1H; 17-H), 3.87 (t, 3J=6.6 Hz, 2H; OCH2),
3.76 (s, 3H; 121-H), 3.74–3.68 (m, 5H; 81-H, 21-H), 3.30 (s, 3H; 71-H),
2.77–2.56 and 2.36–2.27 (m, 4H; 171-H, 172-H), 1.83 (d, 3J=7.3 Hz, 3H;
181-H), 1.73–1.68 (m, 5H; CH2, 8


2-H), 1.41–1.24 (m, 18H; 9OCH2), 0.87
(t, 3J=6.9 Hz, 6H; CH3), �0.19 (s, 1H; NH), �2.1 ppm (s, 1H; NH);
HRMS (ESI): m/z calcd for C51H63N4O5 [M+H]+ : 811.4798; found:
811.4793.


3-Devinyl-3-hydroxymethyl-132-demethoxycarbonylpheophorbide a (4’-
dodecyloxy)benzyl ester 9a : Borane-tert-butylamine complex (261 mg,
3.00 mmol) was added to a solution of 8a (250 mg, 0.30 mmol) in THF
(40 mL), and stirred for 3 h at RT in the dark, and the reaction mixture
was extracted as described in the general procedure for the reduction re-
action. The resulting olive-grey solid was purified by semipreparative
HPLC (203 mg, 0.25 mmol, 83%). Analytical HPLC: Compound 9a was
eluted after 5.2 min at a flow of 1 mLmin�1 with a solvent combination
of methanol/CH2Cl2 (7:3). M.p. 60–64 8C; 1H NMR (400 MHz, CDCl3,
25 8C): d =9.53 (s, 1H; 10-H), 9.47 (s, 1H; 5-H), 8.57 (s, 1H; 20-H), 7.10
(m, 2H; 2’-H, 6’-H), 6.74 (m, 2H; 3’-H, 5’-H), 5.90 (s, 2H; 31-H), 5.23 (d,
2J=19.8 Hz, 1H; 132-H), 5.05 (d, 2J=19.8 Hz, 1H; 132-H), 4.97 (d, 2J=


12.0 Hz, 1H; 1’’-H), 4.90 (d, 2J=12.4 Hz, 1H; 1’’-H), 4.47 (dq, 3J=7.3,
2.0 Hz, 1H; 18-H), 4.27 (td, 3J=6.3, 2.5 Hz, 1H; 17-H), 3.78 (t, 3J=


6.6 Hz, 2H; OCH2), 3.70 (q, 3J=7.6 Hz, 2H; 81-H), 3.66 (s, 3H; 121-H),
3.41 (s, 3H; 21-H), 3.26 (s, 3H; 71-H), 2.73–2.52 and 2.33–2.25 (m, 4H;
171-H, 172-H), 1.77 (d, 3J=7.3 Hz, 3H; 181-H), 1.71–1.68 (m, 5H; CH2,
82-H), 1.41–1.24 (m, 18H; 9OCH2), 0.87 (t, 3J=6.9 Hz, 3H; CH3), 0.21 (s,
1H; NH), �1.83 ppm (s, 1H; NH); HRMS (ESI): m/z calcd for
C51H64N4O5Na [M+Na]+ : 835.4774; found: 835.4770.
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3-Devinyl-3-hydroxymethyl-132-demethoxycarbonylpheophorbide a (4’-
dodecyloxy)benzyl ester zinc complex 10a: According to the general pro-
cedure for metalation, 31-hydroxy chlorin 9a (50 mg, 0.06 mmol) was dis-
solved in THF (5 mL), followed by the addition of a saturated solution of
zinc acetate in methanol (10 mL) and the reaction mixture was stirred
for 2 h at RT. The reaction mixture was extracted as described in the gen-
eral procedure and the turquoise-colored product was purified by semi-
preparative HPLC (41 mg, 0.05 mmol, 78%). Analytical HPLC: 10a
eluted after 7.4 min at a flow of 1 mLmin�1 with a solvent mixture of
methanol/CH2Cl2 (9:1). M.p. 233 8C; 1H NMR (400 MHz, CDCl3,
[D5]pyridine, 25 8C): d=9.56 (s, 1H; 10-H), 9.37 (s, 1H; 5-H), 8.31 (s,
1H; 20-H), 7.12 (m, 2H; 2’-H, 6’-H), 6.76 (m, 2H; 3’-H; 5’-H), 5.85 (s,
2H; 31-H), 5.17 (d, 2J=19.7 Hz, 1H; 132-H), 5.02 (d, 2J=19.6 Hz, 1H;
132-H), 4.94 (d, 2J=11.9 Hz, 1H; 1’’-H), 4.89 (d, 2J=11.9 Hz, 1H; 1’’-H),
4.36 (dq, 3J=7.2, 1.9 Hz, 1H; 18-H), 4.19 (td, 3J=7.7, 2.1 Hz, 1H; 17-H),
3.87 (t, 3J=6.6 Hz, 2H; OCH2), 3.74 (q, 3J=7.5 Hz, 2H; 81-H), 3.69 (s,
3H; 121-H), 3.30 (s, 3H; 21-H), 3.19 (s, 3H; 71-H), 2.62–2.24 and 1.94–
1.88 (m, 4H; 171-H, 172-H), 1.74–1.68 (m, 8H; 181-H, 82-H, CH2), 1.41–
1.24 (m, 18H; 9OCH2), 0.88 ppm (t, 3J=7.0 Hz, 3H; CH3); HRMS
(ESI): m/z calcd for C51H62N4O5Zn [M]+ : 874.4011; found: 874.4004; UV/
Vis (THF): lmax (emax)=648 nm (91000m


�1 cm�1).


132-Demethoxycarbonylpheophorbide a (3’,5’-bis-dodecyloxy)benzyl
ester 7b : In dry CH2Cl2 (6 mL), 132-demethoxycarbonylpheophorbide a 5
(150 mg, 0.28 mmol) was dissolved, followed by the addition of 3,5-bis-
ACHTUNGTRENNUNG(dodecyloxy)benzyl alcohol 11b (200 mg, 0.42 mmol), DCC (289 mg,
1.40 mmol), DMAP (69.1 mg, 0.56 mmol), and DPTS (165 mg,
0.56 mmol). After 30 min of stirring at RT, H>nigs base (57.2 mg,
0.43 mmol) was added. The reaction was stirred for another 3 h, followed
by the addition of water (100 mL) and a saturated solution of NH4Cl
(20 mL) to terminate the reaction. The product was extracted with
CH2Cl2 (3O100 mL) and then washed with water. After removal of the
solvent, the residue was loaded on a silica gel column and purified by
using 1:1 n-pentane/diethyl ether as the eluent. It was further purified by
semipreparative HPLC (212 mg, 0.21 mmol, 76%). Analytical HPLC:
The olive-grey chlorin 7b was eluted after 21.9 min at a flow of
1 mLmin�1 with a solvent mixture of methanol/CH2Cl2 (7:3). M.p. 51–
55 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d =9.46 (s, 1H; 10-H), 9.35 (s,
1H; 5-H), 8.54 (s, 1H; 20-H), 7.98 (dd, Jtrans=17.6 Hz, 3Jcis=11.6 Hz, 1H;
31-H), 6.39 (d, 4J=2.3 Hz, 2H; 6’-H, 2’-H), 6.34 (t, 4J=2.3 Hz, 1H; 4’-H),
6.26 (dd, 3Jtrans=17.8 Hz, 2J=1.5 Hz, 1H; 32-H), 6.15 (dd, 3Jcis=11.6 Hz,
2J=1.5 Hz, 1H; 32-H), 5.24 (d, 2J=19.8 Hz, 1H; 132-H), 5.09 (d, 2J=


19.8 Hz, 1H; 132-H), 5.01 (d, 2J=12.2 Hz, 1H; 1’’-H), 4.95 (d, 2J=


12.2 Hz, 1H; 1’’-H), 4.48 (dq, 3J=7.3, 2.0 Hz, 1H; 18-H), 4.29 (td, 3J=


8.7, 2.4 Hz, 1H; 17-H), 3.83 (t, 3J=5.3, 4H; OCH2), 3.69–3.63 (q, 3J=


6.7 Hz, 2H; 81-H), 3.65 (s, 3H; 121-H), 3.40 (s, 3H; 21-H), 3.21 (s, 3H; 71-
H), 2.78–2.58 and 2.38–2.29 (m, 4H; 171-H, 172-H), 1.79 (d, 3J=7.3 Hz,
3H; 181-H), 1.71–1.64 (m, 7H; CH2, 8


2-H), 1.37–1.22 (m, 36H; 18OCH2),
0.88 (t, 3J=6.8 Hz, 6H; CH3), 0.42 (s, 1H; NH), �1.72 ppm (s, 1H; NH);
HRMS (ESI): m/z calcd for C64H88N4O5Na [M+Na]+ : 1015.6650; found:
1015.6647.


3-Devinyl-3-formyl-132-demethoxycarbonylpheophorbide a (3’,5’-bis-do-
decyloxy)benzyl ester 8b : Chlorin 7b (100 mg, 0.10 mmol) was dissolved
in THF (30 mL), and water (0.5 mL) and concentrated acetic acid
(0.5 mL) were added. Subsequently, two small crystals of OsO4 were
added to the reaction mixture and stirred at RT for 1.5 h. Within another
2 h, a saturated solution of NaIO4 was added dropwise (6 mLh�1). The
reaction mixture was extracted according to the general procedure for
oxidation reaction. The brown solid was purified on a silica gel column
by eluting with a mixture of n-pentane/diethyl ether (3:2), and also by
semipreparative HPLC (98 mg, 0.1 mmol, 98%). Analytical HPLC: 8b
was eluted after 15.4 min at a flow of 1 mLmin�1 with methanol/CH2Cl2
(7:3). M.p. 54–58 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d=11.53 (s, 1H;
31-H), 10.27 (s, 1H; 10-H), 9.58 (s, 1H; 5-H), 8.82 (s, 1H; 20-H), 6.37 (d,
4J=2.15 Hz, 2H; 6’-H, 2’-H), 6.34 (t, 4J=2.14 Hz, 1H; 4’-H), 5.33 (d, 2J=


20.0 Hz, 1H; 132-H), 5.17 (d, 2J=20.0 Hz, 1H; 132-H), 5.00 (d, 2J=


12.3 Hz, 1H; 1’’-H), 4.91 (d, 2J=12.3 Hz, 1H; 1’’-H), 4.56 (dq, 3J=7.3,
1.8 Hz, 1H; 18-H), 4.38 (td, 3J=8.5, 2.4 Hz, 1H; 17-H), 3.83 (t, 3J=


6.7 Hz, 4H; OCH2), 3.76 (s, 3H; 121-H), 3.73–3.68 (q, 3J=6.7 Hz, 2H; 81-
H), 3.70 (s, 3H; 21-H), 3.30 (s, 3H; 71-H), 2.80–2.62 and 2.39–2.28 (m,


4H; 171-H, 172-H), 1.82 (d, 3J=7.3 Hz, 3H; 181-H), 1.72–1.65 (m, 7H;
CH2, 8


2-H), 1.34–1.17 (m, 36H; 18OCH2), 0.87 (t, 3J=6.7 Hz, 6H; CH3),
�0.13 (s, 1H; NH), �2.10 ppm (s, 1H; NH); HRMS (ESI): m/z calcd for
C63H87N4O6 [M+H]+: 995.6625; found: 995.6619.


3-Devinyl-3-hydroxymethyl-132-demethoxycarbonylpheophorbide a (3’,5’-
bis-dodecyloxy)benzyl ester 9b : According to the general procedure for
the reduction reaction, chlorin 8b (80.2 mg, 0.08 mmol) was dissolved in
CH2Cl2 (10 mL), followed by the addition of borane-tert-butylamine com-
plex (70.1 mg, 0.08 mmol) and the reaction mixture was stirred for 1 h at
RT. The reaction mixture was extracted according to the general proce-
dure and the olive-grey product 9b was purified by column chromatogra-
phy on silica gel column with a solvent mixture of CH2Cl2/methanol
(9:1), and subsequently by semipreparative HPLC (yield: 59.1 mg,
0.06 mmol, 74%). Analytical HPLC: 9b eluted after 8.7 min at a flow of
1 mLmin�1 with solvent mixture methanol/CH2Cl2 (7:3). M.p. 51–54 8C;
1H NMR (400 MHz, CDCl3, 25 8C): d =9.50 (s, 1H; 10-H), 9.45 (s, 1H; 5-
H), 8.56 (s, 1H; 20-H), 6.34 (s, 3H; 2’-H, 4’-H, 6’-H), 5.89 (s, 2H; 31-H),
5.23 (d, 2J=19.8 Hz, 1H; 132-H), 5.05 (d, 2J=19.7 Hz, 1H; 132-H), 4.99
(d, 2J=12.4 Hz, 1H; 1’’-H), 4.88 (d, 2J=12.4 Hz, 1H; 1’’-H), 4.29 (dq,
3J=7.3, 2.0 Hz, 1H; 18-H), 4.29 (td, 3J=8.3, 2.3 Hz, 1H; 17-H), 3.84–3.78
(m, 4H; OCH2), 3.72–3.66 (q, 3J=7.6 Hz, 2H; 81-H), 3.66 (s, 3H; 121-H),
3.40 (s, 3H; 21-H), 3.26 (s, 3H; 71-H), 2.73–2.53 and 2.37–2.26 (m, 4H;
171-H, 172-H), 1.77 (d, 3J=7.3 Hz, 3H; 181-H), 1.69–1.63 (m, 7H; CH2,
82-H), 1.35–1.21 (m, 36H; 18OCH2), 0.88 (t, 3J=7.1 Hz, 6H; CH3), 0.24
(s, 1H; NH), �1.83 ppm (s, 1H; NH); HRMS (ESI): m/z calcd for
C63H89N4O6 [M+H]+: 997.6782; found: 997.6777.


3-Devinyl-3-hydroxymethyl-132-demethoxycarbonylpheophorbide a (3’,5’-
bis-dodecyloxy)benzyl ester zinc complex 10b : According to the general
procedure for metalation, chlorin 9b (50 mg, 0.05 mmol) was dissolved in
a small amount of THF followed by the addition of saturated solution of
zinc acetate in methanol (12 mL) and was stirred at RT. The reaction
mixture was extracted according to the general procedure with CH2Cl2
instead of diethyl ether and purified by column chromatography with an
eluting solvent mixture of CH2Cl2/methanol (9:1), and further purified
using semipreparative HPLC ( 40.3 mg, 0.04 mmol, 75%). Analytical
HPLC: 10b was eluted after 6.1 min at a flow of 1 mLmin�1 with solvent
mixture of methanol/CH2Cl2 (7:3). M.p. 241 8C; 1H NMR (400 MHz,
[D8]THF, 25 8C): d =9.62 (s, 1H; 10-H), 9.49 (s, 1H; 5-H), 8.49 (s, 1H;
20-H), 6.40 (d, 4J=2.3 Hz, 2H; 2’-H, 6’-H), 6.32 (t, 4J=2.2 Hz, 1H; 4’-H),
5.71 (d, 3J=5.8 Hz, 2H; 31-H), 5.11 (d, 2J=19.5 Hz, 1H; 132-H), 5.00–
4.92 (m, 3H; 132-H, 1’’-H), 4.53 (dq, 3J=7.2, 2.1 Hz, 1H; 18-H), 4.40 (t,
3J=5.8 Hz, 1H; 31-OH), 4.31 (td, 3J=8.3, 2.3 Hz, 1H; 17-H), 3.84 (m,
6H; OCH2, 8


1-H), 3.61 (s, 3H; 121-H), 3.31 (s, 3H; 21-H), 3.29 (s, 3H; 71-
H), 2.74–2.59 and 2.36–2.26 (m, 4H; 171-H, 172-H), 1.78 (d, 3J=7.3 Hz,
3H; 181-H), 1.71–1.63 (m, 7H; 82-H, CH2), 1.40–1.22 (m, 36H; 18OCH2),
0.88 ppm (t, 3J=6.9 Hz, 6H; CH3); HRMS (ESI): m/z calcd for
C63H86N4O6Zn [M]+ : 1058.5839; found: 1058.5830; UV/Vis (THF): lmax


(emax)=648 nm (90,000m
�1 cm�1).


132-Demethoxycarbonylpheophorbide a (3’,4’,5’-tris-dodecyloxy)benzyl
ester 7c : 3,4,5-Tris(dodecyloxy)benzyl alcohol 11c (743 mg, 1.12 mmol),
DCC (1.24 g, 5.99 mmol), DMAP (458 mg, 3.75 mmol), and DPTS
(1.10 g, 3.75 mmol) were added to a solution of 6 (400 mg, 0.75 mmol) in
dry CH2Cl2 (20 mL). After stirring for 5 min at RT, H>nigs base (194 mg,
1.5 mmol) was added and the reaction mixture was stirred for a further
4 h at RT. The reaction was terminated by the addition of water
(100 mL) and a solution of NH4Cl (20 mL), and the reaction mixture was
extracted with diethyl ether (3O100 mL). The united organic phases were
washed with water (100 mL) and dried over sodium sulfate. After remov-
al of the desiccating agent, the olive-grey solid was purified by silica gel
column chromatography with n-pentane/diethyl ether (3:2) as the eluent,
and further purified by semipreparative HPLC (447 mg, 0.38 mmol,
51%). Analytical HPLC: 7c eluted after 6.7 min at a flow of 1 mLmin�1


with a solvent mixture of methanol/CH2Cl2 (1:1). M.p. 59–64 8C;
1H NMR (400 MHz, CDCl3, 25 8C): d =9.49 (s, 1H; 10-H), 9.38 (s, 1H; 5-
H), 8.54 (s, 1H; 20-H), 8.00 (dd, 3Jtrans=17.8 Hz, 3Jcis=11.6 Hz, 1H; 31-
H), 6.46 (s, 2H; 6’-H, 2’-H), 6.28 (dd, 3Jtrans=17.9 Hz, 2J=1.5 Hz, 1H; 32-
H), 6.17 (dd, 3Jcis=11.6 Hz, 2J=1.5 Hz, 1H; 32-H), 5.25 (d, 2J=19.8 Hz,
1H; 132-H), 5.09 (d, 2J=19.8 Hz, 1H; 132-H), 4.99 (d, 2J=12.0 Hz, 1H;
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1’’-H), 4.92 (d, 2J=12.0 Hz, 1H; 1’’-H), 4.47 (dq, 3J=7.3, 2.0 Hz, 1H; 18-
H), 4.29 (td, 3J=8.5, 2.4 Hz, 1H; 17-H), 3.87 (t, 3J=6.6 Hz, 6H; OCH2),
3.71–3.65 (q, 3J=7.7 Hz, 2H; 81-H), 3.67 (s, 3H; 121-H), 3.40 (s, 3H; 21-
H), 3.23 (s, 3H; 71-H), 2.76–2.57 and 2.37–2.28 (m, 4H; 171-H, 172-H),
1.78 (d, 3J=7.3 Hz, 3H; 181-H), 1.73–1.64 (m, 9H; CH2, 8


2-H), 1.43–1.21
(m, 54H; 27OCH2), 0.88 (m, 9H; CH3), 0.45 (s, 1H; NH), �1.70 ppm (s,
1H; NH); HRMS (ESI): m/z calcd for C76H112N4O6Na [M+Na]+ :
1199.8480; found: 1199.8471.


3-Devinyl-3-formyl-132-demethoxycarbonylpheophorbide a (3’,4’,5’-tris-
dodecyloxy)benzyl ester 8c : According to the general procedure for the
oxidation reaction, chlorin derivative 7c (300 mg, 0.26 mmol) was dis-
solved in THF (10 mL), followed by the addition of water (0.5 mL), con-
centrated acetic acid, and a small crystal of osmium tetroxide. The reac-
tion mixture was stirred at RT for further 2 h, afterwards a saturated so-
lution of NaIO4 (7 mLh�1) was added dropwise. Extraction of the reac-
tion mixture was performed according to the general procedure and the
resulting brown-colored formyl chlorin 8c was purified by column chro-
matography with a mixture of n-pentane/diethyl ether (3:2), and was ad-
ditionally purified by semipreparative HPLC (194 mg, 0.16 mmol, 65%).
Analytical HPLC: 8c eluted after 23.4 min at a flow of 1 mLmin�1 with
solvent mixture of methanol/CH2Cl2 (7:3). M.p. 132–138 8C; 1H NMR
(400 MHz, CDCl3, 25 8C): d=11.57 (s, 1H; 31-H), 10.35 (s, 1H; 10-H),
9.65 (s, 1H; 5-H), 8.82 (s, 1H; 20-H), 6.46 (s, 2H; 6’-H, 2’-H), 5.34 (d,
2J=20.0 Hz, 1H; 132-H), 5.17 (d, 2J=20.0 Hz, 1H; 132-H), 4.99 (d, 2J=


12.0 Hz, 1H; 1’’-H), 4.90 (d, 2J=12.0 Hz, 1H; 1’’-H), 4.56 (dq, 3J=7.3,
1.9 Hz, 1H; 18-H), 4.38 (td, 3J=9.0, 2.5 Hz, 1H; 17-H), 3.88–3.85 (t, 3J=


6.6 Hz, 6H; OCH2), 3.78–3.72 (m, 8H; 81-H, 121-H, 21-H), 3.35 (s, 3H;
71-H), 2.80–2.91 and 2.40–2.28 (m, 4H; 171-H, 172-H), 1.81 (d, 3J=7.3 Hz,
3H; 181-H), 1.75–1.61 (m, 9H; CH2, 8


2-H), 1.40–1.21 (m, 54H; 27OCH2),
0.88 (m, 9H; CH3), �0.09 (s, 1H; NH), �2.03 ppm (s, 1H; NH); HRMS
(ESI): m/z calcd for C75H111N4O7 [M+H]+ : 1179.8452; found: 1179.8446.


3-Devinyl-3-hydroxymethyl-132-demethoxycarbonylpheophorbide a
(3’,4’,5’-tris-dodecyloxy)benzyl ester 9c : Borane-tert-butylamine complex
(110 mg, 1.27 mmol) was added to a solution of formyl chlorin 8c
(150 mg, 0.13 mmol) in CH2Cl2 (20 mL), and stirred for 1 h at RT. The re-
action mixture was extracted as described in the general procedure for
reduction. The olive-grey reduced product 9c was purified by column
chromatography by eluting with a mixture of diethyl ether/n-pentane
(3:2), and was further purified by semipreparative HPLC (102 mg,
0.09 mmol, 68%). Analytical HPLC: 9c was eluted after 6.8 min at a
flow of 1 mLmin�1 with a solvent mixture of methanol/CH2Cl2 (3:2).
M.p. 104–106 8C; 1H NMR (400 MHz, CDCl3, TMS, 25 8C): d=9.51 (s,
1H; 10-H), 9.46 (s, 1H; 5-H), 8.50 (s, 1H; 20-H), 6.25 (s, 2H; 6’-H, 2’-H),
5.90 (m, 2H; 31-H), 5.25 (d, 2J=19.8 Hz, 1H; 132-H), 5.08 (d, 2J=


19.8 Hz, 1H; 132-H), 4.91 (d, 2J=12.1 Hz, 1H; 1’’-H), 4.67 (d, 2J=


12.3 Hz, 1H; 1’’-H), 4.48 (dq, 3J=7.3, 2.1 Hz, 1H; 18-H), 4.30 (td, 3J=


8.1, 2.4 Hz, 1H; 17-H), 3.84 (t, 3J=6.6 Hz, 2H; OCH2), 3.79–3.64 (m,
9H; 81-H, OCH2, 12


1-H), 3.37 (s, 3H; 21-H), 3.26 (s, 3H; 71-H), 2.77–2.68
and 2.54–2.28 (m, 4H; 171-H, 172-H), 1.76 (d, 3J=7.3 Hz, 3H; 181-H),
1.72–1.63 (m, 9H; CH2, 8


2-H), 1.34–1.21 (m, 54H; 27OCH2), 0.87 (m,
9H; CH3), 0.34 (s, 1H; NH), �1.81 ppm (s, 1H; NH); HRMS (ESI): m/z
calcd for C75H113N4O7 [M+H]+ : 1181.8608; found: 1181.8606.


3-Devinyl-3-hydroxymethyl-132-demethoxycarbonylpheophorbide a
(3’,4’,5’-tris-dodecyloxy)benzyl ester zinc complex 10c : According to the
general procedure for metalation, 31-hydroxy chlorin 9c (80.1 mg,
0.07 mmol) was dissolved in THF (3 mL) followed by the addition of a
saturated solution of zinc acetate in methanol (12 mL). After 2 h reaction
time, the mixture was worked up according to the general procedure, and
the resulting turquoise product was purified by column chromatography
by using n-pentane/diethyl ether (3:2), and further purified by semipre-
parative HPLC (62.2 mg, 0.05 mmol, 73%). Analytical HPLC: 10c
eluted after 9.8 min at a flow of 1 mLmin�1 with solvent mixture of meth-
anol/CH2Cl2 (7:3). M.p. 187–189 8C; 1H NMR (400 MHz, [D5]pyridine,
CDCl3, 25 8C): d=9.62 (s, 1H; 10-H), 9.48 (s, 1H; 5-H), 8.36 (s, 1H; 20-
H), 6.53 (s, 2H; 6’-H, 2’-H), 5.91 (s, 2H; 31-H), 5.23 (d, 2J=19.6 Hz, 1H;
132-H), 5.08 (d, 2J=19.7 Hz, 1H; 132-H), 5.02 (d, 2J=12.0 Hz, 1H; 1’’-H),
4.96 (d, 2J=12.0 Hz, 1H; 1’’-H), 4.42 (dq, 3J=7.3, 2.2 Hz, 1H; 18-H), 4.23
(td, 3J=7.9, 2.4 Hz, 1H; 17-H), 3.93 (m, 6H; OCH2), 3.77 (q, 3J=7.6 Hz,


2H; 81-H), 3.73 (s, 3H; 121-H), 3.32 (s, 3H; 21-H), 3.20 (s, 3H; 71-H),
2.69–2.60, 2.53–2.45, 2.39–2.29, and 2.12–2.04 (m, 4H; 171-H, 172-H),
1.79–1.71 (m, 12H; 181-H, CH2, 82-H), 1.50–1.27 (m, 54H; 27OCH2),
0.91 ppm (m, 9H; CH3); HRMS (ESI): m/z calcd. for C75H110N4O7Zn
[M+Na]+ : 1265.7563; found: 1265.7558; UV/Vis (THF): lmax (emax)=


648 nm (92000m
�1 cm�1).


3-Devinyl-3-hydroxymethyl-132-demethoxycarbonylpheophorbide a
methyl ester (5a): The synthesis was performed according to the litera-
ture and the analytical data are in accordance with those reported.[17a]


3-Devinyl-3-methoxymethyl-132-demethoxycarbonylpheophorbide a
methyl ester (6a): The synthesis was performed according to the litera-
ture and the analytical data are in accordance with those reported.[36]


3-Devinyl-3-formyl-132-demethoxycarbonylpheophorbide a [3’,5’-bis-(2-
{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethoxy)]benzyl ester 8d : Accord-
ing to the general procedure for esterification, the acid of 6a (90.3 mg,
0.17 mmol) was dissolved in dry CH2Cl2 (10 mL) and 11d (233 mg,
0.45 mmol) was added, followed by the addition of DCC (277 mg,
1.34 mmol), DMAP (103 mg, 0.84 mmol), and DPTS (247 mg,
0.84 mmol). After stirring at RT for 5 min, H>nigs base (65.2 mg,
0.50 mmol) was added. The reaction mixture was stirred for a further 3 h
and then treated with CH2Cl2 (100 mL) and a saturated solution of
NH4Cl (20 mL), then it was washed with water (50 mL) several times.
Because of the highly polar ethyleneglycol side chains, the aqueous phase
was re-extracted with CH2Cl2 (2O100). The combined organic phases
were dried with Na2SO4, solvent was removed and the residue was puri-
fied by column chromatography with a mixture of CH2Cl2/ethanol (95:5)
as the eluent, and was further purified by semipreparative HPLC
(100 mg, 0.10 mmol, 57%). Analytical HPLC: 8d eluted after 10.2 min at
a flow of 1 mLmin�1 with methanol as the solvent. M.p. 173 8C; 1H NMR
(400 MHz, CDCl3, TMS, 25 8C): d=11.55 (s, 1H; CHO), 10.31 (s, 1H; 10-
H), 9.62 (s, 1H; 5-H), 8.84 (s, 1H; 20-H), 6.38 (s, 3H; 2’-H, 4’-H, 6’-H),
5.32 (d, 2J=19.9 Hz, 1H; 132-H), 5.16 (d, 2J=19.8 Hz, 1H; 132-H), 4.97
(d, 2J=12.5 Hz, 1H; 1’’-H), 4.88 (d, 2J=12.4 Hz, 1H; 1’’-H), 4.57 (dq,
3J=7.3, 2.0 Hz, 1H; 18-H), 4.39 (td, 3J=8.4, 2.2 Hz, 1H; 17-H), 4.01–3.98
(m, 4H; OCH2), 3.77–3.70 (m, 13H; CH2O, CH2, 8


1-H, 121-H), 3.61 (s,
3H; 21-H), 3.65–3.48 (m, 20H; CH2), 3.34 (s, 6H; CH3), 3.32 (s, 3H; 71-
H), 2.79–2.58 and 2.38–2.30 (m, 4H; 171-H, 172-H), 1.83 (d, 3J=7.3 Hz,
3H; 181-H), 1.72 (t, 3J=7.6 Hz, 3H; 82-H), overlap with TMS (1H; NH),
�2.06 ppm (s, 1H; NH); HRMS (ESI): m/z calcd for C57H74N4O14Na:
1061.5098 [M+Na]+ ; found: 1061.5094.


3-Devinyl-3-hydroxymethyl-132-demethoxycarbonylpheophorbide a [3’,5’-
bis-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethoxy)]benzyl ester 9d :
Borane-tert-butylamine complex (84.1 mg, 0.96 mmol) was added to a so-
lution of 8d (100 mg, 0.10 mmol) in dry CH2Cl2 (50 mL), and stirred for
1.5 h at RT. The reaction mixture was then diluted with CH2Cl2 (100 mL)
and water (50 mL), and the neutralization of the amine complex was per-
formed with a saturated aqueous solution of NH4Cl (20 mL). The organic
phase was washed several times with water (50 mL) and then dried over
sodium sulfate. The desiccant was removed by filtration and the solvent
was removed under vacuum. The olive-grey colored chlorin 9d was fur-
ther purified by semipreparative HPLC (80.0 mg, 0.07 mmol, 80%). Ana-
lytical HPLC: 9d eluted after 5.6 min at a flow of 1 mLmin�1 using meth-
anol as solvent. M.p. 164 8C; 1H NMR (400 MHz, THF, 25 8C): d =9.72 (s,
1H; 10-H), 9.70 (s, 1H; 5-H), 8.82 (s, 1H; 20-H), 6.55 (d, 4J=2.3 Hz, 2H;
2’-H, 6’-H), 6.51 (t, 4J=2.3 Hz, 1H; 4’-H), 5.93 (d, 3J=5.7 Hz, 2H; 31-H),
5.31 (d, 2J=19.7 Hz, 1H; 132-H), 5.13 (d, 2J=19.8 Hz, 1H; 132-H), 5.11
(d, 2J=12.4 Hz, 1H; 1’’-H), 5.03 (d, 2J=12.4 Hz, 1H; 1’’-H), 4.83 (t, 3J=


5.7 Hz, 1H; 31-OH), 4.68 (dq, 3J=7.2, 1.9 Hz, 1H; 18-H), 4.46 (td, 3J=


9.1, 2.4 Hz, 1H; 17-H), 4.10–4.07 (m, 4H; OCH2), 3.83 (q, 3J=7.7 Hz,
2H; 81-H), 3.81–3.77 (m, 4H; CH2O), 3.73 (s, 3H; 121-H), 3.71–3.69 (m,
8H; CH2), 3.65–3.58 (m, 12H; CH2), 3.53 (s, 3H; 21-H), 3.51–3.48 (m,
4H; CH2), 3.37 (s, 3H; 71-H), 3.34 (m, 6H; CH3), 2.90–2.73 and 2.54–2.35
(m, 4H; 171-H, 172-H), 1.90 (d, 3J=7.2 Hz, 3H; 181-H), 1.81 (t, 3J=


7.6 Hz, 3H; 82-H), 0.42 (s, 1H; NH), �1.74 ppm (s, 1H; NH); HRMS
(ESI): m/z calcd for C57H76N4O14Na: 1063.5255 [M+Na]+ ; found:
1063.5250.


3-Devinyl-3-hydroxymethyl-132-demethoxycarbonylpheophorbide a [3’,5’-
bis-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethoxy)]benzyl ester zinc
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complex 10d : According to the general procedure for metalation, chlorin
derivative 9d (40 mg, 0.04 mmol) was dissolved in THF (10 mL), fol-
lowed by the addition of a saturated solution of zinc acetate in methanol
(10 mL), the reaction mixture was stirred for 3 h at RT and for additional
30 min at 40 8C . The reaction was then terminated by the addition of
CH2Cl2 (100 mL), water (100 mL), and a saturated aqueous solution of
NaHCO3 (20 mL). The resulting turquoise zinc chlorin 10d was then ex-
tracted several times with CH2Cl2 (150 mL), and the combined organic
phases were dried over sodium sulfate, the desiccant was removed by fil-
tration and the solvent was removed under vacuum. Zinc chlorin 10d
was further purified by semipreparative HPLC (39.0 mg, 0.04 mmol,
92%). Analytical HPLC: 10d was eluted after 4.0 min at a flow of
1 mLmin�1 with methanol as the solvent. M.p. 231–234 8C; 1H NMR
(400 MHz, THF, 25 8C): d=9.71 (s, 1H; 10-H), 9.58 (s, 1H; 5-H), 8.58 (s,
1H; 20-H), 6.52 (d, 4J=2.3 Hz, 2H; 2’-H, 6’-H), 6.48 (t, 4J=2.3 Hz, 1H;
4’-H), 5.81 (d, 3J=6.1 Hz, 2H; 31H), 5.20 (d, 2J=19.6 Hz, 1H; 132-H),
5.04 (d, 2J=19.5 Hz, 1H; 132-H), 5.08 (d, 2J=12.4 Hz, 1H; 1’’-H), 5.02 (d,
2J=12.3 Hz, 1H; 1’’-H), 4.63 (dq, 3J=7.2, 2.1 Hz, 1H; 18-H), 4.50 (t, 3J=


5.7 Hz, 1H; 31-OH), 4.41 (td, 3J=8.1, 1.9 Hz, 1H; 17-H), 4.07–4.05 (m,
4H; OCH2), 3.89 (q, 3J=7.7 Hz, 2H; 81-H), 3.79–3.76 (m, 4H; CH2O),
3.71 (s, 3H; 121-H), 3.68–3.66 (m, 12H; 6OCH2), 3.65–3.58 (m, 8H; 4O
CH2), 3.50–3.47 (m, 4H; CH2), 3.41 (s, 3H; 21-H), 3.38 (s, 3H; 71-H), 3.33
(m, 6H; CH3), 2.83–2.68 and 2.50–2.36 (m, 4H; 171-H, 172-H), 1.88 (d,
3J=7.2 Hz, 3H; 181-H), 1.81 ppm (t, 3J=7.7 Hz, 3H; 82-H); HRMS
(ESI): m/z calcd for C57H74N4O14ZnNa: 1125.4390 [M+Na]+ ; found:
1125.4385; UV/Vis (THF): lmax (emax)=648 nm (91000m


�1 cm�1).


3-Devinyl-3-formyl-132-demethoxycarbonylpheophorbide a [3’,4’,5’-tris-
(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethoxy)]benzyl ester 8e : Ac-
cording to the general procedure for esterification, chlorin derivative 6a
(80.1 mg, 0.15 mmol) was dissolved in dry CH2Cl2 (10 mL), followed by
the addition of 11e (218 mg, 0.30 mmol), DCC (247 mg, 1.20 mmol),
DMAP (92.0 mg, 0.75 mmol), and DPTS (221 mg, 0.75 mmol). The reac-
tion mixture was stirred for 10 min at RT, and subsequently, H>nigs base
(62.0 mg, 0.48 mmol) was added. After stirring for 3 h, the reaction mix-
ture was treated with CH2Cl2 (100 mL) and a saturated solution of
NH4Cl (20 mL), then washed with water (50 mL) several times. The
aqueous phase was re-extracted with CH2Cl2 (2O100 mL). The combined
organic phases were dried over Na2SO4 and the solvent was removed
under vacuum. The resulting product was purified on a silica gel column
with a mixture of CH2Cl2/methanol (98:2) as the eluent and further puri-
fied by semipreparative HPLC (118 mg, 0.09 mmol, 63%). Analytical
HPLC: 8e was eluted after 8.5 min at a flow of 1 mLmin�1 with metha-
nol as the solvent. M.p. 88–92 8C; 1H NMR (400 MHz, CDCl3, TMS,
25 8C): d=11.56 (s, 1H; CHO), 10.36 (s, 1H; 10-H), 9.66 (s, 1H; 5-H),
8.87 (s, 1H; 20-H), 6.50 (s, 2H; 2’-H, 6’-H), 5.35 (d, 2J=20.0 Hz, 1H; 132-
H), 5.18 (d, 2J=20.0 Hz, 1H; 132-H), 4.91 (d, 2J=12.3 Hz, 1H; 1’’-H),
4.87 (d, 2J=12.1 Hz, 1H; 1’’-H), 4.58 (q, 3J=7.4 Hz, 1H; 18-H), 4.39 (d,
3J=8.3 Hz, 1H; 17-H), 4.08–4.05 (m, 6H; OCH2), 3.78–3.58 (m, 47H;
CH2, 8


1-H, 121-H, 21-H), 3.53–3.48 (m, 9H; CH2), 3.35 (s, 3H; 71-H), 3.34
(s, 9H; CH3), 2.80–2.60 and 2.38–2.30 (m, 4H; 171-H, 172-H), 1.83 (d, 3J=


7.3 Hz, 3H; 181-H), 1.73 (t, 3J=7.6 Hz, 3H; 82-H), overlap with TMS
signal (1H; NH), �2.05 ppm (s, 1H; NH); HRMS (ESI): m/z calcd for
C66H92N4O19Na: 1267.6252 [M+Na]+ , found: 1267.6248.


3-Devinyl-3-hydroxymethyl-132-demethoxycarbonylpheophorbide a
[3’,4’,5’-tris-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethoxy)]benzyl
ester 9e : Borane-tert-butylamine complex (82.3 mg, 0.95 mmol) was
added to a solution of 8e (118 mg, 0.09 mmol) in dry CH2Cl2 (20 mL),
and stirred for 2 h at RT. The reaction mixture was then extracted with
CHCl3 (100 mL) and the amine complex was neutralized with a saturated
aqueous solution of NH4Cl. The organic phase was washed several times
with water and then dried over sodium sulfate. The desiccant was filtered
and the solvent was removed under vacuum. The olive-grey product 9e
was purified on a silica gel column, and then by semipreparative HPLC
(86.0 mg, 0.07 mmol, 73%). Analytical HPLC: 9e was eluted after
5.2 min at a flow of 1 mLmin�1 with methanol as the solvent. M.p.
119 8C; 1H NMR (400 MHz, CDCl3, TMS, 25 8C): d=9.58 (s, 1H; 10-H),
9.53 (s, 1H; 5-H), 8.57 (s, 1H; 20-H), 6.27 (s, 2H; 2’-H, 6’-H), 5.92 (m,
2H; 31-H), 5.27 (d, 2J=20.1 Hz, 1H; 132-H), 5.11 (d, 2J=19.8 Hz, 1H;
132-H), 4.85 (d, 2J=12.5 Hz, 1H; 1’’-H), 4.61 (d, 2J=12.4 Hz, 1H; 1’’-H),


4.51 (q, 3J=7.3 Hz, 1H; 18-H), 4.33 (d, 3J=7.8 Hz, 1H; 17-H), 4.04–3.87
(m, 6H; CH2O), 3.74–3.47 (m, 47H; CH2, 8


1-H, 121-H), 3.40 (s, 3H; 21-
H), 3.35–3.33 (m, 9H; CH3), 3.28 (s, 3H; 71-H), 2.54–2.26 (m, 4H; 171-H,
172-H), 1.80 (d, 3J=7.3 Hz, 3H; 181-H), 1.71 ppm (t, 3J=7.6 Hz, 3H; 82-
H), overlap with TMS (1H; NH), �1.82 (s, 1H; NH); HRMS (ESI): m/z
calcd for C66H94N4O19: 1269.6409 [M+Na]+ ; found: 1269.6405.


3-Devinyl-3-hydroxymethyl-132-demethoxycarbonylpheophorbide a
[3’,4’,5’-tris-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethoxy)]benzyl
ester zinc complex 10e : According to the general procedure for metala-
tion, chlorin 9e (76.1 mg, 0.06 mmol) was dissolved in THF (15 mL), fol-
lowed by the addition of a saturated solution of zinc acetate in methanol
(10 mL). The reaction mixture was stirred for 3 h at RT and for an addi-
tional 15 min at 40 8C. The reaction was terminated by the addition of
CH2Cl2 (100 mL), water (100 mL), and an aqueous solution of NaHCO3


(20 mL) and the turquoise zinc chlorin was extracted with CH2Cl2
(150 mL) several times. The combined organic phases were dried over
sodium sulfate, the desiccant was filtered off and the solvent was re-
moved under vacuum. The product was purified by semi-preparative
HPLC (45.2 mg, 0.03 mmol, 56%). Analytical HPLC: 10e was eluted
after 3.7 min at a flow of 1 mLmin�1 with methanol as the solvent. M.p.
234–236 8C; 1H NMR (400 MHz, CDCl3, [D5]pyridine, TMS, 25 8C): d=


9.56 (s, 1H; 10-H), 9.35 (s, 1H; 5-H), 8.32 (s, 1H; 20-H), 6.44 (s, 2H; 2’-
H, 6’-H), 5.83 (s, 2H; 31-H), 5.18 (d, 2J=19.7 Hz, 1H; 132-H), 5.04 (d,
2J=19.7 Hz, 1H; 132-H), 4.91 (d, 2J=12.1 Hz, 1H; 1’’-H), 4.84 (d, 2J=


12.3 Hz, 1H; 1’’-H), 4.39 (dq, 3J=7.3, 2.1 Hz, 1H; 18-H), 4.20 (dt, 3J=


7.8, 2.7 Hz, 1H; 17-H), 4.07–4.01 (m, 6H; OCH2), 3.74–3.57 (m, 38H;
CH2, 8


1-H), 3.68 (s, 3H; 121-H), 3.52–3.48 (m, 6H; CH2), 3.33 (m, 9H;
CH3), 3.30 (s, 3H; 21-H), 3.21 (s, 3H; 71-H), 3.02 (s, 1H; 31-OH), 2.61–
2.56 and 2.44–2.25 and 2.03–1.96 (m, 4H; 171-H, 172-H), 1.72–1.68 ppm
(m, 6H; 181-H, 82-H); HRMS (ESI): m/z calcd for C66H92N4O19Zn:
1308.5647 [M]+ ; found: 1308.5643; UV/Vis (THF): lmax (e max)=647 nm
(94000m


�1 cm�1).


3-Devinyl-31-hydroxyethyl-132-demethoxycarbonylpheophorbide a
methyl ester 12 : The synthesis was performed according to the known lit-
erature methods developed by Tamiaki and Hynninen.[16a, 19] Pheo a 5
(460 mg, 0.840 mmol) was dissolved in 38% HBr in acetic acid (10 mL)
and stirred at RT overnight. The reaction mixture was poured into ice
water (100 mL) and extracted with CHCl3 (4O100 mL). The combined
organic phases were washed several times with a saturated solution of
NaHCO3 (100 mL) and water (2O100 mL) and dried over Na2SO4. After
removal of the drying agent by filtration, solvent was removed under
vacuum, the residue dissolved in methanol (60 mL), followed by addition
of concentrated HCl (6 mL), and stirred for 30 min. Finally, the olive-
green colored product was purified by column chromatography on a
silica gel column with a mixture of CH2Cl2/methanol (9:1) as the eluent
(377 mg, 0.67 mmol, 79%). The analytical data were in accordance with
those reported in the literature.[19]


3-Devinyl-3-acetyl-132-demethoxycarbonylpheophorbide a methyl ester
13 : Compound 13 was synthesized from 12 according to a known litera-
ture method, and the analytical data are in accordance with those report-
ed.[20]


3-Devinyl-3-acetyl-132-demethoxycarbonylpheophorbide a (3’,5’-bis-dode-
cyloxy) benzyl ester 14 : Starting with 3-acetylchlorin 13 (115 mg,
0.20 mmol), the free carboxylic acid derivative was generated by adding
concentrated hydrochloric acid (5–10 mL) and stirring for 5–6 h at RT.
The reaction mixture was adjusted to pH 6–7 by careful addition of a sa-
turated aqueous solution of NaHCO3. The intermediate product was ex-
tracted with CH2Cl2 and dried over sodium sulfate. After removal of the
drying agent, the solvent was removed, and the carboxylic acid was puri-
fied by column chromatography with a mixture of CH2Cl2/methanol (9:1)
as the eluent (82.3 mg, 0.15 mmol, 73%).


Because the acid was difficult to purify by HPLC, it was used for esterifi-
cation without further characterization. For this purpose, the carboxylic
acid (75.1 mg, 0.14 mmol) was dissolved in dry CH2Cl2 (15 mL), and 11b
(212 mg, 0.44 mmol) was added, followed by the addition of the vacuum-
dried coupling reagents DCC (184 mg, 0.89 mmol), DMAP (67.0 mg,
0.55 mmol), and DPTS (161 mg, 0.55 mmol) and the reaction mixture
was stirred for 2.5 h at RT. The reaction mixture was directly subjected
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to purification by column chromatography with a mixture of diethyl
ether/n-pentane (1:1) as the eluent. It was additionally purified by semi-
preparative HPLC (57.3 mg (0.06 mmol, 42%). Analytical HPLC: 14 was
eluted after 15.59 min at a flow of 1 mLmin�1 with a solvent mixture of
methanol/CH2Cl2 (7:3). M.p. 64 8C; 1H NMR (400 MHz, CDCl3, 25 8C):
d=10.01 (s, 1H; 5-H), 9.62 (s, 1H; 10-H), 8.76 (s, 1H; 20-H), 6.38 (d,
4J=2.3 Hz, 2H; 2’-H, 6’-H), 6.34 (t, 4J=2.2 Hz, 1H; 4’-H), 5.31 (d, 2J=


19.8 Hz, 1H; 132-H), 5.14 (d, 2J=19.7 Hz, 1H; 132-H), 5.01 (d, 2J=


12.3 Hz, 1H; 1’’-H), 4.93 (d, 2J=12.3 Hz, 1H; 1’’-H), 4.53 (dq, 3J=7.2,
1.4 Hz, 1H; 18-H), 4.36 (d, 3J=7.6 Hz, 1H; 17-H), 3.83 (t, 3J=6.6 Hz,
4H; OCH2), 3.74 (q, 3J=7.7 Hz, 2H; 81-H), 3.72 (s, 3H; 121-H), 3.65 (s,
3H; 21-H), 3.30 (s, 3H; 71-H), 3.29 (s, 3H; 32-H), 2.79–2.59 and 2.37–2.31
(m, 4H; 171-H, 172-H), 1.81 (d, 3J=7.3 Hz, 3H; 181-H), 1.74–1.66 (m,
7H; CH2, 8


2-H), 1.35–1.22 (m, 36H; 18OCH2), 0.87 (t, 3J=6.9 Hz, 6H;
CH3), �0.06 (s, 1H; NH), �2.01 ppm (s, 1H; NH); HRMS (ESI): m/z
calcd for C64H88N4O6 [M]+ : 1008.6703; found: 1008.6647 [M]+ and
1009.6794 [M+H]+ .


3-Devinyl-(31R/S)-hydroxymethyl-132-demethoxycarbonylpheophorbide a
(3’,5’- bis-dodecyloxy)benzyl ester 15 : 3-Acetyl chlorin 14 (28.0 mg,
0.03 mmol) was dissolved in dry THF (2 mL) and dry ethanol (10 mL)
was added. Subsequently, sodium borohydride (4.40 mg, 0.12 mmol) was
added and was stirred for 70 min at RT. The reaction was terminated by
the addition of water (15 mL) and the pH of the reaction mixture was ad-
justed to 6–7 with a saturated solution of NH4Cl. The product was ex-
tracted with diethyl ether (3O100 mL) and the combined organic phases
were dried over sodium sulfate. After filtration of the drying agent, the
solvent was removed under vacuum and the olive-grey product was puri-
fied by column chromatography with a solvent mixture of diethyl ether/
n-pentane (3:2), and additionally by semipreparative HPLC (19.1 mg,
0.02 mmol, 67%). Analytical HPLC: 15 was eluted after 7.0 min
(21.1 min) with a flow of 1 mLmin�1 with a solvent mixture of methanol/
CH2Cl2 (8:2).


1H NMR of (R/S)-diastereomer mixture (400 MHz, CDCl3,
25 8C): d=9.70/9.65 (s, 1H; 5-H), 9.48/9.47 (s, 1H; 10-H), 8.51/8.49 (s,
1H; 20-H), 6.40 (q, 3J=6.8, 1H; 31-H), 6.34–6.32 (m, 3H; 2’-H, 4’-H, 6’-
H), 5.25/5.23 and 5.20/5.18 (d, 2J=19.7 Hz, 1H; 132-H), 5.09/5.08 and
5.04/5.03 (d, 2J=19.7 Hz, 1H; 132-H), 5.00 and 4.97 (d, 2J=12.8 Hz, 1H;
1’’-H), 4.90/4.88 and 4.87/4.85 (d, 2J=12.4 Hz, 1H; 1’’-H), 4.46 (q, 3J=


7.3 Hz, 1H; 18-H), 4.26 (m, 1H; 17-H), 3.84–3.79 (m, 4H; OCH2), 3.69
(q, 3J=6 Hz, 2H; 81-H), 3.64 (s, 3H; 121-H), 3.40/3.37 (s, 3H; 21-H), 3.25
(s, 3H; 71-H), 2.74–2.51 and 2.36–2.27 (m, 4H; 171-H, 172-H), 2.15/2.14
and 2.13/2.12 (d, 3J=6.7 Hz, 3H; 32-H), 1.76 (t, 3J=7.7 Hz, 3H; 82-H),
1.78–1.63 (m, 7H; 181-H, CH2), 1.34–1.22 (m, 36H; 18OCH2), 0.87 (t,
3J=6.9 Hz, 6H; CH3), (undefined broad signal, 1H; NH), �1.85 ppm (s,
1H; NH); HRMS (ESI): m/z calcd for C64H90N4O6 [M]+ : 1010.6860;
found: 1010.6855 [M]+ and 1011.6961 [M+H]+ .


The diastereoisomers were in a 1:1 ratio and they were successfully sepa-
rated by HPLC using a semipreparative chiral column (reprosil 100
chiral-NR) with a solvent mixture of n-hexane/CH2Cl2 (1:1).


3-Devinyl-(31S)-hydroxymethyl-132-demethoxycarbonylpheophorbide a
(3’,5’-bis-dodecyloxy)benzyl ester (31S)-16 : Analytical HPLC on chiral
column: (31S)-16 was eluted after 17.7 min at a flow of 1 mLmin�1 in
eluting mixture of n-hexane/CH2Cl2 (1:1). The integration of the HPLC
chromatogram showed almost 100% diastereomeric purity (4.01 mg,
0.004 mmol, 28%). 1H NMR (400 MHz, CDCl3, 25 8C): d =9.88 (s, 1H; 5-
H), 9.68 (s, 1H; 10-H), 8.66 (s, 1H; 20-H), 6.48 (q, 3J=6.6 Hz, 1H; 31-H),
6.35 (m, 3H; 2’-H, 4’-H, 6’-H), 5.29 (d, 2J=19.8 Hz, 1H; 132-H), 5.12 (d,
2J=19.8 Hz, 1H; 132-H), 4.98 (d, 2J=12.4 Hz, 1H; 1’’-H), 4.89 (d, 2J=


12.3 Hz, 1H; 1’’-H), 4.53 (q, 3J=7.2 Hz, 1H; 18-H), 4.34 (d, 3J=8.08 Hz,
1H; 17-H), 3.82 (dt, 3J=6.6 Hz, 2J=2.2 Hz, 4H; OCH2), 3.76 (q, 3J=


7.8 Hz, 2H; 81-H), 3.71 (s, 3H; 121-H), 3.44 (s, 3H; 21-H), 3.30 (s, 3H; 71-
H), 2.80–2.57 and 2.39–2.31 (m, 4H; 171-H, 172-H), 2.16 (d, 3J=6.7 Hz,
3H; 32-H), 1.81 (d, 3J=7.3 Hz, 3H; 181-H), 1.73–1.66 (m, 7H; 82-H,
CH2), 1.39–1.23 (m, 36H; 18OCH2), 0.87 (t, 3J=6.7 Hz, 6H; CH3), broad
signal (1H; NH), �1.84 ppm (s, 1H; NH).


3-Devinyl-(31R)-hydroxymethyl-132-demethoxycarbonylpheophorbide a
(3’,5’-bis-dodecyloxy)benzyl ester (31R)-16 : Analytical HPLC on chiral
column: (31R)-16 was eluted after 19.7 min at a flow of 1 mLmin�1 with
solvent mixture n-hexane/CH2Cl2 (1:1). Integration of the HPLC chroma-


togram showed 95% diastereomeric purity (7.98 mg, 0.008 mmol, 56%).
1H NMR (400 MHz, CDCl3, 25 8C): d =9.87 (s, 1H; 5-H), 9.63 (s, 1H; 10-
H), 8.60 (s, 1H; 20-H), 6.45 (m, 1H; 31-H), 6.32 (m, 3H; 2’-H, 4’-H, 6’-
H), 5.27 (d, 2J=20.0 Hz, 1H; 132-H), 5.12 (d, 2J=20.0 Hz, 1H; 132-H),
4.98 (d, 2J=12.4 Hz, 1H; 1’’-H), 4.85 (d, 2J=12.3 Hz, 1H; 1’’-H), 4.53 (m,
1H; 18-H), 4.34 (m, 1H; 17-H), 3.82–3.74 (m, 6H; OCH2, 8


1-H), 3.70 (s,
3H; 121-H), 3.41 (s, 3H; 21-H), 3.29 (s, 3H; 71-H), 2.78–2.53 and 2.39–
2.30 (m, 4H; 171-H, 172-H), 2.17 (d, 3J=6.5 Hz, 3H; 32-H), 1.79 (d, 3J=


7.2 Hz, 3H; 181-H), 1.73–1.65 (m, 7H; 82-H, CH2), 1.34–1.23 (m, 36H;
18OCH2), 0.87 (t, 3J=6.8 Hz, 6H; CH3), broad signal (1H; NH),
�1.83 ppm (s, 1H; NH).


3-Devinyl-(31S)-hydroxymethyl-132-demethoxycarbonylpheophorbide a
(3’,5’-bis-dodecyloxy)benzyl ester zinc complex (31S)-17: According to
the general procedure for metalation, chlorin (31S)-16 (3.98 mg,
0.004 mmol) was dissolved in THF (3.5 mL), followed by the addition of
a saturated solution of zinc acetate in methanol (6 mL) and the mixture
was stirred for 1 h at RT. After extraction according to the general proce-
dure, the turquoise zinc chlorin (31S)-17 was purified by semipreparative
chiral HPLC column (2.98 mg, 0.002 mmol, 55%). Analytical HPLC:
(31S)-17 was eluted after 13.0 min at a flow of 1 mLmin�1 with a solvent
mixture of n-hexane/CH2Cl2/methanol (70:25:5). The integration of
HPLC chromatogram showed 100% diastereomeric purity. M.p. 214 8C;
1H NMR: (400 MHz, [D8]THF, 25 8C): d=9.70 (s, 1H; 5-H), 9.60 (s, 1H;
10-H), 8.45 (s, 1H; 20-H), 6.40 (d, 4J=2.3 Hz, 2H; 2’-H, 6’-H), 6.32–6.30
(m, 1H; 4’-H), 6.29–6.28 (m, 1H; 31-H), 5.10 (d, 2J=19.6 Hz, 1H; 132-H),
4.99–4.90 (m, 3H; 132-H, 1’’-H), 4.52 (dq, 3J=7.2, 2.2 Hz, 1H; 18-H), 4.30
(dt, 3J=8.1, 2.6 Hz, 1H; 17-H), 3.86–3.76 (m, 6H; OCH2, 8


1-H), 3.61 (s,
3H; 121-H), 3.34 (s, 3H; 21-H), 3.28 (s, 3H; 71-H), 2.68–2.61 and 2.31–
2.26 (m, 4H; 171-H, 172-H), 2.00 (d, 3J=6.6 Hz, 3H; 32-H), 1.78 (d, 3J=


7.3 Hz, 3H; 181-H), 1.73–1.63 (m, 7H; 82-H, CH2), 1.41–1.27 (m, 36H;
18OCH2), 0.88 ppm (t, 3J=6.9 Hz, 6H; CH3); HRMS (ESI): m/z calcd
for C64H88N4O6Zn [M]+ : 1072.5995; found: 1072.5990; UV/Vis (THF):
lmax (emax)=648 nm (83700m


�1 cm�1).


3-Devinyl-(31R)-hydroxymethyl-132-demethoxycarbonylpheophorbide a
(3’,5’-bis-dodecyloxy)benzyl ester zinc complex (31R)-17: According to
the general procedure of metalation, (31R)-16 (8.001 mg, 0.008 mmol)
was dissolved in THF (4 mL), followed by the addition of a saturated so-
lution of zinc acetate in methanol (6 mL) and the reaction mixture was
stirred for 1 h at RT. After extraction of the reaction mixture, the result-
ing zinc chlorin (31R)-17 was purified by semipreparative chiral HPLC
column (3.50 mg, 0.003 mmol, 41%). Analytical HPLC: (31R)-17 was
eluted after 13.8 min at a flow of 1 mLmin�1 with a solvent mixture of n-
hexane/CH2Cl2/methanol (70:25:5). The integration of HPLC chromato-
gram showed 100% diastereomeric purity. M.p. 209 8C; 1H NMR
(400 MHz, [D8]THF, 25 8C): d=9.75 (s, 1H; 5-H), 9.60 (s, 1H; 10-H),
8.44 (s, 1H; 20-H), 6.40 (d, 4J=2.3 Hz, 2H; 2’-H, 6’-H), 6.32 (t, 4J=


2.3 Hz, 1H; 4’-H), 6.26 (dq, 3J=6.7, 2.6 Hz, 1H; 31-H), 5.09 (d, 2J=


19.6 Hz, 1H; 132-H), 4.97–4.90 (m, 3H; 132-H, 1’’-H), 4.53 (dq, 3J=7.3,
2.0 Hz, 1H; 18-H), 4.29 (dt, 3J=8.3, 2.7 Hz, 1H; 17-H), 3.86–3.76 (m,
6H; OCH2, 8


1-H), 3.60 (s, 3H; 121-H), 3.31 (s, 3H; 21-H), 3.28 (s, 3H; 71-
H), 2.73–2.59 and 2.35–2.27 (m, 4H; 171-H, 172-H), 2.01 (d, 3J=6.6 Hz,
3H; 32-H), 1.77 (d, 3J=7.3 Hz, 3H; 181-H), 1.69–1.63 (m, 7H; 82-H,
CH2), 1.38–1.27 (m, 36H; 18OCH2), 0.88 ppm (t, 3J=6.8 Hz, 6H; CH3);
HRMS (ESI): m/z calcd for C64H88N4O6Zn [M]+ : 1072.5995; found:
1072.5990; UV/Vis (THF): lmax (emax)=648 nm (87600m


�1 cm�1).
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BINOL-3,3’-Triflone N,N-Dimethyl Phosphoramidites: Through-Space
19F,31P Spin–Spin Coupling with a Remarkable Dependency
on Temperature and Solvent Internal Pressure


Matthias Kruck,[a] M. Paz Munoz,[a] Hannah L. Bishop,[a] Christopher G. Frost,[b]


Christopher J. Chapman,[b] Gabriele Kociok-Kçhn,[b] Craig P. Butts,*[a] and
Guy C. Lloyd-Jones*[a]


Introduction


Phosphoramidites derived from 2,2’-dihydroxy-1,1’-binaph-
thalene (BINOL, 1) were first reported by Feringa[1] in 1994
and have been developed as extremely effective monoden-
tate ligands for a wide range of asymmetric catalytic pro-
cesses.[2] In a number of cases, symmetrical 3,3’-bis-substitu-
tion of the binaphthalene skeleton has been shown to be
crucial for the asymmetric induction,[3] and significant effort
has been made to develop syntheses for these compounds.[4]


We recently reported the preparation of enantiomerically
pure bis-3,3’-SO2R


F-substituted BINOLs,[5] by way of an
anionic thia-Fries rearrangement[6] of bis O-SO2R


F esters of
BINOL 1, and their highly effective application as catalysts
for the asymmetric indium mediated allylation of hydra-
zones.[5] Using the standard procedure for phosphoramidite
generation,[1] this rearrangement now provides rapid access


Abstract: A combined computational
and experimental study of the effects
of solvent, temperature and stereo-
chemistry on the magnitude of the
through-space spin–spin coupling be-
tween 31P and 19F nuclei which are six-
bonds apart is described. The reaction
of 3-trifluoromethylsulfonyl-2,’2-dihy-
droxy-1,1’-binaphthalene (3-SO2CF3-
BINOL) with hexamethylphosphorous
triamide (P ACHTUNGTRENNUNG(NMe2)3) generates a pair
of N,N-dimethylphosphoramidites
which are diastereomeric due to their
differing relative configurations at the
stereogenic phosphorous centre and
the axially chiral (atropisomeric)
BINOL unit. Through-space NMR


coupling of the 31P and 19F nuclei of the
phosphoramidite and sulfone is detect-
ed in one diastereomer only. In the
analogous N,N-dimethylphosphorami-
dite generated from 3,3’-(SO2CF3)2-
BINOL only one of the diastereotopic
trifluoromethylsulfone moieties couples
with the 31P of the phosphoramidite. In
both cases, the magnitude of the cou-
pling is strongly modulated (up to
400%) by solvent and temperature. A
detailed DFT analysis of the response


of the coupling to the orientation of
the CF3 moiety with respect to the P-
lone pair facilitates a confident assign-
ment of the stereochemical identity of
the pair of diastereomers. The analysis
shows that the intriguing effects of en-
vironment on the magnitude of the
coupling can be rationalised by a com-
plex interplay of solvent internal pres-
sure, molecular volume and thermal
access to a wider conformational space.
These phenomena suggest the possibili-
ty for the design of sensitive molecular
probes for local environment that can
be addressed via through-space NMR
coupling.


Keywords: conformation analysis ·
coupling · NMR spectroscopy ·
solvent effects · stereochemistry


[a] M. Kruck, Dr. M. P. Munoz, H. L. Bishop, Dr. C. P. Butts,
Prof. G. C. Lloyd-Jones
School of Chemistry, University of Bristol, Cantock>s Close
Bristol, BS81TS (UK)
Fax: (+44)117-929-8611
E-mail : Craig.Butts@bris.ac.uk


Guy.Lloyd-Jones@bris.ac.uk


[b] Dr. C. G. Frost, Dr. C. J. Chapman, Dr. G. Kociok-Kçhn
Department of Chemistry, University of Bath
Claverton Down, Bath, BA72AY (UK)


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800825: Full experimental
details for the synthesis and characterisation of 2 and 3, details of
computations and full datasets of solvent and temperature dependen-
cies of JPF.


G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7808 – 78127808







to new monodentate ligands of type 2, in just three steps
from 1[7] (Scheme 1).


A key feature of the rearrangement[5,6] is that by use of
just one equiv LDA, it provides mono-substituted 3-SO2R


F-
BINOLS and thus phosphoramidite ligands of type 3. How-
ever, the introduction of only one substituent onto the
BINOL backbone reduces the symmetry from C2 to C1 re-
sulting in a stereogenic centre at the phosphorous and thus
two diastereomeric forms (3SR and 3SS). Reetz


[8] has elegant-
ly demonstrated that this type of desymmetrisation can give
rise to interesting effects in catalysis using BINOL phos-
phoramidites. For example, significant match–mismatch ef-
fects can be found by use of partially or fully resolved dia-
stereomers,[8] and remarkably, the enantioselectivity can
even be reversed as compared to C2-symmetric systems.
Although bis-triflone (S)-2 recrystallised readily (see X-


ray structure in Figure 1), we were unable to obtain suitable
crystals of either diastereoisomer of monotriflone 3[9] so as
to assign their identities.[10] However, we did find that 2 and
one diastereoisomer of 3 gave rise to unexpectedly informa-
tion-rich 19F and 31P NMR spectra, displaying “through-
space” coupling between phosphorous and fluorine nuclei.
“Through-space” scalar coupling between NMR active
nuclei was first reported in the 1950s[11] and a number of
studies have identified that it is transmitted through an anti-
bonding interaction between the lone pairs of the two
nuclei.[12] It is known that the magnitude of the coupling
decays rapidly as the distance exceeds the sum of the van


der Waals radii of the coupled nuclei,[13] however, the behav-
iour of this coupling with respect to changes in the molecu-
lar environment are much less well documented.
Herein we report on the remarkably solvent and tempera-


ture-dependent “through-space” 31P–19F coupling in 2 and 3.
A detailed computational analysis of the conformational
and distance dependency of this phenomenon has allowed a
confident stereochemical assignment of 3SR/3SS and illus-
trates the potential for design of new NMR-addressable mo-
lecular probes.


Results and Discussion


The 19F{1H} NMR spectra of the two diastereomers 3 in
CDCl3 shows the expected CF3 signals at d �76.33 and
�76.14 ppm, respectively, however, in the latter case the 19F
resonance exhibits as a doublet (J=5.2 Hz). In the corre-
sponding 31P{1H} NMR spectra of 3, signals at d 151.3 and
155.5 ppm were observed as a singlet and a quartet (J=


5.2 Hz) respectively, confirming that in one diastereoisomer
only the three equivalent 19F nuclei of the triflone, time-
averaged by rotation around the S�CF3 bond, couple to the
31P nucleus. Such a coupling, which relies on near VDW con-
tact between the lone pairs, is certainly remarkable given
the six-bond internuclear separation and relative conforma-
tional freedom within the structure, in particular that of the
triflone group (Figure 2).


A similar through-space coupling is observed between the
phosphorous and only one of the triflone groups in the bis-
triflone 2 (CDCl3, room temperature) giving a doublet (d
�76.16 ppm, J=5.5 Hz) and singlet (d �76.25 ppm) in the
19F NMR spectrum, while the 31P NMR spectrum again
shows the corresponding quartet (d 157.2 ppm, J=5.5 Hz).
The X-ray crystallographic structure of bis-triflone 2


(Figure 1) shows that both triflone CF3 groups occupy posi-
tions roughly perpendicular to the pyramidalised 31P lone
pair (Figure 2), and provides no clear evidence as to which
CF3 is coupled to the phosphorous. The phosphorous lone
pair is clearly oriented towards one of the naphthyl rings
(and thus one triflone group), hence one might assume that
this is the triflone CF3 which couples—thus allowing an as-
signment of 3SR and 3SS. However, recent analyses of orbital


Scheme 1. Synthesis of triflone-BINOL phosphoramidites (S)-2 and 3SR/
3SS (66:34 to 83:17 dr); yields correspond to step iii).


Figure 1. Single-crystal X-ray structure of (S)-2 ; C (grey); H (white); N
(blue); O (red); F (green); S (yellow); P (orange). The asymmetrical unit
contains 0.5 molecules of water (not shown) that are distributed about
two special positions. There are also voids in the structure which suggest
that up to three more molecules of water are present.


Figure 2. Schematic representation of the disposition of the P-based lone
pair and the triflone group(s) in 2 and 3, based on the X-ray structure of
2. Also shown are phosphanes 4a and 4b which display relatively temper-
ature insensitive through-space P–F coupling, due to dominance of the
through-bond scalar coupling 4JPF.
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contributions to through-space coupling[13] suggest that orbi-
tal contributions to through-space coupling can be signifi-
cantly more complex than is first apparent. One obvious al-
ternative is that the coupling could arise by overlap of the
19F lone pairs with the back lobe of the phosphorous lone-
pair, which would give rise to the opposite structural assign-
ments for 3SR and 3SS.


Structural assignment of the diastereomers of 3 : To further
explore the distinct difference in 31P and 19F NMR spectra
exhibited by the two diastereomers of 3 (3SR and 3SS), the
configurational dependence of the through-space 31P,19F cou-
pling constants were calculated using density functional
theory with a Me2NP(OH)2–CF4 pair. The CF4 molecule was
positioned across a range of P–C separations (rPC) and
(lonepair)-P-C angles (q), and the CF3 rotation averaged JPF
was calculated for each. A summary of results are presented
in Figure 3 and shows that only a small window of geome-
tries (rPC=5.7–6.1 S, q=0–558) can give rise to calculated


JPF values which are of comparable magnitude to the experi-
mental JPF values for 2 and 3 (4–6 Hz). Moreover, within
these, only a very narrow range (35 > q > 108, circled) cor-
relate well. In other words, the only acceptable CF3 loca-
tions for the observed JPF values are concentrated in the
region of, and slightly off axis from, the main lobe of the 31P
lone pair.
Geometries with q > 558 are discounted on the basis that


they involve a clash between the CF3 and the phosphorous
substituents. It is also notable that the calculated magnitude
of the coupling is insignificant from the back face of the
phosphorous (q >1258) except at significantly reduced dis-
tances (rPC ! 5.0 S) which can again be discounted on con-
sideration of the steric constraints. On this basis, the struc-
ture of the diastereoisomer that shows the 31P–19F coupling
is assigned to 3SS (Figure 2).


The effect of solvent internal pressure (Pi) on JPF : The re-
sponse of the coupling constant to changes in environment
also provides structural insight. It was found that changes in
the NMR solvent also induce a significant variation in the
measured JPF at all temperatures, for example, 4.0 and
5.5 Hz for 2 in toluene and CDCl3, respectively, at room
temperature. A range of deuterated and non-deuterated sol-
vents were investigated and although a variety of JPF values
for 2 were observed, there was no trend with common sol-
vent parameters, for example, dielectric constant (x) (see
Supporting Information), indeed measurements in polar
protic solvents give low coupling constants (CH3OH
3.90 Hz, iPrOH 4.19 Hz) of comparable magnitude to those
measured in non-polar solvents (hexane 4.20 Hz, toluene
3.98 Hz), while polar aprotic solvents give rise to relatively
high coupling constants (DMSO 5.60 Hz, DMF 4.99 Hz) at
room temperature. Attempts to correlate this behaviour in
multicomponent fits were also unsuccessful. In the event
only one parameter, solvent internal pressure (Pi),


[14,15] was
found to show any significant correlation with the observed
coupling constant in the range of solvents examined
(Figure 4). While the fit is clearly imperfect (R2=0.59), the
majority of data in Figure 4 fall within �0.4 Hz of the pre-
dicted (trend-averaged) value based on their internal pres-
sure, with the only significant deviations from the trend
being chloroform (J=5.50 Hz, Pi=369MPa) and toluene
(J=3.98 Hz, Pi=354MPa).[16]


It should be noted that independent literature values for
solvent internal pressure, Pi,


[14,15] are limited with the majori-
ty arising indirectly from citation to a single source.[15] Inter-
estingly, the related solvent parameter, cohesive pressure, c,
does not show any correlation with the observed JPF, sug-
gesting that specific solvent interactions such as hydrogen-
bond donation have little or no part to play in the observed
behaviour, this being consistent with, for example, the near-
identical couplings found in iPrOH versus hexane. Solvent
internal pressure, Pi,


[14, 15] can be considered a measure of
the pressure imposed on a solute molecule by the surround-
ing solvent.[14] Thus the observed solvent dependence of JPF
can be interpreted as a response to a change in the average
molecular volume of 2 in the various solvents. In general


Figure 3. Contour plot of calculated JPF using a Me2NP(OH)2–CF4 pair
with a range of geometries defined by their separation (rPC, y axis) and
lone pair-P-C angle (q, x axis). Geometries compatible with JPF values
observed for 2 and one diastereomer of 3 (3SS) are highlighted within the
white ellipsoid.


Figure 4. Correlation of the observed JPF (y axis) for 2 in a variety of sol-
vents with solvent internal pressure (Pi, x axis).


[14,15]
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terms, this interpretation would suggest that an increased
solvent pressure encourages 2 to favour conformations with
lower molecular volumes, hence causing the time-averaged
distance between the phosphorous and fluorine nuclei to be
slightly reduced and hence a larger JPF under higher solvent
internal pressure. In both 2 and 3SS, such a reduction in mo-
lecular volume could arise from a combination of two con-
formational phenomena: i) rotation around the aryl�S bond
to bring the larger CF3 group syn to the binaphthyl C2�C3
bond, and ii) narrowing of the binaphthyl “pincer” angle.
Close consideration of these two phenomena suggests that
while aryl�S bond rotation will indeed bring the CF3 closer
to the phosphorous nuclei, thus giving rise to an increase in
JPF, changes in pincer angle would serve to flatten the bi-
naphthyl moiety, resulting actually in an increase in angle q


(Figure 3) and hence reducing JPF (see below). Given the
relative freedom of rotation of the triflone group about the
aryl�S bond, contrasted with the high energetic costs of bi-
naphthyl pincer deformation, it is not surprising that aryl–S
rotation dominates DJPF. DFT calculations of the molar
volume of 3SS support this suggestion as the gas-phase geom-
etry-optimised structure (C2-C3-S-CF3 dihedral angle of
648) occupies �5% more volume than the alternative struc-
ture where the S�CF3 bond is syn to the C2�C3 bond, that
is, with the CF3 oriented directly towards the phosphorami-
dite substituent (329 and 308 cm�3 per mol, respectively),
hence the CF3 will prefer to occupy the space closer to the
phosphorus under higher solvent pressures.


The effect of temperature on JPF : In addition to the effect
of solvent a substantial effect of temperature on JPF was also
apparent. Spectra in chloroform, toluene and acetone across
a range of temperatures (�58 to +100 8C) showed that the
magnitude of JPF in 2 and 3SS exhibit substantial and positive
temperature dependencies (Figure 5). Notably, JPF for 3SS in
[D8]toluene increased nearly four-fold from 1.66 to 6.50 Hz
between �40 and +100 8C. Both 2 and 3SS show similar, ap-
proximately linear, dependence of JPF against either T or 1/
T, with comparable temperature coefficients (DJPF �3.25�
0.25 Hz at 100 8C) in all of the solvents tested. The effect of
temperature on through-space 31P–19F coupling constants in
diphenylphosphine 4a (Figure 2) was previously noted by
Miller et al.[16] (Table 1, DJPF �2 Hz at 100 8C). In contrast
to 2 and 3SS where the magnitude of 6JPF is negligible, the
coupling observed in 4a predominantly arises from a large
4-bond scalar coupling (JPFACHTUNGTRENNUNG(obsd) = 4JPF + JPF) and thus
only a �5% change is observed across 132 8C, as compared
to �400% in 2. Miller et al. ascribed the temperature de-
pendence of JPF in 4a to increased amplitudes of torsional
oscillations around the aryl�CF3 bond, away from the
lowest energy conformation.
To examine the effect of temperature on JPF, rotation of


the CF3 group in 4a was modelled using the closely related
dimethylphosphino analogue 4b and the rotation-averaged
JPF at each temperature was established by calculating both
JPF and the absolute (gas-phase) energies of CF3 rigid rotam-
ers of 4b. The angle between the plane of the aryl ring and


each C�F bond was incremented in 108 steps and a Boltz-
mann population distribution assumed at each temperature.
The results are summarised in Table 1 and confirm that the
change in JPF for 4b (DJPF �3 Hz at 100 8C) can be entirely
accounted for on the basis of the temperature dependence
of the Boltzmann populations of the contributing rotamers.
In the case of phosphoramidites 2 and 3SS, the tempera-


ture effect (DJPF �3.25 Hz at 100 8C) likely arises from a
more complex expression of this same effect, namely in-
creased displacement around the biaryl- and aryl�S bonds,
leading to greater populations of conformations with both
smaller and greater average 31P–19F lone pair separations.
As the magnitude of through-space coupling has a strong,
inverse non-linear dependence on rPF, those conformations
with smaller rPF dominate JPF and thus the increased thermal
motion leads to a time-averaged increase in the observed
coupling constant. By analogy with the arguments made
above regarding solvent effects, it is likely that the aryl�S
bond rotation is the key conformational feature controlling
the observed temperature dependence. It should also be
noted that the temperature dependence of solvent internal
pressure Pi,


[14,15] can be excluded as a contributing factor
since it is of significantly lower magnitude (DPi is typically 0
to +10 PaK�1, that is, <0.01%K�1) than the observed tem-
perature dependence of JPF.


[17]


Table 1. Comparison of the temperature dependence of JPF in 1-diphe-
nylphosphino-2-trifluoromethylbenzene (4a) reported by Miller et al.[16]


with that calculated for model compound 1-dimethylphosphino-2-trifluoro-
methylbenzene (4b).


Entry T/K JPF obsd
[a] 4a DJ 258 [b]/% JPF calcd


[c] 4b DJ 258 [b]/%


1 258 54.23 0.0 59.15 0.0
2 298 55.00 1.4 60.06 1.5
3 348 55.98 3.2 61.69 4.3
4 390 56.73 4.6 62.86 6.3


[a] values taken from reference [16]; [b] the percent change in the cou-
pling constant from that observed (4a) or predicted (4b) at 258 K;
[c] based on the net JPF calculated by DFT using a Boltzmann-weighted
ensemble of populations of Ar–CF3 rotamers. See text and Supporting In-
formation for full details.


Figure 5. Effect of temperature (T/K, x axis) on the magnitude of the
through-space coupling constant (JPF/Hz, y axis) in phosphoramidites 2
and 3SS in toluene, chloroform and acetone.
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Conclusion


In summary, the through-space coupling observed by NMR
between 31P and 19F nuclei in flexible triflone-bearing phos-
phoramidite ligands have been analysed by computation, al-
lowing a confident stereochemical assignment of the diaste-
reoisomers 3. Furthermore, there is a marked dependence
of JPF on increasing solvent internal pressure, Pi,


[14,15] ascri-
bed to changes in the conformational population distribu-
tion to adopt structures with lower molecular volumes. Simi-
larly, the positive temperature dependence of JPF in both 2
and 3SS (ca. 3.25�0.25 Hz at 100 8C) is assigned to increased
population of high-energy conformers at higher tempera-
tures, with conformations possessing small P–F separations
dominating the contributions to DJPF. On the basis of the
substantial modulation of JPF observed in 2 and 3SS, we are
currently exploring the design and synthesis of new mole-
cules in which we can exploit such through-space NMR cou-
pling as a probe for molecular responses to changes in local
environment.


Experimental Section


Spectroscopic determination of JPF : NMR spectra were measured on a
JEOL ECP300 spectrometer. 19F and 31P FIDs were acquired with 65536
data points. Data processing was undertaken using Delta or ACDLabs
software and the FIDs were zero-filled to 524288 points and resolution
enhanced with a Lorentzian-Gaussian window function (LB=�1.5, GF=


0.35) prior to Fourier transform. Coupling constants were measured man-
ually from the spectrum. Absolute temperatures of NMR samples are un-
calibrated and errors of relative temperature for a given experiment are
�0.5 8C. Geometry optimisations and computation of coupling constants
were undertaken using the Gaussian03 or Gaussian03W software. Calcu-
lations employed density functional theory using the B3LYP functional,
with both geometries and NMR parameters calculated with a 6-311**
basis set for all atoms. Molar volume calculations were conducted using
the same method and basis sets as above, with the “Volume=Tight”
option in Gaussian03.


CCDC 644613 [(S)-2)] contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Introduction


Interest in guanidine and its derivatives is manifold: for ex-
ample, it has been shown that 1,2-bis(N,N,N’,N’-tetramethyl-
guanidino)naphthalene (btmgn)[1] is a superbasic and kineti-
cally active proton sponge. Guanidinium chloride is, like
urea, a denaturant, which destabilizes globular proteins.[2]


The destabilization mechanism is as yet unclear despite in-
tensive research on protonated guanidines.[3] The potential
use of guanidine derivatives as synthetic anion receptors
(for example, in complexation of carboxylates and diols) has
been studied in some detail.[4,5] The application of these
molecules as ligands in molecular complexes of transition
metals, however, is still very underdeveloped. Bridged bis-
guanidine molecules which have been synthesized[6] include
1,2-bis(N,N,N’,N’-tetramethylguanidino)ethane[7] (btmge),


1,3-bis(N,N,N’,N’-tetramethylguanidino)propane[8] (btmgp),
1,2-bis(N,N,N’,N’-tetramethylguanidino)benzene[9] (btmgb),
1,8-bis(N,N,N’,N’-tetramethylguanidino)naphthalene[1] (btmgn),
and 2,2’-bis(N,N,N’,N’-tetramethylguanidino)biphenyl
(btmgbp)[10] . Rare examples of structurally characterized


Abstract: New Pt complexes of chelat-
ing bisguanidines and guanidinate
ACHTUNGTRENNUNGligands were synthesized and character-
ized. 1,2-Bis(N,N,N’,N’-tetramethylgua-
nidino)benzene (btmgb) was used as a
neutral chelating bisguanidine ligand,
and 1,3,4,6,7,8-hexahydro-2H-pyrimido-
ACHTUNGTRENNUNG[1,2-a]pyrimidinate (hpp�) as a guanidi-
nate ligand. The salts [btmgbH]+
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transition metal complexes include the CuI, CuCl2, and FeI2
complexes of btmgp.[8] Owing to their strong basicity, com-
plexes with guanidine ligands should have interesting prop-
erties. Hence with the tripodal tren (tris(2-aminoethyl)a-
mine) derivative tris(tetramethylguanidino)tren
((tmg)3tren), the cationic Cu complex [(tmg)3trenCu]+ [11]


has been synthesized and was shown recently to bind O2 in
an end-on fashion.[12] Very recently it has been shown that
this CuII superoxo complex can be used in oxygenation reac-
tions.[13] Another example is [Pd ACHTUNGTRENNUNG(tmg)4]Cl2, which has been
introduced as an inexpensive, air-stable catalyst for Heck re-
actions.[14]Herein we report on the synthesis of PtII and PtIV


complexes with the chelating ligands bisguanidine (btmgb)
and the guanidinate derivative (1,3,4,6,7,8-hexahydro-2H-
pyrimidoACHTUNGTRENNUNG[1,2-a]pyrimidinate) (hpp�). We also report on the
first structural characterization of the [btmgbH]+ cation and
the [btmgbH2]


2+ dication.


Results and Discussion


We report on the characterization of the neutral and mono-
and diprotonated btmgb ligand, the synthesis of PtII com-
plexes of the btmgb ligand and their structural and electron-
ic properties, and the synthesis of a PtIV complex with the
h2-coordinating guanidinate derivative hpp� occupying two
coordination sites in a distorted octahedral complex.


Neutral and protonated btmgb ligands : We first studied the
reaction between btmgb and B ACHTUNGTRENNUNG(C6F5)3. As expected, a com-
plex [(btmgb)·B ACHTUNGTRENNUNG(C6F5)3] cannot be formed for steric reasons.
In contrast to the reaction between 1,8-bis(dimethylamino)-
naphthalene and B ACHTUNGTRENNUNG(C6F5)3 [see Eq. (1)],[15] B ACHTUNGTRENNUNG(C6F5)3 seems
not to abstract an H� from btmgb. Thus btmgb/B ACHTUNGTRENNUNG(C6F5)3 rep-
resents a “frustrated” Lewis acid–base pair.


Unfortunately, this mixture shows no reaction with H2


(1 bar, 25 8C), so most probably it cannot be used like the
recently developed moisture and air-stable phosphonium


ACHTUNGTRENNUNGborates [R2PH ACHTUNGTRENNUNG(C6F4)BH ACHTUNGTRENNUNG(C6F5)2] (R=2,4,6-Me3C6H2 or tBu)
for hydrogenation reactions.[16] However, btmgb reacts with
H2O·B ACHTUNGTRENNUNG(C6F5)3 to give the salt [btmgbH]+


ACHTUNGTRENNUNG[HOB ACHTUNGTRENNUNG(C6F5)3]
� , 1.


Crystals of 1 suitable for X-ray diffraction analysis were
grown from CH3CN. This complex is the first salt of the pro-
tonated ligand to be structurally characterized. The addition
of H+ can be regarded as the simplest model for complexes
of btmgb. Two details of the structure of 1 (see Figure 1) are


of particular interest: a) in clear contrast to protonated
proton sponges such as 1,8-bis(dimethylamino)naphthalene
or 1,8-bis(N,N,N’,N’-tetramethylguanidino)naphthalene, H+


is bound to only one of the imine N atoms in btmgb, and in
addition interacts with the O atom of the [HOB ACHTUNGTRENNUNG(C6F5)3]


�


anion; b) as a consequence of protonation, the N=C bond
length increases by approximately 4 pm (from 130.1(3) to
134.0(3) pm, see Table 2). Table 1 contains selected bond


lengths and angles of 1. The cation and anion interact
through an N�H···O contact. The structure of the [HOB-
ACHTUNGTRENNUNG(C6F5)3]


� anion is close to that found previously in the salt
of the 7-aza-1H-indolium cation.[17]


The free [btmgbH]+ cation has been studied previously
by using quantum chemical calculations,[18] which found an
N�H bond length of 99.7 pm in the minimum-energy struc-


Figure 1. Crystal structure of 1. Ellipsoids are drawn at the 50% proba-
bility level.


Table 1. Selected bond lengths [pm] and angles [8] of 1 as obtained by X-
ray diffraction studies (see Figure 1 for atom numbering).


N1�C1 139.7(3) N4�C6 143.4(3)
N1�C7 129.7(3) N4�C12 134.0(3)
C7�N2 137.3(3) C12�N5 134.6(3)
C7�N3 137.5(3) C12�N6 133.9(3)
N4�H 89.3(2) O1�H 89.0(2)
N4···O1 277.3(2) O1�B1 146.6(3)
N1···N4 276.8(3) C1�C6 140.9(3)


N4–H···O 176.7(54) NH···O1–B1 138.3(54)


N4-H···N3 42.7(54) H-O-B1 116.3(46)
C6-N4-C12 124.18(17) C1-N1-C7 123.49(18)
N4-C12-N5 120.38(19) N1-C7-N2 127.97(19)
N4-C12-N6 119.50(18) N1-C7-N3 118.06(19)
N5-C12-N6 120.02(19) N2-C7-N3 113.96(18)
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ture. The distance between of the proton from the second
imine N atom amounts to 255.9 pm. Thus, in agreement with
the results obtained for 1, the calculations predict that the
proton will be bound to only one N atom and will not inter-
act significantly with the second one. We recalculated the
structures of the neutral btmgb molecule and the
[btmgbH]+ cation; Table 2 compares some of the structural


elements. The nomenclature (which is similar to that used in
ref. [18]) is explained in Scheme 1 (DP: degree of pyramid-
alization).[18,19] In agreement with the previous calculations


and our experimental results obtained for 1, the form in
which the proton is bound to only one N atom represents a
minimum on the potential energy surface.[20] The change in
the calculated N···N separation from 288.1 pm in btmgb to
280.2 pm in [btmgbH]+ is particularly remarkable. The
value of 218.4 pm as given in ref. [18]) for the N···N separa-
tion in noncoordinating btmgb is a printing error; it should
be 281.4 pm.[45] The crystal structure analysis yielded N···N
separations of 285.8(2) and 276.8(3) pm in btmgb and 1.


A [btmgbH2]
2+ dication is present in the salt


[btmgbH2]Cl2, 2, which can be synthesized from btmgb and
HCl and crystallized from CH3CN (and contains crystal
water). Figure 2 displays the crystal structure and Table 3
summarizes some of the structural parameters. The elonga-
tion of the N1�C7 and N4�C12 bond lengths from 129.1(3)/
130.1(3) pm in btmgb to 135.1(3)/135.8(3) pm in 2 is the


most remarkable feature and
was found also for the Pt com-
plexes studied in this work (see
below). Only one of the two
Cl� anions interacts with the H
atoms of the two NH groups.
The distance between the two
Cl� anions amounts to more
than 650 pm to minimize the
electrostatic repulsion.


Pt complexes of btmgb : If the
btmgb ligand is reacted with
[(dmso)2PtCl2], different prod-
ucts are obtained depending on
the solvent. As a reaction prod-
uct in CH3CN we obtained a
red salt, which was identified as
[(btmgb)PtCl ACHTUNGTRENNUNG(dmso)]+


ACHTUNGTRENNUNG[PtCl3ACHTUNGTRENNUNG(dmso)]� , 3 (see
Scheme 2). Crystals of 3 were
grown from acetone/hexane.
Figure 3 illustrates the crystal
structure of 3 and Table 4 con-


tains selected bond lengths and angles. In contrast to H+ ,
PtII is bound to both imine N atoms (N1 and N4). The Pt�
Cl length (231.7(1) pm) in the cation [(btmgb)PtCl ACHTUNGTRENNUNG(dmso)]+


is slightly greater than that measured for (2,2’-bipyridine)di-
chloroplatinum (230.6 pm),[21] and significantly greater than
the Pt�Cl bond length measured in the unusual complex di-
chloro[4,9-dichloroquino ACHTUNGTRENNUNG(7,8h)quinoline]platinum
(229.2(4) pm), in which the Pt atom lies above the approxi-
mate plane in which the quinoline ligand (which becomes
bent upon coordination) is located.[22] The relatively great
Pt�Cl bond length in 3 can be explained by the electron
density donation by the strongly basic btmgb ligand. The
Pt�N bond lengths, 203.6(3) and 201.5(3) pm, are in good


Scheme 1. Labeling for the [btmgbH]+ cation.


Figure 2. Crystal structure of 2. Ellipsoids are drawn at the 50% proba-
bility level.


Table 2. Comparison of calculated and experimentally determined bond lengths [pm] and angles [8], and
degree of pyramidalization of amino nitrogen [%] for btmgb and [btmgbH]+ (see Figures 1 and Scheme 1, and
the Supporting Information, for atom numbering and nomenclature).[a]


btmgb ACHTUNGTRENNUNG[btmgbH]+


exptl[b] calcd exptl calcd


C1�C6 141.8(3) 141.7(4) 140.9(3) 141.4(6)
N1···N4 285.8(2) 288.1(0) 276.8(3) 280.2(9)
C1�N1/ ACHTUNGTRENNUNG(C�N)ip 141.0(3) 140.7(0) 139.7(3) 138.2(4)
C2�N4/ ACHTUNGTRENNUNG(C�N)dp 140.4(3) 139.5(7) 143.4(3) 143.7(5)
N1�C7/ ACHTUNGTRENNUNG(C�N)ip 129.1(3) 128.5(5) 129.7(3) 131.0(8)
N4�C12/ ACHTUNGTRENNUNG(C�N)dp 130.1(3) 128.8(8) 134.0(3) 134.4(0)
C7�N2/ ACHTUNGTRENNUNG(C�N)ip1 138.1(3) 138.5(7) 137.3(3) 137.7(7)
C7�N3/ ACHTUNGTRENNUNG(C�N)ip2 138.8(3) 139.5(1) 137.5(3) 136.8(6)
C12�N5/ ACHTUNGTRENNUNG(C�N)dp1 138.5(3) 139.0(6) 134.6(3) 134.6(2)
C12�N6/ ACHTUNGTRENNUNG(C�N)dp2 137.6(3) 138.9(4) 133.6(3) 134.3(1)
N�H 89.3(2) 100.9(4)
H···N 335.7(3) 340.9(0)


b 42.70(9) 45.96
DP ACHTUNGTRENNUNG(Ndp1) 2.1 2.1 0.3 0.8
DP ACHTUNGTRENNUNG(Ndp2) 9.7 8.5 8.1 4.3
DP ACHTUNGTRENNUNG(Nip1) 10.6 11.0 0.3 0.2
DP ACHTUNGTRENNUNG(Nip2) 3.8 3.1 1.1 0.6


[a] N2 apical: DP ACHTUNGTRENNUNG(Nip1); N3 apical: DP ACHTUNGTRENNUNG(Nip2); N5 apical: DP ACHTUNGTRENNUNG(Ndp1); N6 apical: DP ACHTUNGTRENNUNG(Ndp2) (DP=degree of pyra-
midalization; dp,ip= directly and indirectly protonated). [b] Parameters from a new X-ray diffraction analysis
(see cif file, CCDC-677131).
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agreement with those obtained previously for the guanidine
complex [(hppH)2PtCl2] in its cis (202.3(3) and 202.2(3) pm)
and trans (203.3(2) pm) forms.[23] They compare with a Pt�N
bond length of 200.1(6) pm in (2,2’-bipyridine)dichloroplati-
num.[20] The Pt atom is coordinated in a planar fashion
(angle sum=3608) by the four atoms (Cl, S, and two N) di-


rectly attached to Pt. Whereas all these parameters fit more
or less with expectations, the dramatic change in the btmgb
C=N bond lengths within the btmgb ligand upon coordina-
tion is remarkable. Thus the N1�C7 and N4�C12 bond
lengths increase from 129.1 and 130.1 pm in btmgb to as
much as 135.6(5) and 137.5(5) pm in 3.


Additional experiments were carried out with btmgb and
[(dmso)2PtCl2] dissolved in DMSO. The product of this reac-
tion (see Scheme 2) turned out to be the salt [(btmgb)PtCl-
ACHTUNGTRENNUNG(dmso)]+Cl�, 4, which was identified by NMR, IR, UV/Vis
spectroscopy, and mass spectrometry. If 4 is heated under
vacuum to 150 8C, the NMR spectra indicates the loss of
DMSO and quantitative formation of the neutral complex
[(btmgb)PtCl2], 5. DMSO elimination of this kind was also
observed for other Pt complexes; for example, reaction be-
tween [(dmso)2PtCl2] and ethylenediamine (en) yields first
[PtCl ACHTUNGTRENNUNG(dmso)(en)]Cl,[24] which can be converted into
[(en)PtCl2] by heating in vacuum or by stirring in CH2Cl2


Table 3. Selected bond lengths [pm] and angles [8] of 2 as obtained by X-
ray diffraction studies (see Figure 2 for atom numbering).


C1�N1 145.8(4) C6�N4 142.8(3)
N1�C7 135.1(3) N4�C12 135.8(3)
C7�N2 132.2(4) C12�N6 133.1(3)
C7�N3 133.8(3) C12�N5 133.5(3)
Cl1···HN1 225.8(2) Cl1···HN4 230.4(2)
N1�H 89(3) N4�H 90(3)
C1�C6 139.6(4) N1···N4 283.9(3)


C7-N1-H 117(2) C12-N4-H 116.4(19)
C1-N1-H 115(2) C6-N4-H 118.9(19)
C1-N1-C7 125.5(2) C6-N4-C12 123.8(2)
N1-C7-N2 118.8(2) N4-C12-N6 120.9(2)
N1-C7-N3 120.4(3) N4-C12-N5 118.0(2)
N2-C7-N3 120.7(2) N5-C12-N6 121.1(2)


Scheme 2. Synthesis of complexes 1,3–5.


Figure 3. Crystal structure of 3. Ellipsoids are drawn at the 50% proba-
bility level.


Table 4. Selected bond lengths [pm] and angles [8] of 3 as obtained by X-
ray diffraction studies (see Figure 3 for atom numbering).


N1�C1 141.1(5) N4�C6 140.6(5)
N1�C7 135.6(5) N4�C12 137.5(5)
C7�N2 133.6(5) C12�N5 132.0(5)
C7�N3 134.3(5) C12�N6 134.4(5)
N1�Pt2 203.6(3) N4�Pt2 201.5(3)
Pt2�Cl4 231.7(1) Pt2�S2 221.3(1)
Pt1�S1 219.6(1) Pt1�Cl1 230.4(1)
Pt1�Cl2 232.8(1) Pt1�Cl3 230.5(1)
S1�O1 147.4(3) S2�O2 147.1(3)


N1-Pt2-N4 79.96(13) Cl4-Pt2-S2 88.87(4)
N1-Pt2-Cl4 94.05(9) N4-Pt2-S2 96.99(10)
N1-Pt2-S2 174.07(10) N4-Pt2-Cl4 173.86(9)
C6-N4-Pt2 114.8(2) C1-N1-Pt2 113.8(2)
C12-N4-Pt2 126.7(2) C7-N1-Pt2 124.9(2)
C6-N4-C12 117.5(3) C1-N1-C7 120.2(3)
N4-C12-N5 119.1(3) N1-C7-N2 119.6(3)
N4-C12-N6 119.2(3) N1-C7-N3 121.3(4)
N5-C12-N6 121.6(3) N2-C7-N3 119.1(4)
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for several days.[25] Crystals of 5
were grown from toluene/di-
chloromethane (6:1 v/v) mix-
tures. As in 3 (and also 2), the
significant elongation of the
btmgb C=N bond lengths in 5
upon coordination, as deter-
mined by X-ray diffraction
(Figure 4), is the most remark-
able structural detail (see
Table 5 for selected bond
lengths and angles). Quantum
chemical calculations are gener-
ally in pleasing agreement with


the experimental results (see the tables in the Supporting In-
formation); the largest deviations occur for the N�Pt bond
lengths. The N1�C7 and N4�C12 bond lengths in 5 were cal-
culated to be 134.0 and 133.9 pm. In principle 5 can be con-
verted back to 4 on stirring a solution of 5 in DMSO. How-
ever, this reaction is extremely slow and requires more than
a week at room temperature. [(en)PtCl2] has been shown
previously to undergo slow solvolysis in DMSO at room
temperature to give [(en)PtACHTUNGTRENNUNG(dmso)Cl]+ [Cl]� ;[26] this reaction
can be accelerated by UV photolysis.[27] The Gibbs energy
of activation for the thermal process was estimated to be
96 kJmol�1 at 25 8C.


Figure 5 displays UV/Vis spectra for free btmgb and 3–5,
and Table 6 includes the wavelengths and extinction coeffi-
cients for all the absorption maxima observed. The wave-
length of the absorption maximum of [(dmso)2PtCl2] was
taken from the literature.[28] The spectrum of the free btmgb
ligand contains an absorption maximum at l=292 nm. In
the spectra recorded for 3, 4, and 5, three absorption
maxima were observed. As expected, the spectra of 3 and 4
are similar. The absorption maxima shift to lower energies
in the neutral complex 5. Information about the electron
density distributions in the HOMO and LUMO of free


btmgb 5 and the [(btmgb)PtClACHTUNGTRENNUNG(dmso)]+ cation present in 3
and 4 was obtained by quantum chemical calculations. An il-
lustration of the isodensity surfaces (see the Supporting In-
formation) reveals that the HOMOs of free btmgb and the
[(btmgb)PtCl ACHTUNGTRENNUNG(dmso)]+ cation have some similarities, and
the Pt d orbital contribution is not very substantial. Only in
the LUMO of [(btmgb)PtCl ACHTUNGTRENNUNG(dmso)]+ is a large contribution
from a Pt d orbital visible. In the HOMO of 5, however, a
Pt d orbital plays a dominant role, whereas the LUMO
shows similarities to that of [(btmgb)PtCl ACHTUNGTRENNUNG(dmso)]+ . Addi-
tional coupled-cluster calculations using the CC2 method
were carried out for btmgb and 5. The structures were opti-
mized and, subsequently, excitation energies and intensities
were calculated. These CC2 calculations yielded results, but
they were problematic because the values for the D1 diag-
nostics[29] (0.14 for 5 and 0.08 for btmgb) clearly lie outside
the range (D1ACHTUNGTRENNUNG(CC2)=0.05) over which the method can be
expected to perform well. The spectra obtained are shown
in the Supporting Information. (To display the spectra, the
calculated transitions are folded by Gaussian functions with
a standard deviation of s=20 nm.) The calculated spectra
seem to reproduce the essentials of the observed spectra
well. The experimental spectrum of btmgb shows no absorp-
tion between l=600 and 350 nm, and has a band with a
maximum around 300 nm. Likewise, the calculated spectrum
shows no absorption in the longer-wavelength region, but an
intense absorption between l=300 and 200 nm. The experi-
mental spectrum of 5 is characterized by additional absorp-
tions at longer wavelengths, namely at l =470, 360, and


Figure 4. Crystal structure of 5.
Ellipsoids are drawn at the
50% probability level.


Table 5. Selected bond lengths [pm] and angles [8] of 5 as obtained by X-
ray diffraction studies (see Figure 4 for atom numbering).


N1�C7 136.0(8) N4�C12 135.2(8)
N1�C1 141.7(7) N4�C6 141.5(8)
C7�N2 131.2(8) C12�N5 131.6(8)
C7�N3 134.7(8) C12�N6 135.9(8)
N1�Pt 202.3(5) N4�Pt 203.3(5)
Pt�Cl1 232.0(2) Pt�Cl2 232.0(2)


N1-Pt-N4 80.6(2) Cl1-Pt-Cl2 88.96(6)
N1-Pt-Cl1 174.64(14) N1-Pt-Cl2 94.89(14)
N4-Pt-Cl1 95.23(15) N4-Pt-Cl2 173.15(15)
C6-N4-Pt 113.8(4) C1-N1-Pt 113.7(4)
C12-N4-Pt 125.0(4) C7-N1-Pt 125.5(4)
C6-N4-C12 119.2(5) C1-N1-C7 118.8(5)
N4-C12-N5 120.2(6) N1-C7-N2 120.4(6)
N4-C12-N6 120.2(6) N1-C7-N3 120.5(6)
N5-C12-N6 119.5(6) N2-C7-N3 119.1(6)


Figure 5. UV/Vis spectra of btmgb and compounds 3–5.


Table 6. Measured absorptions [nm], with extinction coefficients
[dm3mol�1 cm�1] in parentheses, for btmgb and complexes 3, 4, and 5.


ACHTUNGTRENNUNG[(dmso)2PtCl2] btmgb 3 4 5


265
ACHTUNGTRENNUNG(3.80S103)


292
ACHTUNGTRENNUNG(1.18S104)


292
ACHTUNGTRENNUNG(1.45S104)


292
ACHTUNGTRENNUNG(1.38S104)


313
ACHTUNGTRENNUNG(2.13S104)


341
ACHTUNGTRENNUNG(0.49S104)


341
ACHTUNGTRENNUNG(0.46S104)


361
ACHTUNGTRENNUNG(1.21S104)


431
ACHTUNGTRENNUNG(0.22S104)


432
ACHTUNGTRENNUNG(0.22S104)


469
ACHTUNGTRENNUNG(0.41S104)
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310 nm. Likewise the calculated spectrum features an ab-
sorption maximum at l=430 nm, and furthermore a should-
er at l=320 nm and a maximum at l=270 nm. Hence, the
basic difference between observed and calculated spectra
appears to be a shift by about 40 nm. The main contribution
to the transition calculated at about 430 nm stems from the
excitation of the 58a’ orbital (HOMO) to the 52a’’
(LUMO+1) orbital (see the Supporting Information for iso-
density plots). Both orbitals are delocalized over the Pt
center, the guanidino unit, and the benzene ring, but within
the 58a’ orbital the contribution from the guanidino unit is
localized at the nitrogen bound to the Pt center, whereas
within the 52a’’ orbital it is localized at the central carbon
atom of the guanidino unit. Hence, some charge transfer to
the central carbon atom of the guanidino group can be as-
signed to the transition at l=430 nm.


ACHTUNGTRENNUNG[(hpp) ACHTUNGTRENNUNG(hppH)PtCl2{N(H)C(O)CH3}] (6): In compounds 3–5
the guanidine acts as a neutral ligand. For guanidines such
as hppH, which feature a hydrogen atom bound to the N
atom, proton elimination occurs easily, leading to the hpp�


anion, which could act as a h1- or h2-coordinating ligand as
well as a bridging (m2) ligand. An example of a complex
with bridging guanidinate ligands and Pt in a high oxidation
state is [Pt2ACHTUNGTRENNUNG(hpp)4Cl2] with its characteristic paddlewheel
structure,[30] in which the Pt atoms are engaged in direct and
multiple metal�metal bonding (and thus formally containing
a Pt2


6+ dimer). From a simple consideration of orbital orien-
tation it has been claimed that hpp� prefers m coordination
over h2 coordination, a rule which indeed many compounds
obey.[28,31] Recently we have reported on the bisguanidine
complex [(hppH)2PtCl2], which can be synthesized in its cis
as well as in its trans form.[22] In new experiments cis-
[(hppH)2PtCl2], dissolved in CH3CN, was treated with a
30% H2O2 aqueous solution. Oxidation of PtII to PtIV was
followed by a color change from yellow to orange, giving an
oily product, which we were not able to crystallize or char-
acterize adequately. A small number of crystals were grown
from an acetone/hexane mixture. The single-crystal analysis
showed that these crystals consisted of [(h2-hpp)-
ACHTUNGTRENNUNG(hppH)PtCl2{N(H)C(O)CH3}] molecules, 6 (see Figure 6),
which are formed by the pathway shown in Scheme 3. H2O2


reacts first with cis-[(hppH)2PtCl2] to give [(h2-hpp)-
ACHTUNGTRENNUNG(hppH)PtCl2(OH)], which is likely to be the oily compound.
The acetamido species 6 is formed by conversion of solvent
(CH3CN) molecules in the ligand sphere. Such a process has
been reported in the literature for other Pt complexes.[32]


The most interesting structural feature of 6 (see Table 7) is
the bonding mode of the hpp� ligand. The N4···N5 separa-
tion (220.1(2) pm) is short, and the angle N4-C8-N5 is only
108.6(3)8. For comparison, the N1···N2 bond length and N1-
C1-N2 bond angle within the h1-coordinated hppH ligand
are 232.1(3) pm and 120.0(4)8. The Pt atom is coordinated
in a distorted octahedral fashion by three N, two Cl, and
one O atom. The N4-Pt-N5 angle (64.2(1)8) is much smaller
and the N4-Pt-Cl1 angle much larger (103.0(1)8) than the
908 angle of an octahedron.


To find out whether CH3COOH elimination from 6 is pos-
sible leading to the PtIV complex [(h2-hpp)2PtCl2], 7, further
quantum chemical calculations were carried out which indi-
cate that 7 is indeed a stable species (see Figure 7 for an il-
lustration of its likely structure and Table 8 for selected
bond lengths and angles). An energy change DRE of
+48 kJmol�1 is calculated to be associated with the (gas-
phase) reaction set out in Equation (2); at T=298 K
DRGA=�12 kJmol�1.


Figure 6. Crystal structure of 6. Ellipsoids are drawn at the 50% proba-
bility level.


Scheme 3. Synthesis of complex 6.


Table 7. Selected bond lengths [pm] and angles [8] of 6 as obtained by X-
ray diffraction studies(see Figure 6 for atom numbering).


Pt�Cl1 235.1(1) Pt�Cl2 232.9(1)
Pt�N7 203.6(4) Pt�N1 203.8(3)
Pt�N4 206.5(3) Pt�N5 207.0(3)
Pt···C8 247.6(1) Pt···HN2 281.9(3)
N2�C1 135.4(5) N1�C1 132.4(5)
N3�C1 134.3(5) N2�H 87(5)
N4�C8 134.7(5) N5�C8 135.9(5)
N6�C8 132.4(5)


Cl1-Pt-Cl2 89.6(4) N4-Pt-N5 64.2(1)
N1-Pt-Cl1 90.3(1) N1-Pt-Cl2 176.8(1)
N1-Pt-N4 88.0(1) N1-Pt-N5 92.3(1)
N4-Pt-Cl1 103.0(1) N4-Pt-Cl2 88.9(1)
N5-Pt-Cl1 166.8(1) N7-Pt-N2 92.5(2)
N7-Pt-N4 173.8(1) N7-Pt-N5 109.6(1)
N7-Pt-Cl1 83.2(1) N7-Pt-Cl2 90.7(1)
N1-C1-N2 119.9(4) N4-C8-N5 108.6(3)
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½ðh2-hppÞðhppHÞPtCl2ðOAcÞ� ! ½ðh2-hppÞ2PtCl2� þHOAc


ð2Þ


On the basis of these theoretical results it is plausible that
7 could be formed as well. Indeed, the NMR spectra of the
reaction mixture (see the Supporting Information) indicate
the presence of more than one reaction product.


Conclusion


Reaction of 1,2-bis(N,N,N’,N’-tetramethylguanidino)benzene
(btmgb) with H2O·B ACHTUNGTRENNUNG(C6F5)3 leads to protonation and forma-
tion of the salt [btmgbH]+


ACHTUNGTRENNUNG[HOB ACHTUNGTRENNUNG(C6F5)3]
� . In the [btmgbH]+


cation the proton is bound to only one N atom, in agree-
ment with quantum chemical calculations. In contrast to
proton sponges such as 1,8-bis(N,N,N’,N’-tetramethylguani-
dino)naphthalene (btmgn) there is no significant interaction
with the second imine N atom. The [btmgbH2]


2+ dication
also was characterized structurally. The experiments showed
that btmgb could be used as a chelating ligand. The new Pt
complexes [(btmgb)PtCl2], [(btmgb)PtCl ACHTUNGTRENNUNG(dmso)]ACHTUNGTRENNUNG[PtCl3-
ACHTUNGTRENNUNG(dmso)] and [(btmgb)PtCl ACHTUNGTRENNUNG(dmso)]Cl were prepared and
characterized. According to X-ray diffraction analysis re-
sults, upon coordination of PtII the imine N=C bond lengths
of btmgb increase dramatically: in [(btmgb)PtCl2] and
[(btmgb)PtCl ACHTUNGTRENNUNG(dmso)] ACHTUNGTRENNUNG[PtCl3ACHTUNGTRENNUNG(dmso)] they increase by about


6 pm. A new PtIV complex with a chelating guanidinate,
[(h2-hpp) ACHTUNGTRENNUNG(hppH)PtCl2{N(H)C(O)CH3}], in which the hpp�


ligand is h2-coordinated, was synthesized also.


Experimental Section


All synthetic work was carried out by using standard Schlenk techniques.
IR spectra were recorded by using a BIORAD Excalibur FTS3000 spec-
trometer. NMR spectra were measured by means of a Bruker Avance
II 400 spectrometer. A Perkin–Elmer Lambda 19 spectrometer was used
for recording UV/Vis spectra. The ligand btmgb was synthesized as de-
scribed in the literature.[9]


ACHTUNGTRENNUNG[btmgbH]+
ACHTUNGTRENNUNG[HOB ACHTUNGTRENNUNG(C6F5)3]


� (1): The ligand btmgb (0.079 g. 0.26 mmol)
and H2O·B ACHTUNGTRENNUNG(C6F5)3 (0.133 g, 0.25 mmol) were stirred in toluene at room
temperature for 1 h. After removal of the solvent the remaining white
solid was crystallized from CH3CN. White crystals of 1 (0.106 g,
0.13 mmol) were obtained. Yield 52%; 1H NMR (399.89 MHz, CD3CN):
d=6.95–6.92 (m, 2H), 6.71–6.68 (m, 2H), 2.78 ppm (s, 24H; CH3);
13C NMR (100.56 MHz, CD3CN): d=160.87, 137.51, 123.88, 122.07,
40.19 ppm (CH3);


11B NMR (128.30 MHz, CD3CN): d =�3.95 ppm;
19F NMR (376.23 MHz, CD3CN): d=�135.54, �161.70, �165.66 ppm; IR
(CsI): ñ=3690 (w), 2939 (w), 1644 (m), 1616 (m), 1583 (s), 1562 (vs),
1515 (vs), 1464 (vs), 1425 (m), 1386 (m), 1276 (w), 1161 (w), 1082 (s), 959
(s), 810 (w), 770 (w), 748 (w), 673 cm�1 (w); MS (ESI,CH3CN): m/z (%):
305 (100) [btmgbH]+ , 260 (8.5) [btmgbH�HN ACHTUNGTRENNUNG(CH3)2]


+ .


ACHTUNGTRENNUNG[btmgbH2]Cl2 (2): The ligand btmgb (0.65 g, 2.14 mmol) was dissolved in
HCl (5 mL, 1m). Subsequently the water was removed and the remaining
solid was crystallized from CH3CN. The crystals were dried under
vacuum to give 2 (0.584 g, 1.55 mmol) as a white solid. Yield 73%;
1H NMR (199.92 MHz, CD3CN): d=11.24 (s, 2H), 7.31–7.22 (m, 2H),
7.01–6.92 (m, 2H), 2.97 ppm (s, 24H; CH3);


13C NMR (50.28 MHz,
CD3CN): d=159.64, 131.16, 127.51, 123.96, 41.27 ppm (CH3); IR (CsI):
ñ=3433 (s), 3344 (s), 2951 (m), 1639 (vs), 1602 (s), 1549 (vs), 1489 (m),
1478 (s), 1449 (m), 1406 (s), 1307 (s), 1231 (s), 1167 (m), 1068 (w), 1036
(m), 913 (w), 866 (w), 782 (m), 756 (m), 504 cm�1 (m); MS (EI): m/z
(%): 305 (39) [btmgbH]+ , 260 (44) [btmgbH�HN ACHTUNGTRENNUNG(CH3)2]


+, 233 (37)
[btmgbH�HN ACHTUNGTRENNUNG(CH3)2�HCN]+ , 188 (91) [btmgbH�2HN ACHTUNGTRENNUNG(CH3)2�HCN]+


108 (74) [C6H8N2]
+ .


ACHTUNGTRENNUNG[(btmgb)PtCl ACHTUNGTRENNUNG(dmso)]+
ACHTUNGTRENNUNG[PtCl3 ACHTUNGTRENNUNG(dmso)]� (3): A solution of cis-


[(dmso)2PtCl2] (0.236 g, 0.559 mmol) in CH3CN (15 mL) containing and
btmgb (0.176 g, 0.578 mmol) was stirred for 1 h at room temperature. The
solvent was removed under vacuum and the remaining oil was dissolved
again in acetone (�7 mL). From this solution 3 (0.146 g, 0.147 mmol)
was precipitated as orange crystals. Yield 53%; 1H NMR (399.89 MHz,
CD3CN): d=6.72–6.68 (m, 2H), 6.37–6.31 (m, 2H), 3.36 (s, 6H; dmso),
3.26 (s, 6H; dmso), 3.10 (s, 6H; CH3), 3.08 (s, 6H; CH3), 3.02 (s, 6H;
CH3), 2.99 ppm (s, 6H; CH3);


13C NMR (100.56 MHz, CD3CN): d=


166.88, 165.38, 143.82, 143.74, 121.79, 121.77, 115.73, 114.64, 45.53
(dmso), 43.92 (dmso), 41.68 (CH3), 41.52 (CH3), 40.97ACHTUNGTRENNUNG(CH3), 40.28 ppm
(CH3);


195Pt NMR (85.96 MHz, CD3CN): d =�2962.34, �2979.24 ppm;
IR (CsI): ñ=3003 (w), 2918 (w), 1606 (s), 1592 (vs), 1580 (s), 1515 (vs),
1488 (vs), 1443 (m), 1400 (vs), 1316 (s), 1277 (s), 1225 (m), 1163 (m),
1136 (s), 1030 (s), 921 (w), 876 (w), 845 (w), 735 (m), 694 (w), 443 cm�1


(w); UV/Vis (CHCl3, c=4.8S10�5 molL�1): lmax(e)=431 (2240), 341
(4926), 292 nm (14479 dm3mol�1 cm�1); MS (FAB): m/z (%): 613 (100)
[(btmgb)Pt ACHTUNGTRENNUNG(dmso)Cl]+ , 570 (9) [(btmgb)Pt(Cl)2]


+ , 534 (26)
[(btmgb)PtCl]+ , 499 (69) [(btmgb)Pt]2+ , 454 (15)
[(btmgb)Pt�N ACHTUNGTRENNUNG(CH3)2]


2+ , 409 (17) [(btmgb)Pt�2N ACHTUNGTRENNUNG(CH3)2]
2+ .


ACHTUNGTRENNUNG[(btmgb)PtCl ACHTUNGTRENNUNG(dmso)]+Cl� (4): cis-[(dmso)2PtCl2] (0.253 g, 0.599 mmol)
was dissolved in DMSO (15 mL), btmgb (0.192 g, 0.631 mmol) was
added, and the reaction mixture was stirred for 1 h at room temperature.
Half of the DMSO was removed and acetone (5 mL) was added. A
yellow solid (4) (0.295 g, 0.454 mmol) was precipitated. Yield 76%;
1H NMR (399.89 MHz, CD3CN): d=6.72–6.67 (m, 2H), 6.36–6.31 (m,
2H), 3.36 (s, 6H; dmso), 3.09 (s, 6H; CH3), 3.08 (s, 6H; CH3), 3.02 (s,
6H; CH3), 2.99 ppm (s, 6H; CH3);


13C NMR (100.56 MHz, CD3CN): d=


Figure 7. Calculated structure of 7.


Table 8. Selected calculated bond lengths [pm] and angles [8] of 7 (see
Figure 7 for atom numbering).


Pt�Cl1 237.7 Pt�Cl2 237.9
Pt�N1 208.8 Pt�N2 208.1
Pt�N4 208.3 Pt�N5 208.3
N1�C1 133.5 N2�C1 134.0
N4�C8 133.9 N5�C8 133.7
N3�C1 135.4 N6�C8 134.9


N1-Pt-N2 63.4 N4-Pt-N5 63.5
Cl1-Pt-Cl2 93.2 N1-Pt-N4 162.9
N1-Pt-N5 104.1 N1-Pt-Cl1 88.0
N1-Pt-Cl2 103.6 Cl2-Pt-N2 166.8
Cl1-Pt-N5 167.0 N4-Pt-Cl1 103.7
N4-Pt-Cl2 88.4 N4-Pt-N2 103.9
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166.90, 165.40, 143.82, 143.75, 121,78, 121.77, 115.74, 114.64, 45.50
(dmso), 41.66 (CH3), 41.51 (CH3), 40.95 ACHTUNGTRENNUNG(CH3), 40.27 ppm (CH3);
195Pt NMR (85.96 MHz, CD3CN): d=�2979.49; IR (CsI): ñ=3013 (w),
2928 (w), 1599 (vs), 1578 (s), 1520 (vs), 1485 (s), 1470 (s), 1416 (s), 1395
(vs), 1323 (s), 1275 (m), 1225 (m), 1167 (m), 1141 (s), 1035 (m), 1009 (w),
920 (w), 871 (w), 841 (w), 752 (m), 441 cm�1 (w); UV/Vis (CHCl3, c=


5,9S10�5 molL�1): lmax (e)=432 (2159), 341 (4564), 292 nm
(13828 dm3mol�1 cm�1); MS (ESI,CH2Cl2): m/z (%): 612 (100) [M�l] ;
MS (FAB): m/z (%): 613 (90) [(btmgb)Pt ACHTUNGTRENNUNG(dmso)Cl]+ , 534 (26)
[(btmgb)PtCl]+ , 499 (78) [(btmgb)Pt]2+ , 454 (9) [(btmgb)Pt�N ACHTUNGTRENNUNG(CH3)2]


2+ ,
409 (12) [(btmgb)Pt�2N ACHTUNGTRENNUNG(CH3)2]


2+ .


ACHTUNGTRENNUNG[(btmgb)PtCl2] (5): Compound 4 (0.188 g, 0.290 mmol) was heated for
4 h under vacuum to 150 8C. A red compound was formed. Upon recrys-
tallization from toluene/dichloromethane (6:1, v/v) red crystals of 5
(0.155 g, 0.272 mmol) were obtained. Yield 94%; 1H NMR (399.89 MHz,
CD3CN): d=6.61–6.57 (m, 2H), 6.24–6.20 (m, 2H), 3.01 (s, 12H; CH3),
2.96 ppm (s, 12H; CH3);


13C NMR (100.56 MHz, CD3CN): d=167.76,
146.13, 121.06, 116.23, 41.23 (CH3), 39.80 ppm (CH3);


195Pt NMR
(85.96 MHz, CD3CN): d=�1848.60 ppm; IR (CsI): ñ=2936 (w), 1594 (s),
1576 (vs), 1514 (vs), 1489 (s), 1400 (vs), 1323 (m), 1281 (m), 1217 (m),
1167 (m), 1036 (m), 920 (w), 871 (w), 839 (w), 756 (m), 697 cm�1 (w);
UV/Vis (CHCl3, c=6,7S10�5 molL�1): lmax (e)=469 (4087), 361 (12141),
313 nm (21268 dm3mol�1 cm�1); MS (FAB): m/z (%): 571 (60)
[(btmgb)PtCl2]


+ , 534 (19) [(btmgb)PtCl]+ , 498 (24) [(btmgb)Pt]2+ , 454
(9) [(btmgb)Pt�N ACHTUNGTRENNUNG(CH3)2]


2+ , 409 (12) [(btmgb)Pt�2N ACHTUNGTRENNUNG(CH3)2]
2+ .


ACHTUNGTRENNUNG[(hpp) ACHTUNGTRENNUNG(hppH)PtCl2{N(H)C(O)CH3}] (6): cis-[(hppH)2PtCl2] (144 mg),
prepared from reaction of [hppH2]2 ACHTUNGTRENNUNG[PtCl4] with Li ACHTUNGTRENNUNG(hpp) and also contain-
ing some hppH2Cl and [(hppH)3PtCl]Cl (which are very difficult to elimi-
nate), was dissolved in CH3CN (10 mL). Slow addition of H2O2 solution
(0.6 mL in total, 30%) resulted in the solution changing color from
yellow to orange. It was stirred for 20 h at room temperature, then the
solvent was removed under vacuum. The orange residue was washed sev-
eral times with diethyl ether, dissolved in acetone, and filtered from
silica. After removal of the solvent an orange oil remained. Crystals were
obtained from a solution of acetone layered with hexane at 0 8C. The
1H NMR spectra showed the presence of molecules of more than one
product (see Discussion and the Supporting Information) so that unam-
biguous identification of the signals due to 6 proved impossible.


X-ray crystallography : Suitable crystals were taken directly out of the
mother liquor, immersed in perfluorinated polyether oil, and fixed on top
of a glass capillary. Measurements were made on a Nonius-Kappa CCD
diffractometer with a low-temperature unit using graphite-monochromat-
ed MoKa radiation. The temperature was set to 200 K. The data collected
were processed using the standard Nonius software.[33] All calculations
were performed using the SHELXT-PLUS software package. Structures
were solved by direct methods with the SHELXS-97 program and refined
with the SHELXL-97 program.[34,35] Graphical handling of the structural
data during solution and refinement was performed with XPMA.[36]


Atomic coordinates and anisotropic thermal parameters of non-hydrogen
atoms were refined by full-matrix least-squares calculations.


CCDC-676968 (1), 676969 (2), 676966 (3), 676967 (5), 676970 (6) and
677131 (free btmgb ligand) contain the supplementary crystallographic
data (excluding structure factors) for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Quantum chemical calculations : The quantum chemical calculations
within the framework of density functional theory were performed with
the TURBOMOLE program package.[37] In all calculations the B3LYP
functional[38] was employed and the def2-TZVP basis set[39] was used for
all atoms. This required the use of an effective core potential on Pt[40]


representing 60 core electrons. The structures were optimized.


In addition, coupled cluster calculations using the CC2 method[41] were
performed for btmgb and complex 5. The structures were optimized and
subsequently excitation energies and intensities were calculated. The cal-
culations used the def2-SVP basis set[39] on Pt and the def2-SV(P) basis
set[39] on all other atoms. Within the calculations, the resolution-of-the-
identity approximation was employed to calculate the two-electron inte-
grals. Therefore, the appropriate def2-SV(P) and def2-SVP auxiliary


basis sets[42] were used. The calculations were performed with the TUR-
BOMOLE program system.[37] The underlying HF calculations used the
DSCF module;[43] the CC2 calculations used the RI-CC2 module.[44]
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Experimental Measurement of Carbohydrate–Aromatic Stacking in Water by
Using a Dangling-Ended DNA Model System


Juan C. Morales,*[a] Jos1 J. Reina,[a] Irene D3az,[a] Anna AviÇ7,[b] Pedro M. Nieto,[a] and
Ram7n Eritja[b]


Introduction


Protein–carbohydrate interactions play a fundamental role
within the living organisms in processes such as apoptosis,
infection, inflammation, or fertilization.[1] Among the most
cited noncovalent forces that participate in carbohydrate–
protein recognition are hydrogen-bonding and ionic interac-
tions. The role of water has also been mentioned to be a de-
terminant driving force in this process.[2] In addition, a wide-
spread, but poorly understood, structural motif found be-
tween carbohydrates and proteins is the stacking of apolar
patches of oligosaccharides with aromatic residues,[3] in


which different noncovalent forces have been suggested to
play a role, namely, CH–p interactions, Van der Waals
forces, and hydrophobic effects.[4]


Studies into carbohydrate–aromatic stacking interactions
have been approached by using molecular biology tools,[5]


NMR spectroscopy,[3b,6] IR spectroscopy,[7] computational
methods,[4a–c,8] and model systems.[9] Artificial receptors that
incorporate aromatics in their structure and take advantage
of stacking interactions for carbohydrate recognition in
apolar solvents have been reported.[10] Recently, a receptor
containing meta-terphenyl units has been shown to bind cel-
lobiose derivatives selectively in water.[11]


Nevertheless, few experimental binding data on sugar–
arene stacking interactions have been reported and the
quantification of these interactions has been attempted only
in two specific examples. The interaction of a glucose–tyro-
sine pair as a transition-state stabilization was measured to
be 0.7 kcalmol�1 in the �IV subsite of a 1,3–1,4-b-d-glucan-
4-glucanohydrolase system, in which cooperativity could be
playing a role.[12] Recently, a nonbiologically relevant tetraa-
cetylglucose–tryptophan interaction was found to stabilize a
hairpin-peptide model system by 0.8 kcalmol�1.[13]


Herein, we describe the first model system in which car-
bohydrate–aromatic stacking interactions are measured and
systematically studied. To do so, we quantified the contribu-
tion of two sugar–arene pairs to the stability of a dangling-
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ended DNA system. The energetic contributions of mono-
saccharide–benzene pairs in our DNA model system range
from �0.15 to �0.40 kcalmol�1. The observed differences
are due to the influence of the number of hydroxy groups,
the stereochemistry, and the presence of a methyl group in
the pyranose ring. An upfield chemical shift of the NMR
signals of all sugar protons in the oligonucleotide–carbohy-
drate conjugates confirmed the proximity of the carbohy-
drate to the face of the arene ring.


Results and Discussion


Design of the DNA model system : Our design of a dan-
gling-ended DNA model is inspired by studies of aromatic
stacking in DNA in which natural[14] or non-natural nucleo-


sides[15] were placed at the end of a duplex in a “dangling”
position. The resulting stabilization of the duplex was mea-
sured and compared with the duplex lacking the added nu-
cleotides. Our model system consists of a “dangling” ben-
zene nucleoside with a covalently bound monosaccharide
placed at the 5’-ends of a DNA duplex (Scheme 1A). The
sugar is linked through an ethylene glycol spacer to a phos-
phate group located on the primary hydroxy group of the
benzene nucleoside. This allows the pyranose ring to be on
top of the benzene ring because it will be apart from the
phosphate by the same distance as that found in a nucleo-
side between the base and its corresponding phosphate
group (Scheme 1B). At the same time, this spacer allows
enough freedom for the sugar to be either immersed in bulk
water or in contact with the benzene ring. The DNA double
helix acts as an energetic probe that allows the carbohy-


Scheme 1. A) Dangling-ended DNA model system designed to measure carbohydrate–aromatic interactions. B) Enlarged view of the structure of the
dangling-end area of the carbohydrate–oligonucleotide conjugate. C) Carbohydrate–oligonucleotide conjugates included in the study. Oligonucleotide
conjugate 1 is BCGCGCG, in which B is the benzene nucleoside. In conjugates 2–7, DNA seq represents OPO2


��BCGCGCG.
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drate–aromatic interaction to be quantified when the carbo-
hydrate–oligonucleotide conjugate is compared with the
control lacking the carbohydrate moiety. In addition, the
conjugate will allow the incorporation of different non-natu-
ral aromatic nucleosides and monosaccharides to quantify
the interaction.


Synthesis of the carbohydrate–oligonucleotide conjugates :
Preparation of the carbohydrate–oligonucleotide conjugates
(COCs, 1–7; Scheme 1C) was carried out by standard solid-
phase oligonucleotide automatic synthesis by using the
DMT-phosphoramidite benzene nucleoside[16] and the corre-
sponding carbohydrate phosphoramidite (DMT: 4,4’di-
ACHTUNGTRENNUNGmethoxytriphenylmethyl). b-d-Glucose, b-d-2-deoxyglucose,
a-d-2-deoxyglucose, b-d-galactose, and b-l-fucose were the
monosaccharides selected to study how the interaction with
a benzene ring is affected by different factors, such as the
number of hydroxy groups, the anomeric configuration, the
stereochemistry of the pyranose ring, and the presence of a
methyl group.
The synthesis of the carbohydrate phosphoramidites was


carried out in two steps. First, in the case of glucose, galac-
tose, and fucose, attachment of the ethylene glycol spacer to
the carbohydrate was carried out by classical glycosidation
chemistry with the peracetylated bromo monosaccharides to
obtain only the corresponding b isomers (Scheme 2). 2-Hy-
droxyethyl-2,3,4,6-tetra-O-acetyl-b-d-glucopyranoside (14)
and 2-hydroxyethyl-2,3,4,6-tetra-O-acetyl-b-d-galactopyra-
noside (17) were prepared as described previously,[17] and 2-
hydroxyethyl-2,3,4-tri-O-acetyl-b-l-fucopyranoside (20) was
synthesized following the same methodology. The 2-deoxy-
glucose derivatives were prepared by electrophilic addition
to the corresponding acetyl-protected glucal and subsequent
separation of the a and b isomers by column chromatogra-
phy.[18] The corresponding carbohydrate phosphoramidites


were then prepared by standard phosphoramidite chemistry
(Scheme 2).[19]


Finally, the monosaccharide controls (8–12, Scheme 1C),
used for structural comparison with the carbohydrate–oligo-
nucleotide conjugates, were prepared in high yield by depro-
tection of the corresponding acetylated derivatives (14, 17,
20, 23, and 24) by classical methanolysis.


Thermodynamic parameters of the carbohydrate–DNA
model systems : The measured thermodynamic parameters
for the carbohydrate–oligonucleotide conjugates under
physiological conditions (140 mm NaCl, 20 mm KCl, 10 mm


phosphate buffer, pH 7) are illustrated in Table 1. The ther-


modynamic parameters were calculated from the average
values obtained from melting curve fitting and linear plots
of 1/Tm versus ln[conjugate].


[20] Calculation of the contribu-
tion of the carbohydrate–aromatic interaction to DNA stabi-
lization was carried out by comparison of the corresponding
carbohydrate–DNA conjugate with the control that lacks
the pyranose ring but still maintains the ethylene glycol
spacer (second row in Table 1). In fact, the presence of the
linker destabilizes the DNA conjugate, most probably due
to the entropy cost because of its high mobility, and this
factor must be taken into account.
The thermodynamic data show that all of the conjugates


that contain a carbohydrate–aromatic moiety show higher
stability than the control conjugate 2, most probably due to
the affinity of the monosaccharides to stack with the ben-
zene ring. It is important to note that the interaction is en-
thalpy driven, which seems to indicate the minor signifi-
cance of classical hydrophobic effects in the interaction. Ac-
tually, the glucose–benzene interaction showed a stabiliza-
tion of �0.25 kcalmol�1 in our dangling-ended DNA system.
Next, we investigated the effect of the number of hydroxy


groups in the pyranose ring on the interaction. b-Glucose
stacks more strongly on the benzene ring than b-2-deoxyglu-
cose, a more hydrophobic sugar that lacks the hydroxy


Scheme 2. Synthetic routes used to prepare the carbohydrate phosphor-
amidite derivatives. a) Ethylene glycol, Ag2CO3, CH2Cl2, RT, 18 h,
28–62%; b) 2-cyanoethyl-N,N’-diisopropylamino-chlorophosphoramidite,
N,N-diisopropylethylamine (DIEA), CH2Cl2, RT, 1.5 h, 74–92%; c) ethyl-
ene glycol, PPh3·HBr, CH2Cl2, RT, 7 h, 5% of 23 and 20% of 24.


Table 1. Carbohydrate–aromatic stacking, as measured in a DNA-duplex
context.


Dangling
moiety [a]


Tm


[8C][b]
�DH8
[Kcal][c]


�DS8
[eu][c]


�DG837
[Kcal][c]


DDG8
stacking[d]


– 51.1 58.2 156 9.7 –
HO�C2 50.0 56.1 150 9.4 –
b-d-Glc�C2 51.6 63.1 171 9.9 �0.25
b-d-Gal�C2 50.4 59.1 159 9.7 �0.15
b-l-Fuc�C2 51.8 67.4 185 10.1 �0.40
b-d-2-deoxy-
Glc�C2


50.7 61.0 166 9.7 �0.15


a-d-2-deoxy-
Glc�C2


51.0 60.9 165 9.8 �0.20


[a] Core sequence is BCGCGCG, in which B is the benzene nucleoside.
C2 indicates CH2�CH2�OPO2


�. [b] Melting temperature, Tm, was mea-
sured at 10 mm COC concentration. [c] Estimated errors are �8% in
DH8, �8% in DS8, and �11% in DG�37. [d] DDG8 stacking per carbohy-
drate–benzene pair= (DG8 conjugate with carbohydrate�(DG8 conjugate
with spacer)/2)).
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group at the 2-position. This result seems to support the fact
that dispersion forces and nonconventional hydrogen bonds
are the main noncovalent forces involved in this interaction,
because the proton at the 2-position may be less polarized
in b-2-deoxyglucose and, therefore, the interaction may lose
one of the nonconventional hydrogen bonds.[4a] When 2-de-
oxyglucose is attached in the a-anomeric configuration, the
stacking is similar to that found for b-2-deoxyglucose. This
result could indicate a similar stacking geometry with the ar-
omatic moiety due to the high flexibility of the spacer, but
the different chemical shifts of the NMR signals of the sugar
protons seem to point to different approaches to the ben-
zene ring (see the structural features section below).
The effect of the stereochemistry of the carbohydrate on


the interaction was examined by comparison of b-glucose
and b-galactose in their interactions with benzene. Surpris-
ingly, the results show that stacking is stronger for glucose
than for galactose, although a more extended apolar area in
galactose could lead to the opposite result being predicted,
especially if dispersion forces are involved in the interaction.
A possible reason for this result could be that the ethylene
glycol spacer is not long enough to allow the galactose
moiety to adopt a more apical geometry and interact with
the arene ring through the apolar patch formed by its H3–5
protons. Actually, the chemical-induced shifts of the NMR
signals for the protons, obtained by comparing the sugar
unit in conjugate 4 with the b-galactose control 9, indicate a
higher population of parallel-stacking geometry between the
carbohydrate and the aromatic ring (see the structural fea-
tures section below). In addition, it should be pointed out
that the monosaccharides can approach the benzene unit
through both faces of the pyranose ring due to the high flex-
ibility of the linker. A stacking interaction with a parallel
geometry between the b face of galactose and the aromatic
ring is not possible due to the axial configuration of the hy-
droxy group in the 4-position and, consequently, the poten-
tial contribution to the stability due to contacts through that
face is lost in galactose but not in glucose (Figure 1).
It is important to note that the energetic data obtained


refer to differences in stability between carbohydrate–DNA
conjugates but these energetic values are an average of the
different conformations available for each carbohydrate–
DNA conjugate. Furthermore, the possibility of formation


of a hydrogen bond between the 4-OH group of glucose and
the arene moiety cannot be ruled out; this interaction is not
possible in galactose without disrupting the parallel stacking
with benzene, due to its intrinsic geometry. Similar reason-
ing should also be considered when comparing b-glucose
and b-2-deoxyglucose. Actually, an H-bond between a glu-
cose 4-OH group and toluene has been observed in the gas
phase by IR spectroscopy,[7] and similar H-bonds have been
observed in the X-ray crystal structures of proteins, such as
between the hydroxy group of Thr13 and the center of the
arene ring of Tyr6 in a class m glutathione transferase.[21]


Finally, we studied the relevance of a methyl group in the
structure of the pyranose ring. The contribution to DNA
stabilization of the fucose–benzene interaction is �0.40 kcal
mol�1, which makes this pair the most stable of the series.
This carbohydrate–aromatic interaction is in the same range
as other more studied interactions with aromatic residues of
proteins, such as Phe–Phe, Phe–Met, or Phe–His.[22] The
presence of the methyl group considerably increases the
apolar surface of the carbohydrate and, therefore, dispersion
forces involved in the interaction may be favored.


Structural features of the carbohydrate–aromatic stacking :
1D and 2D NMR experiments were carried out to study the
geometry of the dangling moiety of the carbohydrate–oligo-
nucleotide conjugates. We compared the chemical shifts of
the resonances of the sugar protons in the carbohydrate–oli-
gonucleotide conjugates (3–7) with those of the correspond-
ing monosaccharide controls (8–12) that possess the linker
moiety but not the benzene nucleoside or the DNA strand.
The comparison of the chemical shifts of the DNA resonan-
ces along the series of carbohydrate–oligonucleotide conju-
gates indicates no structural changes in the nucleic acid frag-
ment. We observed that all of the proton resonances of the
pyranose ring in the carbohydrate–oligonucleotide conju-
gates exhibited upfield shifting relative to those of the corre-
sponding carbohydrate controls (Table 2). Comparison of
the 1H NMR spectrum of carbohydrate conjugate 5, which
contains the b-l-fucose unit, with that of the b-l-fucose con-
trol 10 clearly shows the upfield shift observed for all of the
protons in the carbohydrate moiety (Figure 2). These data
seem to confirm that all of the monosaccharides in the study


Figure 1. Model of the dangling-end area of carbohydrate–DNA conju-
gate 4, which contains a b-galactose unit. A) Possible stacking geometry
of b-galactose on top of the benzene ring through the a face of the sugar.
B) Possible stacking geometry of b-galactose on top of the benzene ring
through the b face of the sugar, with the steric clash between the 4-OH
group and the arene shown.


Table 2. 1H NMR chemically induced shift differences between the sugar
residues of carbohydrate–oligonucleotide conjugates 3–7 and the corre-
sponding monosaccharide controls 8–12 in D2O.


[a]


b-d-Glc b-d-Gal b-l-Fuc b-d-2-deoxy-Glc a-d-2-deoxy-Glc


H1 �0.112 �0.102 �0.144 �0.190 �0.094
H2 �0.056 �0.059 �0.084 �0.163 �0.100
H2b – – – �0.127 �0.087
H3 �0.074 �0.087 �0.082 �0.149 �0.071
H4 �0.048 �0.051 �0.093 �0.086 �0.074
H5 �0.120 �0.116 �0.178 –[b] �0.067
H6 �0.069 �0.058 � –[b] –[b]


H6b �0.086 �0.050 – �0.118 �0.092
CH3 – – �0.122 – –


[a] Chemical-shift differences are given in ppm. [b] Unassigned proton
due to overlapping resonances.
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prefer to stay close to the arene ring rather than just being
immersed in the bulk water molecules. The proximity of the
monosaccharides to the face of the arene ring could explain
the extra stability found in the carbohydrate–oligonucleotide
conjugates due to the presence of a potential carbohydrate–
aromatic stacking interaction.
Moreover, the monosaccharides can approach the ben-


zene unit through both faces of the pyranose ring, probably
due to the high flexibility of the linker. It is important to
note that the chemical-induced shifts show a similar trend in
the four sugars linked to the DNA conjugate through a b-
anomeric configuration. Upfield shift is more significant on
the a face of the pyranose moiety, where protons H1, H3,
and H5 are pointing down, as can be observed, for example,
in b-glucose (Figure 3). This seems to indicate a more favor-
able interaction of the b-linked monosaccharides with the
benzene ring through their a face. Actually, a similar geo-
metric tendency has been found by Waters and co-workers
between b-glucose and tryptophan in a b-hairpin-peptide
model.[13]


In contrast to the results for sugars linked through a b-
anomeric configuration to the DNA conjugate, the chemi-
cal-induced shifts for a-2-deoxyglucose show similar magni-
tude on both sides of the pyranose moiety. This could sug-
gest that this sugar approaches the arene ring in a different
way to the b-2-deoxyglucose and, therefore, different confor-
mations are present during stacking with the aromatic
moiety.
Finally, the b-2-deoxyglucose unit shows the largest reso-


nance shifts of the series, even larger than those for b-l-
fucose. This result is surprising since the stability measured
in our DNA model for the carbohydrate–aromatic stacking


is higher for b-l-fucose than for b-2-deoxyglucose during
the interaction with benzene. This points to the fact that
closer contact of b-2-deoxyglucose with the benzene ring
may be possible due to the lack of a hydroxy group at the 2-
position but this does not translate into a more favorable
ACHTUNGTRENNUNGinteraction.


Conclusion


Our results indicate that a dangling-ended DNA model
system is a useful tool to measure carbohydrate–aromatic
stacking interactions. Clear differences have been observed
in the energetics of the interaction depending on the
number of hydroxy groups, the stereochemistry, and the
presence of a methyl group in the pyranose ring. The nonco-
valent forces involved seem to be dispersion forces and non-
conventional hydrogen bonds between the protons of the
pyranose ring and the benzene ring, whereas classical hydro-
phobic effects do not seem to drive the interaction. Investi-
gations into the influence of other aromatic rings in the in-
teraction and NMR spectroscopy and molecular modeling
studies are in progress to obtain a better understanding of
carbohydrate–aromatic stacking interactions by using our
dangling-ended DNA model system.


Experimental Section


General remarks : All chemicals were obtained from Aldrich Chemicals
and used without further purification, unless otherwise noted. All reac-
tions were monitored by TLC on precoated silica gel 60 F254 plates


Figure 2. 1H NMR spectra of carbohydrate–oligonucleotide conjugate 5
(bottom) and the corresponding monosaccharide control 10 (top) in D2O
showing the chemical-shift differences for the protons of the b-l-fucose
residue.


Figure 3. A) Upfield shifting of carbohydrate protons due to the proximi-
ty to the face of the aromatic ring. Differences are calculated between
the conjugate containing b-d-glucose on the sequence BCGCGCG, 3,
and 2-hydroxyethyl-b-d-glucopyranoside (8). B) Model of possible stack-
ing geometry of b-glucose on top of the benzene ring through the a face
of the sugar. C) Model of possible stacking geometry of b-glucose on top
of the benzene ring through the b face of the sugar.
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(Merck), with detection by heating with Mostain (10% H2SO4 (500 mL),
(NH4)6Mo7O24·4H2O (25 g), Ce ACHTUNGTRENNUNG(SO4)2·4H2O (1 g)). Products were puri-
fied by flash chromatography with Merck silica gel 60 (200–400 mesh).
High-resolution FAB (+) mass spectral analyses were obtained on a
ACHTUNGTRENNUNGMicromass AutoSpec-Q spectrometer.


NMR spectra were recorded on Bruker AVANCE 300, ARX 400, or Ad-
vance DRX 500 MHz spectrometers (300 or 400 MHz (1H), 75 or 100
(13C); 500 MHz for the carbohydrate controls and for the carbohydrate–
DNA conjugate samples) at room temperature for solutions in CDCl3,
D2O, or CD3OD. Chemical shifts were referenced to the solvent signal.
2D experiments (COSY, TOCSY, ROESY, and HMQC) were done when
necessary to assign resonances of the oligosaccharides or the carbohy-
drate–DNA conjugates. The carbohydrate–DNA samples for NMR spec-
troscopy were purified by HPLC and then ion-exchanged with Dowex
50W resin. Finally, samples were lyophilized to dryness three times from
D2O to deuterate all exchangeable protons and dissolved in 99.999%
D2O just prior to recording of the NMR spectra. Sample concentration
ranged from 0.7 to 2.8 mm depending on the conjugate. Chemical shifts
(d) are given in ppm with respect to the acetone signal, which was used
as an external reference (volume of 1 mL). In all experiments, the 1H car-
rier frequency was kept at the water resonance. Data were processed by
using the manufacturer software, raw data were multiplied by a shifted
exponential window function prior to Fourier transformation, and the
baseline was corrected by using polynomial fitting.


Melting curves for the DNA conjugates were measured in a Perkin–
Elmer Lambda 12 UV/Vis spectrophotometer at 280 nm while the tem-
perature was raised from 20 to 80 8C at a rate of 1.0 8Cmin�1. Curve fits
were excellent, with c2 values of 10�6 or better, and the VanSt Hoff linear
fits were quite good (r2=0.98) for all oligonucleotides. Differences of less
than 10% were observed between thermodynamic parameters as deter-
mined by 1/Tm versus ln[conjugate] plots and curve fittings. DH, DS, and
DG errors were calculated as described previously.[20]


Preparation of carbohydrate alcohols and phosphoramidites


2-Hydroxyethyl-2,3,4-tri-O-acetyl-b-l-fucopyranoside (20): Na2SO4 (7
spatula tips) and ethylene glycol (2.0 mL, 35.86 mmoL, 18 equiv) were
added to a solution of tri-O-acetylfucopyranosyl bromide (0.68 g,
1.93 mmol) in anhydrous CH2Cl2 (40 mL). After the mixture had been
stirred at room temperature for 15 min under an argon atmosphere,
Ag2CO3 (9.00 g, 16.31 mmol, 8.5 equiv) was added to the reaction mix-
ture and stirring was continued for 18 h (TLC: hexane (Hex)/EtOAc
2:3). The mixture was filtered, diluted with CH2Cl2 (40 mL), washed with
water (3T100 mL), and dried over anhydrous MgSO4; the solvent was
then evaporated under reduced pressure. The product was purified by
silica gel column chromatography by using Hex/EtOAc (2:3) as the
eluent to give compound 20 (0.4 g, 62%) as a syrup. 1H NMR (300 MHz,
CDCl3): d =5.19 (dd, 3J ACHTUNGTRENNUNG(H,H)=0.5, 3.0 Hz, 1H; H4), 5.14 (dd, 3J ACHTUNGTRENNUNG(H,H)=


7.8, 10.5 Hz, 1H; H2), 4.98 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.3, 10.5 Hz, 1H; H3), 4.44 (d,
3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H; H1), 3.84–3.66 (m, 5H; H5, 2TH7, 2TH8), 2.64
(br s, 1H; OH), 2.14, 2.04, 1.94 (3s, 9H; 3TOCOCH3), 1.19 ppm (d, 3J-
ACHTUNGTRENNUNG(H,H)=6.3 Hz, 3H; CH3);


13C NMR (75 MHz, CDCl3): d =170.4, 169.9,
169.6, 101.2, 71.9, 70.9, 69.9, 68.9, 68.7, 61.4, 20.5, 20.4, 20.3, 15.7 ppm;
FAB HRMS: m/z : calcd for C14H22O9: 334.1264 [M]


+ ; found: 357.1167
[M+Na]+ .


2-Hydroxyethyl-3,4,6-tri-O-acetyl-2-deoxy-a,b-d-glucopyranoside (23,
24): A solution of PPh3·HBr (0.71 g, 2.07 mmoL) and ethylene glycol in
dry CH2Cl2 (25 mL) was added to a solution of tri-O-acetyl-glucal (7.5 g,
27.5 mmoL) in dry CH2Cl2 (8 mL). The reaction mixture was stirred at
40 8C. After 24 h, more PPh3·HBr (2.13 g, 6.21 mmoL) was added to the
reaction mixture, and stirring was continued for 7 h. The reaction was
then stopped by addition of CH2Cl2 (120 mL) and water (150 mL). The
organic phase was washed with saturated NaHCO3 (3T150 mL), dried
over anhydrous Na2SO4, and filtered; the solvent was then evaporated to
dryness. The final product was purified by silica gel column chromatogra-
phy by using a solvent gradient (Hex/EtOAc 5:4, 1:1, 4:5, 2:3) to obtain
b isomer 23 (460 mg, 5%), a isomer 24 (1.84 g, 20%), and a fraction mix-
ture of 23 and 24 (1.38 g, 15%). 1H NMR (300 MHz, CDCl3): b isomer
23 : d=5.03–4.86 (m, 2H; H3, H4), 4.58 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H; H1),
4.18 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.6, 2J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H; H6a), 4.12 (t, 2J ACHTUNGTRENNUNG(H,H)=


11.7 Hz, 1H; H6b), 3.82–3.59 (m, 5H; H5, 2TH7, 2TH8), 2.74 (t, 3J-
ACHTUNGTRENNUNG(H,H)=6.1 Hz, 1H; OH), 2.32 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.7, 2J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 1H;
H2eq), 2.05, 2.00, 1.99 (3s, 9H; 3TOCOCH3), 1.72 ppm (q, 2J ACHTUNGTRENNUNG(H,H)=


11.0 Hz, 1H; H2ax);
13C NMR (75 MHz, CDCl3): b isomer 23 : d=170.6,


170.2, 169.7, 100.1, 72.7, 71.9, 70.3, 68.9, 62.4, 62.0, 36.0, 20.8, 20.6 ppm;
FAB HRMS: b isomer 23 : m/z : calcd for C14H22O9: 334.1264 [M]+ ;
found: 357.1165 [M+Na]+ . 1H NMR (300 MHz, CDCl3): a isomer 24 : d=


5.25 (ddd, 3J ACHTUNGTRENNUNG(H,H)=5.3, 9.5, 11.5 Hz, 1H; H3) 4.96–4.89 (m, 2H; H1,
H4), 4.94 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.5, 2J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 1H; H6a), 4.00 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=2.2, 2J ACHTUNGTRENNUNG(H,H)=12.3 Hz, 1H; H6b), 4.01–3.92 (m, 1H; H5), 3.70–
3.64 (m, 3H; H7a, 2TH8), 3.54–3.47 (m, 1H; H7b), 2.7 (br s, 1H; OH),
2.22 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.3, 2J ACHTUNGTRENNUNG(H,H)=12.9 Hz, 1H; H2eq), 2.02, 1.97, 1.95 (3 s,
9H; 3TOCOCH3), 1.77 ppm (dt, 1H, 3J ACHTUNGTRENNUNG(H,H)=3.6, 2J ACHTUNGTRENNUNG(H,H)=12.9 Hz;
H2ax);


13C NMR (75 MHz, CDCl3): a isomer 24 : d=170.4, 170.0, 169.6,
96.9, 69.1, 69.0, 68.7, 67.6, 62.0, 61.1, 34.6, 20.6, 20.4, 20.3 ppm; FAB
HRMS: m/z : a isomer 24 : calcd for C14H22O9: 334.1264 [M]+ ; found:
357.1167 [M+Na]+ .


b-Cyanoethoxy-b-(2,3,4,6-tetra-O-acetyl-b-d-glucopyranosyl)ethoxy-diiso-
propylamine phosphine (15): DIEA (0.49 mL, 3.72 mmol) and 2-cya-
noethyl-N,N’-diisopropylamino-chlorophosphoramidite (170 mL,
0.76 mmoL) were added to a solution of 2-hydroxyethyl-2,3,4,6-tetra-O-
acetyl-b-d-glucopyranoside (14 ;[17] 0.2 g, 0.51 mmol) in anhydrous CH2Cl2
(4 mL) at room temperature under an argon atmosphere. After 1.5 h, the
solution was diluted with EtOAc (20 mL), and the organic phase was
washed with brine (3T25 mL), dried over anhydrous MgSO4, and fil-
tered; the solvent was then evaporated to dryness. The product was puri-
fied by silica gel column chromatography by using Hex/EtOAc (2:1 with
2% of NEt3) as the eluent to give compound 15 (215 mg, 74%) as a
syrup. 1H NMR (300 MHz, CDCl3): mixture of isomers: d=5.11 (t, 3J-
ACHTUNGTRENNUNG(H,H)=9.4 Hz, 1H; H3), 4.99 (t, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H; H4), 4.89 (t, 3J-
ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H; H2), 4.55 (t, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 1H; H1), 4.18 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=2.6, 2J ACHTUNGTRENNUNG(H,H)=12.1 Hz, 1H; H6a), 4.06–3.99 (m, 1H; H6b), 3.89–
3.45 (m, 9H; H5, 2TH7, 2TH8, OCH2CH2CN, 2TCHisopropyl), 2.56 (m,
2H; OCH2CH2CN), 1.99, 1.97, 1.96, 1.93, 1.91 (5s, 12H; 4TOCOCH3),
1.09 ppm (2d, 3J ACHTUNGTRENNUNG(H,H)=6.2 Hz, 12H; 4TCH3isopropyl) ;


13C NMR (75 MHz,
CDCl3): mixture of isomers: d =170.4, 170.0, 169.2, 169.1, 169.1, 117.6,
100.6, 72.6, 72.6, 72.5, 71.5, 71.0, 69.4, 69.3, 69.2, 69.1, 68.1, 68.1, 62.4,
62.3, 62.2, 62.1, 61.7, 60.1, 58.4, 58.3, 58.1, 58.0, 42.9, 42.9, 42.8, 42.7, 24.4,
24.4, 24.3, 24.3, 20.8, 20.5, 20.4, 20.2, 20.2, 20.1, 20.1 ppm; FAB HRMS:
m/z : calcd for C25H41N2O12P: 592.2397 [M]


+ ; found: 615.2294 [M+Na]+ .


b-Cyanoethoxy-b-(2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)ethoxy-di-
isopropylamine phosphine (18): DIEA (0.96 mL, 3.72 mmol) and 2-cya-
noethyl-N,N’-diisopropylamino-chlorophosphoramidite (332 mL,
1.49 mmoL) were added to a solution of 2-hydroxyethyl-2,3,4,6-tetra-O-
acetyl-b-d-galactopyranoside (17;[17] 0.39 g, 0.99 mmol) in dry CH2Cl2
(4 mL) at room temperature under an argon atmosphere. After 1.5 h, the
solution was diluted with EtOAc (20 mL), and the organic phase was
washed with brine (3T25 mL), dried over anhydrous MgSO4, and fil-
tered; the solvent was then evaporated to dryness. The product was puri-
fied by silica gel column chromatography by using Hex/EtOAc (2:3 with
2% of NEt3) as the eluent to give compound 18 (368 mg, 84%) as a
syrup. 1H NMR (300 MHz, CDCl3): mixture of isomers: d =5.32 (d, 3J-
ACHTUNGTRENNUNG(H,H)=2.9 Hz, 1H; H4), 5.13 (ddd, 3J ACHTUNGTRENNUNG(H,H)=2.2, 8.0, 10.3 Hz, 1H; H2),
4.95 (dt, 3J ACHTUNGTRENNUNG(H,H)=3.6, 10.3 Hz, 1H; H3), 4.53 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 1H;
H1), 4.15–4.01 (m, 2H; 2TH6), 3.95–3.45 (m, 9H; H5, 2TH7, 2TH8,
OCH2CH2CN, 2TCHisopropyl), 2.59 (t, 3J ACHTUNGTRENNUNG(H,H)=6.1 Hz, 2H;
OCH2CH2CN), 2.09, 2.01, 2.00, 1.94, 1.91 (5s, 12H; 4TOCOCH3),
1.12 ppm (2d, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 12H; 4TCH3isopropyl) ;


13C NMR (75 MHz,
CDCl3): mixture of isomers: d =170.2, 170.1, 170.0, 169.3, 117.6, 101.1,
101.0, 70.7, 70.4, 69.4, 69.3, 69.1, 69.0, 68.6, 68.5, 66.9, 66.8, 62.4, 62.3,
62.2, 62.1, 61.1, 61.0, 58.4, 58.3, 58.1, 58.1, 43.0, 42.9, 42.8, 24.5, 24.4, 24.4,
24.3, 20.7, 20.5, 20.5, 20.4, 20.3, 20.3, 20.2, 20.2 ppm; FAB HRMS: m/z :
calcd for C25H41N2O12P: 592.2397 [M]


+ ; found: 592.2397 [M+Na]+ .


b-Cyanoethoxy-b-(2,3,4,-tri-O-acetyl-l-fucopyranosyl)ethoxy-diisopropyl-
amine phosphine (21): DIEA (0.51 mL, 2.92 mmol) and 2-cyanoethyl-
N,N’-diisopropylamino-chlorophosphoramidite (260 mL, 1.18 mmoL)
were added to a solution of 2-hydroxyethyl-2,3,4-tri-O-acetyl-b-l-fucopyr-
anoside (20 ; 0.26 g, 0.78 mmol) in dry CH2Cl2 (4 mL) at room tempera-
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ture under an argon atmosphere. After 1.5 h, the solution was diluted
with EtOAc (20 mL), and the organic phase was washed with brine (3T
25 mL), dried over anhydrous MgSO4, and filtered; the solvent was then
evaporated to dryness. The product was purified by silica gel column
chromatography by using Hex/EtOAc (2:1 with 2% NEt3) as the eluent
to give compound 21 as a syrup (200 mg, 48%). 1H NMR (300 MHz,
CDCl3): mixture of isomers: d=5.18 (d, 3J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 1H; H4), 5.13
(ddd, 3J ACHTUNGTRENNUNG(H,H)=2.4, 7.9, 10.4 Hz, 1H; H2), 4.96 (dt, 3J ACHTUNGTRENNUNG(H,H)=3.8,
10.4 Hz, 1H; H3), 4.51 (m, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 1H; H1), 3.98–3.48 (m, 9H;
H5, 2TH7, 2TH8, OCH2CH2CN, 2TCHisopropyl), 2.60 (t,


3J ACHTUNGTRENNUNG(H,H)=6.3 Hz,
1H; OCH2CH2CN), 2.13, 2.03, 2.02, 1.93 (4 s, 9H; 3TOCOCH3), 1.18 (d,
3J ACHTUNGTRENNUNG(H,H)=6.3, 3H; CH3), 1.14 ppm (2d, 3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 12H; 4T
CH3isopropyl) ;


13C NMR (75 MHz, CDCl3): mixture of isomers: d=170.6,
170.1, 169.4, 117.7, 101.0, 100.9, 71.2, 71.2, 70.2, 70.1, 69.3, 69.2, 69.0, 69.0,
68.9, 68.8, 68.7, 62.5, 62.4, 62.3, 62.2, 58.5, 58.2, 43.0, 43.0, 42.9, 42.8, 24.5,
24.5, 24.4, 20.8, 20.8, 20.6, 20.5, 20.3, 20.3, 15.9 ppm; FAB HRMS: m/z :
calcd for C23H41N2O10P: 534.2342 [M]+ ; found: 557.2240 [M+Na]+ .


b-Cyanoethoxy-b-(3,4,6-tri-O-acetyl-2-deoxy-b-d-glucopyranosyl)ethoxy-
diisopropylamine phosphine (25): DIEA (0.39 mL, 2.24 mmol) and 2-cya-
noethyl-N,N’-diisopropylamino-chlorophosphoramidite (200 mL,
0.9 mmoL) were added to a solution of 2-hydroxyethyl-2,3,4-tri-O-acetyl-
2-deoxy-b-d-glucopyranoside (23 ; 0.2 g, 0.6 mmol) in anhydrous CH2Cl2
(4 mL) at room temperature under an argon atmosphere. After 1.5 h, the
solution was diluted with EtOAc (20 mL), and the organic phase was
washed with brine (3T25 mL), dried over anhydrous MgSO4, and fil-
tered; the solvent was then evaporated to dryness. The product was puri-
fied by silica gel column chromatography by using Hex/EtOAc (2:1 with
2% of NEt3) as the eluent to give compound 25 (284 mg, 89%) as a
syrup. 1H NMR (300 MHz, CDCl3): mixture of isomers: d=4.98–4.79 (m,
2H; H3, H4), 4.56 (d, 3J ACHTUNGTRENNUNG(H,H)=9.4 Hz, 1H; H1), 4.19 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.4,
2J ACHTUNGTRENNUNG(H,H)=12.1 Hz, 1H; H6a), 4.06–3.92 (m, 1H; H6b), 3.92–3.40 (m, 9H;
H5, 2TH7, 2TH8, OCH2CH2CN, 2TCHisopropyl), 2.56 (t,


3J ACHTUNGTRENNUNG(H,H)=6.2 Hz,
2H; OCH2CH2CN), 2.22 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.4, 2J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H;
H2eq), 1.97, 1.92, 1.91 (3s, 9H; 3TOCOCH3), 1.71–1.53 ppm (m, 1H;
H2ax);


13C NMR (75 MHz, CDCl3): mixture of isomers: d=170.4, 170.0,
169.9, 169.5, 117.5, 99.5, 99.4, 71.6, 71.6, 70.3, 69.1, 69.0, 68.8, 68.7, 62.4,
62.3, 62.1, 58.4, 58.3, 58.1, 42.9, 42.7, 35.9, 24.4, 24.4, 24.3, 20.7, 20.6,
20.5 ppm; FAB HRMS: m/z : calcd for C25H39N2O10P: 534.2342 [M]+ ;
found: 557.2240 [M+Na]+ .


b-Cyanoethoxy-b-(3,4,6-tri-O-acetyl-2-deoxy-a-d-glucopyranosyl)ethoxy-
diisopropylaminophosphine (26): DIEA (0.59 mL, 3.38 mmol) and 2-cya-
noethyl-N,N’-diisopropylamino-chlorophosphoramidite (0.3 mL,
1.35 mmol) were added to a solution of 2-hydroxyethyl-2,3,4-tri-O-acetyl-
2-deoxy-a-d-glucopyranoside (24 ; 0.3 g, 0.9 mmol) in dry CH2Cl2 (4 mL)
at room temperature under an argon atmosphere. After 1 h, the solution
was diluted with EtOAc (20 mL), and the organic phase was washed with
brine (3T25 mL), dried over anhydrous MgSO4, and filtered; the solvent
was then evaporated to dryness. The product was purified by silica gel
column chromatography by using Hex/EtOAc (3:2 with 2% of NEt3) as
the eluent to give compound 26 (410 mg, 85%) as a syrup. 1H NMR
(300 MHz, CDCl3): mixture of isomers: d=5.33–5.36 (m, 1H; H3), 5.02–
4.88 (m, 2H; H1, H4), 4.25 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.4, 2J ACHTUNGTRENNUNG(H,H)=12.3 Hz, 1H;
H6a), 4.08–3.91 (m, 2H; H5, H6b), 3.91–3.65 (m, 5H; H7a, 2TH8,
OCH2CH2CN), 3.65–3.44 (m, 3H; H7b, 2TCHisopropyl), 2.63 (t,


3J ACHTUNGTRENNUNG(H,H)=


6.2 Hz, 2H; OCH2CH2CN), 2.20 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.2, 2J ACHTUNGTRENNUNG(H,H)=12.8 Hz,
1H; H2eq), 2.04, 1.98, 1.95 (3 s, 9H; 3TOCOCH3), 1.76 (dt,


3J ACHTUNGTRENNUNG(H,H)=3.0,
2J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H; H2ax), 1.14 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 12H; 4T
CH3isopropyl) ;


13C NMR (75 MHz, CDCl3): mix of isomers: d=170.7, 170.7,
170.2, 169.9, 117.7, 97.1, 97.0, 69.3, 69.3, 69.1, 69.0, 67.9, 67.8, 67.6, 67.5,
67.4, 62.5, 62.4, 62.3, 62.2, 58.6, 58.4, 43.2, 43.1, 24.7, 24.6, 21.0, 20.8, 20.7,
20.4, 20.3 ppm; FAB HRMS: m/z : calcd for C23H39N2O10P: 534.2342 [M]


+


; found: 573.2120 [M+K]+ .


1-Hydroxyethyl-b-d-glucopyranoside (8): NaOMe (27 mg, 0.50 mmol)
was added to a solution of 2-hydroxyethyl-2,3,4,6-tetra-O-acetyl-b-d-glu-
copyranoside (14 ; 100 mg, 0.25 mmol) in MeOH (3 mL), and the reaction
was stirred at room temperature for 30 min. The solution was then neu-
tralized with Amberlite IRA-120 resin and filtered, and the solvent was
eliminated in vacuo to obtain compound 8 (56 mg, quant yield) as a


white solid. 1H NMR (500 MHz, D2O): d=4.49 (d, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 1H;
H1), 3.98 (m, 1H; H7a), 3.91 (dd, 3J ACHTUNGTRENNUNG(H,H)=2.2, 12.3 Hz, 1H; H6b), 3.77
(m, 3H; H7b, 2TH8) 3.72 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.0, 12.3 Hz, 1H; H6a), 3.50 (t,
3J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H; H3), 3.45 (m, 1H; H5), 3.39 (t, 3J ACHTUNGTRENNUNG(H,H)=9.4 Hz,
1H; H4), 3.31 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=8.0, 9.4 Hz, 1H; H6b); 13C NMR
(100 MHz, CD3OD): d=103.1, 76.6, 76.5, 73.8, 71.0, 70.2, 61.3, 60.9 ppm;
ESIMS: m/z : calcd for C25H41N2O12P: 592.2397 [M]+ ; found: 592.2397
[M+Na]+ .


1-Hydroxyethyl-b-d-galactopyranoside (9): NaOMe (27 mg, 0.50 mmol)
was added to a solution of 2-hydroxyethyl-2,3,4,6-tetra-O-acetyl-b-d-gal-
actopyranoside (17; 100 mg, 0.25 mmol) in MeOH (3 mL), and the reac-
tion was stirred at room temperature for 30 min. The solution was then
neutralized with Amberlite IRA-120 resin and filtered, and the solvent
was eliminated in vacuo to obtain compound 9 (56 mg, quant yield) as a
white solid. 1H NMR (500 MHz, D2O): d=4.42 (d, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H;
H1), 4.05 (m, 1H; H7a), 3.92 (d, 3J ACHTUNGTRENNUNG(H,H)=3.4 Hz, 1H; H4), 3.81–3.75
(m, 4H; H6a, H7b, 2TH8), 3.74 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.2, 11.7 Hz, 1H; H6b),
3.70 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.2, 8.0 Hz, 1H; H5), 3.65 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.5, 10.8 Hz,
1H; H3), 3.55 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=7.9, 10.0 Hz, 1H; H2); 13C NMR
(100 MHz, CD3OD): d=103.8, 75.3, 73.5, 71.3, 70.0, 68.9, 61.1, 61.0 ppm;
ESIMS: m/z : calcd for C8H16O7: 224.1 [M]


+ ; found: 247.1 [M+Na]+ .


1-Hydroxyethyl-b-l-fucopyranoside (10): NaOMe (32 mg, 0.60 mmol)
was added to a solution of 2-hydroxyethyl-2,3,4-tri-O-acetyl-b-l-fucopyr-
anoside (20 ; 100 mg, 0.30 mmol) in MeOH (3 mL), and the reaction was
stirred at room temperature for 30 min. The solution was then neutral-
ized with Amberlite IRA-120 resin and filtered, and the solvent was
eliminated in vacuo to obtain compound 10 (53 mg, 86%) as a white
solid. 1H NMR (500 MHz, D2O): d=4.90 (d, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 1H; H1),
3.98 (m, 1H; H7a), 3.90 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.5, 7.6 Hz, 1H; H7b) 3.77(m,
1H; H5), 3.76 (m, 2H; 2TH8) 3.74 (m, 1H; H4), 3.64 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.5,
10.0 Hz, 1H; H3), 3.50 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.9, 10.0 Hz, 1H; H2), 1.25 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 1H; CH3);


13C NMR (100 MHz, CD3OD): d =103.6,
73.6, 71.6, 71.0, 70.8, 70.6, 61.0, 15.3 ppm; ESIMS: m/z : calcd for
C8H16O7: 208.1 [M]


+ ; found: 231.1 [M+Na]+ .


1-Hydroxyethyl-2-deoxy-b-d-glucopyranoside (11): NaOMe (16 mg,
0.30 mmol) was added to a solution of 2-hydroxyethyl-2,3,4-tri-O-acetyl-
2-deoxy-b-d-glucopyranoside (23 ; 50 mg, 0.15 mmol) in MeOH (2 mL),
and the reaction was stirred at room temperature for 30 min. The solu-
tion was then neutralized with Amberlite IRA-120 resin and filtered, and
the solvent was eliminated in vacuo to obtain compound 11 (31 mg,
quant yield) as a white solid. 1H NMR (500 MHz, D2O): d =4.74 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=1.5, 9.8 Hz, 1H; H1), 3.96 (m, 1H; H7) 3.92 (dd, 3J ACHTUNGTRENNUNG(H,H)=2.3,
12.3 Hz, 1H; H6b), 3.74 (m, 4H; H6a, H7b, 2TH8) 3.71 (dd, 3J ACHTUNGTRENNUNG(H,H)=


1.5, 9.8 Hz, 1H; H4), 3.38 (ddd, 3J ACHTUNGTRENNUNG(H,H)=2.0, 6.5, 9.0 Hz, 1H; H5), 3.26
(t, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H; H4), 2.29 (ddd, 3J ACHTUNGTRENNUNG(H,H)=1.8, 4.6, 2J ACHTUNGTRENNUNG(H,H)=


12.1 Hz, 1H; H2eq), 1.52 ppm (dt, 3J ACHTUNGTRENNUNG(H,H)=10.6, 2J ACHTUNGTRENNUNG(H,H)=12.1 Hz, 1H;
H2ax);


13C NMR (100 MHz, CD3OD): d=100.0, 76.6, 71.7, 71.2, 70.5,
61.5, 61.0, 38.9 ppm; ESIMS: m/z : calcd for C8H16O6: 208.1 [M]


+ ; found:
231.1 [M+Na]+ .


1-Hydroxyethyl-2-deoxy-a-d-glucopyranoside (12): NaOMe (16 mg,
0.30 mmol) was added to a solution of 2-hydroxyethyl-2,3,4-tri-O-acetyl-
2-deoxy-a-d-glucopyranoside (24 ; 50 mg, 0.15 mmol) in MeOH (2 mL),
and the reaction was stirred at room temperature for 30 min. The solu-
tion was then neutralized with Amberlite IRA-120 resin and filtered, and
the solvent was eliminated in vacuo to obtain compound 12 (31 mg,
quant yield) as a white solid. 1H NMR (500 MHz, D2O): d =4.74 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=1.5, 9.8 Hz, 1H; H1), 3.96 (m, 1H; H7) 3.92 (dd, 3J ACHTUNGTRENNUNG(H,H)=2.3,
12.3 Hz, 1H; H6b), 3.74 (m, 4H; H6a, H7b, 2TH8) 3.71 (dd, 3J ACHTUNGTRENNUNG(H,H)=


1.5, 9.8 Hz, 1H; H4), 3.38 (ddd, 3J ACHTUNGTRENNUNG(H,H)=2.0, 6.5, 9.0 Hz, 1H; H5), 3.26
(t, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H; H4), 2.29 (ddd, 3J ACHTUNGTRENNUNG(H,H)=1.8, 4.60, 2J ACHTUNGTRENNUNG(H,H)=


12.1 Hz, 1H; H2eq), 1.52 ppm (dt, 3J ACHTUNGTRENNUNG(H,H)=10.6, 2J ACHTUNGTRENNUNG(H,H)=12.1 Hz, 1H;
H2ax);


13C NMR (100 MHz, CD3OD): d=100.0, 76.6, 71.7, 71.2, 70.5,
61.5, 61.0, 38.9 ppm; ESIMS: m/z : calcd for C8H16O6: 208.1 [M]


+ ; found:
231.1 [M+Na]+ .


Synthesis of carbohydrate–oligonucleotide conjugates 1–7: Carbohy-
drate–oligonucleotide conjugates were synthesized on an Applied Biosys-
tems 394 synthesizer by using standard b-cyanoethylphosphoramidite
chemistry. The benzene DMT-phosphoramidite derivative was prepared
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as previously described.[16] Oligonucleotide conjugates were synthesized
on a 0.2 or 1.0 mmol scale low-volume resin and in DMT-off mode. DMT-
ethane phosphoramidite was purchased from Chemgenes Corp. Oligonu-
cleotide supports were treated with 33% aqueous ammonia for 16 h at
55 8C, then the ammonia solutions were evaporated to dryness and the
conjugates were purified by reversed-phase HPLC in a Waters Alliance
separation module with a PDA detector. HPLC conditions were as fol-
lows: Nucleosil 120 C18, 250T8 mm 10 mm column; flow rate:
3 mLmin�1; 27 min linear gradient 0!30%B (solvent A: 5% CH3CN/
95% 100 mm triethylammonium acetate (TEAA; pH 6.5); solvent B:
70% CH3CN/30% 100 mm TEAA (pH 6.5)).
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Introduction


The design of novel binding sites in peptides with a high
specificity for a particular metal ion is a highly attractive


goal for two reasons: it may provide a deeper understanding
of the molecular basis for metal-ion specificity in proteins
and peptides on the one hand and binders for biomedical
and technical applications on the other. These applications


Abstract: A novel strategy is presented
for designing peptides with specific
metal-ion chelation sites, based on link-
ing computationally predicted ion-spe-
cific combinations of amino acid side
chains coordinated at the vertices of
the desired coordination polyhedron
into a single polypeptide chain. With
this aim, a series of computer programs
have been written that 1) creates a
structural combinatorial library con-
taining Zi–(X)n–Zj sequences (n=0–14;
Z: amino acid that binds the metal
through the side chain; X: any amino
acid) from the existing protein struc-
tures in the non-redundant Protein
Data Bank; 2) merges these fragments
into a single Z1–(X)n1–Z2–(X)n2–Z3–


(X)n3–···–Zj polypeptide chain; and
3) automatically performs two simple
molecular mechanics calculations that
make it possible to estimate the inter-
nal strain in the newly designed pep-
tide. The application of this procedure
for the most M2+-specific combinations
of amino acid side chains (M: metal;
see L. Rul2šek, Z. Havlas J. Phys.
Chem. B 2003, 107, 2376–2385) yielded
several peptide sequences (with lengths
of 6–20 amino acids) with the potential
for specific binding with six metal ions


(Co2+ , Ni2+ , Cu2+ , Zn2+ , Cd2+ and
Hg2+). The gas-phase association con-
stants of the studied metal ions with
these de novo designed peptides were
experimentally determined by MALDI
mass spectrometry by using 3,4,5-trihy-
droxyacetophenone as a matrix, where-
as the thermodynamic parameters of
the metal-ion coordination in the con-
densed phase were measured by iso-
thermal titration calorimetry (ITC),
chelatometry and NMR spectroscopy
methods. The data indicate that some
of the computationally predicted pep-
tides are potential M2+-specific metal-
ion chelators.
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include the removal of metals from polluted environments,
either by bacterial strains[1–5] or other biotechnological tech-
niques,[6–8] the design of novel biosensors,[9–11] the redesign of
proteins (to provide new building blocks or maquettes)[12,13]


or the design of new chelating compounds for medicinal
chemistry.[14]


Numerous successful attempts have recently been made
to alter the metal-binding properties of selected proteins
with the aims of modifying protein function,[15–20] engineer-
ing novel metalloproteins or metal-binding sites in natural
metalloproteins[21–26] or tuning metalloprotein or peptide
specificity towards a particular metal ion.[27–31] While most
studies employ the standard repertoire of amino acids, one
approach has been to include unnatural amino acids or non-
native metal-containing cofactors.[32]


In many cases, experimental efforts in protein redesign
have been supported by new computational algorithms,
which have yielded the best candidate residues for mutation,
such that a new metal-binding site may appear in the pro-
tein.[33–35] In general, the level of selectivity enhancement
achieved is dependent on the ability to predict and control
the specificity of the site (that is, through an optimal combi-
nation of metal-binding residues and the preferred coordina-
tion number).[36] The predictions are frequently based on the
observed frequency of occupation of coordination sites in
metalloproteins[37] or use semiquantitative concepts, like the
HSAB theory of Parr and Pearson.[38] Only recently has the
design been assisted by advances and accumulated experi-
ence in quantum (theoretical) bioinorganic chemistry. By
using high-level quantum chemical methods coupled with ef-
ficient algorithms for solving the Poisson–Boltzmann equa-
tion to account for the effect of environment, many impor-
tant properties of first- and second-shell ligand binding have
been calculated,[39,40] for example, the effect of the carboxyl-
ate-binding mode on metal binding/selectivity and function
in proteins.[41]


We have contributed to the development of novel and
modified metal-ion binding sites through several computa-
tional studies, in which the affinities of all of the metal-bind-
ing amino acid (AA) side chains towards selected transition
metal ions (Co2+ , Ni2+ , Cu2+ , Zn2+ , Cd2+ and Hg2+) were
evaluated,[42,43] the cooperative effect accompanying the si-
multaneous binding of more than one AA side chain was
quantitatively characterised[44,45] and, finally, “M2+-specific”
combinations of amino acid side chains were proposed for
each of these metal ions.[46] The predicted M2+-specific com-
binations can be considered, on the basis of large basis set
DFT/B3LYP calculations of the complexation energies of
the metal ions in [M(Y1)···(Yn)]


c+ complexes (with Yi being
an amino acid side chain), to be the best candidates for
highly selective metal-binding sites in proteins or peptides.
The specificity can be further increased by taking into ac-
count the preferred coordination geometry for each metal
ion, based on an analysis of Protein Data Bank (PDB) and
Cambridge Structural Database (CSD) structures.[47] Conse-
quently, the Co2+- and Ni2+-specific combinations are de-
fined as [Co(Y1)···(Y6)]


c+ (or [Ni(Y1)···(Y6)]
c+) complexes


(with Yi representing “optimum” amino acid side chains) in
an octahedral coordination geometry. For the Cd2+ and
Zn2+ ions, the [Zn(Y1)···(Y4)]


c+ or [Cd(Y1)···(Y4)]
c+ sites are


tetrahedral, whereas the sites are square-planar for the Cu2+


ions and linear for the Hg2+ ions (that is, [Hg(Y1)(Y2)]
c+).


The aim of the current work is to develop and evaluate a
computational strategy that can be used to link the isolated
amino acid side chains into a single polypeptide chain by
1) creating a library of Zi–(X)n–Zj sequences (n=0–14; Z:
metal-binding amino acids; X: any amino acid) from the
non-redundant PDB database, 2) merging these fragments
into a single Z1–(X)n1–Z2–(X)n2–Z3–(X)n3–···–Zj polypeptide
chain and 3) estimating the strain energy by calculating the
difference between the folded and unfolded peptide with
molecular mechanics (MM) methods (Figure 1). It is an ab
initio design of new peptide sequences and, if successful, it
may become one of the very few examples of the predictive
power of computational chemistry in the literature.[48]


Results


Hg2+-specific metal-binding peptides (linear coordination
geometry): Design and theoretical calculations : Based on
the earlier results (PDB and CSD analyses),[47] the mercu-
ry(II) ion has been assumed to prefer a linear coordination
geometry. The four most Hg2+-specific sites are:[46]


1) [Hg ACHTUNGTRENNUNG(Imi)2]
2+ (Imi: imidazole), with the optimum distance


being 2.11 S (Hg�N).
2) [Hg ACHTUNGTRENNUNG(Imi)ACHTUNGTRENNUNG(H2S)]


2+ , with the optimum distances being 2.13
(Hg�N) and 2.48 S (Hg�S).


3) [Hg ACHTUNGTRENNUNG(H2S)2]
2+ , with the optimum distance being 2.50 S


(Hg�S).
4) [Hg(SH)2], with the optimum distance being 2.38 S


(Hg�S).


Each combination (1–4) is compatible with only one site,
that is, [Hg ACHTUNGTRENNUNG(His)2]


2+ , [HgACHTUNGTRENNUNG(His) ACHTUNGTRENNUNG(Met)]2+ , [Hg ACHTUNGTRENNUNG(Met)2]
2+ and


[Hg ACHTUNGTRENNUNG(Cys)2], respectively; Cys is assumed to be in the depro-
tonated state (that is, CH2�S�). To limit the number of frag-
ments found, we have used stricter criteria for accepting the
fragment than in cases with the other metal ions:
dread(Line 6 of the input file, see below)=0.012 S (only frag-
ments with dactual differing by less than 1.2% from the dideal
above were considered) and 3<n+2<9 (that is, tetra- to oc-
tapeptides were considered). The numbers of sites found for
each combination are listed in Table 1.
Table 2 shows the five sequences for each type of site (20


in total) that had the most favourable values of DEF and
mutual positions of the binding residues (visual analysis).
These can be considered as the best candidates for Hg2+-
specific sites.
It should be mentioned that in the case of the linear coor-


dination geometry, the peptides are fragments found in pro-
teins. Consequently, the DEF value is very small because many
of the fragments represent stable parts of protein structures.
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Zn2+-specific metal-binding peptides (tetrahedral coordina-
tion geometry): Design and theoretical calculations : The
zinc(II) ion has been assumed to prefer a tetrahedral coordi-
nation geometry.[47] The three most Zn2+-specific sites are:[46]


1) [Zn ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(HCOO)]
+ ,


with the optimum distances
being 2.09 (Zn�NNH3


), 2.02
(Zn�OH2O) and 1.92 S (Zn�
OHCOO).


2) [Zn ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(HCOO)2], with
the optimum distances being
2.08 (Zn�NNH3


) and 1.96 S
(Zn�OHCOO).


3) [Zn(OH)3 ACHTUNGTRENNUNG(NH3)]
� , with the


optimum distances being
1.97 (Zn�O) and 2.17 S
(Zn�N).


12 combinations of amino
acid side chains compatible
with these three sites are given
in Table 3, to which three more
combinations containing His
(which had been modelled by
Imi in an earlier study[46]) in-
stead of Lys (which had been
modelled by NH3) were added.
All of these combinations were
used in the input files of build_-
peptide. The set of input param-
eters (denoted as the standard
set) depicted in Figure 6
(Lines 6–11; in the Computa-
tional Details section) was es-
sentially used for all tetracoor-
dinate sites (that is, tetrahedral
Zn2+ and Cd2+ ions and
square-planar Cu2+ ions). In
certain cases, the parameters
have been slightly modified to
increase or decrease the
number of entries found for a
particular combination of
metal-binding AA residues.


The numbers of non-equivalent converged structures are
listed in Table 3. It should be noted here that peptides are
considered to be equivalent when their sequences are 100%
identical and the energies obtained from the pre-screening


Figure 1. A depiction of the key steps in the de novo design strategy adopted in this work.


Table 1. The numbers of peptide fragments (4–8 amino acids), NFRG,
found for the four most Hg2+-specific sites (with the number of non-
equivalent entries, NFRGACHTUNGTRENNUNG(neq), in parentheses). The numbers of entries
with strain energy, DEF, smaller than 4 (or 6) kJmol


�1 are listed in the
last column.


NFRG (neq) DEF [kJmol
�1] NFRG with


DEF<4 (or 6) kJmol
�1


His–Xn–His 62 (39) <6 18
Met–Xn–His 31 (19) <4 8
His–Xn–Met 44 (34) <4 14
Met–Xn–Met 41 (35) <4 14
Cys–Xn–Cys 30 (28) <4 16
Total 208 (155) 70


Table 2. The best candidates for Hg2+-specific metal-binding peptides se-
lected on the basis of a visual inspection of 70 species with a favourable
DEF value.


Sequence type
His–Xn–His His–Xn–Met; Met–Xn–His Met–Xn–Met Cys–Xn–Cys


H–IP–H H–DR-M M–NK–M C–NVI–C
H–EFG–H H–KDL–M M–RAQ–M C–LAG–C
H–QRA–H H–YVE–M M–FMH–M C–MNRK–C
H–YKQ–H M–DQT–H M–DNR–M C–KSNC–C
H–NLGK–H M–CDVEGN–H M–RKEG–M C–SGAQM–C
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full optimisation of the peptide structures (by using the fast
first-order optimisation procedure; see the Computational
Details section) are almost identical (difference of
<8 kJmol�1).
The converged peptides were sorted based on the DEF


values. The initial and final structures of the entries with
DEF values of less than 50 kJmol


�1 were visually inspected.
Preference was given to entries with less initial crowding
and a more favourable mutual orientation of binding resi-
dues. It was also taken into account that each of the three
site types should be represented in the final set of specific
metal-binding peptides. In Table 4, the nine most favourable
sequences are summarised, along with their DEF values.


Cd2+-specific metal-binding peptides (tetrahedral coordina-
tion geometry): Design and theoretical calculations : The
cadmium(II) ion has been assumed to prefer a tetrahedral
coordination geometry.[47] The three most Cd2+-specific sites
are:[46]


1) [Cd ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(H2S) ACHTUNGTRENNUNG(H2CO)]
2+ , with the optimum distances


equal to 2.25 (Cd�OH2O), 2.24 (Cd�OH2CO) and 2.61 S
(Cd�S).


2) [Cd ACHTUNGTRENNUNG(H2CO)2ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(H2S)]
2+ , with the optimum distances


equal to 2.25 (Cd�OH2CO), 2.26 (Cd�OH2O) and 2.61 S
(Cd�S).


3) [Cd ACHTUNGTRENNUNG(H2CO)3ACHTUNGTRENNUNG(H2S)]
2+ , with the optimum distances equal


to 2.25 (Cu�O) and 2.62 S (Cu�S).


16 combinations of amino acid side chains compatible
with these three sites, used in the input files of build_pep-
tide, are given in Table 5, along with the numbers of result-
ing converged and non-equivalent structures.


By using the same approach as that described above, the
nine most favourable candidates for Cd2+-specific sites were
chosen; they are listed in Table 6.


Cu2+-specific metal-binding peptides (square-planar coordi-
nation geometry): Design and theoretical calculations : The
copper(II) ion has been assumed to prefer a square-planar
coordination geometry.[47] The three most Cu2+-specific sites
are:[46]


1) [Cu ACHTUNGTRENNUNG(Imi)3 ACHTUNGTRENNUNG(NH3)]
2+ , with the optimum distances equal to


2.05 (Cu�Nimi) and 2.07 S (Cu�NNH3
).


2) [Cu ACHTUNGTRENNUNG(Imi)ACHTUNGTRENNUNG(NH3)(OH)(SH)], with OH� and NH3 in the
trans positions, and with the optimum distances equal to
1.86 (Cu�O), 2.37 (Cu�S), 2.19 (Cu�Nimi) and 2.11 S
(Cu�NNH3).


3) [Cu ACHTUNGTRENNUNG(Imi)2(OH)(SH)], with (Imi,Imi) in the cis positions,
and with the optimum distances equal to 1.88 (Cu�O),
2.34 (Cu�S), 2.10 (Cu�Nimi, trans to OH


�) and 2.20 S
(Cu�Nimi, cis to OH


�).


Table 3. The numbers of peptide fragments (<22 amino acids) found for
the four most Zn2+-specific sites (with the numbers of converged and
non-equivalent entries in parentheses).


Type NFRG (neq) Type NFRG (neq)


{Lys,Lys,Glu,Ser} 6 (0) {Lys,Lys,Asp,Asp} 28 (7)
{Lys,Lys,Asp,Ser} 12 (2) {Lys,Lys,Glu,Glu} 24 (3)
{Lys,Lys,Glu,Thr} 6 (3) {Lys,Tyr,Tyr,Tyr} 0 (0)
{Lys,Lys,Asp,Thr} 32 (9) {Lys,Ser,Tyr,Tyr} 4 (0)
{Lys,Lys,Asp,Glu} 18 (6) {His,Lys,Asp,Glu} 6 (3)
{His,Lys,Asp,Ser} 11 (11) {Lys,Ser,Ser,Tyr} 6 (3)
{His,Lys,Glu,Ser} 0 (0) {Lys,Ser,Thr,Tyr} 2 (2)
{Lys,Thr,Thr,Tyr} 4 (2)


Total 159 (51)


Table 4. The nine best candidates for Zn2+-specific metal-binding pep-
tides selected on the basis of the DEF values, a visual inspection and the
(non-)crowding in the initial structures (that is, the output from the
build_peptide program).


Sequence (length in AAs) Peptide ID DEF [kJmol
�1]


KTEYVDERSKSLTVDLTK (18) KDTK_T016 7.5
KFFKDFRHKPATELTHED (18) KDKD_T003 9.6
YLFLGMHPDLSSLSK (15) YSSK_T001 10.9
KIYKEKKYGKEPQVAKT (17) KEKT_T002 22.6
DAAGKVEGKDDNK (13) DKDK_T025 25.9
KTASGGIESYNDPSH (15) KDSH_T003 32.2
KEIRESAFGKSVE (13) KEKE_T005 35.9
KKFMDFRHKPATELTHED (18) KDKD_T006 36.4
SFTSGIYTLWNDQIVK (16) STYK_T001 48.9


Table 5. The numbers of peptide fragments (<22 amino acids) found for
the four most Cd2+-specific sites (with the numbers of converged and
non-equivalent entries in parentheses).


Type NFRG (neq) Type NFRG (neq)


{Met,Asn,Ser,Ser} 12 (5) {Met,Gln,Gln,Ser} 2 (1)
{Met,Gln,Ser,Ser} 6 (1) {Met,Asn,Asn,Thr} 6 (2)
{Met,Asn,Ser,Thr} 11 (8) {Met,Asn,Gln,Thr} 5 (3)
{Met,Gln,Ser,Thr} 6 (4) {Met,Gln,Gln,Thr} 2 (1)
{Met,Asn,Thr,Thr} 10 (3) {Met,Asn,Asn,Asn} 0 (0)
{Met,Gln,Thr,Thr} 6 (2) {Met,Asn,Asn,Gln} 0 (0)
{Met,Asn,Asn,Ser} 4 (1) {Met,Asn,Gln,Gln} 0 (0)
{Met,Asn,Gln,Ser} 8 (2) {Met,Gln,Gln,Gln} 0 (0)


Total 78 (33)


Table 6. The nine best candidates for Cd2+-specific metal-binding pep-
tides selected on the basis of the DEF values, a visual inspection and the
(non-)crowding in the initial structures (that is, the output from the
build_peptide program).


Sequence (length in AAs) Peptide ID DEF [kJmol
�1]


TLSRGSTEDQMDIVGFSQEEQ (21) TSMQ_T005 14.6
NGLTKNSAACRAAKLQDCTM (20) NTSM_T006 22.6
QVTPTSTFGSM (11) QSSM_T001 45.1
MSVGQKITAEDGTQ (14) MQTQ_T001 49.3
MRSSWSGN (8) MSSN_T002 56.8
QNACSEHGATLSLKM (15) QTSM_T002 62.3
NSRGSTEDQMDIVGFSQEEQ (20) NSMQ_T007 66.5
MGNTRLGLN (9) MNTN_T001 73.2
QSEDIKTYYTVRQCM (15) QSQM_T001 74.4
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Seven combinations of amino acid side chains compatible
with these three sites, used in the input files of build_pep-
tide, are listed in Table 7, along with the numbers of non-
equivalent and converged peptides.


By using the same approach as that described above, the
six most favourable candidates for Cu2+-specific sites were
chosen; they are listed in Table 8. It should be noted here
that only 11 structures (out of a total of 21) converged in
the molecular mechanics optimisation. For five of them,
DEF>150 kJmol


�1 and, therefore, only the six peptides
listed in Table 8 can be considered as suitable candidates for
Cu2+-specific sites.
The remaining two M2+-specific sites, the octahedral Ni2+


-specific and Co2+-specific sites, have not yet been subjected
to any attempt to design M2+-specific peptides because we
consider it unlikely that a single
peptide could fold around the
metal ion and provide six
amino acid side chains (if we
exclude the bidentate coordina-
tion mode of carboxylic side
chains) at the vertices of the co-
ordination polyhedron. A dif-
ferent strategy will be adopted
in a forthcoming study in which
it is taken into consideration
that some of the coordination
positions may be occupied by
water molecules.
Two selected model struc-


tures, as predicted by the
build_peptide program and
simple MM minimisation, are
depicted in Figure 2.


MALDI-TOF MS experiments :
Electrospray-ionisation mass
spectrometry (ESIMS) has
been used to elucidate the gas-
phase binding of metals to pro-
teins[49] and for quantitative
measurements of peptide catio-
nisation with metal ions.[50, 51]


Until now, the gas-phase attach-
ment of heavy metals by using


matrix-assisted desorption/ionisation (MALDI) has not
been reported in the literature, despite the fact that the for-
mation of the ions after laser irradiation of a solid sample
under a high vacuum without the presence of solvents[52] is a
condition favourable for complex peptide–cation formation.
The low-pressure (approximately 5Z10�8 mbar) MALDI
source seems to mimic well the conditions under which the
binding of peptides with divalent ions was optimised. When
MALDI matrices designed for peptides, such as a-cyano,
2,5-dihydroxybenzoic and sinapic acid, were used, preferen-
tial protonation of the peptide resulted in a low yield of the
metal complexes (data not shown). The protonation can be
diminished by using matrices without an acidic functionali-
ty.[52] We have successfully utilised 3,4,5-trihydroxyacetophe-
none (THAP) for the metal-complexation study. The acid


Table 7. The numbers of peptide fragments (<22 amino acids) found for
the three most Cu2+-specific sites (with the numbers of converged and
non-equivalent entries in parentheses).


Type NFRG (neq) Type NFRG (neq)


{His,His,His,Lys} 2 (1) {His,His,Cys,Ser} 9 (3)
{His,Lys,Cys,Ser} 2 (1) {His,His,Cys,Thr} 2 (1)
{His,Lys,Cys,Thr} 3 (2) {His,His,Cys,Tyr} 2 (1)
{His,Lys,Cys,Tyr} 1 (1)


Total 21 (10)


Table 8. The six best candidates for Cu2+-specific metal-binding peptides
selected on the basis of the DEF values, a visual inspection and the (non-)-
crowding in the initial structures (that is, the output from the build_pep-
tide program).


Sequence (length in AAs) Peptide ID DEF [kJmol
�1]


HNLGMNHDLQGERPYVTEGC (20) HHTC_S002 47.7
CPSEDHVSQDK (11) CHSK_S001 59.4
CFNCGKEGHVSTAARH (16) CHSH_S001 64.4
CLLQHAVTKRKTIRYDKEAK (20) CHTK_S003 80.7
CPFEDHSHFSKKNAKYVH (18) CHYH_S001 87.4
CPFEDHSHFSKKNAKYNSSTK (21) CHYK_S001 108.3


Figure 2. The model structures in a predicted folded state around the central metal ion: a) the HHTC 20-mer
peptide in a folded state with a metal ion bound by two His, one Thr and one Cys residues in a square-planar
coordination geometry; b) the HHTC 20-mer peptide in an unfolded state (the local minimum nearest to a
folded state in the absence of a metal ion); c) the MDQTH peptide in a folded state binding to a metal ion
through Met and His terminal residues in a linear coordination geometry; d) the MDQTH peptide in an un-
folded state.
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cannot be fully avoided as the peptides were only soluble by
using trifluoroacetic acid (TFA; 1% w/w) to form stock sol-
utions; however, further dilutions were made by using
MilliQ water. The metal ions were added as sulphate salt
solutions in tenfold excess over the peptide concentration
and, after a short incubation, the mixtures were combined
with the matrix solution and co-applied on the MALDI
target by using the dry droplet technique.
Not a single case has been observed that would corre-


spond to the exclusive formation of a peptide–metal com-
plex in the gas phase. Instead, the signals of protonated
[M+H]+ and metal-cationised peptides [M+metal�H]+ of
different abundance were found (Figure 3; results are analo-
gous to previous studies with electrospray ionisation)[50,51]


along with signals of divalent metal–peptide adducts and, in
a few cases, also weak signals of bi- and trimetal complexes.
For the MALDI study, representative peptides were selected
to cover both the “best” and “poor” candidates from the
theoretical study. Unlike the theoretical screening, all sam-
ples were treated with all divalent metal ions, applied as sul-
phates. In the cases of Hg2+ and Cd2+ , no signals of cation-
ised peptides were noted, presumably due to the precipita-
tion of the formed complexes or to polymerisation prevent-
ing evaporation during the MALDI process. Additionally,
Ni2+ was used to investigate the influence of methionine
and histidine on gas-phase binding. Table 9 summarises the
presence/absence (+/�) of cationised peptides in a MALDI-
TOF mass spectrum and the ratio of [M+H]+/
[M+metal�H]+ if higher than 110:1. In conclusion, we con-
sider MALDI experiments to be an elegant method for the
initial scanning of peptide binding, although they do not
yield any structural information about possible binding
modes.


ITC measurements : The thermodynamic properties of
metal-ion binding in solution were determined by using two
methods: isothermal titration calorimetry (ITC) and titra-
tion in the presence of a fluorescent chelator (see below).
Based on the MALDI-TOF MS results, six peptides were se-
lected for the ITC experiments. For five of them (KEKE,
CHSK, HEFGH, MSSN, YSSK), ITC did not reveal any in-
teractions characterised by an association constant (Ka)
higher than �104m


�1. Higher concentrations of the peptides
would be necessary to enable the testing of the interaction
below this limit. Nevertheless, due to the low solubility of
the peptides, it was not possible to determine their binding
characteristics by ITC. The higher affinity binding was ob-
served for the HHTC peptide, a result that will be discussed
in greater detail below.
ITC was used to monitor the binding of divalent copper,


zinc and cadmium ions to the peptide
HNLGMNHDLQGERPYV-
TEGC (HHTC). The results
are summarised in Table 10 and
the titration performed in N-(2-
acetamido)-2-aminoethanesul-
fonic acid (ACES) buffer is
shown in Figure 4. When titra-
tions were performed in buffers
with different enthalpies of ion-
isation (ACES: DHion=


31.4 kJmol�1; 2-(N-morpholi-
no)-ethanesulfonic acid (MES):
DHion=15.5 kJmol�1), the ex-
periments resulted in the same
binding enthalpies; this indi-
cates that metal-ion binding is
not associated with any proton
transfers[53] (the data for the
MES buffer are not shown).
From the titration curves, the


stoichiometries of both ions
were estimated to be 1.0. The


Figure 3. A section of the MALDI-TOF mass spectrum of a mixture of the YSSK peptide with CuSO4 (1:10
molar ratio) mixed with a 3,4,5-trihydroxyacetophenone (THAP) matrix.


Table 9. A summary of the observed MALDI-TOF MS signals of proton-
ated and divalent metal-cationised peptides and the ratio of their intensi-
ties.


Zn2+ Cu2+ Cd2+ Hg2+ Ni2+


CHSK �/� �/� + /� �/� + /�
HEFGH + /+ 1:2.5 + /+ 1:4.8 + /� + /� + /�
MDQTH �/� + /+ 2:1 + /� �/� + /+ 4.5:1
MFMHM + /+ 8.8:1 �/� + /� �/� + /+ 2.6:1
HHTC + /+ 6.4:1 + /+ 4:1 + /� �/� + /+ 31.2:1
KDKD + /+ 8.8:1 + /+ 9.7:1 + /� �/� + /�
MNTN + /� + /� + /� �/� + /�
MSSN + /� + /+ 3.4:1 + /� �/� + /+ 3.5:1
NTSM + /� + /� + /� �/� + /�
QSSM �/� + /� �/� �/� + /�
TMSQ + /+ 19.2:1 + /� + /� + /� + /�
YSSK + /+ 15.2:1 + /+ 1:1.3 + /� + /� + /�
KEKE + /+ 89:1 + /� + /� + /� + /+ 103:1
KSDH + /� + /+ 17:1 + /� �/� + /�
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Cu2+ ion binds to the peptide with a value of Ka= (2.4�
0.5)Z106m


�1, which corresponds to a total Gibbs free energy
change (DG0) of �36.4 kJmol�1. The calorimetric measure-
ment shows that, for Cu2+ ions, most of the free energy
change under the selected standard conditions (1m) is of en-
thalpic (DH0=�28.5 kJmol�1) rather than entropic (�TZ
DS0=�8.0 kJmol�1) origin. The entropic term includes both
favourable contributions from the desolvation of the ion
and peptide groups on the one hand and unfavourable con-
tributions from the organisation of the peptide around the
metal ion on the other. The zinc ion binds to this peptide
approximately 20-fold less tightly; the association constant
for Zn2+ ions was determined to be Ka= (1.03�0.04)Z
105m


�1, which corresponds to a standard Gibbs free energy


change of �28.6 kJmol�1. This
is divided into a favourable en-
thalpic (DH0=�10.9 kJmol�1)
contribution and a favourable
entropic (�TZDS0=
�17.7 kJmol�1) contribution
under the standard conditions
(1m). The association constant
for the cadmium(II) ion (3Z


104m
�1) was found to be the smallest of the three and corre-


sponds to a Gibbs free energy of binding of �25.6 kJmol�1.
The cadmium(II) ion binds to the HHTC peptide with a fa-
vourable enthalpy change (DH0=�32.0 kJmol�1), which is,
however, compensated for by an unfavourable entropic con-
tribution (�TZDS0=6.4 kJmol�1).
Chelatometry : The titration of the Zn2+-specific chelator


Fluozin-1 in the presence of peptides in different concentra-
tions was used to determine the Zn2+ affinity for the pep-
tides. Figure 5 shows a titration of Fluozin-1 and the HHTC
peptide. The fitted dissociation constant was found to be
50 mm, which is in very good agreement with the value ob-
tained by using ITC.


NMR spectroscopy : The 1H NMR spectrum of the HHTC
peptide showed the presence of two species in a ratio of
about 85:15, due to isomerism at the Arg–Pro peptide bond.
Only the NMR spectra of the major species with a trans-
Arg–Pro amide bond could be analysed in detail. For the
structural assignment, a 2.77 mm solution of peptide HHTC
(3.2 mg) in H2O/D2O (9:1; 0.5 mL) was used and a standard
strategy based on a combination of COSY, TOCSY and
NOESY spectra was applied. The 1D 1H NMR spectrum is
shown in Figure S1 and the proton chemical shifts are given
in Table S1, both in the Supporting Information.
The NMR spectra measured at 280, 300 and 320 K


showed a strong temperature dependence for all of the


Table 10. The thermodynamic parameters of the copper(II), zinc(II) and cadmium(II) ions binding to the
HNLGMNHDLQGERPYVTEGC peptide. The DG0 and DS0 values were calculated for a standard concentra-
tion of 1m.


Ion DG0 [kJmol�1] DH0 [kJmol�1] �TDS0 [kJmol�1] Ka [m
�1] Kd [mm]


Cu2+ �36.4�0.4 �28.5�0.4 �8.0�0.4 ACHTUNGTRENNUNG(2.4�0.5)Z106 0.42�0.09
Zn2+ �28.6�0.1 �10.9�0.1 �17.7�0.2 (1.03�0.04)Z105 9.7�0.4
Cd2+ �25.6�0.1 �32.0�0.5 6.4�0.5 (3.00�0.08)Z104 33�1


Figure 4. Isothermal titration of the peptide HNLGMNHDLQGERPYV-
TEGC with zinc chloride. The titration was performed at 25 8C in 20 mm


ACES at pH 7.0. Upper graph: experimental data. Lower graph: Fitted
(line) to the integrated heats (*) from each injection, corrected for the
heat of dilution of the peptide.


Figure 5. Fluorescence spectrum of 5 mm Fluozin-1 in the presence of
40 mm (Z) or 80 mm (+) HHTC in 20 mm MES at pH 6.5 during titration
with Zn2+ . The solid lines show the best fits to the data for each concen-
tration by using a one-site model. The dotted line is the fit of a titration
of 5 mm Fluozin-1 alone.
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amide NH protons. The observed temperature coefficients
in the range �5 to �10 ppb (Table S1 in the Supporting In-
formation) exclude the presence of strong intramolecular H-
bonds and indicate high flexibility of the peptide molecule.
This is also supported by the chemical shifts of the Ha pro-
tons and J ACHTUNGTRENNUNG(NH,Ha) values that are close to random-coil
values.
The dependence of the NMR spectra on the concentra-


tion of peptide HHTC was tested with 2.77, 1.3 and 0.65 mm


solutions. The observed chemical shifts changed in the range
from 0 to 0.06 ppm. To eliminate even small dilution shifts
and to prevent possible precipitation, the effect of peptide
complexation with metal cations was studied with a peptide
solution of about 1.5 mm and with a two-step addition of the
solid salt (CuCl2 (molar ratio M/P=6:1 and 20:1), ZnCl2
(M/P=18:1 and 68:1) and/or CdSO4 (M/P=4:1 and 12:1)).


[Peptide+CuCl2]: Even after the first addition of CuCl2, a
strong non-selective line broadening was observed. It was
still pronounced after the second addition of the salt (Fig-
ure S2 in the Supporting Information), probably due to the
paramagnetic properties of CuCl2. No information about po-
tential binding sites could be obtained.


[Peptide+ZnCl2]: Only weak line broadening and non-selec-
tive small induced up-field chemical shifts (Figure S3 in the
Supporting Information) were observed after the stepwise
addition of the Zn salt. Somewhat larger induced chemical
shifts (Figure S4 in the Supporting Information) appeared
for the signals of the ring hydrogen atoms of both His resi-
dues.


[Peptide+CdSO4]: Similar to the results after addition of
ZnCl2, only weak line broadening and non-selective very
small induced chemical shifts (Figure S5 in the Supporting
Information) were observed during stepwise addition of the
Cd salt. In contrast to the previous case, the signals of the
ring hydrogen atoms of both His residue are not influenced
by addition of CdSO4 (Figure S6 in the Supporting Informa-
tion).
We may conclude that NMR experiments did not provide


reliable supporting data for the existence of peptide com-
plexation with metal cations at the expected binding sites
(His1, His7, Thr17 and Cys20). Only the behaviour of the
two histidine residues after addition of ZnCl2 could indicate
formation of a weak complex.


Discussion


In designing metal-specific sites, several factors play a role.
The most important ones are likely to be the coordination
geometry and the structure of the first coordination sphere
(that is, the metal-binding residues). In our previous work,
we have, by employing a purely theoretical approach, de-
vised the best candidates for M2+-specific combinations of
amino acid side chains. With His and Cys being the most


common residues in metal-binding sites (and, along with car-
boxylate groups, the strongest chelators), a His- and/or Cys-
rich peptide sequence that would certainly bind divalent
metal ions with high affinity can perhaps be designed with-
out the need to employ quantum chemical calculations.
However, the control of metal-ion specificity is much lower
in such a brute-force approach. In our theoretical attempt,
we sacrificed the overall affinity to achieve metal-ion specif-
icity and had no restraints on the minimum number of
“good chelators” in the binding site. Still, the question arose
as to whether we would be able to link the isolated “ideal
combination” of metal-binding side chains into a single po-
lypeptide chain. Existing fragments from the PDB were
used as elementary building blocks spanning the neighbour-
ing positions in the coordination polyhedra. These fragments
certainly may not be the global minima of the corresponding
short peptide sequences; nevertheless, the energy penalty of
their folding into the conformation that they adopt in pro-
teins should not be prohibitively large. Quite frequently,
they represent stable parts of the protein structure, such as
helices or b turns.
By merging the fragments capable of spanning two posi-


tions in the coordination polyhedron (repeatedly, if the coor-
dination number is four), it may be possible to provide a
single peptide that is potentially capable of folding around
the metal ion to provide a set of optimum amino acid side
chains at the vertices of a given coordination polyhedron.
This is an original procedure for the design of novel metal-
binding sites. In principle, it may not be limited to short
peptides, although problems can be anticipated in the case
of longer sequences (which are likely not to fold into the de-
sired geometry). This approach is currently being used to
design a short peptide sequence mimicking the active site of
purple acid phosphatase.[54]


The affinity of the resulting peptide sequences in solution
is slightly lower than expected and definitely less than the
Cys-rich IGA 16 peptide (four Cys residues) reported to
bind zinc(II) with femtomolar affinity;[30] our best binding
constants are in the micromolar range, which is the penalty
for using less typical metal-binding residues. The affinity
may be improved by lowering the loss in conformational en-
tropy upon chelation by making the peptides cyclic.
Unfortunately, the low solubility of the HHTC peptide


and its metal-ion complexes has hampered efforts to crystal-
lise this peptide with the Cu2+ ion.
In this report, we wish to share the new procedure and


computer program and to demonstrate that they can be
used to design peptides binding selected metal ions, both in
the gas phase (by using a set of original MALDI/TOF ex-
periments) and in solution. One can think of many improve-
ments that may be achieved through designing a future gen-
eration of peptide sequences with higher metal-binding af-
finities. In the first stage, that is, the quantum chemical cal-
culations of the complexation energies of all of the possible
combinations of metal-binding side chains,[42,44, 46] several ap-
proximations had to be invoked. It was not possible to
screen all of the �10000 combinations within a reasonable
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timeframe. Both methodological progress (for example, RI-
DFT methods with modern functionals) and an enormous
increase in computational power have made this task ac-
complishable. In our study, we have mostly used the gas-
phase values of the important descriptors, like the complex-
ation energy or strain energy of the peptide chain (DEF).
These can be improved by taking into account solvation
models, at least the implicit formulations, such as PCM or
COSMO. Moreover, the best candidates can be subjected to
combined quantum mechanics/molecular mechanics (QM/
MM) calculations to obtain an accurate structure with the
complexed metal ion (possibly in a surrounding sphere of
water molecules, by use of the explicit solvation model).
These improvements can further increase the potential of


the described procedure and lead to a new generation of
short and specific metal-binding sequences.


Conclusion


The molecular design of M2+-specific peptides has been ach-
ieved by using the build_peptide program, the results from
earlier quantum chemical calculations and the simple molec-
ular mechanics optimisation of both folded and unfolded
states of the designed peptides to estimate the strain energy
of the peptide chain. This process yielded more than 40 can-
didates for specific metal-binding peptides. Experimental
evaluation combining mass spectrometry, ITC, NMR spec-
troscopy, and chelatometry techniques revealed that the de-
vised strategy is not a merely computational exercise but
can result in novel selective metal chelators and can be con-
sidered as a promising tool in metal-binding peptide design.


Experimental Section


Computational details


Fragment library : The fragment library is a collection of the 3D struc-
tures of all Zi–(X)n–Zj sequences (protein fragments) from the experi-
mentally determined protein structures as available in the PDB and satis-
fying the following criteria: 1) both Zi and Zj are residues with metal-
binding side chains (Asn, Asp, Cys, Gln, Glu, His, Lys, Met, Ser, Thr or
Tyr); 2) Dij<6.5 S, when Dij is the distance between the metal-binding
atoms of the first (Zi) and last (Zj) amino acid; 3) 0�n�14. To avoid re-
dundancy in the fragment library, the PDB was reduced to a non-redun-
dant database, which contains only different chains (that is, we excluded
structures that have 100% sequence identity with another structure of
higher resolution). In total, 734423 fragments were obtained, sorted into
11Z11Z15=1815 “Zi_Zj_n.pdb” files (n is the number of amino acids in
the (X)n chain).


The build_peptide program : The build_peptide program constructs the
Z1–(X)n1–Z2–(X)n2–Z3–(X)n3–···–Zj polypeptide chain by joining the Zi–
(X)n–Zj fragments. The strain energy in the folded structure of the result-
ing peptide chain is then estimated in molecular mechanics calculations
by using the Gaussian 98 program suite[55] and the (standard AMBER)
force field of Cornell et al.[56] The partial charges for all residues were
taken from the all amino02.in file in standard Amber libraries. The
source code of the build_peptide program (written in Fortran 77) is avail-
able upon request; the main features and program flow are briefly de-
scribed below. In Figure 6, part of the structure of the build_peptide input
file is shown.


The program starts with reading of the input file and calculates all the
distances between the k metal-binding atoms from the specified coordi-
nation geometry and metal-ligand distances.


It reads all the necessary fragments from the fragment library. The
number of read fragments is determined by the allowed deviance (Line 6
of the example input file in Figure 6) between the actual and ideal (com-
puted in the preceding step) distances of the corresponding metal-binding
atoms. For linear coordination geometry, each read fragment is the final
peptide sequence and the Gaussian 98 files are written (see below). For
other coordination geometries, the program attempts to link the (k�1)
fragments (with k being the coordination number) into a single peptide
chain for each permutation of coordinating residues.


For a given permutation, such as {Z1, Z2, Z3, Z4}, the program tries to su-
perimpose fragment 1 (F1; Z1–(X)n1–Z2) and fragment 2 (F2; Z2–(X)n2–
Z3) so as to achieve the maximum overlap of selected (important) atoms
of the common residue Z2. More specifically, it first checks whether the
conformations of both side chains and their orientation with respect to
the peptide bond are within the limits specified by the parameters p3, p4
and p5 (see Figure 6). p3 is the maximum tolerance for the difference be-
tween N12�Ca12�Cpept12�Opept12 and N21�Ca21�Cpept21�Opept21 dihedral
angles (subscript 12 stands for the C-terminal amino acid of F1, whereas
subscript 21 indicates the N-terminal amino acid of F2). p4 is the maxi-
mum allowed difference between the Ca12�L12 and Ca21�L21 distances
(with L being the metal-binding atom). p5 is the maximum tolerance in
the L12�Ca12�Cpept12 versus L21�Ca21�Cpept21 and the L12�Ca12�Npept12


versus L21�Ca21�Npept21 angles. Subsequently, the program translates both
fragments, so that L12 and L21 are at the origin of Cartesian space. After-
wards, it makes the L12�Ca12 and L21�Ca21 bonds colinear and, finally, it
makes the L12�Ca12�Cpept12 and L21�Ca21�Cpept21 planes coplanar.
The distance between the atoms L11 (the N-terminal metal-binding atom
of F1) and L22 (the C-terminal metal-binding atom of F2) in the merged
fragments is determined. It should be close to the ideal distance of the
specific ion coordination geometry, as computed in the first step. If the
distance is within the allowed deviation as determined by parameter p1
(Line 7 in Figure 6), the program proceeds to the next step.


The new single fragment 1–2 (F12), that is, Z1–(X)n1–Z2–(X)n2–Z3, is
merged with fragment 3 (F3; Z3–(X)n3–Z4) through a procedure analo-
gous to that described above. After these two fragments have been con-
nected, two distances, L11–L32 and L21–L32, are examined. The tolerance is
specified by the single parameter p2. For tetracoordinated species (tetra-
hedral, square-planar), this is the end of the main body of the program;
for an octahedral geometry, the program continues to add fragments 4
and 5 in a similar way.


Figure 6. An example of a build_peptide input file; the Z1–(X)n1–Z2–
(X)n2–Z3–(X)n3–···–Z4 sites will be constructed, in which {Z1,Z2,Z3,Z4} is
any permutation of {Glu,His,Cys,Ser} with the M–Li optimum distances
given. The parameters are explained below.
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Finally, the resulting peptide sequence, for example, Z1–(X)n1–Z2–(X)n2–
Z3–(X)n3–Z4, is written in the PDB format and four Gaussian 98/Amber
input files are written, preceded by an addition of the hydrogen atoms to
the final structures (this subroutine is a part of the program) and explicit
specification of the connectivities.


A1A2A3A4_Tnnf.inp is the Gaussian 98/Amber input file for full optimi-
sation by using the first-order optimiser in Gaussian 98 (used for pre-
screening).


A1A2A3A4_Tnna.inp is the Gaussian 98/Amber input file for N steps
(with N being the number of atoms) of partial optimisation in Cartesian
coordinates with metal-binding atoms fixed in Cartesian space by using
the steepest descent method.


A1A2A3A4_Tnnb.inp is the Gaussian 98/Amber input file for partial op-
timisation in redundant internal coordinates with the distances between
all metal-binding atoms fixed by using the Berny optimisation algorithm
and starting from the geometry “pre-optimised” in the preceding step.


A1A2A3A4_Tnnc.inp is the Gaussian 98/Amber input file for full opti-
misation by using the Berny optimisation algorithm and starting from the
fully converged geometry of the previous partial optimisation. An exam-
ple of each type of input file is included in the Supporting Information.


Successful completion of the molecular mechanics optimisations yields an
estimate of the value of the strain energy (DEF), which is the most impor-
tant descriptor of the accessibility of the folded state of the given peptide.
The lower the value of DEF, the better the peptide for specific metal
binding of the particular transition-metal ion.


Peptide synthesis and purification : Peptides with selected sequences were
synthesised by using a solid-phase synthesiser ABI433A (Applied Biosys-
tems, Foster City, CA, USA) by stepwise coupling of the corresponding
9-fluorenylmethoxycarbonyl (Fmoc) amino acids to the growing chain on
Rink amide resin (100–200 mesh, 0.69 mmolg�1). The fully protected pep-
tide was synthesised on the resin according to a standard procedure in-
volving 1) cleavage of the Na-Fmoc protecting group with 20% piperi-
dine in N-methylpyrrolidine (NMP) and 2) a coupling mediated by mix-
tures of the coupling reagents O-(benzotriazol-1-yl)-N,N,N’,N’-tetrame-
thyluronium hexafluorophosphate (HBTU)/1-hydroxy-1H-benzotriazole
(HOBT) in DMF. Upon completion of the syntheses, the deprotection
and detachment of the linear peptides from the resin were carried out si-
multaneously by using a TFA/thioanisole/ethanethiol/anisole (90:5:3:2)
cleaving mixture. The resin was washed with diclhloromethane and the
combined TFA filtrates were evaporated at room temperature. The pep-
tides were precipitated with cold tert-butyl methyl ether, collected by suc-
tion, dissolved in acetonitrile/H2O (60:40) and dried. The peptides were
then purified by reversed-phase HPLC to >95% purity and the correct
sequence were verified by using mass spectrometry.


MALDI-TOF MS experiments : The peptides obtained as described
above were weighed (approximately 1 mg) and dissolved in 0.1% aq
TFA. The stock solution was diluted by the same solvent to provide
1 pmolmL�1 solutions. In the cases of not fully dissolved peptides in the
stock solutions, a fine suspension obtained after sonication was used. The
formed solution was clear and presumably all of the peptides were dis-
solved. The peptide solution (1.1 mL of 1 mm) was mixed with the metal
sulphate solution (1.1 mL of 10 mm) in a 1 mL Eppendorf tube. After ap-
proximately 1–2 min of incubation, 3,4,5-trihydroxyacetophenone
(THAP) matrix was added (1.1 mL) and, after thorough mixing, 1.1 mL of
the solution were deposited on the metallic MALDI target. The identity
of the peptides was examined in the same way by using filtered water
(0.2 mm MilliQ filter) instead of sulphate solution. The dried spots were
analysed by MALDI micro MX (Waters/Micromass, Manchester, UK) in
automatic mode by using reflectron settings. The measured masses were
calibrated by means of a bovine serum albumin trypsin digest; human
Glu-1-fibrinopeptide B (m/z : 1570.6447) was used as an external lock
mass.


Chelator experiments : Chelator experiments that monitor the competi-
tion between a peptide and a fluorescent chelator for Zn2+ ions were per-
formed with solutions of 5 mm Fluozin-1 (Molecular Probes, Eugene, OR,
USA) and a peptide at 40 or 80 mm in 20 mm MES (pH 6.5). Zn2+ ions
were added in a stepwise manner from a zinc acetate stock solution in


the same buffer and the fluorescence intensity of Fluozin-1 was recorded
by using a Perkin–Elmer LS 50 B fluorescence spectrometer connected
to a Julabo F25 thermostatic water bath. All of the measurements were
performed at 25 8C, with excitation and emission wavelengths of 495 and
515 nm, respectively. Binding curves were fitted to the data (fluorescence
intensity versus total Zn2+ concentration) by using CaLigator software.[57]


The pKd value for the chelator–Zn
2+ complex was determined to be 5.2;


this value was used in fitting to titration data for chelator–peptide mix-
tures.


Isothermal microcalorimetry : The binding of metal ions (Cu2+ , Zn2+ and
Cd2+) to the peptide HNLGMNHDLQGERPYVTEGC (HHTC) was
monitored by using a VP-ITC microcalorimeter (MicroCal, Northamp-
ton, USA) at 25 8C. The solutions of the reactants were prepared in
20 mm ACES (or MES) at pH 7.0 and the exact concentrations of pep-
tides were determined by an amino acid analysis. Typically, 9 mL aliquots
of 650 mm CuCl2 (or ZnCl2) were injected stepwise into the sample cell
containing 50 mm peptide (1.43 mL) until saturation was achieved. The
solutions used for the titration of the cadmium ions were 1.25 mm CdSO4


and 70 mm HHTC peptide. The experiment was accompanied by a control
experiment in which the salts of the metal ions were injected into the
buffer alone. The thermodynamic parameters and association constants
were estimated by fitting a 1:1 binding model to the data by using the
MicroCal Origin software.


NMR spectroscopy : 1H NMR spectra were measured on a Bruker
AVANCE II instrument at 600.13 MHz with a triple-resonance cryo-
probe (5 mm CPTCI 1H–13C/15N/D Z-GRD) in a H2O/D2O (9:1) solution
at the natural pH value of 3.34. Dioxane was used as the internal refer-
ence and the chemical shifts were recalculated by using d ACHTUNGTRENNUNG(dioxane)=
3.75 ppm. For structural assignment of the hydrogen atoms, a series of
2D-H,H-COSY, 2D-H,H-TOCSY and 2D-H,H-NOESY spectra was col-
lected.
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L. Rul2šek et al.



http://dx.doi.org/10.1021/ar000087t

http://dx.doi.org/10.1021/ar000087t

http://dx.doi.org/10.1021/ar000087t

http://dx.doi.org/10.1021/ja001218o

http://dx.doi.org/10.1021/ja001218o

http://dx.doi.org/10.1021/ja001218o

http://dx.doi.org/10.1021/ja0169163

http://dx.doi.org/10.1021/ja0169163

http://dx.doi.org/10.1021/ja0169163

http://dx.doi.org/10.1073/pnas.0404387101

http://dx.doi.org/10.1073/pnas.0404387101

http://dx.doi.org/10.1073/pnas.0404387101

http://dx.doi.org/10.1073/pnas.0404387101

http://dx.doi.org/10.1016/j.jmb.2006.12.002

http://dx.doi.org/10.1016/j.jmb.2006.12.002

http://dx.doi.org/10.1016/j.jmb.2006.12.002

http://dx.doi.org/10.1016/j.jmb.2006.12.002

http://dx.doi.org/10.1016/S0959-440X(97)80112-1

http://dx.doi.org/10.1016/S0959-440X(97)80112-1

http://dx.doi.org/10.1016/S0959-440X(97)80112-1

http://dx.doi.org/10.1016/S0958-1669(98)80010-4

http://dx.doi.org/10.1016/S0958-1669(98)80010-4

http://dx.doi.org/10.1016/S0958-1669(98)80010-4

http://dx.doi.org/10.1016/S0958-1669(98)80010-4

http://dx.doi.org/10.1146/annurev.biochem.68.1.779

http://dx.doi.org/10.1146/annurev.biochem.68.1.779

http://dx.doi.org/10.1146/annurev.biochem.68.1.779

http://dx.doi.org/10.1021/cr020603o

http://dx.doi.org/10.1021/cr020603o

http://dx.doi.org/10.1021/cr020603o

http://dx.doi.org/10.1021/cr020603o

http://dx.doi.org/10.1021/cr0206115

http://dx.doi.org/10.1021/cr0206115

http://dx.doi.org/10.1021/cr0206115

http://dx.doi.org/10.1016/S0022-2836(02)01441-9

http://dx.doi.org/10.1016/S0022-2836(02)01441-9

http://dx.doi.org/10.1016/S0022-2836(02)01441-9

http://dx.doi.org/10.1016/S0022-2836(02)01441-9

http://dx.doi.org/10.1021/bi015649a

http://dx.doi.org/10.1021/bi015649a

http://dx.doi.org/10.1021/bi015649a

http://dx.doi.org/10.1021/bi015649a

http://dx.doi.org/10.1021/ic0010149

http://dx.doi.org/10.1021/ic0010149

http://dx.doi.org/10.1021/ic0010149

http://dx.doi.org/10.1021/ic0010149

http://dx.doi.org/10.1021/ja017520u

http://dx.doi.org/10.1021/ja017520u

http://dx.doi.org/10.1021/ja017520u

http://dx.doi.org/10.1021/ic052190q

http://dx.doi.org/10.1021/ic052190q

http://dx.doi.org/10.1021/ic052190q

http://dx.doi.org/10.1007/s00775-006-0140-7

http://dx.doi.org/10.1007/s00775-006-0140-7

http://dx.doi.org/10.1007/s00775-006-0140-7

http://dx.doi.org/10.1016/j.cbpa.2005.02.017

http://dx.doi.org/10.1016/j.cbpa.2005.02.017

http://dx.doi.org/10.1016/j.cbpa.2005.02.017

http://dx.doi.org/10.1073/pnas.97.12.6292

http://dx.doi.org/10.1073/pnas.97.12.6292

http://dx.doi.org/10.1073/pnas.97.12.6292

http://dx.doi.org/10.1073/pnas.97.12.6292

http://dx.doi.org/10.1021/ja980054x

http://dx.doi.org/10.1021/ja980054x

http://dx.doi.org/10.1021/ja980054x

http://dx.doi.org/10.1038/776

http://dx.doi.org/10.1038/776

http://dx.doi.org/10.1038/776

http://dx.doi.org/10.1021/ja048839s

http://dx.doi.org/10.1021/ja048839s

http://dx.doi.org/10.1021/ja048839s

http://dx.doi.org/10.1016/S0065-3233(08)60534-3

http://dx.doi.org/10.1016/S0065-3233(08)60534-3

http://dx.doi.org/10.1016/S0065-3233(08)60534-3

http://dx.doi.org/10.1021/ja00905a001

http://dx.doi.org/10.1021/ja00905a001

http://dx.doi.org/10.1021/ja00905a001

http://dx.doi.org/10.1021/ja00364a005

http://dx.doi.org/10.1021/ja00364a005

http://dx.doi.org/10.1021/ja00364a005

http://dx.doi.org/10.1021/ja012620l

http://dx.doi.org/10.1021/ja012620l

http://dx.doi.org/10.1021/ja012620l

http://dx.doi.org/10.1021/jp012090f

http://dx.doi.org/10.1021/jp012090f

http://dx.doi.org/10.1021/jp012090f

http://dx.doi.org/10.1021/ar068181i

http://dx.doi.org/10.1021/ar068181i

http://dx.doi.org/10.1021/ar068181i

http://dx.doi.org/10.1126/science.1136782

http://dx.doi.org/10.1126/science.1136782

http://dx.doi.org/10.1126/science.1136782

http://dx.doi.org/10.1126/science.1136782

http://dx.doi.org/10.1016/1044-0305(95)00548-X

http://dx.doi.org/10.1016/1044-0305(95)00548-X

http://dx.doi.org/10.1016/1044-0305(95)00548-X

http://dx.doi.org/10.1016/1044-0305(95)00548-X

http://dx.doi.org/10.1016/S0003-2670(01)00865-0

http://dx.doi.org/10.1016/S0003-2670(01)00865-0

http://dx.doi.org/10.1016/S0003-2670(01)00865-0

http://dx.doi.org/10.1016/S0003-2670(01)00865-0

http://dx.doi.org/10.1002/rcm.1947

http://dx.doi.org/10.1002/rcm.1947

http://dx.doi.org/10.1002/rcm.1947

http://dx.doi.org/10.1002/rcm.1947

http://dx.doi.org/10.1016/S1387-3806(02)00965-X

http://dx.doi.org/10.1016/S1387-3806(02)00965-X

http://dx.doi.org/10.1016/S1387-3806(02)00965-X

http://dx.doi.org/10.1002/(SICI)1097-0134(19981101)33:2%3C159::AID-PROT2%3E3.0.CO;2-E

http://dx.doi.org/10.1002/(SICI)1097-0134(19981101)33:2%3C159::AID-PROT2%3E3.0.CO;2-E

http://dx.doi.org/10.1002/(SICI)1097-0134(19981101)33:2%3C159::AID-PROT2%3E3.0.CO;2-E

http://dx.doi.org/10.1021/ja00124a002

http://dx.doi.org/10.1021/ja00124a002

http://dx.doi.org/10.1021/ja00124a002

http://dx.doi.org/10.1006/abio.2002.5661

http://dx.doi.org/10.1006/abio.2002.5661

http://dx.doi.org/10.1006/abio.2002.5661

www.chemeurj.org






DOI: 10.1002/chem.200800388


Modular Chiral Bidentate Phosphonites: Design, Synthesis, and Application
in Catalytic Asymmetric Hydroformylation Reactions


Baoguo Zhao,[a] Xingao Peng,[a, b] Zheng Wang,[a] Chungu Xia,*[b] and Kuiling Ding*[a]


Dedicated to Professor Xiyan Lu on the occasion of his 80th birthday


Introduction


Hydroformylation (HF)[1] represents one of the most impor-
tant homogeneously catalyzed industrial processes with mil-
lions of tons of oxo products being produced worldwide per
year. Catalytic asymmetric hydroformylation (AHF) is an
atom-economic one-carbon homologation reaction that con-
verts in a single step olefins and syngas (CO/H2) into chiral
aldehydes, which can be used as important chiral synthons
for a variety of pharmaceutical products and fine chemi-
cals.[1–3] Despite the considerable interest from both industry


and academia, however, the catalytic AHF is still a challeng-
ing area in comparison with the rapid development of other
catalytic asymmetric reactions.[4] One of the major problems
involved in the reaction is how to control both the regio-
and enantioselectivities while maintaining reasonable reac-
tion rates at moderately high temperatures (60–100 8C). This
is usually a difficult goal since reduced regio- and enantiose-
lectivities are often obtained at higher temperatures. Al-
though these selectivities can be modulated to some extent
by altering reaction parameters, such as gas pressure and re-
action temperature, the employed chiral ligand is the most
important factor in selectivity control.[2] Therefore, in the
area of RhI-catalyzed AHF, significant improvements with
regard to catalytic activity and/or selectivity have always
been closely associated with the successful discovery/devel-
opment of new ligands. Over the past three decades, al-
though a large variety of chiral ligands has been examined
in RhI-catalyzed AHF, excellent results have only been re-
ported for a limited number of ligands so far.[2e] Some of the
representative ligands are shown in Scheme 1. The catalysis
involving chiral bisphosphites 1 and 2 demonstrated some
degree of substrate specificity. Whereas the former exhibited
good enantioselectivity in the reaction of styrene,[5] the
latter was found quite efficient in the stereocontrol of the
hydroformylation of allyl cyanide and vinyl acetate.[6] Wills
et al. reported the first phospholane-type ligand (3) was ef-
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fective for AHF of vinyl acetate, but quite unselective
toward hydroformylation of styrene.[7] The discovery of the
Rh/binaphos (4) catalysts by Takaya, Nozaki and co-workers
in 1993 is widely regarded as a breakthrough in this field. A
variety of olefins were hydroformylated with generally high
levels of regio- and enantioselectivity using this versatile cat-
alyst.[8] Very recently, Zhang and Yan reported phosphine–
phosphoramidite (5), a ligand structurally related to (R,S)-
binaphos (4) in which an oxygen atom was replaced by an
NEt fragment, which significantly improved the enantiose-
lectivities over (R,S)-binaphos in AHF of vinyl arenes and
vinyl acetate[9] The diazaphospholane 6 and its analogues,
reported by Klosin and co-workers in 2005, also demonstrat-
ed very effective control of regio- and enantioselectivities in
the AHF of styrene, vinyl acetate, and allyl cyanide sub-
strates, with remarkable features of high catalytic activity at
elevated temperatures.[10] Overall chiral ligands with a new
skeleton for this important asymmetric catalytic reaction
would be highly desirable.[11] Herein, we report the results
on the design and synthesis of a new class of modular C2-
symmetric chiral bidentate phosphonite ligands, as well as
their application in the RhI-catalyzed asymmetric hydrofor-
mylation of styrene derivatives, vinyl acetate, and allyl cya-
nide with the effective control of the regio- and stereoselec-
tivities. The solid-state structure of the catalyst precursor
has also been elucidated to shed some light on the origin of
the selectivity control of the reaction.


Results and Discussion


Ligand design : Based on the
observation that the phosphites
can be highly effective ligands
for the reaction with excellent
reactivities,[5,6] and that the
chiral ligands bearing a 1,2-di-
phosphinoethane or 1,2-diphos-
phinobenzene moiety often
demonstrated excellent regio-
or enantioselective control in
the reaction,[6c,7,10, 11] it was envi-
sioned that incorporation of
both structural features into
one ligand molecule might
result in a combination of these
advantages in a best scenario.
During the course of our inves-
tigation on modular chiral cata-
lysts for asymmetric catalysis, a
wide variety of modular mono-
dentate phosphoramide ligands,
DpenPhos (7)[12a,b] and Cydam-
Phos (8)[12c] based on chiral 1,2-
phenylethlene-1,2-diamine and
1,2-diaminocyclohexane, respec-
tively, have been developed.
Dual steric tuning of the sub-
stituents on the ligands is criti-


cally important for achieving excellent enantioselectivity in
RhI-catalyzed hydrogenations of a variety of functionalized
olefin derivatives, such as dehydro-a-amino acid derivatives,
enamides, methyl (Z)-b-substituted a-acetoxyacrylates, or
(E)-b-aryl itaconate derivatives. The drastic impact of sub-
stituents on the ligands on the enantioselectivity of the reac-
tions can be addressed on the basis of their spatial orienta-
tions in the RhI complexes, which constitute an integral part
of the chiral environment around the RhI center. By taking
the advantages of the structural diversity and remote stereo-
control capability of the substituents on the backbone of 7
and 8, the privileged skeleton of 1,2-diphosphinoethane or
1,2-diphosphinobenzene, as well as the high activity of phos-
phite ligands, we decided to prepare a series of bidentate
phosphonite ligands (9 and 10) (Scheme 2) containing all of
the elements above for the RhI-catalyzed AHF reaction of
olefin derivatives.


Ligand synthesis : As shown in Scheme 3, the synthesis of
modular bidentate phosphonite ligands 9 and 10 was quite
straightforward and was accomplished in a convergent
manner. The diphenol derivative (R,R)-11, which is a key in-
termediate in the preparation of DpenPhos and can be read-
ily prepared from (1R,2R)-1,2-bis(2-methoxyphenyl)ethane-
1,2-diamine,[12a–b] was allowed to react with 1,2-bis(dichloro-
phosphino)ethane (12) or 1,2-bis(dichlorophosphino)ben-
zene (13) in THF in the presence of Et3N as HCl scavenger


Scheme 1. Representative examples of chiral ligands for RhI-catalyzed AHF of olefins.
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at room temperature. This afforded the corresponding bi-
dentate phosphonite ligands 9 a,b having an ethylene and
phenylene backbone, respectively, in reasonably good yields
(66–71%). These two compounds were purified by column
chromatography on silica gel without special precaution
against air or trace amounts of water in the solvent. Consid-
ering the ready availability and facile modification of diphe-
nol 14,[12c] we decided to further extend the bisphosphonite
ligand diversity with this skeleton. Thus, the key diphenol
intermediates 14 a–l were conveniently prepared in good
yields (76–85%) from readily available enantiopure 1,2-di-
ACHTUNGTRENNUNGaminocyclohexane and various salicylaldehyde derivatives
through a three-step reaction sequence developed in our
laboratory. Similarly, the reaction of 14 with 0.5 equivalents
of 13 in dry THF at room temperature in the presence of
2 equivalents of Et3N afforded the corresponding bidentate
phosphonite ligands 10 a–l in moderate to good yields. These
chiral phosphonite ligands were stable enough to allow pu-
rification by silica gel column chromatography in the open
air, and could be stored under argon without degradation
for long periods (>6 months).


Optimization of reaction conditions : With the novel chiral
bidentate phosphonite ligands 9 a,b and 10 a–l in hand, we
then proceeded to examine their asymmetric induction abili-
ty in the RhI-catalyzed AHF of the three most commonly
used model substrates, namely styrene (15 a), vinyl acetate


(18), and allyl cyanide (21) (Scheme 4). The reaction was
performed in a Parr autoclave under a pressure of 20 bar
CO/H2 (1/1) in toluene at 60 8C in the presence of 0.2 mol%
of RhI complexes, and the conversions of the substrates, and
the regio- and enantioselectivities of the reactions were de-
termined by GC analysis. The RhI complexes were formed
in situ by reaction of one equivalent of [Rh ACHTUNGTRENNUNG(acac)(CO)2]
with 1.5 equivalents of ligands 9 or 10 in toluene. The pre-
liminary examination of the AHF of the substrates with RhI


complexes of 9 a,b indicated that the catalyst composed of
ligand 9 b bearing a 1,2-phenylene backbone gave relatively
higher regio- and enantioselectivities than that of 9 a with a
1,2-ethylene skeleton (entry 1 vs. 2, Table 1), affording the
corresponding branched aldehydes regioselectively with 51–
73% ee. These results clearly indicate the feasibility of the
ligand design concept shown in Scheme 2. Therefore, we
subsequently switched our attention to the ligand modifica-
tion on the basis of the 1,2-phenylene backbone with the
readily available diphenols 14 as the chiral modifiers. Ac-
cordingly, a family of modular ligands 10 a–l was designed
and synthesized as discussed above.
For the optimization of the reaction conditions, ligand


10 b was first chosen to examine various reaction parame-
ters, such as substrate concentration, syngas partial pressure,
solvent, temperature, and ligand-to-rhodium ratio. The opti-
mization began with a preliminary examination of the sub-
strate concentration effect on the reactivity/selectivities of
the AHF in the presence of the RhI/10 b complex. After
screening the concentration ranges from 1.0 to 4.3m for all
three substrates, a concentration of 3.0m was found to be
optimal for both styrene and vinyl acetate, whereas 1.0m


worked best for allyl cyanide (see Table S1 in the Support-
ing Information). Significant impact of the CO/H2 partial
pressures on the catalytic activities was observed, as reflect-
ed in the conversion data listed in Tables S2 and S3 in the
Supporting Information. Remarkably, increasing the H2 par-
tial pressure or lowering the CO partial pressure demon-
strated a beneficial effect on the conversions, which is con-
sistent with the mechanistic understanding that an enhanced
rate of H2 oxidation addition to Rh can be expected at
higher H2 pressure, whereas the dissociation of CO from the
Rh center to give the active species (dissociation mecha-
nism) would be facilitated under lower CO pressures.[13]


Within the pressure range examined for the reactions,
50 atm of H2/CO (4:1) was found to be optimal for the reac-
tion of styrene and vinyl acetate, whereas 40 atm of 3:1 H2/
CO turned out to be best for the reaction of allyl cyanide
with the RhI/10 b system. Subsequent examination of the sol-
vent effects using both ligands 10 b and 10 c under similar
conditions revealed that the reactions performed best in
tBuOMe for all three olefins in terms of the catalytic activi-
ties and selectivities (see Table S4 in the Supporting Infor-
mation).
The impacts of reaction temperature and ligand/Rh ratios


on the catalysis are summarized in Table 2. Enhancement of
the reaction temperatures from 40 to 60 8C led to an im-
provement of the reaction rate and an essentially constant


Scheme 2. The concept of ligand design for RhI-catalyzed AHF of olefins.
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ee for all the three substrates, albeit with a slight lowering of
b/l ratios (branching/linear ratios; entries 1–3, Table 2).
However, a further increase of the temperature to 70 8C re-
sulted in a significant decrease in both regio- and enantiose-
lectivities (entry 4, Table 2). The 10 b/Rh ratios, which can
affect the concentrations of the active species through the
coordination equilibrium, are found to exhibit a considera-
ble effect on both the regio- and enantioselectivities of the
hydroformylations, with a threshold value of 1.5/1 being op-
timal for all the three substrates (entries 3 and 5–8, Table 2).
Further increase of the ligand/RhI ratio to 2/1 did not result


in much difference in selectivi-
ties, albeit with a minor nega-
tive effect on the activities.
Overall, the optimized condi-
tions turned out to be 50 bar
(4:1) or 40 bar (3:1) pressure of
H2/CO for the reaction of sty-
rene/vinyl acetate (3.0m) or
allyl cyanide (1.0m), respective-
ly, in tBuOMe as solvent at
60 8C in the presence of 0.2
mol% of the RhI complex of
10 b (1:1.5) for 2 h or 4 h
(entry 3, Table 2).


The substituent effect of the li-
gands : The modular nature of
the bidentate chiral phosphon-
ite ligands 10 allows a facile
fine-tuning of the catalytic per-
formance through modifications
of the stereoelectronic proper-
ties of the two sets of substitu-
ents on the ligand backbone, R
and R’ (Scheme 3). Under the
optimized reaction conditions,
the impacts of the R and R’
substituents in ligands 10 a–l on
the regio- and enantioselectivi-
ties were subsequently investi-
gated for the RhI-catalyzed
asymmetric hydroformylation
of vinyl acetate, styrene, and
allyl cyanide. As can be seen
from Table 3, increasing the
steric bulkiness of N-arylacyl
substituents in the ligand was
found to be beneficial to both
the regio- and enantioselectivi-
ties for all the three kinds of
substrates, albeit with a some-
what drop in reactivity for allyl
cyanide (entries 1–3, Table 3).
For the ligands with R’=H
(10 a, 10 d, e, and 10 h, i), the
steric property of R exhibited a


hard-to-predict influence on the regio- and enantioselectivi-
ties of the reactions, depending on both the position and the
steric bulkiness of R. Whereas modification of the R group
at the 3-position from H to Me resulted in considerable deg-
radation in both reactivity and selectivities for the reactions
(entry 1 vs. 4, Table 3), the reverse is true for a similar modi-
fication at the 4-position on the phenoxy moieties in the li-
gands (entry 1 vs. 5, Table 3). However, further increasing
the steric bulkiness of the 4-substituent by changing Me to
iPr or tBu led to somewhat lowered regio- and enantioselec-
tivities of the three reactions (entry 5 vs. 8 and 9, Table 3).


Scheme 3. Synthesis of bidentate phosphonite ligands 9 and 10.


Scheme 4. RhI-catalyzed AHF of styrene (15a), vinyl acetate (18), and allyl cyanide (21) in the presence of
RhI complexes of 9 or 10b.
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In the case of R=4-Me, increasing the steric bulkiness of
the N-acylaryl group is unfavorable for the reactions, and
generally leads to deterioration in both the reactivity and se-
lectivities (entries 5–7, Table 3). Intriguingly, for ligands with
R=H, changing the 4-R’ from Me to tBu gave rise to lower
catalytic performance (entry 2 vs. 12). Moreover, modifica-
tion of 4-R’ by changing from H to the electron-withdrawing
chloro substituent led to a slight lowering of the selectivities
for the reactions of styrene and vinyl acetate. On the other
hand, for the ligand with R’=4-MeO, the reverse is true
(entries 1 vs. 10 and 11, Table 3). For the reaction involving


allyl cyanide, both substituents
are beneficial to the selectivity
control (entries 1 vs. 10 and 11,
Table 3). In short, these obser-
vations suggested that the ste-
reocontrol capabilities of li-
gands 10 are highly sensitive to
the subtle changes in the struc-
tural moieties (R, R’). This can
be better understood by a
closer examination of the X-ray
single-crystal structure of the
catalyst precursor
[Rh(2R,3R,5S,6S,2’R,3’R,5’S,6’
S)-10 b ACHTUNGTRENNUNG(acac)] (Figure 1). Re-
markably, whereas the R
groups are spatially located
near to the reaction site and are
expected to exert influences on
the reaction, two of the four R’
groups bonded remotely at the
ligand backbone, also exhibit a
similar spatial orientation. A
complex interaction of these
factors seems to play a key role
in determining the catalytic per-
formance of the Rh complex.
These facts along with the mod-
ular nature of this type of li-
gands suggest that their asym-
metric induction capabilities in
AHF could be readily tuned by
judicious modifications of the R
and R’ substituents on the skel-
eton of the ligands, which rep-
resents a valuable feature for
ligand optimization. Within the
ligand series, 10 c turns out to
be the best for AHF of vinyl
acetate (up to 91% ee with b/
l=40.7) and styrene (up to
79% ee with b/l=12.2) in terms
of regio- and enantioselectivity,
whereas 10 j is optimal for the
reaction of allyl cyanide (up to
79% ee with b/l=4.4).


Substrate adaptability : To investigate the substrate adapta-
bility of the RhI catalyst containing ligand 10 c, a series of
olefin derivatives was hydroformylated in the presence of
[Rh ACHTUNGTRENNUNG(acac)(CO)2]/10 c under the optimized reaction condi-
tions. These afforded the corresponding products in moder-
ate to excellent regioselectivities and enantioselectivities
(entries 1–7, Table 4). Remarkably, hydroformylation of
vinyl acetate using the RhI/10 c catalyst demonstrated high
reactivity (92% conversion after 12 h) and excellent regio-
(b/l=44.5) and enantioselectivity (90% ee) (entry 8,


Table 1. AHF of styrene (15a), vinyl acetate (18) and allyl cyanide (21) under the catalysis of RhI/9a,b.


Entry 9 15 a[a] 18[a] 21[b]


conv.
[%][c]


b/l[c] ee
[%][c]


conv.
[%][c]


b/l[c] ee
[%][c]


conv.
[%] [c]


b/l[c] ee
[%][c]


1 9a 66 4.5 44.6 (R) 82 38 50.0 (S) >99 3.1 44.0 (R)
2 9b 42 6.3 51.1 (R) 27 19.7 51.8 (S) >99 4.4 73.4 (R)


[a] Reaction conditions: [Rh]/9=1:1.5, sub./cat.=500, P(H2)=10 bar, P(CO)=10 bar, [substrate]=0.68m, tolu-
ene, 60 8C, 5 h. [b] Reaction conditions: [Rh]/9=1:1.5, sub./cat.=500, P(H2)=30 bar, P(CO)=10 bar, [sub-
strate]=1.8m, tBuOMe, 60 8C, 4 h. [c] Conversions, branched/linear (b/l) ratios and ee values were determined
by GC analysis. The absolute configuration for the products 16a, 19, and 22 were assigned by comparing the
sign of the optical rotations with those in the literature.[18,19]


Table 2. The impact of reaction temperature and ratios of 10 b/[Rh] on the AHF of styrene (15a), vinyl acetate
(18), and allyl cyanide (21) in the presence of RhI/10 b.


Entry 10 b/Rh T [8C] 15 a[a] 18 [a] 21 [b]


conv.[%][c] b/l[c] ee [%][c] conv. [%][c] b/l[c] ee [%][c] conv. [%][c] b/l[c] ee [%][c]


1 1.5:1 40 29 6.6 66 55 80.0 87 8 3.5 70
2 1.5:1 50 64 5.8 64 71 61.5 87 24 3.4 70
3 1.5:1 60 99 5.7 64 99 36.0 86 99 3.2 73
4 1.5:1 70 99 3.7 51 99 32.3 81 99 3.2 70
5 1.0:1 60 99 7.8 22 99 24.0 71 99 3.3 62
6 1.2:1 60 99 6.7 40 99 26.8 79 99 3.3 66
7 1.8:1 60 99 5.7 63 99 36.0 86 99 3.3 72
8 2.0:1 60 95 5.5 63 94 37.5 86 98 3.3 70


[a] Reaction conditions: sub./cat.=500, P(H2)=40 bar, P(CO)=10 bar, [substrate]=3.0m, tBuOMe, 2 h.
[b] Reaction conditions: P(H2)=30 bar, P(CO)=10 bar, [substrate]=1.0m, 4 h. Other reaction conditions
were same as those of [a]. [c] See footnote [c] in Table 1.


Table 3. RhI-catalyzed AHF of styrene (15a), vinyl acetate (18), and allyl cyanide (21) in the presence of vari-
ous ligands 10 a–l.


Entry Ligand[a] 15a[b] 18[b] 21[c]


conv. [%][d] b/l[d] ee [%][d] conv. [%][d] b/l[d] ee [%][d] conv. [%][d] b/l[d] ee [%][d]


1 10 a 99 7.8 56 (R) 97 38.5 81 (S) 99 4.1 55 (R)
2 10 b 99 5.7 64 (R) 99 36.0 86 (S) 99 3.2 73 (R)
3 10 c 99 12.2 79 (R) 99 40.7 91 (S) 80 3.2 77 (R)
4 10 d 42 4.2 6 (R) 66 15.3 71 (R) 88 0.9 30 (S)
5 10 e 99 15.3 71 (S) 99 42.1 88 (R) 37 3.8 71 (S)
6 10 f 99 9.2 56 (S) 99 37.5 88 (R) 40 2.9 68 (S)
7 10 g 95 13.5 37 (S) 85 34.5 72 (R) 99 2.9 62 (S)
8 10 h 97 16.9 35 (S) 81 29.3 63 (R) 99 3.8 48 (S)
9 10 i 98 16.8 20 (S) 83 19.0 54 (R) 99 3.3 26 (S)
10 10 j 99 7.1 46 (R) 99 32.3 80 (S) 99 4.4 79 (R)
11 10 k 98 6.3 59 (R) 93 34.7 84 (S) 99 4.2 77 (R)
12 10 l 99 6.4 50 (R) 99 23.4 75 (S) 99 2.4 56 (R)


[a] The configuration of ligands 10 a–c and 10j–l is (2R,3R,5S,6S,2’R,3’R,5’S,6’S); the configuration of 10d–i is
(2S,3S,5R,6R,2’S,3’S,5’R,6’R). [b] Reaction conditions: [Rh]/10=1:1.5, sub./cat.=500, P(H2)=40 bar, P(CO)=


10 bar, [substrate]=3.0m, tBuOMe, 60 8C, 2 h. [c] Reaction conditions: [Rh]/10=1:1.5, sub./cat.=500, P(H2)=
30 bar, P(CO)=10 bar, [substrate]=1.0m, tBuOMe, 60 8C, 4 h. [d] See footnote [c] in Table 1.
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Table 4) under a low catalyst loading (substrate/catalyst=
10000/1).


Crystal structure of the catalyst precursor [Rh ACHTUNGTRENNUNG(10 b) ACHTUNGTRENNUNG(acac)]:
To probe the origin of the selectivity control of the present
catalyst system, we succeeded in obtaining the single crystals
of the catalyst precursor [Rh ACHTUNGTRENNUNG(10 b) ACHTUNGTRENNUNG(acac)], by vapor-phase


diffusion of hexane into an
equimolar solution of [Rh-
ACHTUNGTRENNUNG(acac)(CO)2] and 10 b in chloro-
form at room temperature. X-
ray crystallographic analysis
(Figure 1) revealed that [Rh-
ACHTUNGTRENNUNG(10 b) ACHTUNGTRENNUNG(acac)] is C2 symmetric in
its solid state, with a square-
planar coordination geometry
around the Rh center. The
value of the P1-Rh-P1A bite
angle is 84.428, which is close to
an inherent bite angle of 908
for four-coordinate Rh com-
plexes.[6c] The rigid 1,2-diphos-
phinobenzene moiety formed a
five-membered ring by the che-
lating coordination of phospho-
rus atoms with the Rh atom,
whereas the phenoxy rings A
and C are close to the catalytic
active site (Rh center), and
thus are expected to exert an
impact on both reactivity and
selectivities. Interestingly, the
N-acyl aromatic rings, located
at the “remote” site of the
ligand backbone, were also
found to protrude into the vi-


cinity of the Rh center by virtue of the orientation of the
acyl group, which has a profound implication on the selec-
tivity control. It can be expected that this conformation will
be preserved in solution to some extent, owing to the rigidi-
ty of the amide bond.[12c]


Asymmetric induction pathway : On the basis of the absolute
configurations of the products observed in the experiment,
the crystal structure of the complex [Rh
(2R,3R,5S,6S,2’R,3’R,5’S,6’S)-10 bACHTUNGTRENNUNG(acac)] (Figure 1), and the
assumption that the selectivity-determining transition state
(alkene insertion into the Rh�H bond) would adopt a trigo-
nal-bipyramidal coordination geometry with equatorial and
axial phosphorus atoms (since the bite angle of P1-Rh-P1A
here (84.42(9)8) is close to 908), the plausible models for
asymmetric induction in the hydroformylation of terminal
olefin derivatives with the present catalyst system are pro-
posed. As can be seen from the crystal structure of the com-
plex [Rh(2R,3R,5S,6S,2’R,3’R,5’S,6’S)-10 bACHTUNGTRENNUNG(acac)], the phenyl
moieties A and C extend more significantly away from the
plane defined by the phenyl backbone of the ligand than
phenyl moieties B and D (see Figure 1). Accordingly, the
steric environment developed by the ligands can be depicted
with a simplified model shown in Scheme 5. Obviously, the
transition-state model (a) is more favorable than (b), since
the steric congestion between the equatorially coordinated
olefin and the phenyl moiety A of the equatorial P atom in
model (a) is less serious than that of the equatorial olefin


Figure 1. Structure of complex [Rh(2R,3R,5S,6S,2’R,3’R,5’S,6’S)-10b ACHTUNGTRENNUNG(acac)] . The hydrogen atoms are omitted
for clarity. Selected interatomic distances [N], and angles and torsion angles [8] in the complex: Rh�P1
2.1212(15), P1�O1 1.610(4), P1�O2 1.632(4), P1�C1 1.818(5); P1-Rh-P1A 84.42(9), O1-P1-O2 101.3(2), O1-
P1-C1 105.5(2), O2-P1-C1 99.7(2), O1-P1-Rh 112.33(17), O2-P1-Rh 121.56(15), C1-P1-Rh, 114.35(17), O5-Rh-
P1-O1 64.1(2), O5-Rh-P1-O1 62(2), P1-Rh-P1-O1 119.22(18).


Table 4. AHF of olefins under the catalysis of optimized catalyst Rh(I)/
10c or Rh(I)/10j.[a]


Entry R Conv. [%] b/l ee [%][d]


1 C6H5 (15a) 99 12.2 79 (R)
2 4-FC6H5 (15b) 99 10.9 68 (–)
3 4-MeC6H5 (15c) 98 9.9 75 (–)
4 4-MeOC6H5 (15d) 87 9.1 72 (–)
5 6-MeOC10H6 (15 e) 99 8.9 70 (–)
6 AcO (18) 99 40.7 91 (S)
7[b] NCCH2 (21) 99 4.4 79 (R)
8[c] AcO (18) 92 44.5 90 (S)


[a] Unless otherwise noted, the reaction conditions are identical to those
in Table 3. [b] Ligand 10j is used. P(H2)=30 bar, P(CO)=10 bar.
[c] Substrate/Rh=10000/1, t=12 h. [d] The absolute configurations for
the products were assigned by comparing the signs of their optical rota-
tions with those in the literature.[18, 19]
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with the phenyl moiety C of the axial P atom in model (b).
In the favored transition state model (a), the R group of the
olefin substrates at the equatorial position of the Rh com-
plex will extend to the less hindered equatorial CO moiety.
On the basis of this transition model, the absolute configura-
tions of the branched hydroformylation products of vinyl
acetate, styrene, and allyl cyanide will be S, R, and R, re-
spectively. In fact, the absolute configurations of the corre-
sponding products attained in the catalysis with ligand
(2R,3R,5S,6S,2’R,3’R,5’S,6’S)-10 b support the prediction
mentioned above, which indicates that the formal addition
of formaldehyde across the C=C double bond occurs at the
same enantioface for all substrates. Moreover, the sense of
asymmetric induction expected according to this model with
all ligands 9–10 is consistent with that observed in the ex-
periments except for the reaction of styrene under the catal-
ysis of the RhI/10 d complex (Table 3, entry 4). In this case,
the Me groups at the ortho position of phenoxy moieties (B
and D rings) probably have caused subtle changes in the
steric hindrance of the ligand, and as a result influence the
coordination of the olefin substrates, leading to changes of
reactivity and the sense of asymmetric induction. In fact, rel-
atively low catalytic activity was observed with the RhI com-
plex of the ligand 10 d.


Conclusion


In summary, a new class of C2-symmetric chiral bidentate
phosphonite ligands has been developed and successfully ap-
plied to the RhI-catalyzed AHF of vinyl acetate, allyl cya-
nide, styrene, and its derivatives with high efficiency. The X-
ray structural analysis of the catalyst precursor suggested
that the steric hindrance caused by the protrusion of the
remote substituents of the ligands into the vicinity of the
metal center might be an important factor for the enantio-
control of the catalysis, whereas the sense of the asymmetric
induction can be rationalized on the basis of a trigonal-bi-
pyramidal transition state diagram. The salient features of
this type of ligands, such as cheap starting material, facile
preparation, air-stability, structural diversity as well as the


remote stereocontrol capability of the backbone substitu-
ents, will stimulate future studies to explore their applica-
tions in other transition-metal-catalyzed asymmetric reac-
tions.


Experimental Section


General comments : All the experiments that were sensitive to moisture
or air were carried out under an argon atmosphere using standard
Schlenk techniques. NMR spectra were recorded in CDCl3 or [D6]DMSO
on a Varian Mercury 300 (1H 300 MHz; 13C 75 MHz; 31P 121 MHz) spec-
trometer. Chemical shifts are expressed in ppm with an internal standard:
TMS (0 ppm), CDCl3 (d=7.26 ppm), and [D6]DMSO (d =2.50 ppm) for
1H, and CDCl3 (d =77.0 ppm) and [D6]DMSO (d=39.5 ppm) for 13C.
31P NMR spectra were recorded with 85% H3PO4 as an external refer-
ence. The IR spectra were measured on a Rio-Rad FTS-185 spectrometer
in KBr pellets. EI (70 eV) and ESI mass spectra were obtained on
HP5989 A and Mariner LC-TOF spectrometers, respectively. HR-MS
were determined on an IonSpect 4.7 TESLA FTMS. Elemental analyses
were performed with an Elemental VARIO EL apparatus. Optical rota-
tions were measured on a Perkin–Elmer 341 automatic polarimeter.
HPLC analyses were carried out on a JASCO 1580 liquid chromatograph
with a JASCO CD-1595 detector and AS-1555 autosampler. GC analyses
were measured on Agilent 6890N system. trans-1S,2S-Diaminocyclohex-
ane was obtained by optical resolution with tartaric acid,[14] and 3-methyl-
salicylaldehyde, 4-methylsalicylaldehyde, and 5-methylsalicylaldehyde
were prepared by following the literature method.[15] The key intermedi-
ate diphenol (R,R)-11 was synthesized from (1R,2R)-1,2-bis(2-methoxy-
phenyl)ethane-1,2-diamine according a literature procedure,[12a–b] and
14a–e were prepared from (1S, 2S)-1,2-diaminocyclohexane and various
salicylaldehyde derivatives by a three-step reaction sequence developed
previously in our laboratory.[12c] 1,2-Bis(dichlorophosphino)ethane (12) is
commercially available. 1,2-Bis(dichlorophosphino)benzene (13) was pre-
pared by a modified literature procedure reported by Reetz et al.[16] (see
Supporting Information). Dichloromethane was freshly distilled from cal-
cium hydride; 2-propanol from magnesium filings; THF, benzene,
tBuOMe, and toluene from sodium benzophenone ketyl; ethyl acetate
and acetonitrile from P2O5.


Ligand synthesis


Preparation of (3R,4R,3’R,4’R)-9 a : A solution of diphenol (R,R)-11
(324 mg, 0.72 mmol) and Et3N (0.20 mL, 1.44 mmol) in dry THF was
added dropwise to a solution of 1,2-bis(dichlorophosphino)ethane (12 ;
83.5 mg, 0.36 mmol) in dry toluene (1.0 mL) at room temperature over
20 min, and the resulting mixture was stirred overnight. The reaction
mixture was concentrated under reduced pressure, and the residue was
purified by flash column chromatography on silica gel with chloroform/
ethyl acetate (20/1) as eluent to give the corresponding bidentate phos-
phonite ligand (3R,4R,3’R,4’R)-9a as a white solid in 66% yield. M.p.
180–182 8C; [a]20D =�414 (c=0.5, CHCl3);


1H NMR (300 MHz, CDCl3):
d=6.97–7.32 (m, 32H), 6.82 (t, J=8.4 Hz, 2H), 6.64 (d, J=8.1 Hz, 2H),
5.34 (d, J=15.3 Hz, 2H), 5.01 (d, J=15.6 Hz, 2H), 4.45 (d, J=3.3 Hz,
2H), 4.34 (d, J=3.3 Hz, 2H), 3.86 (d, J=15.3 Hz, 2H), 3.58 (d, J=


15.3 Hz, 2H), 1.81–1.85 (m, 2H), 1.62–1.69 ppm (m, 2H); 31P NMR
(121.46 MHz, CDCl3): d=177.87 ppm (s); IR (KBr pellet): ñ =3030,
1699, 1601, 1584, 1481, 1452, 1268, 1219, 1203, 1094, 877 cm�1.


Preparation of (3R,4R,3’R,4’R)-9 b : A solution of 1,2-bis(dichlorophos-
phino)benzene (93.3 mg, 0.333 mmol) in dry toluene (1.0 mL) was added
dropwise to a solution of diphenol (R,R)-11 (300 mg, 0.67 mmol) and
Et3N (0.18 mL, 1.33 mmol) in dry THF at room temperature over 20 min,
and the resulting mixture was stirred overnight. The reaction mixture was
concentrated under reduced pressure, and the residue was purified by
flash column chromatography on silica gel with chloroform/ethyl acetate
(20/1) as eluent to give the corresponding bidentate phosphonite ligand
(3R,4R,3’R,4’R)-9b as a white solid in 71% yield. M.p. 132–134 8C;
[a]20D =�142 (c=0.5, CHCl3);


1H NMR (300 MHz, CDCl3): d=6.96–7.38
(m, 36H), 6.72 (t, J=8.3 Hz, 2H), 5.83 (d, J=7.8 Hz, 2H), 5.32 (d, J=


Scheme 5. The proposed asymmetric induction pathway for RhI-catalyzed
AHF of terminal olefin derivatives.
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15.3 Hz, 2H), 5.05 (d, J=15.3 Hz, 2H), 4.65 (d, J=3.3 Hz, 2H), 4.50 (d,
J=3.3 Hz, 2H), 3.89 (d, J=15.0 Hz, 2H), 3.60 ppm (d, J=15.6 Hz, 2H);
31P NMR (121.46 MHz, CDCl3): d =150.58 ppm (s); IR (KBr pellet): ñ=


3030, 2919, 1700, 1602, 1584, 1481, 1453, 1267, 1216, 1093, 875, 771,
699 cm�1; ESI-MS: m/z : 1035.4 ([M+H+]); HRMS (MALDI/DHB): m/
z : calcd for C64H53N4O6P2 ([M+H+]): 1035.3434; found: 1035.3443.


A typical procedure for the preparation of diphenol 14 : The syntheses of
key diphenol intermediates 14a–e were reported in previous work.[12c]


The preparation of 14 f–l were carried out by following a similar proce-
dure. A typical procedure for the synthesis of 14a was as follows: a solu-
tion of salicylaldehyde (46.4 g, 0.38 mol) in EtOH (200 mL) was added
dropwise to a solution (400 mL) of trans-1S,2S-diaminocyclohexane
(21.7 g, 0.19 mol) in ethanol at room temperature over 1 h. After stirring
at reflux temperature for 12 h, the mixture was cooled to room tempera-
ture and the solvent was removed by vacuum evaporation. The oil-like
residue was dissolved in a mixture of dry acetonitrile (1700 mL) and tolu-
ene (190 mL). To this solution was added manganese powder[17,12c]


(325 mesh; 20.9 g, 0.38 mol), and the resulting mixture was cooled to 0 8C
before trifluoroacetic acid (58.3 mL, 0.76 mol) was added dropwise over
a period of 30 min under an Ar atmosphere. The reaction mixture was
stirred vigorously at 20 8C for 24 h followed by addition of two additional
equivalents of trifluoroacetic acid at 0 8C. After the mixture was left to
stand at that temperature for 2 h, the resulting mixture was filtered and
the residue was washed with petroleum ether (b.p. 60–90 8C, 2P50 mL)
to afford a white solid. The solid was dissolved in H2O (100 mL) and neu-
tralized with saturated NaHCO3 solution to pH 8. The aqueous solution
was extracted with dichloromethane (3P200 mL). The combined organic
layer was washed with H2O (100 mL), dried over anhydrous Na2SO4, and
concentrated. The resulting white solid was recrystallized with a mixture
of petroleum and ethyl acetate (1:1) to afford the desired aminophenol
compound as colorless needles in 85% yield (52.3 g). M.p. 226–227 8C
(Lit. [15] m.p. 215 8C); [a]20D =�5.5 (c=1.00, CHCl3) [Lit.


[15] [a]20D =�7.2
(c=1.7, CHCl3)];


1H NMR (300 MHz, CDCl3): d=1.41–1.46 (m, 4H),
1.76–1.82 (m, 4H), 2.41 (br, 2H), 2.67–2.70 (m, 2H), 4.15 (s, 2H), 6.12
(dd, J=1.8, 7.5 Hz, 2H), 6.42 (dt, J=1.2, 7.5 Hz, 2H), 6.83 (dd, J=1.2,
8.1 Hz, 2H,), 7.07 (dt, J=1.8, 7.8 Hz, 2H,), 10.86 ppm (br. s, 2H);
13C NMR (75 MHz, CDCl3): d=156.7, 130.0, 128.8, 123.1, 118.4, 116.4,
63.2, 59.5, 31.4, 24.2 ppm; EI-MS: m/z : 324 ([M+], 11), 203 (43), 122
(100).


To a solution of the above-prepared aminophenol compound (1.0 g,
3.1 mmol) and NEt3 (1.72 mL, 12.3 mmol) in dry toluene (8 mL), benzoyl
chloride (1.42 mL, 12.3 mmol) was added dropwise at room temperature
over 10 min. The reaction mixture was stirred at 60 8C overnight. After
removal of toluene under reduced pressure, 20% KOH aqueous solution
(15 mL) and ethanol (15 mL) were added. After the mixture had been
stirred at room temperature for 6 h, ethanol was removed under vacuum,
and the resulting residue was neutralized with 6n HCl aqueous solution
to pH 8–9. The resulting solid was collected by filtration, washed with
water (3P30 mL), and dried under vacuum. The desired compound
(2S,3S,5R,6R)-14a (1.6 g) was obtained in 97% yield as a white solid,
which could be used directly for the next step without further purifica-
tion.


(2R,3R,5S,6S)-14 a : Colorless prisms, Yield=97%, m.p. 264–265 8C;
[a]20D =++15.6 (c=1.00, CH3OH);


1H NMR (300 MHz, CDCl3): d=1.56–
1.79 (m, 8H), 2.77 (br, 2H), 4.12 (br, 2H), 5.61 (br, 2H), 6.60 (d, J=


8.1 Hz, 2H), 6.87 (d, J=7.2 Hz, 4H), 7.02–7.09 (m, 6H), 7.16–7.24 (m,
4H), 7.63 ppm (d, J=7.5 Hz, 2H); 13C NMR (75 MHz, [D6]DMSO): d=


173.1, 154.0, 136.6, 129.9, 128.6, 128.1, 127.9, 126.5, 126.0, 118.8, 115.2,
60.6, 55.1, 31.1, 24.9 ppm; IR (KBr): ñ=3236, 2934, 1625, 1602, 1579,
1485, 1388, 1337, 1239, 1110, 905, 755, 701 cm�1; EI-MS: m/z : 532 ([M]+ ,
2.7), 427 (11.5), 306 (5.5), 105 (100); HRMS (MALDI/DHB): m/z : calcd
for C34H32N2O4Na ([M + Na+]): 555.2254; found: 555.2272; elemental
analysis (%) calcd for C34H32N2O4: C 76.67, H 6.06, N 5.26; found: C
76.42, H 6.09, N 5.04.


The key intermediates 14 f–l were prepared in good to excellent yields by
following a similar procedure mentioned above. Their characterization
data are summarized as follows.


(2S,3S,5R,6R)-14 f : Yield=76% ; white solid; m.p. 256–258 8C; [a]20D =


�77.0 (c=0.5, DMF); 1H NMR (300 MHz, [D6]DMSO): d=1.51–1.37
(m, 4H), 1.75 (s, 2H), 2.23 (s, 6H), 2.29 (s, 6H), 2.69 (d, J=8.1 Hz, 2H),
3.88 (d, J=4.5 Hz, 2H), 5.86 (s, 2H), 6.54 (s, 2H), 6.77 (d, J=7.8 Hz,
2H), 6.90 (d, J=7.2 Hz, 4H), 7.01 (d, J=8.1 Hz, 4H), 7.54 (d, J=7.5 Hz,
2H), 8.94 ppm (s, 2H); 13C NMR (75 MHz, [D6]DMSO): d=172.7, 153.4,
138.9, 137.0, 133.4, 127.9, 127.6, 126.1, 122.9, 119.1, 115.2, 60.2, 54.5, 30.7,
24.5, 20.4, 20.3 ppm; IR (KBr): ñ =3422, 2928, 2861, 1608, 1419, 1336,
1113, 831 cm�1; ESI-MS: m/z : 589.2 ([M+H+]); HRMS (MALDI/DHB):
m/z : calcd for C38H41N2O4 ([M+H+]): 589.3061; found: 589.3064.


(2S,3S,5R,6R)-14 g : Yield=90%; white solid; m.p. 266–268 8C; [a]20D =


�58.0 (c=0.3, DMF); 1H NMR (300 MHz, [D6]DMSO): d=1.23–1.78
(m, 6H), 2.06 (s, 12H), 2.32 (s, 6H), 2.68 (s, 2H), 3.84 (s, 2H), 5.76 (s,
2H), 6.55 (s, 6H), 6.78–6.92 (m, 4H), 7.50 (s, 2H), 8.92 ppm (s, 2H);
13C NMR (75 MHz, [D6]DMSO): d=173.0, 153.5, 137.0, 136.1, 130.5,
127.6, 124.0, 122.9, 118.9, 115.2, 66.6, 59.9, 54.9, 30.0, 24.4, 20.4, 20.3 ppm;
IR (KBr): ñ=2919, 1653, 1628, 1614, 1420, 1342, 1331, 1117, 863,
821 cm�1; ESI-MS: m/z : 617.3 ([M+H+]); elemental analysis (%) calcd
for C40H44N2O4: C 77.89, H 7.19, N 4.54; found: C 77.47, H 7.54, N 4.16.


(2S,3S,5R,6R)-14 h : Yield=90%; white solid; m.p. 180–182 8C; [a]20D =


�56.6 (c=0.5, CHCl3);
1H NMR (300 MHz, CDCl3): d =1.23 (d, J=


6.3 Hz, 12H), 1.43–1.73 (m, 6H), 2.81–2.68 (m, 4H), 4.08 (s, 2H), 5.54 (d,
J=4.8 Hz, 2H), 6.48 (s, 2H), 6.82–7.17 (m, 14H), 7.46 ppm (s, 2H);
13C NMR (75 MHz, CDCl3): d=175.2, 152.5, 150.3, 135.6, 130.2, 128.0,
126.8, 126.5, 122.7, 118.6, 114.1, 56.7, 33.6, 32.3, 25.0, 23.9, 23.8 ppm; IR
(KBr): ñ=3441, 2959, 2932, 1624, 1426, 1339 cm�1; ESI-MS: m/z : 617.3
([M+H+]); elemental analysis (%) calcd for C40H44N2O4: C 77.89, H
7.19, N 4.54; found: C 77.67, H 7.04, N 4.22.


(2S,3S,5R,6R)-14 i : Yield=98%; white solid; m.p. 190–192 8C; [a]20D =


�20.2 (c=0.5, DMF); 1H NMR (300 MHz, CDCl3): d=1.33 (s, 18H),
1.53–1.40 (m, 4H), 1.74 (s, 2H), 2.69 (br, 2H), 3.37 (s, 2H), 3.86 (s, 2H),
5.86 (s, 2H), 6.76 (s, 2H), 6.97 (s, 4H), 7.34–7.16 (m, 6H), 7.55 (s, 2H),
8.92 ppm (s, 2H); 13C NMR (75 MHz, CDCl3): d =172.7, 153.2, 150.5,
136.3, 129.3, 127.4, 127.1, 126.0, 122.8, 114.8, 112.0, 60.0, 54.9, 33.6, 30.8,
30.5, 24.3 ppm; IR (KBr): ñ =3422, 2963, 1619, 1578, 1415, 1338 cm�1;
ESI-MS: m/z : 645.3 ([M+H+


]); elemental analysis (%) calcd for
C42H48N2O4: C 78.23, H 7.50, N 4.34; found: C 78.34, H 7.66, N 4.19.


(2R,3R,5S,6S)-14j : Yield=99% ; white solid; m.p. 294–295 8C; [a]20D =


+107 (c=0.3, THF); 1H NMR (300 MHz, [D6]DMSO): d =1.39–1.53 (m,
4H), 1.73 (br, 2H), 2.65 (d, J=10.2 Hz, 2H), 3.83 (d, J=5.1 Hz, 2H),
5.89 (s, 2H), 6.74 (d, J=7.8 Hz, 2H), 6.99–6.92 (m, 6H), 7.19 (t, J=


7.2 Hz, 2H), 7.29 (d, J=8.7 Hz, 4H), 7.64 (d, J=6.9 Hz, 2H), 9.18 ppm
(s, 2H); 13C NMR (75 MHz, [D6]DMSO): d =171.6, 153.4, 134.7, 134.2,
128.3, 127.8, 127.7, 127.6, 125.1, 118.5, 114.8, 60.1, 54.7, 30.6, 24.4 ppm;
IR (KBr): ñ =3430, 2935, 1623, 1597, 1458, 1336, 1091, 837, 755 cm�1;
ESI-MS: m/z : 601.3 ([M+H+]); elemental analysis (%) calcd for
C34H30Cl2N2O4: C 67.89, H 5.03, N 4.66; found: C 67.94, H 5.24, N 4.41.


(2R,3R,5S,6S)-14k : Yield=99%; white solid; m.p. 280–282 8C; [a]20D =


+68.6 (c=0.5, DMF); 1H NMR (300 MHz, [D6]DMSO): d=1.37–1.50
(m, 4H), 1.72 (s, 2H), 2.61 (d, J=6.9 Hz, 2H), 3.66 (s, 6H), 3.86 (d, J=


6.3 Hz, 2H), 6.01 (s, 2H), 6.73–6.69 (m, 6H), 6.98–6.93 (m, 6H), 7.16 (t,
J=7.2 Hz, 2H), 7.66 (d, J=7.2 Hz, 2H), 9.09 ppm (s, 2H); 13C NMR
(75 MHz, [D6]DMSO): d=172.3, 160.0, 153.6, 128.2, 128.0, 127.9, 127.7,
125.8, 118.3, 114.7, 112.7, 60.4, 54.6, 30.7, 24.4 ppm; IR (KBr): ñ =3245,
2934, 1604, 1511, 1458, 1335, 1253, 1174, 840 cm�1; ESI-MS: m/z : 593.3
([M+H+]); elemental analysis (%) calcd for C36H36N2O4: C 72.95, H
6.12, N 4.73; found: C 72.86, H 6.00, N 4.42.


(2R,3R,5S,6S)-14 l : Yield=98%; white solid; m.p. 272–274 8C; [a]20D =


+52.4 (c=1.0, CH3OH);
1H NMR (300 MHz, [D6]DMSO): d=1.15 (s,


18H), 1.48–1.36 (m, 4H), 1.62 (s, 2H), 2.65 (br, 2H), 4.04 (s, 2H), 5.87 (s,
2H), 6.57 (d, J=8.1 Hz, 2H), 7.00–6.92 (m, 6H), 7.16–7.10 (m, 6H),
7.59 ppm (s, 2H); 13C NMR (75 MHz, CDCl3): d =175.3, 153.6, 152.8,
132.8, 129.1, 127.3, 126.7, 125.5, 125.0, 120.4, 116.3, 56.3, 34.6, 32.1, 31.0,
24.8 ppm; IR (KBr): ñ=33352, 3287, 2962, 2866, 1658, 1626, 1457, 1408,
1336, 1292, 754 cm�1; ESI-MS: m/z : 645.3 ([M+H+]); elemental analysis
(%) calcd for C42H48N2O4: C 78.23, H7.50, N 4.34; found: C 77.62, H
7.43, N 4.02.
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Typical procedure for preparation of 10 : The preparation of
(2R,3R,5S,6S, 2’R,3’R,5’S,6’S)-10 a was described here as a typical proce-
dure. A solution of 1,2-bis(dichlorophosphino)benzene (125 mg,
0.446 mmol) in dry toluene (1.6 mL) was added dropwise to a solution of
diphenol (2R,3R,5S,6S)-14a (500 mg, 0.892 mmol) and Et3N (0.25 mL,
1.784 mmol) in dry THF at room temperature over 20 min, and the re-
sulting mixture was stirred overnight. The reaction mixture was concen-
trated under the reduced pressure, and the residue was purified by flash
column chromatography on silica gel with chloroform/ethyl acetate (20/1)
as eluent to give the corresponding bidentate phosphonite ligands
(2R,3R,5S,6S,2’R,3’R,5’S,6’S)-10a in 62% yield as a white solid. M.p. 212–
214 8C; [a]20D =++194 (c=0.5, CHCl3);


1H NMR (300 MHz, CDCl3): d=


7.73–7.77 (m, 2H), 7.58 (d, J=7.8 Hz, 2H), 6.91–7.34 (m, 32H), 6.63–6.66
(m, 2H), 6.14 (d, J=7.8 Hz, 2H), 5.84 (s, 2H), 5.52 (t, J=3.3 Hz, 2H),
4.37–4.41 (m, 2H), 4.20–4.27 (m, 2H), 3.03–3.07 (m, 2H), 2.34–2.37 (m,
2H), 1.50–1.98 ppm (m, 12H); 31P NMR (121.46 MHz, CDCl3): d=


151.82 ppm (s); 13C NMR (75 MHz, CDCl3): d =175.9, 175.0, 152.04,
152.00, 151.96, 149.9, 143.6, 137.1, 136.3, 135.8, 133.0, 130.7, 130.2, 129.7,
129.0, 128.2, 128.1, 127.9, 127.7, 126.8, 126.7, 125.9, 125.2, 124.8, 124.5,
122.1, 121.4, 63.9, 59.4, 57.7, 57.5, 32.6, 31.8, 25.5, 24.7 ppm; IR (KBr
pellet): ñ =3062, 2931, 1656, 1602, 1580, 1477, 1454, 1326, 1215, 1108,
1093, 874, 699 cm�1; ESI-MS: m/z : 1199.7 ([M+H+]); HRMS (MALDI/
DHB): m/z calcd for C74H65N4O8P2 ([M+H+]): 1199.4272; found:
1199.4263.


Following a similar procedure for the preparation of 10a, ligands 10 b–l
were synthesized in moderate to good yields. Their characterization data
are summarized as follows.


(2R,3R,5S,6S,2’R,3’R,5’S,6’S)-10b : Yield=62%; white solid; m.p. 214–
216 8C; [a]20D =++246 (c=0.36, CHCl3);


1H NMR (300 MHz, CDCl3): d=


7.71–7.74 (m, 2H), 7.56 (d, J=7.8, 1.5 Hz, 2H), 7.30–7.32 (m, 4H), 6.68–
7.14 (m, 24H), 6.63–6.66 (m, 2H), 6.11 (d, J=8.1 Hz, 2H), 5.87 (s, 2H),
5.46–5.52 (m, 2H), 4.37–4.41 (m, 2H), 4.17–4.21 (m, 2H), 3.02–3.06 (m,
2H), 2.25–2.29 (m, 2H), 2.24 ACHTUNGTRENNUNG(s, 12H), 1.48–1.90 ppm (m, 12H); 31P NMR
(121.46 MHz, CDCl3): d =150.24 ppm (s); 13C NMR (75 MHz, CDCl3):
d=176.0, 175.1, 151.8, 149.8, 143.7, 140.7, 139.8, 135.9, 134.4, 133.4, 130.1,
128.9, 128.7, 128.4, 127.8, 127.5, 126.9, 126.8, 125.8, 125.1, 124.7, 124.4,
121.9, 121.4, 63.7, 59.3, 57.6, 57.5, 32.7, 31.7, 25.5, 24.6, 21.4, 21.3 ppm; IR
(KBr pellet): ñ=2926, 1652, 1611, 1581, 1477, 1454, 1409, 1318, 1214,
1106, 874, 757 cm�1; ESI-MS: m/z : 1254.8 ([M+H+]); elemental analysis
(%) calcd for C78H72N4O8P2: C 74.63, H 5.78, N 4.46; found: C 74.43, H
6.07, N 4.16.


(2R,3R,5S,6S,2’R,3’R,5’S,6’S)-10c : Yield=66%; white solid; m.p. 168–
170 8C; [a]20D =++194 (c=0.3, CHCl3);


1H NMR (300 MHz, CDCl3): d=


7.73–7.76 (m, 2H), 7.57 (d, J=7.8 Hz, 2H), 7.30–7.34 (m, 4H), 7.11–7.20
(m, 4H), 6.88–6.99 (m, 8H), 6.71–6.75 (m, 2H), 6.62 (s, 4H), 6.49 (s, 4H),
6.12 (d, J=8.1 Hz, 2H), 5.79 (s, 2H), 5.38–5.42 (m, 2H), 4.33–4.40 (m,
2H), 4.17–4.25 (m, 2H), 3.07–3.12 (m, 2H), 2.33–2.36 (m, 2H), 2.11 (s,
12H), 2.02 (s, 12H), 1.50–1.98 ppm (m, 12H); 31P NMR (121.46 MHz,
CDCl3): d =151.52 ppm (s); 13C NMR (75 MHz, CDCl3): d=176.1, 175.2,
151.9. 151.8, 149.7, 143.9, 137.7, 137.6, 137.5, 137.2, 136.2, 136.0, 133.4,
132.2, 131.0, 129.9, 128.8, 127.6, 127.5, 125.9, 125.2, 124.6, 124.4, 124.3,
121.7, 121.0, 63.3, 59.1, 57.7, 57.6, 32.7, 31.6, 25.5, 24.7, 21.1, 20.9,
20.8 ppm; IR (KBr pellet): ñ=2927, 2863, 1656, 1604, 1582, 1477, 1454,
1333, 1253, 1220, 1170, 875, 763 cm�1; ESI-MS: m/z : 1311.2 ([M+H+]);
HRMS (MALDI/DHB): m/z calcd for C82H81N4O8P2 ([M+H+]):
1311.5524; found: 1311.5550.


(2S,3S,5R,6R,2’S,3’S,5’R,6’R)-10d : Yield=74%; white solid; m.p. 238–
240 8C; [a]20D =�61.9 (c=0.5, CHCl3);


1H NMR (300 MHz, CDCl3): d=


7.55 (d, J=6.9 Hz, 2H), 7.36–7.48 (m, 6H), 7.10–7.26 (m, 14H), 6.94 (d,
J=7.5 Hz, 4H), 6.89 (t, J=7.5 Hz, 4H), 6.66 (d, J=7.5 Hz, 4H), 6.44 (t,
J=7.5 Hz, 2H), 6.07 (s, 2H), 5.63 (t, J=6.3 Hz, 2H), 4.44 (t, J=9.9 Hz,
2H), 4.04 (t, J=10.2 Hz, 2H), 3.03 (d, J=12.3 Hz, 2H), 2.57 (d, J=


11.1 Hz, 2H), 1.48–1.90 ppm (m, 24H); 31P NMR (121.46 MHz, CDCl3):
d=156.16 ppm (s); 13C NMR (75 MHz, CDCl3): d =176.6, 174.2, 151.0,
150.2, 144.8, 136.5, 136.0, 134.6, 130.7, 130.4, 130.3, 130.1, 130.0, 129.9,
129.7, 129.0, 128.5, 128.0, 127.1, 126.9, 125.4, 124.2, 124.1, 123.9, 123.2,
77.2, 65.5, 58.3, 58.0, 56.6, 33.5, 32.5, 25.2, 24.9, 17.2, 16.9 ppm; IR (KBr
pellet): ñ =3059, 2929, 1658, 1600, 1580, 1462, 1403, 1326, 1255, 1183,


1166, 1107, 888, 873, 757 cm�1; ESI-MS: m/z : 1255.0 ([M+H+]); elemen-
tal analysis (%) calcd for C78H72N4O8P2: C 74.63, H 5.78, N 4.46; found:
C 74.24, H 6.08, N 4.00.


(2S,3S,5R,6R,2’S,3’S,5’R,6’R)-10e : Yield=49%; white solid; m.p. 196–
198 8C; [a]20D =�191 (c=0.5, CHCl3);


1H NMR (300 MHz, CDCl3): d=


7.58 (d, J=7.5 Hz, 2H), 7.42 (d, J=7.5 Hz, 2H), 6.91–7.30 (m, 26H), 6.82
(s, 2H), 6.69–6.72 (m, 2H), 5.98 (s, 2H), 5.80 (s, 2H), 5.46–5.49 (m, 2H),
4.31–4.35 (m, 2H), 4.21–4.26 (m, 2H), 3.03–3.07 (m, 2H), 2.36 (s, 6H),
2.32–2.35 (m, 2H), 2.08 (s, 6H), 1.50–1.98 ppm (m, 12H); 31P NMR
(121.46 MHz, CDCl3): d =151.91 ppm (s); 13C NMR (75 MHz, CDCl3):
d=175.9, 175.0, 151.94, 151.91, 151.88, 149.8, 143.8, 143.7, 139.1, 137.9,
137.2, 136.4, 132.8, 130.4, 129.9, 129.7, 129.6, 128.1, 127.8, 127.6, 127.5,
126.8, 126.7, 125.4, 125.3, 125.0, 124.8, 122.6, 122.1, 63.8, 59.2, 57.7, 57.4,
32.7,31.6, 25.5, 24.7, 21.0, 20.7 ppm; IR (KBr pellet): ñ=2928, 2860, 1657,
1617, 1496, 1447, 1403, 1326, 1244, 1108, 960, 786, 700 cm�1; ESI-MS: m/
z : 1255.4 ([M+H+]); HRMS (MALDI/DHB): m/z : calcd for
C78H73N4O8P2 ([M+H+]): 1255.4898; found: 1255.4898.


(2S,3S,5R,6R,2’S,3’S,5’R,6’R)-10 f : Yield=33%; white solid; m.p. 206–
208 8C; [a]20D =�223.8 (c=0.5, CHCl3);


1H NMR (300 MHz, CDCl3): d=


7.60 (d, J=7.8 Hz, 2H), 7.42 (d, J=8.1 Hz, 2H), 7.10–6.87 (m, 22H), 6.68
(s, 2H), 5.91 (s, 2H), 5.83 (s, 2H), 5.42 (s, 2H), 4.41 (t, J=10.8 Hz, 2H),
4.17 (t, J=8.7 Hz, 2H), 3.04 (d, J=11.1 Hz, 2H), 2.34 (s, 6H), 2.28 (s,
6H), 2.25 (s, 6H), 2.03 (s, 6H), 1.43–1.88 (m, 14H); 31P NMR
(121.46 MHz, CDCl3): d =149.72 ppm (s); 13C NMR (75 MHz, CDCl3):
d=175.9, 175.2, 151.8, 149.6, 144.0, 140.7, 139.7, 139.1, 137.6, 134.6, 133.5,
133.0, 130.4, 130.0, 128.7, 128.4, 127.4, 127.1, 126.9, 125.4, 125.3, 125.0,
124.6, 122.5, 122.0, 77.2, 63.8, 59.4, 57.7, 57.6, 32.8, 31.7, 25.6, 24.7, 21.5,
21.3, 20.9, 20.7 ppm; IR (KBr pellet): ñ=2925, 2859, 1654, 1614, 1403,
1325, 1243, 1107 cm�1; HRMS (MALDI/DHB): m/z : calcd for
C82H81N4O8P2 ([M+H+]): 1311.5524; found: 1311.5555.


(2S,3S,5R,6R,2’S,3’S,5’R,6’R)-10 g : Yield=78%; white solid; m.p. 182–
184 8C; [a]20D =�174 (c=0.25, CHCl3);


1H NMR (300 MHz, CDCl3): d=


7.60 (d, J=7.5 Hz, 2H), 7.43 (d, J=7.5 Hz, 2H), 7.22–7.19 (m, 2H), 7.13
(d, J=7.5 Hz, 2H), 6.93–6.90 (m, 8H), 6.78 (s, 2H), 6.64 (s, 4H), 6.52 (s,
4H), 5.91 (s, 2H), 5.73 (s, 2H), 5.35 (s, 2H), 4.34 (t, J=11.1 Hz, 2H),
4.18 (t, J=8.7 Hz, 2H), 3.70 (d, J=1.5 Hz, 2H), 3.11 (d, J=11.4 Hz, 2H),
2.36 (s, 6H), 2.12 (s, 12H), 2.05 (s, 6H), 2.03 (s, 12H), 1.72–1.85 ppm (m,
12H); 31P NMR (121.46 MHz, CDCl3): d =151.21 ppm (s); 13C NMR
(75 MHz, CDCl3): d=176.2, 175.3, 151.9, 149.5, 138.9, 137.6, 137.5, 137.4,
137.3,136.1, 133.3, 132.1, 130.8, 130.4, 129.6, 125.6, 125.1, 125.0, 124.8,
124.6, 124.4, 122.3, 121.9, 63.3, 59.1, 57.8, 57.7, 43.4, 41.8, 32.8, 31.6, 26.9,
25.6, 24.8, 24.7, 21.1 ppm; IR (KBr pellet): ñ=2929, 1657, 1652, 1403,
1336, 1244 cm�1; HRMS (MALDI/DHB): m/z : calcd for C86H89N4O8P2
([M+H+]): 1367.6150; found: 1367.6171.


(2S,3S,5R,6R,2’S,3’S,5’R,6’R)-10 h : Yield=27%; white solid; m.p. 179–
181 8C; [a]20D =�167.7 (c 0.5, CHCl3); 1H NMR (300 MHz, CDCl3) d=


7.63 (d, J=7.8 Hz, 2H), 7.47 (d, J=7.8 Hz, 2H), 7.31–6.95 (m, 26H), 6.85
(s, 2H), 6.74 (s, 2H), 6.05 (s, 2H), 5.77 (s, 2H), 5.45 (s, 2H), 4.42 (t, J=


8.1 Hz, 2H), 4.21 (t, J=8.7 Hz, 2H), 3.08 (d, J=11.4 Hz, 2H), 2.87–2.83
(m, 2H), 2.66–2.61 (m, 2H), 2.28 (d, J=5.1 Hz, 2H), 1.87–1.46 (m, 12H),
1.22 (d, J=6.9 Hz, 6H), 1.13 (d, J=6.9 Hz, 6H), 0.99 (d, J=7.2 Hz, 6H),
0.95 ppm (d, J=6.9 Hz, 6H); 31P NMR (121.46 MHz, CDCl3): d=


150.96 ppm (s); 13C NMR (75 MHz, CDCl3): d=175.9, 175.0, 152.1, 150.4,
149.8, 148.8, 137.4, 136.5, 133.2, 130.6, 130.2, 129.6, 128.1, 127.9, 127.6,
126.9, 126.8, 125.5, 124.8, 123.0, 122.3, 119.8, 119.4, 109.7, 63.6, 59.5, 57.7,
33.7, 33.3, 32.8, 31.6, 25.6, 24.7, 23.9, 23.8, 23.6, 23.4 ppm; IR (KBr
pellet): ñ =2960, 2930, 1655, 1407, 1328, 1110 cm�1; HRMS (MALDI/
DHB): m/z : calcd for C86H89N4O8P2 ([M+H+]): 1367.6150; found:
1367.6154.


(2S,3S,5R,6R,2’S,3’S,5’R,6’R)-10 i : Yield=41%; white solid; m.p. 212–
214 8C; [a]20D =�126.6 (c=0.5, CHCl3);


1H NMR (300 MHz, CDCl3): d=


7.64 (d, J=7.8 Hz, 2H), 7.49 (d, J=7.8 Hz, 2H), 7.32–6.95 (m, 28H), 6.96
(s, 2H), 6.22 (s, 2H), 5.78 (s, 2H), 5.44 (s, 2H), 4.43 (t, J=7.2 Hz, 2H),
4.21 (t, J=7.8 Hz, 2H), 3.07 (d, J=10.5 Hz, 2H), 2.29 (d, J=7.2 Hz, 2H),
1.87–1.44 (m, 12H), 1.19 (s, 18H), 1.04 ppm (s, 18H); 31P NMR
(121.46 MHz, CDCl3): d=150.40 ppm (d, J=24.6 Hz); 13C NMR
(75 MHz, CDCl3): d=175.9, 175.1, 152.9, 151.9, 151.2, 149.6, 137.5, 136.5,
132.7, 130.6, 130.2, 129.6, 128.1, 127.8, 127.0, 126.9, 125.2, 124.7, 121.4,
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120.9, 119.4, 118.8, 63.6, 59.5, 57.7, 34.7, 34.3, 32.9, 31.6, 31.1, 31.0, 25.6,
24.7 ppm; IR (KBr pellet): ñ=2962, 2865, 1655, 1402, 1327, 1213,
940 cm�1; HRMS (MALDI/DHB): m/z : calcd for C90H97N4O8P2 ([M+H+


]): 1423.6776; found: 1423.6733.


(2R,3R,5S,6S,2’R,3’R,5’S,6’S)-10 j : Yield=56%; white solid; m.p. 195–
196 8C; [a]20D = ++222.7 (c=0.5, CHCl3);


1H NMR (300 MHz, CDCl3): d=


7.71 (d, J=6.9 Hz, 2H), 7.53 (d, J=7.5 Hz, 2H), 7.36–6.89 (m, 28H), 6.75
(s, 2H), 6.18 (d, J=8.4 Hz, 2H), 5.79 (s, 2H), 5.52 (s, 2H), 4.39 (t, J=


10.5 Hz, 2H), 4.21 (t, J=9.6 Hz, 2H), 3.05 (d, J=11.4 Hz, 2H), 2.30 (s,
2H), 1.96–1.89 (m, 4H), 1.76–1.57 ppm (m, 8H); 31P NMR (121.46 MHz,
CDCl3): d =150.86 ppm (s); 13C NMR (75 MHz, CDCl3): d=174.6, 173.7,
151.8, 149.6, 143.2, 136.4, 135.9, 135.7, 135.0, 134.5, 132.9, 130.8, 129.4,
128.5, 128.3, 128.1,127.4, 125.6, 124.8, 124.5, 122.1, 121.8, 63.8, 59.2, 57.6,
57.5, 56.6, 32.5, 31.6, 25.4, 24.6 ppm; IR (KBr pellet): ñ =2931, 1655,
1476, 1454, 1401, 1326, 1214, 1090, 874, 759 cm�1; HRMS (MALDI/
DHB): m/z : calcd for C74H61Cl4N4O8P2 ([M+H+]): 1335.2713; found:
1335.2694.


(2R,3R,5S,6S,2’R,3’R,5’S,6’S)-10 k : Yield=45%; white solid; m.p. 198–
200 8C; [a]20D =++225.4 (c=0.4, CHCl3);


1H NMR (300 MHz, CDCl3): d=


7.76 (d, J=5.4 Hz, 2H), 7.57 (d, J=7.2 Hz, 2H), 7.36–6.63 (m, 30H), 6.16
(d, J=7.8 Hz, 2H), 5.93 (s, 2H), 5.53 (s, 2H), 4.48 (t, J=10.8 Hz, 2H),
4.22 (t, J=10.8 Hz, 2H), 3.64 (s, 6H), 3.62 (s, 6H), 3.02 (d, J=10.5 Hz,
2H), 2.31 (d, J=6.3 Hz, 2H), 2.02–1.87 (m, 4H), 1.80–1.56 ppm (m, 8H);
31P NMR (121.46 MHz, CDCl3): d=150.41 ppm (s); 13C NMR (75 MHz,
CDCl3): d =175.3, 174.6, 161.1, 160.6, 151.6, 149.5, 143.3, 135.7, 133.1,
129.9, 129.3, 128.7, 128.5, 128.4, 128.1, 127.5, 125.5, 124.9, 124.4, 124.1,
121.7, 121.2, 113.1, 112.8, 76.9, 63.7, 59.9, 59.3, 57.2, 54.9, 54.7, 32.3, 31.4,
25.2, 24.4 ppm; IR (KBr pellet): ñ=2932, 2858, 1649, 1606, 1325, 1303,
1253, 1173 cm�1; HRMS (MALDI/DHB): m/z : calcd for C78H73N4O8P2
([M+H+]): 1319.4695; found: 1319.4690.


(2R,3R,5S,6S,2’R,3’R,5’S,6’S)-10 l : Yield=50%; white solid; m.p. 160–
162 8C; [a]20D =++245.5 (c=0.5, CHCl3);


1H NMR (300 MHz, CDCl3) d=


7.74 (d, J=4.5 Hz, 2H), 7.73 (d, J=7.2 Hz, 2H), 7.31–6.68 (m, 30H), 6.10
(d, J=7.8 Hz, 2H), 5.96 (s, 2H), 5.49 (s, 2H), 4.46 (t, J=10.2 Hz, 2H),
4.15 (t, J=10.8 Hz, 2H), 3.04 (d, J=10.2 Hz, 2H), 2.25 (s, 2H), 1.86–1.52
(m, 12H), 1.23 (s, 18H), 1.15 ppm (s, 18H); 31P NMR (121.46 MHz,
CDCl3): d =149.88 ppm (s); 13C NMR (75 MHz, CDCl3): d=176.0, 174.9,
153.8, 153.2, 151.9, 149.6, 143.6, 136.0, 134.5, 133.8, 133.3,130.0, 129.0,
127.8, 127.5, 127.0, 126.6, 125.6, 125.5, 124.9, 124.8, 124.7, 124.3, 121.8,
63.8, 59.4, 57.5, 34.6, 32.6, 31.6, 31.0, 29.5, 25.6, 24.6 ppm; IR (KBr
pellet): ñ=2962, 1654, 1326, 1214, 875, 768 cm�1; HRMS (MALDI/
DHB): m/z : calcd for C90H97N4O8P2 ([M+H+]): 1423.6776; found:
1423.6809.


Preparation and X-ray crystallographic analysis of
[(2R,3R,5S,6S,2’R,3’R,5’S,6’S)-10 b][Rh ACHTUNGTRENNUNG(acac)]: [Rh ACHTUNGTRENNUNG(acac)(CO)2]
(9.5 mg, 0.0368 mmol) and (2R,3R,5S,6S,2’R,3’R,5’S,6’S)-6b (46.6 mg,
0.0368 mmol) were dissolved in dry chloroform (1 mL), and hexane
(8 mL) was diffused into the solution by slow evaporation at room tem-
perature. After one week, a large amount of single crystals was obtained
as orange needles. X-ray crystallographic analysis was performed with a
Bruker SMART CCD-APEX at 20 8C. C83H79N4O10P2Rh, Mr=1576.72,
tetragonal, P4(3)2(1)2, a=14.4686(6), b=14.4686(6), c=38.287(2) N; V=


8015.1(6) N3, 1.50<2q<27.508 ; 1calcd=1.307 gcm�3, Z=4, Rint=0.1369,
goodness of fit indicator=0.863, final R1=0.0625, wR2=0.1269 on F2 for
observed data, Pmax, Pmin=0.604, �0.404 N�3 ; absolute structure parame-
ter was 0.04(5). CCDC-678150 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif


General procedure for catalytic AHF : The styrene/vinyl acetate/dodec-
ane solution was prepared by mixing styrene (21.58 g, 0.2075 mol) and
vinyl acetate (17.85 g, 0.2075 mol) with dodecane (7.055 g, 0.0415 mol)
(as a GC internal standard). The allyl cyanide/dodecane solution was pre-
pared by mixing allyl cyanide (27.015 g, 0.403 mol) with (6.855 g,
0.0403 mol) in toluene (9.6 mL). [Rh ACHTUNGTRENNUNG(acac)(CO)2] (1.1 mg, 0.0043 mmol)
and ligand 10b (8.0 mg, 0.0064 mmol) were dissolved in tBuOMe
(0.45 mL) under an argon atmosphere, and the solution was stirred at
room temperature for 10 min. The solution of the substrate prepared


above was added to the catalyst solution in a glove box. The resulting
mixture was then transferred to a stainless steel autoclave under an
argon atmosphere, and then sealed. After autoclave had been purged
with syngas (H2/CO=4:1) three times, the final pressure was adjusted to
the appropriate value. The reactor was heated to the desired temperature
while stirring at 800 rpm. The reaction was stopped after 2 or 4 h then
cooled by using ice water, and then the syngas was released carefully.
Upon opening the reactor, 0.1 mL of the reaction mixture was taken out
and diluted with toluene (1.0 mL). This solution was analyzed by gas
chromatography. For analysis of the products of the reactions of styrene
and vinyl acetate, a SupelcoRs Beta Dex 225 column was used under a
temperature program of 100 8C for 5 min, then 4 8C per min to 160 8C.
Retention time: 2.35 min for vinyl acetate (18), 6.62 min for (R)-19, and
8.37 min for (S)-19, the enantiomers of the acetic acid 1-methyl-2-oxo-
ethyl ester (branched regioisomer 19), 11.28 min for acetic acid 3-oxo-
propyl ester (linear regioisomer 20); 4.59 min for styrene (15a),
12.11 min for (R)-16a and 12.34 min for (S)-16 a, the enantiomers of 2-
phenylpropionaldehyde (branched regioisomer 16 a), 16.08 min for 3-phe-
nylpropionaldehyde (linear regioisomer 17 a), and 10.33 min for n-dodec-
ane. For the analysis of reaction product of allyl cyanide, SupelcoRs Beta
Dex 120 column was used under a temperature program of 80 8C for
5 min, then 10 8C per min to 130 8C. This method was applied to deter-
mine the conversion of substrate 21 and the b/l ratio in the products 22
and 23. Retention time: 3.7 min for allyl cyanide (21), 11.75 min for 3-
methyl-4-oxo-butyronitrile (branched regioisomer 22), 13.61 min for 5-
oxo-pentanenitrile (linear regioisomer 23), and 12.49 min for n-dodecane.
The enantiomeric excess of the product 22 was determined by GC analy-
sis of its methyl ester on a SupelcoRs Beta Dex 120 column under a tem-
perature program of 80 8C for 0 min, then 1 8C per min to 100 8C, 100 8C
for 8 min, then 4 8C per min to 130 8C. Retention time: 26.3 min (S) and
26.6 min (R) for the enantiomers of the methyl-3-cyano-2-methylpropa-
noate (branched regioisomer). The methyl ester was obtained by oxida-
tion with Jones reagent to give initially carboxylic acids, followed by
esterification using CH2N2·Et2O solution.
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Cooperative Binding of Calix[4]pyrrole–Anion Complexes and
Alkylammonium Cations in Halogenated Solvents
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Introduction


Over the past few decades many anion receptors have been
synthesized and investigated for their anion-binding capabil-
ities.[1–6] A few of these receptors have also been studied in
conjunction with cation receptors in the form of binary mix-
tures,[7–13] or even more effectively as ditopic ion-pair recep-
tors,[5,14,15] and have been shown to bind ion pairs as contact
ion-pairs[7,16–19] or spatially separated ion pairs.[20] An advant-
age of an ion-pair receptor over a simple ion receptor is that
the number of competing interactions in solution (i.e. , the


formation of cation–anion
pairs) is reduced.[21] Recently,
we reported that simple meso-
octamethylcalix[4]pyrrole (1)
has the ability to bind ion pairs
in the solid state;[22,23] these
complexes consisted of a cone
conformation in which the pyr-
rolic NHs were hydrogen bonded to the anion on one face
of the macrocycle and the resulting electron-rich cavity,
formed on the opposite face, contained either a cesium, imi-
dazolium or pyridinium cation. Solvent-extraction studies,
involving the use of water and nitrobenzene, provided evi-
dence for the formation of 1:1:1 cesium/calix[4]pyrrole/
halide ion-paired complexes in the organic phase (halide =


chloride or bromide).[24] Preliminary NMR spectroscopic
evidence for imidazolium inclusion in the calix[4]pyrrole
cone conformation has also been presented.[23b]


Furthermore during recent work we also found that the
interaction of meso-octamethylcalix[4]pyrrole with alkylam-
monium and alkylphosphonium chloride salts in various or-
ganic solvents is highly dependent on the choice of sol-
vent.[25] In more polar solvents, such as acetonitrile, nitrome-
thane, and dimethylsulfoxide, no observable counterion ef-
fects were seen as the result of switching between different
cations. However, a small effect on the countercation was
seen in 1,2-dichloroethane with an even greater effect being
observed in dichloromethane. Specifically, association con-
stants on the order of 104


m
�1 and 102


m
�1 were observed, for


Abstract: Calix[4]pyrrole–chloride in-
teractions are affected not only by the
choice of countercation in halogenated
solvents, but show a specific depend-
ence on the way in which these cations
are bound within the electron rich,
bowl-like calix[4]pyrrole cavity formed
upon chloride anion complexation. In
dichloromethane, the affinities of


simple meso-octamethylcalix[4]pyrrole
(1) for methyl-, ethyl-, and n-butylam-
monium chlorides are on the order of
105, 104, and 102


m
�1, respectively, as de-


termined from isothermal titration cal-


orimetry (ITC) analyses. These cation-
dependent anion affinity effects, while
clearly evident, are less pronounced in
other halogenated solvents, such as 1,2-
dichloroethane. Support for the pro-
posed cation complexation selectivity is
provided by solid state X-ray crystallo-
graphic analyses.
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tetraethylammonium chloride (TEA-Cl) and tetrabutylam-
monium chloride (TBA-Cl), respectively, in this latter sol-
vent. This about 100-fold difference in anion affinity was as-
cribed to differences in ion-pairing effects involving the
chloride anion (Cl�) and the ammonium cation (R+) [cf. Eq.
(1)] through, within the limit, either reducing the availability
of the guest for calix[4]pyrrole binding [e.g., by lowering the
effective chloride anion concentration on the left side of
Equation (2)] or by enhancing the overall binding process
through cooperative association as illustrated in Equa-
tion (3).


½Cl�Rþ� ! Cl� þ Rþ ð1Þ


1 þ Cl� ! ½1 � Cl�� ð2Þ


½1 � Cl�� þ Rþ ! ½Rþ � 1 � Cl�� ð3Þ


In the case of ion pairing it is expected that a relatively
larger cation will have a lower charge density, thus be more
dissociated. This should lead to an increase in the available
anion concentration and, as a result, higher affinities for the
host–guest recognition process. However, inspection of the
reported data (see Tables below) proved inconsistent with
this assumption; therefore, we were left with an explanation
involving a stepwise association process that could involve
random order host/anion/cation ion-pairing or potentially
sequential allosteric[20,26–28] cation–[anion-host] interactions.
In an effort to differentiate between these possible scenarios
and to analyze the ion-pair receptor ability of calix[4]pyrrole
in more detail, we have carried out a systematic study of the
energetics of chloride anion binding by calix[4]pyrrole in the
presence of various countercations in halogenated solvents
using ITC and have complemented these analyses with com-
putational results (molecular dynamics in explicit solvent)
and solid-state X-ray structural data.


Results and Discussion


As a starting point for investigating the effects of the
countercation on the binding of chloride by calix[4]pyrrole
1, several test alkylammonium hexafluorophosphate (PF6


�)
salts were studied. The PF6


� anion is well-recognized for its
poor H-bond acceptor ability and was not expected to bind
significantly to calix[4]pyrrole. Indeed, when either TEA-
PF6 or TBA-PF6 was titrated with 1 (or vice versa) in di-
chloromethane very little enthalpic response was observed
by ITC. Specifically, exothermicities of 	0.2 kcalmol�1 were
observed, which are insignificant with respect to the heat of
dilution of calix[4]pyrrole. The absence of any heat effects
in the case of either TEA-PF6 or TBA-PF6 is fully consistent
with the proposed lack of appreciable anion binding. Fur-
ther, and perhaps more significantly in the context of explor-
ing potential cation effects, this same lack of response rules
out any significant interaction between free calix[4]pyrrole 1
(a compound known to favor the so-called 1,3-alternate con-


formation in the absence of a strongly bound substrate; see
Scheme 1) and these two alkylammonium cations.


The next step was to test the effect of the cation on the
calix[4]pyrrole-chloride complex. Towards this end, TEA-


PF6 was titrated into a mixture of TBA-Cl/1
(20.5 mm :1.1 mm, respectively), the excess of the chloride
anion being used to ensure near-complete conversion into
the so-called cone complex (cf. Scheme 1). Under these con-
ditions, a significant change in enthalpy was observed
(Figure 1). This is taken as prima facie evidence that the
smaller tetraethylammonium cation interacts with the cone-
like calix[4]pyrrole–chloride anion complex.


As a control experiment, a complementary titration was
carried out wherein TBA-Cl was titrated into a solution of
chloride-saturated calix[4]pyrrole (prepared by using a ten-
fold excess of TEA-Cl over 1). In contrast to what was ob-
served in the case of TEA-PF6, this experiment resulted in
very little heat evolution. Similarly, a titration of TEA-PF6


into a solution of TBA-Cl was performed in the absence of


Scheme 1. Proposed calix[4]pyrrole binding motif.


Figure 1. Titration of 1 (1.1 mm) and TBA-Cl (20.5 mm) with TEA-PF6


(11.9 mm) at 298 K in dichloromethane.
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calix[4]pyrrole. This also gave rise to a very weak heat
signal, again well within the heat of dilution (i.e., a range
between 0.2 and 0.4 kcalmol�1). On this basis, we propose
that there is virtually no interaction between TEA-PF6 and
TBA-Cl (i.e., no shift in the putative ion-pairing equilibria).
Since the TEA-PF6 fails to show an appreciable interaction
with TBA-Cl, and pristine 1 fails to bind hexafluorophos-
phate salts, the binding event is likely stepwise (Scheme 1),
wherein the calix[4]pyrrole binds the chloride anion initially
to form an electron-rich bowl-shaped cavity, which is stabi-
lizing for a countercation of proper size.


To probe further the effect of cation size on the binding
of chloride anion to calix[4]pyrrole in solvents of low polari-
ty, the series of alkylammonium chloride salts was expanded
to include cations containing a variety of alkyl substituents
ranging in size from methyl groups all the way up to tetra-
decyl groups. Unfortunately, tetramethylammonium chloride
(TMA-Cl) lacks sufficient solubility in most halogenated
solvents to allow its inclusion in the present study. Nonethe-
less, from the range of cations studied, it becomes clear that,
at least in dichloromethane, the value of the stability con-
stants derived from the ITC studies depends on the nature
of the alkyl substituents present on the tetraalkylammonium
countercation (cf. Table 1). Specifically, when at least one


methyl group is present on the tetraalkylammonium
countercation (i.e. , when OTMACl, TdTMACl, MTBACl,
or BnTMACl are used as the anion source; see Experimen-
tal Section for details), chloride–calix[4]pyrrole anion affini-
ties, Ka, of about 105


m
�1 are observed in dichloromethane,


whereas when the smallest alkyl group is ethyl, rather than
methyl (i.e. , TEACl or BnTEACl are studied), the chloride
anion affinity is decreased by one order of magnitude (Ka


	104
m
�1).


This trend levels off, however, for the shortest substituent,
that is, propyl (TPACl) or longer as witnessed for butyl-


(TBACl), hexyl- (THACl), or octyl- (TOACl) derived salts.
A particularly conspicuous pair of comparisons involves the
use of TBACl versus MTBACl and TOA versus OTMA. In
both cases, a thousand-fold difference in the chloride anion
association constants is observed with the methyl-containing
salt showing the higher affinity (Ka = 102


m
�1 versus 105


m
�1,


respectively).
A similar cation effect was seen in 1,2-dichloroethane


(Table 2). However, in this solvent system, the range of af-
finities starts with Ka values in the upper 	105


m
�1 region for


the methyl-containing alkylammonium chloride salts and
levels off at 	104


m
�1 for the larger species (i.e., tetrabutyl-


through tetraoctylammonium chloride).


The conclusions drawn from the above experimental work
were reinforced by computational studies that involved ob-
serving MTBA-Cl and calix[4]pyrrole in molecular dynamics
runs at 300 K using the GROMOS-96 modeling software in-
cluding the GROMOS 45a4 force field in its latest parame-
terization for chloroform solvent.[30] The host and guest spe-
cies were soaked in a truncated octahedral box (edge size
41.7 L) containing 266 explicit chloroform molecules under
periodic boundary conditions. Such a setup aims to repre-
sent a realistic scenario of the molecular binding events
while still capturing entropic influences including those
caused by individual solvent molecules. The trajectories,
which were recorded over 60 picoseconds, dramatically
depend on the starting configuration of the binding partners,
that are indicative of non-equilibrium conditions at the end
of this period. Each of the temporal pathways observed fall
into two categories, both featuring the competition between
the calix[4]pyrrole and the tetraalkylammonium cation for
the chloride anion. In other words, if the binary calixpyr-
role–chloride complex is formed first in the trajectory, the
MTBA cation may associate into ternary complexes having
two distinct structures: either, i) the cation adheres to the
open face of the bound chloride forming a calixpyrrole com-
plex with an intimate contact ion-pair; or ii) the cation binds
with the methyl group oriented into the anion-induced
bowl-shaped cavity of the calix[4]pyrrole chloride complex.
This latter route is only available when all pyrrole rings are
inclined towards the anionic guest (see Figure 2 and Sup-
porting Information). Once formed, either complex struc-


Table 1. Titration data for the interaction of calix[4]pyrrole 1 with alky-
lammonium and phosphonium chlorides in dichloromethane.[a]


Guest TDS
[kcalmol�1]


DH
[kcalmol�1]


DG
[kcalmol�1]


Ka


ACHTUNGTRENNUNG[m�1]


A336-Cl �4.50 �11.46 �6.96 1.2M105


OTMA-Cl �3.70 �11.56 �7.86 5.9M105


TdTMA-Cl �3.73 �11.56 �7.84 5.6M105


MTBA-Cl �5.01 �12.05 �7.04 1.5M105


BnTMA-Cl �3.40 �10.74 �7.34 2.4M105


BnTEA-Cl �5.01 �10.80 �5.79 1.7M104


TEA-Cl[b] �3.19 �9.32 �9.14 3.2M104


TPA-Cl[b,c] – – – 6.6M102


TBA-Cl[b,c] – – – 4.3M102


THA-Cl[c] – – – 2.2M102


TOA-Cl[c] – – – 2.4M102


TEP-Cl[b] �4.68 �9.59 �4.91 3.9M103


TBP-Cl[b] – – – 	103


TPhP-Cl[b] �2.2 �6.8 �4.6 2.8M103


Phaz-Cl[d] �3.02 �7.29 �4.27 1.2M103


[a] Data from ITC titrations run at 298 K unless otherwise indicated.
Cation abbreviations are listed in the Experimental Section. [b] Values
from reference [25]. [c] Ka obtained from an NMR spectroscopy titra-
tion.[29] [d] ITC titration run at 303 K.


Table 2. Titration data for the interaction of calix[4]pyrrole 1 with alky-
lammonium chlorides in 1,2-dichloroethane.[a]


Guest TDS
[kcalmol�1]


DH
[kcalmol�1]


DG
[kcalmol�1]


Ka


ACHTUNGTRENNUNG[m�1]


A336-Cl �3.87 �11.29 �7.42 2.7M105


OTMA-Cl �3.87 �11.93 �8.06 8.0M105


MTBA-Cl �4.89 �12.69 �7.80 5.2M105


BnTEA-Cl �4.62 �11.49 �6.87 1.1M105


TEA-Cl[b] �3.28 �9.87 �6.59 7.5M104


TBA-Cl[b] �4.32 �10.39 �6.07 2.8M104


THA-Cl �5.19 �11.15 �5.96 2.4M104


TOA-Cl �5.07 �11.09 �6.02 2.6M104


[a] Data from ITC titrations run at 298 K. [b] Values from reference [25].
Cation abbreviations are listed in the Experimental Section.
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ture is stable for several nanoseconds at 300 K and does not
dissociate or interconvert into the other. If the contact ion-
pair is the first binary complex attained in the trajectory
only the immediate calix[4]pyrrole–chloride–MTBA sequen-
tial complex is observed.


Taken in concert, these results contradict the expectation
that larger alkylammonium salts should be less ion-paired
due to the presence of a lower charge density for the cation
as a whole. On the other hand, these results are consistent
with a highly cooperative binding process, wherein the
methyl group of a tetraalkylammonium countercation be-
comes bound within the cone-shaped cavity created upon
the binding of chloride anion to calix[4]pyrrole.


Additional support for the above proposal comes from
solid-state structural analyses. Previously, we had shown that
different cations are included to different degrees within the
calix[4]pyrrole cavity and that in the specific case of the
TMA-Cl complex (TMA-Cl·1) one of the methyl groups re-
sides within the electron-rich cavity.[25] We thus sought to de-
termine whether analogous results would be obtained using
other methylammonium cations. Towards this end, diffrac-
tion grade crystals of OTMA-Cl·1 and MTBA-Cl·1 were
grown by the slow evaporation of dichloromethane solutions
containing 1 and the requisite methyltrialkylammonium
chloride salts (excess) (Figure 3). In both cases, the crystals
obtained were in the form of the dichloromethane solvates.
Nonetheless, for both OTMA-Cl·1 and MTBA-Cl·1 the


methyl groups of the methyl-
trialkylammonium cation were
found to reside within the elec-
tron rich cavity in analogy to
what was seen in the case of
the TMA-Cl·1 complex report-
ed previously.[25]


As might be expected, the
distances from the lattice plane
formed by the four pyrrolic ni-
trogen atoms to the ammonium
nitrogen atom (dN4–N) were
found to be longer than the
previously reported distance of
3.906 L for TMA-Cl·1, that is,
3.998 and 4.187 L for OTMA-
Cl·1 and MTBA-Cl·1, respec-
tively. On the other hand, these
values are still shorter than for
larger alkyl ammonium cations
studied previously (i.e. , TEA,
dN4–N =4.361 L; TPA, dN4–N =


6.214 L; TBA, dN4-N =


4.445 L)[25] or analyzed in the
context of the present study
(i.e., BnTEA-Cl·1; Figure 4,
dN4–N =4.356 L).


Further confirmation that a
different binding behavior is


observed when using different countercations was obtained
by studying a series of benzoate salts, rather than chloride
salts. Specifically, the binding behavior of a series of ben-
zoate salts containing the TBA, TEA, and TMA counterca-
tions, respectively, was analyzed. In this case the TMA-OBz
salt was sufficiently soluble and therefore could be included
for comparison (TMA-Cl is not adequately soluble in
CH2Cl2, as noted above).


In analogy with chloride, the results obtained from ITC ti-
trations revealed that, once again, an observable difference


Figure 2. Molecular dynamics run on calix[4]pyrrole and MTBA chloride in explicit chloroform using periodic
boundary conditions at 300 K. Panel A: Traces of selected distances versus time; N3 is one of the pyrrolic ni-
trogens of 1 (see Supporting Information); the arrows at a, b, and c, correspond to the structures shown below.
Panel B: Trajectory of the dihedral angle between the plane of one pyrrole ring and the adjacent plane con-
taining one axial meso-methyl group (see Supporting Information). The ring flip is clearly visible as a step
after 17 picoseconds preceding the approach of the N-methyl group of the cation shortly after. A movie of the
sequential binding events is presented in Supporting Information.


Figure 3. X-ray crystal structure of 1·OTMA-Cl (left) and 1·MTBA-Cl
(right). Both structures have dichloromethane (solvent) and CH hydro-
gens removed for clarity.
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in the anion affinity is seen upon switching from TBA to
TEA, and finally to TMA (Table 3). Specifically, the Ka


value for the binding of benzoate anion to 1 is on the order
of 102


m
�1 for TBA-OBz; however, the corresponding value


for TEA-OBz is 104
m
�1, whereas that for TMA-OBz is


105
m
�1.


The energetic signatures of these interactions are charac-
terized by high exothermicities (large negative DH o values)
with strong opposing entropies. Furthermore, we find no de-
pendence on the concentration or on the addition mode of
TEA-OBz (i.e., titration of the salt into a solution of the
calix[4]pyrrole or titration of the calix[4]pyrrole into a solu-
tion of the salt). This leads us to suggest that both compo-
nents of the guest salt are taken up concurrently and with
similar energies; in other words, the TEA-OBz guest is
bound to calix[4]pyrrole in a highly positive cooperative
fashion such that the individual anion- and cation-binding
steps are indistinguishable energetically from the association
of a preformed ion pair. In addition, with the congeners
TEA-OBz and TMA-OBz the energetic pattern leads one
to conclude that well-structured complexes are being
formed. The general trend with these benzoate anion salts


thus very much resembles what is seen in the chloride case,
namely as the cation size decreases, the stability constant in-
creases. Again, this finding underscores the fact that there is
an effect of the countercation on the anion binding, at least
under these solution-phase conditions.


Conclusion


The equilibrium studies described above characterize cal-
ix[4]pyrrole as a stoichiometric ion-pair receptor. Although
the exact mechanism of this effect remains open for future
discussion, based on the known chemistry of calix[4]pyrrole
and the solid-state structural data alluded to above, we be-
lieve that the origin of the cation dependence on the anion-
binding affinities (i.e., the observed cooperative ion-pair
effect) has a structural basis. Extensive prior work has
served to show that calix[4]pyrrole 1 in its uncomplexed
form is extremely flexible and is a species that interconverts
rapidly between all possible conformations, while on aver-
age favoring the 1,3-alternate arrangement.[31] However, it is
also well-established that upon interaction with a tightly-
bound anion, such as benzoate or chloride anion, calix[4]-
pyrrole 1 becomes frozen into its so-called cone conforma-
tion (see Scheme 1).[31] This structural locking serves to
create a cavity distal to the pyrrole NH donor atoms that
can complex a tetraalkylammonium cation of suitable size
and shape. The magnitude of this latter cation complexation
effect is highly dependent on the structure of the tetraalky-
lammonium cation in question with methyltrialkylammoni-
um salts of chloride and benzoate being bound especially
well in halogenated solvents. The differences in the resulting
anion binding Ka values can be appreciable, as reflected in
an up to a 103-fold variation in the observed benzoate or
chloride anion binding affinities in dichloromethane depend-
ing on the choice of countercation. As such, the results re-
ported herein serve to underscore an emerging theme in re-
ceptor design, namely even the simplest of receptors, such
as calix[4]pyrrole, can display recognition effects that are far
more complex than might be inferred based on a simple
analysis of their chemical structure.


Experimental Section


Reagents : All salts were purchased having 
98% purity from commer-
cial sources and used without further purification. Aliquat 336 (methyltri-
decylammonium) chloride (A336-Cl) was purchased from Acros Organ-
ics. Tetraethylammonium hexafluorophosphate (TEA-PF6), tetrabutylam-
monium hexafluorophosphate (TBA-PF6), octyltrimethylammonium
chloride (OTMA-Cl), tetradecyltrimethylammonium chloride (TdTMA-
Cl), methyltributylammonium chloride (MTBA-Cl), benzyltrimethylam-
monium chloride (BnTMA-Cl), benzyltriethylammonium chloride
(BnTEA-Cl), tetraethylammonium chloride (TEA-Cl), tetrapropylammo-
nium chloride (TPA-Cl), tetrabutylammonium chloride (TBA-Cl), tetra-
hexylammonium chloride (THA-Cl), tetraoctylammonium chloride
(TOA-Cl), tetraethylphosphonium chloride (TEP-Cl), tetrabutylphospho-
nium chloride (TBP-Cl), tetraphenylphosphonium chloride (TPhP-Cl),
P-5 phosphazenium chloride (Phaz-Cl), tetramethylammonium benzoate


Figure 4. X-ray crystal structure of 1·BnTEA-Cl. The CH hydrogens have
been removed for clarity.


Table 3. Titration data for the interaction of calix[4]pyrrole 1 with alky-
lammonium benzoates in dichloromethane and 1,2-dichloroethane.


Solvent Guest TDS
[kcalmol�1]


DH
[kcalmol�1]


DG
[kcalmol�1]


Ka


ACHTUNGTRENNUNG[m�1]


CH2Cl2 TMA-OBz[a] �4.71 �12.03 �7.32 1.9M105


TEA-OBz[a] �4.14 �10.00 �5.86 1.9M104


TEA-OBz[b] �4.57 �10.27 �5.70 1.2M104


TMA-OBz[c] �4.89 �12.05 �7.16 1.7M105


TEA-OBz[c] �5.84 �11.81 �5.97 2.3M104


TBA-OBz[d] – – – 2.4M102


DCE[e] TBA-OBz[c] �5.33 �11.23 �5.90 2.1M104


TEA-OBz[c] �4.95 �11.75 �6.80 9.8M104


[a] Data from ITC titrations run at 303 K; syringe: 1; cell : TEA-OBz.
[b] Data from an ITC titration run at 304 K; syringe: TEA-OBz; cell: 1.
[c] Data from ITC titrations run at 298 K, syringe: 1; cell : TMA-OBz,
TEA-OBz, or TBA-OBz, respectively. [d] From an NMR spectroscopy ti-
tration.[29] [e] DCE: 1,2-dichloroethane; TMA-OBz is not sufficiently
soluble in this solvent to allow ITC studies to be conducted.
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(TBA-OBz), tetraethylammonium benzoate (TEA-OBz), tetrabutylam-
monium benzoate (TBA-OBz).


Microcalorimetric titrations : Both VP-ITC and MCS-ITC instruments
made by MicroCal were used to determine the molar enthalpy (DH) of
complexation. Subsequent fitting of the data to a 1:1 binding profile
using Origin software provided access to the Ka and thus Gibbs free
energy (DG) which could be used along with DH to determine the entro-
py (DS). Blank titrations into plain solvent were also performed and sub-
tracted from the corresponding titration to remove any effect from the
heats of dilution from the titrant. Most titrations were run at 25 8C; how-
ever, a few were run at 30 8C due to ambient conditions. In general, the
differences in Ka values determined at 25 and 30 8C were within experi-
mental error.
1H NMR spectroscopic titrations : A Varian Mercury 400 MHz NMR
spectrometer was used to measure the 1H NMR shifts of the NH proton
of the pyrrole. Solutions of 1 were titrated with the chloride or benzoate
salt at 25 8C. The titration data were plotted Dppm versus concentration
of guest and fit to a 1:1 binding equation developed by Wilcox[29] using
the nonlinear curve-fitting procedure in Origin software.


Computational procedures : Calix[4]pyrrole and methyltributylammonium
chloride (MTBA-Cl) were constructed according to the general outlines
given for the GROMOS-96 force field calculations.[30] The partial charges
on the ammonium cation were adapted from the literature.[32] The indi-
vidual host guest species were deliberately placed in a solvent box of
chloroform and the system was energetically relaxed. The molecular dy-
namic runs were conducted for 60 picoseconds with few examples ex-
tending to 10 nanoseconds. Frames were taken every 30 femtoseconds.
The structural analysis used the GROMOS-96 software package.[33]


X-ray crystallographic data : CCDC 686302 (1·OTMA-Cl), 686607
(1·MTBA-Cl) and 686301 (1·BnTEA-Cl) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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T-Shaped Platinum Boryl Complexes: Synthesis and Structure
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Introduction


Transition-metal boryl complexes[1] are of significant interest
because they are key intermediates in catalytic processes
such as hydroboration,[2] diboration,[3] and C�H activation
of organic substrates.[4] Corresponding platinum species
[LxPt�BR2], which are most relevant to the boryl-based
functionalization of alkynes, olefins, and diazo compounds,[5]


are commonly prepared by oxidative addition of B�E (E=


main group element) bonds to low-valent Pt species.[1] Halo-
boranes R2B�Hal (Hal=Cl, Br, I) turned out to be valuable
starting materials, and a range of boryl complexes have
been isolated in the recent years.[6] The most remarkable
feature of these complexes is the strong trans-influence of
the boryl moiety, which was investigated by means of com-
putational[7] and experimental studies.[6e] In particular, boryl
complexes trans-[(Cy3P)2Pt(Br){B(X)X’}] (Cy=cyclohexyl=
C6H11) have been investigated with respect to the degree of
trans-influence imposed by the different boryls, giving the
following scale: �BCat-4-tBu<�BBr2<�B(Br)oTol<�


B(Br)NMe2<�B(Br)Fc<�B(Br)Mes<�B ACHTUNGTRENNUNG(NMe2)2<�
B(Br)Pip<�B(Br)tBu (Cat=catecholato=1,2-O2-C6H4,
oTol=ortho-tolyl=2-CH3-C6H4, Fc= ferrocenyl= (h5-
C5H4)Fe ACHTUNGTRENNUNG(h


5-C5H5), Mes=mesityl=2,6-(CH3)2-C6H3, Pip=pi-
peridyl=NC5H10).


[6e] Given the success in preparing com-
plexes by oxidative addition of bromoboranes,[6c–i,8] and the
strong trans-influence of the boryl moiety, it was possible to
prepare and structurally characterize the unusual 14-elec-
tron T-shaped Pt boryl complex trans-[(Cy3P)2Pt{B(Br)Fc}]


+


(1)[9] upon addition of Na ACHTUNGTRENNUNG[BArf4] (Arf=3,5-(CF3)2C6H3) to
the boryl complex trans-[(Cy3P)2Pt(Br){B(Br)Fc}] (2).


[6g] Re-
markably, complex 1 is devoid of any agostic interaction or
solvent coordination at the vacant site, thus displaying an
electronically and coordinatively unsaturated PtII center.


Such 14-electron platinum(II) compounds are very impor-
tant owing to their central role in alkane C�H activation,[10]


or as models for intermediates in the olefin polymerization
catalyzed by late transition metals.[11] Of this kind of Pt spe-
cies only a handful have been reported, as they are often
transient or contain coordinated solvent molecules. Presum-
ably, bulky ligands are necessary to protect the free coordi-
nation site to isolate stable 14-electron T-shaped PtII com-
pounds. The group of Spencer has reported a number of b-
agostic C�H-stabilized complexes of the type [Pt(R)(PP)]+


(PP=chelating bisphosphine; R=alkyl).[11b,12] Ingelson and
co-workers described the cationic compound [Pt ACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(PiPr3)2]


+ , which is stabilized by a b-agostic C�H bond,[13]
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whereas Barrata et al. prepared the complexes [Pt ACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG{PR2(2,6-Me2C6H3)}2]


+ (R=Ph, Cy), which are supported by
a d-agostic C�H interaction.[14]


In sharp contrast to the aforementioned reactivity of 2 to-
wards Na ACHTUNGTRENNUNG[BArf4], the corresponding bromide abstraction
from trans-[(Cy3P)2Pt(Br){B(Br)Mes}] (3) under identical
conditions did not yield a T-shaped Pt boryl species, but
trans-[(Cy3P)2Pt(Br) ACHTUNGTRENNUNG(BMes)]+ (4), and thus, the first exam-
ple of a platinum borylene complex without base stabliliza-
tion.[6f] The outcome of the latter reaction might imply that
both sites—that is, Pt�Br and B�Br—are susceptible to bro-
mide abstraction with formation of different products
(Scheme 1). It should be mentioned that the elimination of
Br� from bromoboryl complexes [(h5-C5R5(OC)2Fe�
B(R)Br] was previously utilized by Aldridge for the synthe-
sis of the first cationic borylene complexes [(h5-
C5R5(OC)2Fe=BR] [BArf4].


[15]


To gain further insight into
the different behavior of the
platinum boryl complexes trans-
[(Cy3P)2Pt(Br){B(Br)X}] (X=


Fc, Mes)[6f,g] toward halide ab-
straction, a range of related
complexes of the type trans-
[(Cy3P)2Pt(Br){B(X)X’}] (X=


Br, X’=oTol, tBu, NMe2, Pip,
Br; XX’= (NMe2)2, Cat)[6e] (5–
11) were treated with Na-
ACHTUNGTRENNUNG[BArf4], K[B ACHTUNGTRENNUNG(C6F5)4], or Na-
ACHTUNGTRENNUNG[BPh4] in dichloromethane.
Herein we report for the first time the full characterization
of a series of 14-electron T-shaped platinum boryl com-
plexes, thus allowing a detailed investigation of the subtle
influence that different boryl ligands exert on the degree of
C�H agostic interactions, and consequently on the reactivity
of these species. Low-temperature NMR spectra of trans-
[(Cy3P)2PtACHTUNGTRENNUNG(BCat)]


+ were recorded, and its reactivity to-
wards Lewis bases was investigated. Furthermore, the excep-


tional behavior of trans-[(Cy3P)2Pt(Br){B(Br)Mes}] (3) to-
wards bromide abstraction was clarified.


Results and Discussion


The boryl complexes trans-[(Cy3P)2Pt(Br){B(X)X’}] (X=Br,
X’=oTol, tBu, NMe2, Pip, Br; XX’= (NMe2)2, Cat) (5–11)
were reacted with equimolar amounts of Na ACHTUNGTRENNUNG[BArf4], K[B-
ACHTUNGTRENNUNG(C6F5)4] or Na ACHTUNGTRENNUNG[BPh4] in dichloromethane at ambient temper-
ature. In all cases the reaction mixtures turned yellow and a
fine white solid precipitated (NaBr or KBr) over a period of
2 h. However, the reaction of trans-
[(Cy3P)2Pt(Br){B(Br)Pip}] (8) with Na ACHTUNGTRENNUNG[BPh4] required soni-
cation for 1 h to solubilize the sodium salt. Multinuclear
NMR spectra indicated the quantitative conversion of the
starting materials within minutes. All products 12–18 are
characterized by sharp singlets between d=39.5 and
51.2 ppm in the 31P{1H} NMR spectra, which are shifted
about 20 ppm to lower field when compared to the starting
(bromo)boryl complexes 5–11 (d=18.7–28.7 ppm).[6e] The
magnitude of the 1JACHTUNGTRENNUNG(P,Pt) coupling stays constant (largest
difference for �BCat: 121 Hz) (Table 1). These findings are
in very good agreement with those made for the conversion
of trans-[(Cy3P)2Pt(Br){B(Br)Fc}] (2) (d=21.5 ppm, 1J-
ACHTUNGTRENNUNG(P,Pt)=2892 Hz)[6g] into trans-[(Cy3P)2Pt{B(Br)Fc}] ACHTUNGTRENNUNG[BArf4]
(1) (d=41.7 ppm, 1JACHTUNGTRENNUNG(P,Pt)=2914 Hz),[9] thus indicating simi-
lar T-shaped geometries and the presence of boryl groups
for 12–18 (Scheme 2). It has to be noted that the magnitude
of the 1JACHTUNGTRENNUNG(P,Pt) coupling constant of the compounds reflects
the trans-influence of the corresponding boryl ligand, that is,
the larger the coupling constant, the larger the trans-influ-
ence and the stronger the s-donating properties of the boryl
ligand. For example, compound 17 exhibits the boryl ligand


Scheme 1. Two different types of products, T-shaped Pt boryl complex 1
and borylene species 4, isolated from similar reactions, that is, trans-
[(Cy3P)2Pt(Br){B(Br)X}] (X=Fc, Mes) and Na ACHTUNGTRENNUNG[BArf4].


Table 1. 31P{1H} NMR spectroscopy data of the cationic boryl complexes trans-[(Cy3P)2Pt{B(X)X’}]+ compared
with the starting materials trans-[(Cy3P)2Pt(Br){B(X)X’}] (d in ppm, J in Hz).


-B(X)X’ d ACHTUNGTRENNUNG(31P) (1J ACHTUNGTRENNUNG(P,Pt)) Precursor
d ACHTUNGTRENNUNG(31P) (1J ACHTUNGTRENNUNG(P,Pt))


Anion


X=Fc, X’=Br[9] 1 41.7 (2914) 2 21.5 (2892) ACHTUNGTRENNUNG[BArf4]
�


X=oTol, X’=Br 12a, b 42.2 (2931) 5 18.7 (2908) ACHTUNGTRENNUNG[BArf4]
� , [BACHTUNGTRENNUNG(C6F5)4]


�


X= tBu, X’=Br 13a, b 41.9 (2979) 6 23.7 (2962) ACHTUNGTRENNUNG[BArf4]
� , [BACHTUNGTRENNUNG(C6F5)4]


�


X=NMe2, X’=Br 14 42.8 (2803) 7 24.0 (2811) ACHTUNGTRENNUNG[BArf4]
�


X=Pip, X’=Br 15a, b 43.0 (2845) 8 24.6 (2867) ACHTUNGTRENNUNG[BArf4]
� , [BPh4]


�


X=X’=Br 16 39.5 (2717) 9 19.4 (2683) ACHTUNGTRENNUNG[BArf4]
�


X=X’=NMe2 17 45.4 (3057) 10 27.4 (3067) [BACHTUNGTRENNUNG(C6F5)4]
�


XX’=Cat 18 51.2 (2466) 11 28.7 (2587) ACHTUNGTRENNUNG[BArf4]
�


Scheme 2. Formation of cationic boryl complexes by halide abstraction.
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with the strongest and 18 the one with the weakest trans-in-
fluence accompanied by a smaller 1JACHTUNGTRENNUNG(P,Pt) coupling constant
and a shorter Pt�B bond length (Tables 1 and 2).[7] In con-
trast, the formation of the borylene complex is accompanied
by a significantly reduced coupling constant (d=45.0 ppm,
1J ACHTUNGTRENNUNG(P,Pt)=2072 Hz) in comparison to its precursor trans-
[(Cy3P)2Pt(Br){B(Br)Mes}] (3) (d=18.9 ppm, 1JACHTUNGTRENNUNG(P,Pt)=


3054 Hz).[6f]


The 11B{1H} NMR spectra of 12–18 all exhibit a sharp
signal for the four-coordinate boron atom of the anion
([BArf4]


�: d=�7.6 ppm; [B ACHTUNGTRENNUNG(C6F5)4]
�: d=�17.6 ppm;


[BPh4]
�: d=�7.5 ppm), whereas the resonance of the Pt-


bound boron could only be detected for trans-
[(Cy3P)2Pt{B(Br)tBu}]


+ (13) and trans-
[(Cy3P)2Pt{B(Br)oTol}]


+ (12). The broad signals arise at d=


55 and 45 ppm, respectively, and are high-field shifted by
about 25 ppm relative to the corresponding neutral com-
plexes (trans-[(Cy3P)2Pt(Br){B(Br)tBu}] (6): d=80 ppm;
trans-[(Cy3P)2Pt(Br){B(Br)oTol}] (5): d=73 ppm).[6e] The ab-
sence of signals for the other species can be attributed to
unresolved coupling to platinum and phosphorus nuclei.[16]


Compounds 12–18 were isolated as analytically pure
yellow solids with good yields of 57–78%. They decompose
readily when exposed to air and moisture but can be stored
as solids under argon for months. Crystals suitable for X-ray
analyses were obtained by layering solutions of the com-
plexes in CD2Cl2 with hexane and cooling at �35 8C
(Figure 1).


The crystal structures confirm T-shaped geometries
around the platinum centers for all cationic complexes. The
platinum atoms are surrounded by three ligands and a free
coordination site is located trans to the boryl group. In ac-
cordance with the decreased coordination number of the
metal center, the Pt�B distances are approximately 3 pm
shorter than in the neutral complexes.


The most remarkable structural feature of these cationic
species is the presence of a three coordinate PtII center. It is
well known that unsaturated Lewis acidic metal fragments
in 14-electron d8 ML3 systems show high reactivity, including
interactions with weak nucleophiles, such as solvent mole-
cules or weakly coordinating anions,[10,11a,17] and agostic C�H
interactions.[11b,12–14,18] In the solid state all cationic com-
pounds 12–18 show no solvent molecules coordinating to


Table 2. Selected bond lengths [N] and angles [8] in the cationic boryl
complexes (short Pt···H(C) and Pt···C distances; hydrogen atoms were as-
signed to idealized positions).


-B(X)X’ Pt�B Pt···H(C) Pt···C P-Pt-P


X=Fc, X’=Br[9] 1 1.966(4) 2.542 3.117 162.96(3)
X=oTol, X’=Br 12a 1.972(2) 2.384 3.056 168.09(6)
X= tBu, X’=Br 13b 1.957(3) 2.467 3.174 157.26(2)
X=NMe2, X’=Br 14 1.987(4) 2.498 3.390 168.08(3)
X=Pip, X’=Br 15a 1.989(3) 2.380 3.031 166.36(2)
X=X’=Br 16 1.932(4) 2.481 3.084 167.44(3)
X=X’=NMe2 17 2.047(5) 2.826 3.399 169.85(4)
XX’=Cat 18 1.977(7) 2.322 2.923 171.84(6)


Figure 1. Molecular structures of the cationic boryl complexes 12–18.
Anions, hydrogen atoms, and cocrystallized solvent molecules (12 :
2CH2Cl2; 13 : 0.5C6H14; 14 : 2C6H14; 15 : 2CH2Cl2; 17: CH2Cl2; 18 :
2CH2Cl2) are omitted for clarity. The boryl groups in 12 and 14 are disor-
dered. Thermal ellipsoids represent 50% probability. Important bond
lengths and angles are shown in Table 2.
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the Pt center, and the shortest distances between Pt atoms
and H or C atoms of the cyclohexyl groups are larger than
in complexes with notable agostic interactions (Table 2). The
�BCat ligand, which exhibits the weakest trans-influence in
the series of neutral complexes, understandably imposes the
closest Pt···H(C) and Pt···C interactions (2.322 and 2.923 N).
However, these distances are still somewhat greater than
those in [PtMe ACHTUNGTRENNUNG(PiPr3)2][1-H-closo-CB11Me11] (Pt···H(C)=


2.24 N, Pt···C=2.859 N),[13] or [Pt�{P(2,6-Me2C6H3)Cy2}ACHTUNGTRENNUNG{k
2-


P,C-P(2-Me-6-CH2-C6H3)Cy2}] ACHTUNGTRENNUNG[BArf4] (Pt···C=2.432 N).[14]


Therefore there is little structural evidence for a significant
agostic interaction.


It should be noted that theoretical calculations on 14-elec-
tron d8 ML3 boryl complexes of the type [(R3P)2Rh ACHTUNGTRENNUNG(BX2)]
corroborate that C�H bonds preferably do not coordinate
trans to the boryl moiety, owing to the huge trans-influence
of the latter.[19] The absence of any agostic interaction in the
case of trans-[(Cy3P)2Pt{B(Br)Fc}] ACHTUNGTRENNUNG[BArf4] (1) was not only
proven by structural and DFT studies but also by low-tem-
perature NMR spectroscopy in solution,[9] and trans-
[(Cy3P)2PtACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4] (18) was subjected to correspond-
ing variable-temperature NMR spectroscopy studies on ac-
count of its conspicuously short Pt···H�(C) and Pt···C sepa-
rations compared to 1, and 12–17.


At room temperature the 31P{1H} NMR spectrum exhibits
a singlet at d=51.1 ppm (1J ACHTUNGTRENNUNG(P,Pt)=2460 Hz), whereas cool-
ing of the sample to �40 8C leads to a broadening of the sig-
nals (maximum intensity at d=48 ppm) and coalescence.
Further cooling to �80 8C results in sharper resonances dis-
playing two doublets at d=60.0 ppm (1JACHTUNGTRENNUNG(P,Pt)�2303 Hz, 2J-
ACHTUNGTRENNUNG(P,Pt)=258 Hz) and d=49.9 ppm (1J ACHTUNGTRENNUNG(P,Pt)�2381 Hz, 2J-
ACHTUNGTRENNUNG(P,Pt)=258 Hz) as well as another singlet at d=46.9 ppm
(1J ACHTUNGTRENNUNG(P,Pt)�2500 Hz). The two doublets show a distinct “Da-
cheffekt” (Figure 3) and indicate an agostic interaction of
the Pt center (Pt···H(C)) with a C�H bond of the cyclohexyl
group (Figure 2). Because of the agostic interaction, chemi-


cal equivalence of both PCy3 ligands is canceled and the
original singlet (d=51.1 ppm) splits into two doublets as the
inequivalent phosphine moieties couple to each other. The
new signal at d=46.9 ppm was tentatively assigned to a
CD2Cl2 adduct (19) of the T-shaped boryl complex 18. At-
tempts to detect a corresponding resonance in the 13C{1H}
NMR spectrum failed, owing to unresolved coupling to two
deuterium,[20] a platinum, and two phosphorus nuclei.


At �60 8C the 1H NMR spectrum features low-field shift-
ed (d=3.29 ppm (m); d=2.57 ppm (m)) as well as high-field
shifted signals (d=�0.52 ppm (m)), which presumably can
be attributed to the proton of the agostic Pt···H(C) interac-
tion. Because of the presence of two different compounds in
the sample and inconsistent NMR shifts reported in the lit-
erature for agostic hydrogen atoms,[11b,20,21] it is difficult to
assign the resonances unambiguously. Remarkably, only one
set of signals is observed for the catechol group (d=7.23
(br s) and 7.04 ppm (br s)). Warming of the sample to room
temperature affords exactly the same NMR spectroscopy
data as prior to the low-temperature experiment. To deter-
mine whether the 31P{1H} NMR spectroscopy shift of d=


46.9 ppm (1J ACHTUNGTRENNUNG(P,Pt)�2500 Hz) is connected with the forma-
tion of a CD2Cl2 adduct (19), 31P{1H} NMR spectroscopy
resonances of the T-shaped complex trans-[(Cy3P)2Pt-
ACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4] (18) were measured in the presence of vari-
ous Lewis bases. Thus 18 was treated with THF, acetonitrile,
quinoline, and 4-methylpyridine (Scheme 3). The THF
adduct (20) shows a signal at d=45.6 ppm (1J ACHTUNGTRENNUNG(P,Pt)
�2759 Hz), however, a 1000-fold excess of THF was neces-
sary to convert half of the starting material. The complex


Figure 2. Schematic illustration of an agostic interaction of a C�H bond
of the cyclohexyl group with the PtII center.


Figure 3. Temperature dependence of the 31P{1H} NMR spectrum of
trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4] (18) (bottom: room temperature; middle:
�40 8C; top: �60 8C).


Scheme 3. Reaction of trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4] (18) with Lewis
bases.
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with acetonitrile (21) exhibits a chemical shift of d=


29.4 ppm (1J ACHTUNGTRENNUNG(P,Pt)�2532 Hz); the reaction with quinoline
(22) reveals a signal at d=26.5 ppm (1J ACHTUNGTRENNUNG(P,Pt)=2507 Hz) and
with 4-methylpyridine (23) at d=26.9 ppm (1J ACHTUNGTRENNUNG(P,Pt)=


2520 Hz).
The chemical shift of the THF adduct as well as the cou-


pling constants of all base adducts 20–23 are in line with the
formation of the CD2Cl2 adduct 19 at low temperatures.
Moreover, several related dichloromethane adducts are al-
ready reported in the literature.[17,22] trans-
[(Cy3P)2Pt(NC5H4-4-Me)ACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4] (23) could be fully
characterized and isolated in 73% yield as a colorless, air-
and moisture-sensitive solid. Crystals suitable for an X-ray
diffraction study were obtained by slow evaporation of the
solvent from a CH2Cl2/hexane mixture (Figure 4).


Compound 23 displays a slightly distorted square-planar
geometry around the platinum center. The planes of the 4-
methylpyridine and the catechol boryl moiety are mutually
twisted by 98 (N-Pt-B-O1 9.2(14)8). The Pt�B bond (Pt�B
2.013(5) N) is longer than in the cationic boryl complex 18
(Pt�B 1.977(7) N) but shorter than in the bromoboryl spe-
cies trans-[(Cy3P)2Pt(Br)ACHTUNGTRENNUNG(BCat)] (11) (2.048(6) N), which
can be attributed to the coordination number of four and
the positive charge at the Pt center in 23. The trans-influ-
ence of the boryl moiety is indicated by a relatively long
Pt�N bond (2.220(5) N). Pt�N distances in comparable
complexes commonly lie around 2.10 N (e.g., trans-
[(Ph3P)2Pt(h


1-1,4-N2-C4H3-2-Cl) ACHTUNGTRENNUNG(C4H4-2-S)] 2.082(4) N).[23]


To investigate the exceptional behavior of trans-
[(Cy3P)2Pt(Br){B(Br)Mes}] towards Na ACHTUNGTRENNUNG[BArf4] or K[B-
ACHTUNGTRENNUNG(C6F5)4], the reaction was carried out at �80 8C and moni-
tored by 31P{1H} NMR spectroscopy (Figure 5). At �80 8C a
singlet is observed at d=41.2 ppm (1JACHTUNGTRENNUNG(P,Pt)=2999 Hz)


flanked by platinum satellites bearing a coupling constant
differing strongly from the isolated complex trans-
[(Cy3P)2Pt(Br) ACHTUNGTRENNUNG(BMes)]+ (4) (d=45.0 ppm (1J ACHTUNGTRENNUNG(P,Pt)=


2072 Hz))[6f] (the small signal at d=33.0 ppm can be as-
signed to the byproduct [HPCy3][B ACHTUNGTRENNUNG(C6F5)4],


[24] which is often
observed under similar conditions). Warming to �40 8C
leads to the build-up of another singlet at d=44.3 ppm (1J-
ACHTUNGTRENNUNG(P,Pt)=2070 Hz), with increasing intensity by further warm-
ing, whereas the intensity of the resonance at d=41.2 ppm
decreases. The signal at d=44.3 ppm can be assigned to the
isolated borylene complex [(Cy3P)2Pt(Br) ACHTUNGTRENNUNG(BMes)][B ACHTUNGTRENNUNG(C6F5)4]
(4),[6f] whereas the slightly high-field shifted signal is indica-
tive of the formation of the T-shaped boryl complex trans-
[(Cy3P)2Pt{B(Br)Mes}][BACHTUNGTRENNUNG(C6F5)4] (24) (Scheme 4).


In the 1H NMR spectrum two temperature-dependent sets
of signals can be detected for the mesityl group (T-shaped
isomer 24 : d=6.88 (1H; CH), 6.85 (1H; CH), 2.95 (3H;
CH3


ortho), 2.47 (3H; CH3
ortho), 2.18 ppm (3H; CH3


para); bory-
lene isomer 4 : d=6.95 (2H; CH), 2.63 (6H; CH3


ortho),
2.29 ppm (3H; CH3


para)).[6f] At room temperature the T-
shaped boryl complex 24 is converted almost completely to
the borylene isomer 4. If the probe is cooled again, the ratio
of both compounds does not change, therefore an equilibri-
um between the two forms can be excluded. Hence, the re-
action of trans-[(Cy3P)2Pt(Br){B(Br)Mes}] with Na ACHTUNGTRENNUNG[BArf4] or
K[B ACHTUNGTRENNUNG(C6F5)4] is consistent with the behavior of other boryl
complexes of the type trans-[(Cy3P)2Pt(Br){B(Br)X}], in
which the bromide is abstracted at the platinum center with
concomitant formation of a T-shaped boryl complex. In the
case of trans-[(Cy3P)2Pt(Br){B(Br)X}], the T-shaped boryl
intermediate 24 rearranges by a formal 1,2-bromide shift
from the boron atom to the platinum center with formation


Figure 4. Molecular structure of trans-[(Cy3P)2Pt(NC5H4-4-Me) ACHTUNGTRENNUNG(BCat)]-
ACHTUNGTRENNUNG[BArf4] (23). The unit cell of 23 contains two independent molecules. In
one of them the catechol boryl group and the 4-methylpyridine ligand
are disordered, therefore the structural parameters of the other molecule
are discussed. The disordered molecule, anions, hydrogen atoms, and co-
ACHTUNGTRENNUNGcrystallized solvent molecules (2C6H14) are omitted for clarity. Thermal
ellipsoids represent 50% probability. Selected bond lengths [N] and
angles [8]: Pt�B 2.013(5), Pt�N 2.220(5), B�O1 1.387(6), B�O2 1.387(5),
P1-Pt-P2 165.15(5), P1-Pt-B-O1 103.5(4), P1-Pt-N-C2 91.3(4), N-Pt-B-O1
9.2(14).


Figure 5. Temperature-dependent formation of trans-[(Cy3P)2Pt(Br)-
ACHTUNGTRENNUNG(BMes)][B ACHTUNGTRENNUNG(C6F5)4] (4) and trans-[(Cy3P)2Pt{B(Br)Mes}][B ACHTUNGTRENNUNG(C6F5)4] (24)
observed in the 31P{1H} NMR spectrum (bottom: �60 8C; second from
bottom: �20 8C; second from top: 10 8C; top: room temperature).
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of the thermodynamically more stable borylene species 4
(Scheme 4).


A similar 1,2-bromide shift was observed for 1 when
adding the Lewis base 4-methylpyridine, forming trans-
[(Cy3P)2Pt(Br){B(NC5H4--4-Me)Fc}] ACHTUNGTRENNUNG[BArf4].


[9] Another ex-
ample of this kind of behavior was noted in the synthesis of
some osmium borylene compounds[25] and appears to be a
useful tool for the synthesis of borylene complexes.


Conclusion


In conclusion, the synthesis of a range of cationic T-shaped
PtII complexes trans-[(Cy3P)2Pt{B(X)X’}]+ could be achieved
by halide abstraction from trans-[(Cy3P)2Pt(Br){B(X)X’}].
All complexes were fully characterized and the crystal struc-
tures show relatively long Pt···H(C) and Pt···C distances.
Furthermore, no solvent molecules are occupying the vacant
site at ambient temperature, thus emphasizing the strong
trans-influence imposed by most of the employed boryl li-
gands. However, low-temperature NMR spectra of trans-
[(Cy3P)2PtACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4], which among the series of new
complexes is characterized by the shortest Pt···H(C) and
Pt···C separations, reveals typical resonances for an agostic
interaction at �60 8C, as well as a signal for a dichlorome-
thane adduct. The somewhat decreased trans-influence of
the BCat ligand reflected by these findings was further cor-
roborated by the formation of adducts upon reaction of
trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4] with the Lewis bases THF,
acetonitrile, quinoline, and 4-methylpyridine, thus proving
the influence of the boryl ligand on the reactivity of the title
compounds. The product of the latter reaction was isolated
and fully characterized in solution and in the solid state. To
elucidate the different behavior of trans-
[(Cy3P)2Pt(Br){B(Br)Mes}] towards halide abstraction, the
reaction was carried out at low temperatures and monitored
by NMR spectroscopy. Comparison of the NMR spectrosco-
py data revealed that initial abstraction of the bromide at
the platinum center occurs with formation of a transient T-
shaped boryl complex. Upon warming, a formal 1,2-bromide


shift takes place, yielding the
borylene species trans-
[(Cy3P)2Pt(Br) ACHTUNGTRENNUNG(BMes)]+ as the
final product.


Experimental Section


General description for the prepara-
tion of cationic boryl complexes : Equi-
molar amounts of the neutral boryl
complexes 5–11 and Na ACHTUNGTRENNUNG[BArf4] or
K[B ACHTUNGTRENNUNG(C6F5)4] were loaded into a J.
Young NMR spectroscopy tube and
CD2Cl2 (0.6 mL) was added. The reac-
tion mixtures turned immediately
yellow and a fine white solid (NaBr/
KBr) precipitated. After 2 h the sus-
pension was filtered and the filtrate


was layered with hexane (1–2 mL). After one week at �35 8C yellow
crystals of the cationic boryl complexes 12–18 had formed.


trans-[(Cy3P)2Pt{B(Br)oTol}] ACHTUNGTRENNUNG[BArf4] (12a): trans-[(Cy3P)2Pt{B(Br)oTol}]-
ACHTUNGTRENNUNG[BArf4] (0.031 g, 65%) was obtained after one day from the reaction of
Na ACHTUNGTRENNUNG[BArf4] (0.024 g, 0.027 mmol) and trans-[(Cy3P)2Pt(Br){B(Br)oTol}] (5)
(0.027 g, 0.027 mmol). 1H NMR (500 MHz, CD2Cl2, 24 8C): d=8.37 (d, 3J-
ACHTUNGTRENNUNG(H,H)=8 Hz, 1H; CHortho, Tol), 7.74 (m, 8H; BArf4), 7.58 (br s, 4H;
BArf4), 7.49 (dd, 3J ACHTUNGTRENNUNG(H,H)=7 and 8 Hz, 1H; CHpara, Tol), 7.32 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=7 Hz, 1H; Cmeta, Tol), 7.26 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H; CHmeta, Tol),
2.93 (s, 3H; CH3, Tol), 2.26 (m, 6H; Cy), 2.05–1.97 (m, 6H; Cy), 1.89–
1.69 (m, 24H; Cy), 1.60–1.42 (m, 12H; Cy), 1.25–1.15 ppm (m, 18H; Cy);
13C{1H} NMR (126 MHz, CD2Cl2, 24 8C): d =162.2 (q, 1J ACHTUNGTRENNUNG(C,B)=50 Hz;
Cipso, BArf4), 143.5 (s; Cortho, Tol; 2D-HMBC), 141.0 (s; Cortho, Tol), 137.5
(br s; Cipso, Tol; 2D-HMQC), 135.2 (s; Cortho, BArf4), 133.8 (s; Cpara, Tol),
132.6 (s; Cmeta, Tol; 2D-HMQC), 129.3 (qq, 2J ACHTUNGTRENNUNG(C,F)=31 Hz, 3J ACHTUNGTRENNUNG(C,B)=


3 Hz; Cmeta, BArf4), 126.0 (s; Cmeta, Tol; 2D-HMQC), 125.0 (q, 1J ACHTUNGTRENNUNG(C,F)=


272 Hz; CF3, BArf4), 117.9 (sep, 3J ACHTUNGTRENNUNG(C,F)=4 Hz; Cpara, BArf4), 34.9 (vt, N=


j 1J ACHTUNGTRENNUNG(C,P)+ 3J ACHTUNGTRENNUNG(C,P) j=27 Hz; C1, Cy), 30.7 (s; C3,5, Cy), 30.5 (s; C3,5, Cy),
27.4 (br s; C2,6, Cy), 26.1 (s; C4, Cy), 25.6 ppm (s; CH3, Tol); 11B{1H}
NMR (160 MHz, CD2Cl2, 24 8C): d =45 (br s; PtB), �7.5 ppm (s; BArf4);
31P{1H} NMR (202 MHz, CD2Cl2, 24 8C): d=42.2 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=


2936 Hz); elemental analysis calcd (%) for C75H85B2BrF24P2Pt: C 50.13,
H 4.54; found: C 50.47, H 4.83.


trans-[(Cy3P)2Pt{B(Br)oTol}][B ACHTUNGTRENNUNG(C6F5)4] (12b): trans-
[(Cy3P)2Pt{B(Br)oTol}][B ACHTUNGTRENNUNG(C6F5)4] was obtained as a yellow solid (0.019 g,
47%) by evaporation of the solvent of a reaction mixture of K[B ACHTUNGTRENNUNG(C6F5)4]
(0.018 g, 0.025 mmol) and trans-[(Cy3P)2Pt(Br){B(Br)oTol}] (5) (0.025 g,
0.025 mmol). 1H NMR (500 MHz, CD2Cl2, 25 8C): d=8.37 (d, 3J ACHTUNGTRENNUNG(H,H)=


8 Hz, 1H; C6, Tol), 7.51 (dd, 3J ACHTUNGTRENNUNG(H,H)=7 and 8 Hz, 1H; C4, Tol), 7.32
(dd, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 1H; C5, Tol), 7.26 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H; C3, Tol),
2.93 (s, 3H; CH3, Tol), 2.26 (m, 6H; Cy), 2.08–1.98 (m, 6H; Cy), 1.90–
1.70 (m, 24H; Cy), 1.62–1.42 (m, 12H; Cy), 1.25–1.15 ppm (m, 18H; Cy);
13C{1H} NMR (126 MHz, CD2Cl2, 25 8C): d=148.5 (brd, 1J ACHTUNGTRENNUNG(C,F)=241 Hz;
Cpara, B ACHTUNGTRENNUNG(C6F5)4), 143.4 (s; C2, Tol; 2D-HMBC), 140.9 (s; C6, Tol), 138.5
and 136.6 (2 overlapping brd, 1J ACHTUNGTRENNUNG(C,F)=243 Hz; Cortho,meta, B ACHTUNGTRENNUNG(C6F5)4), 137.5
(br s; C1, Tol; 2D-HMBC), 133.7 (s; C4, Tol), 132.5 (s; C3, Tol; 2D-
HMQC), 125.9 (s; C5, Tol; 2D-HMQC), 124.1 (br s; Cipso, B ACHTUNGTRENNUNG(C6F5)4), 34.8
(vt, N= j 1J ACHTUNGTRENNUNG(C,P)+ 3J ACHTUNGTRENNUNG(C,P) j=27 Hz; C1, Cy), 30.6 (s; C3,5, Cy), 30.4 (s;
C3,5, Cy), 27.3 (br s; C2,6, Cy), 26.0 (s; C4, Cy), 25.5 ppm (s; CH3, Tol);
11B{1H} NMR (160 MHz, CD2Cl2, 25 8C): d=45.0 (br s; PtB), �17.6 ppm
(s; B ACHTUNGTRENNUNG(C6F5)4);


31P{1H} NMR (202 MHz, CD2Cl2, 25 8C): d=42.2 ppm (s, 1J-
ACHTUNGTRENNUNG(P,Pt)=2931 Hz); elemental analysis calcd (%) for C67H73B2BrF20P2Pt: C
49.77, H 4.55; found: C 50.87, H 5.19.


trans-[(Cy3P)2Pt{B(Br)tBu}] ACHTUNGTRENNUNG[BArf4] (13a): trans-[(Cy3P)2Pt{B(Br)tBu}]-
ACHTUNGTRENNUNG[BArf4] (0.028 g, 78%) was prepared from trans-
[(Cy3P)2Pt(Br){B(Br)tBu}] (6) (0.020 g, 0.020 mmol) and Na ACHTUNGTRENNUNG[BArf4]
(0.018 g, 0.020 mmol). 1H NMR (500 MHz, CD2Cl2, 24 8C): d =7.73 (m,
8H; BArf4), 7.57 (br s, 4H; BArf4), 2.28–2.21 (m, 6H; Cy), 2.08–2.02 (m,


Scheme 4. Formation of trans-[(Cy3P)2Pt(Br) ACHTUNGTRENNUNG(BMes)] (4) from 3 via trans-[(Cy3P)2Pt{B(Br)Mes}]+ (24).
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6H; Cy), 1.96–1.88 (m, 18H; Cy), 1.82–1.70 (m, 12H; Cy), 1.64–1.55 (m,
6H; Cy), 1.35–1.26 (m, 18H; Cy), 1.21 ppm (s, 9H; tBu); 13C{1H} NMR
(126 MHz, CD2Cl2, 24 8C): d=162.0 (q, 1J ACHTUNGTRENNUNG(C,B)=50 Hz; Cipso, BArf4),
135.1 (s; Cortho, BArf4), 129.2 (qq, 2J ACHTUNGTRENNUNG(C,F)=31 Hz, 3J ACHTUNGTRENNUNG(C,B)=3 Hz; Cmeta,
BArf4), 124.9 (q, 1J ACHTUNGTRENNUNG(C,F)=272 Hz; CF3, BArf4), 117.7 (sep, 3J ACHTUNGTRENNUNG(C,F)=4 Hz;
Cpara, BArf4), 36.4 (br s; C, tBu), 35.8 (vt, N= j 1J ACHTUNGTRENNUNG(C,P)+ 3J ACHTUNGTRENNUNG(C,P) j=26 Hz;
C1, Cy), 30.7 (s; C3,5, Cy), 30.3 (s; C3,5, Cy), 30.0 (s; CH3, tBu), 27.6–27.4
(2 overlapping vt; C2,6, Cy), 26.0 ppm (s; C4, Cy); 11B{1H} NMR
(160 MHz, CD2Cl2, 24 8C): d =55.2 (br s; PtB), �7.6 ppm (s, BArf4);
31P{1H} NMR (202 MHz, CD2Cl2, 24 8C): d=41.9 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=


2985 Hz); elemental analysis calcd (%) for C72H87B2BrF24P2Pt: C 48.94,
H 4.96; found: C 49.37, H 4.92.


trans-[(Cy3P)2Pt{B(Br)tBu}][BACHTUNGTRENNUNG(C6F5)4] (13b): The reaction of K[B-
ACHTUNGTRENNUNG(C6F5)4] (0.018 g, 0.025 mmol) with trans-[(Cy3P)2Pt(Br){B(Br)tBu}] (6)
(0.025 g, 0.025 mmol) leads to trans-[(Cy3P)2Pt{B(Br)tBu}][B ACHTUNGTRENNUNG(C6F5)4],
which was isolated after four weeks (0.023 g, 57%). 1H NMR (500 MHz,
CD2Cl2, 23 8C): d=2.25 (m, 6H; Cy), 2.08–2.02 (m, 6H; Cy), 1.96–1.88
(m, 18H; Cy), 1.82–1.70 (m, 12H; Cy), 1.64–1.55 (m, 6H; Cy), 1.35–1.26
(m, 18H; Cy), 1.21 ppm (s, 9H; tBu); 13C{1H} NMR (126 MHz, CD2Cl2,
23 8C): d=148.5 (brd, 1J ACHTUNGTRENNUNG(C,F)=235 Hz; Cpara, B ACHTUNGTRENNUNG(C6F5)4), 138.5 and 136.6
(2 overlapping brd, 1J ACHTUNGTRENNUNG(C,F)=243 Hz; Cortho,meta, B ACHTUNGTRENNUNG(C6F5)4), 124.1 (br s;
Cipso, B ACHTUNGTRENNUNG(C6F5)4), 36.4 (br s; C, tBu), 35.8 (vt, N= j 1J ACHTUNGTRENNUNG(C,P)+ 3J ACHTUNGTRENNUNG(C,P) j=
26 Hz; C1, Cy), 30.7 (s; C3,5, Cy), 30.3 (s; C3,5, Cy), 30.0 (s; CH3, tBu),
27.6–27.4 (2 overlapping vt; C2,6, Cy), 26.0 ppm (s; C4, Cy); 11B{1H} NMR
(160 MHz, CD2Cl2, 23 8C): d =55.2 (br s; PtB), �17.6 ppm (s; B ACHTUNGTRENNUNG(C6F5)4);
31P{1H} NMR (202 MHz, CD2Cl2, 23 8C): d=41.9 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=


2979 Hz); elemental analysis calcd (%) for C72H87B2BrF24P2Pt: C 48.56,
H 4.78; found: C 48.69, H 4.65.


trans-[(Cy3P)2Pt{B(Br)NMe2}] ACHTUNGTRENNUNG[BArf4] (14): The reaction of trans-
[(Cy3P)2Pt(Br){B(Br)NMe2}] (7) (0.030 g, 0.031 mmol) and Na ACHTUNGTRENNUNG[BArf4]
(0.027 g, 0.031 mmol) led to trans-[(Cy3P)2Pt{B(Br)NMe2}] ACHTUNGTRENNUNG[BArf4]
(0.031 g, 57%). 1H NMR (500 MHz, CD2Cl2, 23 8C): d=7.73 (m, 8H;
BArf4), 7.57 (br s, 4H; BArf4), 3.22 (s, 3H; NMe2), 2.86 (s, 3H; NMe2),
2.33 (m, 6H; Cy), 2.07–2.01 (m, 6H; Cy), 1.92–1.86 (m, 18H; Cy), 1.82–
1.75 (m, 6H; Cy), 1.63–1.46 (m, 12H; Cy), 1.39–1.22 ppm (m, 18H; Cy);
13C{1H} NMR (126 MHz, CD2Cl2, 23 8C): d =162.0 (q, 1J ACHTUNGTRENNUNG(C,B)=50 Hz;
Cipso, BArf4), 135.1 (s; Cortho, BArf4), 129.2 (qq, 2J ACHTUNGTRENNUNG(C,F)=31 Hz, 3J ACHTUNGTRENNUNG(C,B)=


3 Hz; Cmeta, BArf4), 124.9 (q, 1J ACHTUNGTRENNUNG(C,F)=273 Hz; CF3, BArf4), 117.7 (sep, 3J-
ACHTUNGTRENNUNG(C,F)=4 Hz; Cpara, BArf4), 46.4 (s; NMe2), 40.5 (s; NMe2), 35.0 (vt, N= j
1J ACHTUNGTRENNUNG(C,P)+ 3J ACHTUNGTRENNUNG(C,P) j=27 Hz; C1, Cy,), 30.7 (s; C3,5, Cy), 30.2 (s; C3,5, Cy),
27.6–27.4 (2 overlapping vt; C2,6, Cy), 26.2 ppm (s; C4, Cy); 11B{1H} NMR
(160 MHz, CD2Cl2, 23 8C): d=�7.6 ppm (s; BArf4);


31P{1H} NMR
(202 MHz, CD2Cl2, 23 8C): d=42.8 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=2803 Hz); elemental
analysis calcd (%) for C70H84NB2BrF24P2Pt: C 47.93, H 4.83, N 0.80;
found: C 47.70, H 4.81, N 0.89.


trans-[(Cy3P)2Pt{B(Br)Pip}] ACHTUNGTRENNUNG[BArf4] (15a): trans-[(Cy3P)2Pt{B(Br)Pip}]-
ACHTUNGTRENNUNG[BArf4] (0.025 g, 70%) was obtained as a yellow solid after 3 d by evapo-
ration of the solvent from a reaction mixture of trans-
[(Cy3P)2Pt(Br){B(Br)Pip}] (8) (0.020 g, 0.020 mmol) and Na ACHTUNGTRENNUNG[BArf4]
(0.018 g, 0.020 mmol). Single crystals were formed by recrystallization
from CD2Cl2/hexane at �35 8C. 1H NMR (500 MHz, CD2Cl2, 24 8C): d=


7.73 (m, 8H; BArf4), 7.57 (m, 4H; BArf4), 3.69 (m, 2H; NCH2, Pip), 3.37
(m, 2H; NCH2, Pip), 2.35 (m, 6H; Cy), 2.05–1.75 (m, 30H; Cy), 1.70–
1.60 (m, 4H; 2 CH2, Pip), 1.58–1.50 (m, 12H; Cy), 1.48–1.42 (m, 2H;
CH2, Pip), 1.38–1.22 ppm (m, 18H; Cy); 13C{1H} NMR (126 MHz,
CD2Cl2, 24 8C): d =162.0 (q, 1J ACHTUNGTRENNUNG(C,B)=50 Hz; Cipso, BArf4), 135.1 (s; Cortho,
BArf4), 129.1 (qq, 2J ACHTUNGTRENNUNG(C,F)=32 Hz, 3J ACHTUNGTRENNUNG(C,B)=3 Hz; Cmeta, BArf4), 124.9 (q,
1J ACHTUNGTRENNUNG(C,F)=272 Hz; CF3, BArf4), 117.7 (sep, 3J ACHTUNGTRENNUNG(C,F)=4 Hz; Cpara, BArf4),
55.6 (s; NCH2, Pip), 50.7 (s; NCH2, Pip), 35.0 (vt, N= j 1J ACHTUNGTRENNUNG(C,P)+ 3J ACHTUNGTRENNUNG(C,P) j
=26 Hz; C1, Cy), 30.6 (s; C3,5, Cy), 30.5 (s; C3,5, Cy), 27.6–27.4 (2 overlap-
ping vt; C2,6, Cy), 27.1 (s; CH2, Pip), 26.2 (s; CH2, Pip), 26.1 (s; C4, Cy),
24.9 ppm (s; CH2, Pip); 11B{1H} NMR (160 MHz, CD2Cl2, 24 8C): d=


�7.6 ppm (s; BArf4);
31P{1H} NMR (202 MHz, CD2Cl2, 24 8C): d=


43.0 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=2846 Hz); elemental analysis calcd (%) for
C73H88NB2BrF24P2Pt: C 48.87, H 4.94, N 0.78; found: C 49.23, H 4.84, N
0.79.


trans-[(Cy3P)2Pt{B(Br)Pip}] ACHTUNGTRENNUNG[BPh4] (15b): trans-[Br ACHTUNGTRENNUNG(Cy3P)2Pt{B(Br)Pip}]
(8) (0.015 g, 0.015 mmol) and Na ACHTUNGTRENNUNG[BPh4] (0.005 g, 0.015 mmol) were


loaded in a J. Young NMR spectroscopy tube and CD2Cl2 (0.6 mL) was
added. The reaction mixture was sonicated for 1 h, turned yellow, and a
fine solid precipitated. The suspension was filtered after 1 d and layered
with hexane (2 mL) and the solvent was allowed to evaporate slowly.
After 2 d trans-[(Cy3P)2Pt{B(Br)Pip}] ACHTUNGTRENNUNG[BPh4] was isolated (0.012 g, 65%).
1H NMR (500 MHz, CD2Cl2, 24 8C): d=7.32 (m, 8H; BPh4), 7.04 (m,
8H; BPh4), 6.89 (m, 4H; BPh4), 3.70 (m, 2H; NCH2, Pip),), 3.38 (m, 2H;
NCH2, Pip), 2.33 (m, 6H; Cy), 2.08–1.22 ppm (m, 60+6H; Cy+3CH2,
Pip); 13C{1H} NMR (126 MHz, CD2Cl2, 24 8C): d=164.3 (q, 1J ACHTUNGTRENNUNG(C,B)=


49 Hz; Cipso, BPh4), 136.2 (q, 2J ACHTUNGTRENNUNG(C,B)=1 Hz; Cortho, BPh4), 125.9 (q, 3J-
ACHTUNGTRENNUNG(C,B)=3 Hz; Cmeta, BPh4), 121.9 (s; Cpara, BPh4), 55.6 (s; NCH2, Pip), 50.7
(s; NCH2, Pip), 35.0 (vt, N= j 1J ACHTUNGTRENNUNG(C,P)+ 3J ACHTUNGTRENNUNG(C,P) j=27 Hz; C1, Cy), 30.6 (s;
C3,5, Cy), 30.5 (s; C3,5, Cy), 27.6–27.4 (2 overlapping vt; C2,6, Cy), 27.1 (s;
CH2, Pip), 26.2 (s; CH2, Pip), 26.1 (s; C4, Cy), 24.9 ppm (s; CH2, Pip);
11B{1H} NMR (160 MHz, CD2Cl2, 24 8C): d =�7.5 ppm (s; BPh4);


31P{1H}
NMR (202 MHz, CD2Cl2, 24 8C): d =43.0 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=2845 Hz); ele-
mental analysis calcd (%) for C65H96NB2BrP2Pt: C 62.45, H 7.74, N 1.12;
found: C 63.17, H 7.60, N 1.12.


trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(BBr2)] ACHTUNGTRENNUNG[BArf4] (16): The reaction of trans-
[(Cy3P)2Pt(Br)ACHTUNGTRENNUNG(BBr2)] (9) (0.020 g, 0.020 mmol) and Na ACHTUNGTRENNUNG[BArf4] (0.018 g,
0.020 mmol) led to trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(BBr2)] ACHTUNGTRENNUNG[BArf4] (0.024 g, 67%).
1H NMR (500 MHz, CD2Cl2, 21 8C): d=7.73 (m, 8H; BArf4), 7.57 (br s,
4H; BArf4), 2.37 (m, 6H; Cy), 1.95–1.85 (m, 24H; Cy), 1.83–1.76 (m, 6H;
Cy), 1.68–1.58 (m, 12H; Cy), 1.35–1.25 ppm (m, 18H; Cy); 13C{1H} NMR
(126 MHz, CD2Cl2, 21 8C): d=162.0 (q, 1J ACHTUNGTRENNUNG(C,B)=50 Hz; Cipso, BArf4),
135.1 (s; Cortho, BArf4), 129.1 (qq, 2J ACHTUNGTRENNUNG(C,F)=31 Hz, 3J ACHTUNGTRENNUNG(C,B)=3 Hz; Cmeta,
BArf4), 124.9 (q, 1J ACHTUNGTRENNUNG(C,F)=272 Hz; CF3, BArf4), 117.7 (sep, 3J ACHTUNGTRENNUNG(C,F)=4 Hz;
Cpara, BArf4), 34.8 (vt, N= j 1J ACHTUNGTRENNUNG(C,P)+ 3J ACHTUNGTRENNUNG(C,P) j=27 Hz; C1, Cy), 30.2 (s;
C3,5, Cy), 27.3 (vt, N= j 2J ACHTUNGTRENNUNG(C,P)+ 4J ACHTUNGTRENNUNG(C,P) j=12 Hz; C2,6, Cy), 25.9 ppm (s;
C4, Cy); 11B{1H} NMR (160 MHz, CD2Cl2, 21 8C): d=�7.6 ppm (s;
BArf4);


31P{1H} NMR (202 MHz, CD2Cl2, 21 8C): d=39.5 ppm (s, 1J-
ACHTUNGTRENNUNG(P,Pt)=2717 Hz); elemental analysis calcd (%) for C68H78B2Br2F24P2Pt: C
45.63, H 4.39; found: C 45.73, H 4.34.


trans-[(Cy3P)2Pt{B ACHTUNGTRENNUNG(NMe2)2}][B ACHTUNGTRENNUNG(C6F5)4] (17): Yellow crystals of trans-
[(Cy3P)2Pt{B ACHTUNGTRENNUNG(NMe2)2}][B ACHTUNGTRENNUNG(C6F5)4] (0.019 g, 73%) were obtained from
trans-[(Cy3P)2Pt(Br){B ACHTUNGTRENNUNG(NMe2)2}] (10) (0.016 g, 0.017 mmol) and K[B-
ACHTUNGTRENNUNG(C6F5)4] (0.012 g, 0.017 mmol) after two weeks at �35 8C. 1H NMR
(500 MHz, CD2Cl2, 21 8C): d=2.81 (s, 12H; NMe2), 2.18 (m, 6H; Cy),
2.02–1.97 (m, 12H; Cy), 1.90–1.85 (m, 12H; Cy), 1.79–1.74 (m, 6H; Cy),
1.56–1.46 (m, 12H; Cy), 1.36–1.22 ppm (m, 18H; Cy); 13C{1H} NMR
(126 MHz, CD2Cl2, 21 8C): d=148.5 (brd, 1J ACHTUNGTRENNUNG(C,F)=242 Hz; Cpara, B-
ACHTUNGTRENNUNG(C6F5)4), 138.5 and 136.6 (2 overlapping brd, 1J ACHTUNGTRENNUNG(C,F)=242 Hz; Cortho,meta,
B ACHTUNGTRENNUNG(C6F5)4), 124.2 (br s; Cipso, BACHTUNGTRENNUNG(C6F5)4), 42.3 (s; NMe2), 35.1 (vt, N= j 1J-
ACHTUNGTRENNUNG(C,P)+ 3J ACHTUNGTRENNUNG(C,P) j=26 Hz; C1, Cy), 30.7 (s; C3,5, Cy), 27.7 (vt, N= j 2J-
ACHTUNGTRENNUNG(C,P)+ 4J ACHTUNGTRENNUNG(C,P) j=11 Hz; C2,6, Cy), 26.3 ppm (s; C4, Cy); 11B{1H} NMR
(160 MHz, CD2Cl2, 21 8C): d=�17.6 ppm (s; BACHTUNGTRENNUNG(C6F5)4);


31P{1H} NMR
(202 MHz, CD2Cl2, 21 8C): d=45.4 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=3051 Hz); elemental
analysis calcd (%) for C64H78B2F20N2P2Pt·CH2Cl2: C 48.23, H 4.98, N
1.73; found: C 48.82, H 5.10, N 1.79.


trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(BCat)]ACHTUNGTRENNUNG[BArf4] (18): The reaction of trans-
[(Cy3P)2Pt(Br)ACHTUNGTRENNUNG(BCat)] (11) (0.020 g, 0.021 mmol) and Na ACHTUNGTRENNUNG[BArf4] (0.018 g,
0.021 mmol) allowed for the isolation of trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4]
(0.023 g, 63%). 1H NMR (500 MHz, CD2Cl2, 24 8C): d=7.73 (m, 8H;
BArf4), 7.57 (br s, 4H; BArf4), 7.27–7.22 (m, 2H; Cat), 7.12–7.07 (m, 2H;
Cat), 2.29 (m, 6H; Cy), 1.95–1.87 (m, 12H; Cy), 1.80–1.70 (m, 18H; Cy),
1.60–1.50 (m, 12H; Cy), 1.38–1.22 ppm (m, 18H; Cy); 13C{1H} NMR
(126 MHz, CD2Cl2, 24 8C): d=162.1 (q, 1J ACHTUNGTRENNUNG(C,B)=50 Hz; Cipso, BArf4),
148.2 (s; C1,2, Cat), 135.2 (s; Cortho, BArf4), 129.3 (qq, 2J ACHTUNGTRENNUNG(C,F)=31 Hz, 3J-
ACHTUNGTRENNUNG(C,B)=3 Hz; Cmeta, BArf4), 125.0 (q, 1J ACHTUNGTRENNUNG(C,F)=273 Hz; CF3, BArf4), 123.5
(s; C4,5, Cat), 117.8 (sep, 3J ACHTUNGTRENNUNG(C,F)=4 Hz; Cpara, BArf4), 112.6 (s; C3,6, Cat),
35.8 (vt, N= j 1J ACHTUNGTRENNUNG(C,P)+ 3J ACHTUNGTRENNUNG(C,P) j=27 Hz; C1, Cy), 30.5 (s; C3,5, Cy), 28.0
(vt, N= j 2J ACHTUNGTRENNUNG(C,P)+ 4J ACHTUNGTRENNUNG(C,P) j=11 Hz; C2,6, Cy), 26.3 ppm (s; C4, Cy);
11B{1H} NMR (160 MHz, CD2Cl2, 24 8C): d=�7.6 ppm (s; BArf4);


31P{1H}
NMR (202 MHz, CD2Cl2, 24 8C): d =51.1 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=2464 Hz); ele-
mental analysis calcd (%) for C74H82B2F24O2P2Pt: C 51.14, H 4.76; found:
C 51.02, H 4.91.


Spectroscopic characterization of trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(THF) ACHTUNGTRENNUNG(BCat)]ACHTUNGTRENNUNG[BArf4]
(20): trans-[(Cy3P)2PtBCat]ACHTUNGTRENNUNG[BArf4] (18) (0.013 g, 0.007 mmol) was loaded
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into a J. Young NMR spectroscopy tube and dissolved in CD2Cl2
(0.6 mL). Two drops of THF were added and 31P{1H} NMR spectroscopy
showed the formation of a new signal, yet the peaks for the starting ma-
terial were still present. More THF was added to increase the intensity of
the new peak, which can be most likely assigned to trans-[(Cy3P)2Pt-
ACHTUNGTRENNUNG(THF) ACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4]. However, a huge excess of THF leads only to a
ratio of 2:1 for the starting material and the product in the 1H NMR
spectrum. 1H NMR (200 MHz, CD2Cl2, 21 8C): d=7.71 (m, 12H; BArf4),
7.54 (br s, 6H; BArf4), 7.23 (m, 2H; Cat, 51), 7.07 (m, 2H; Cat, 51), 7.02
(m, 1H; Cat, 54), 6.92 (m, 1H; Cat, 54), 3.68 (m, 900H; free THF), 1.80
(m, 900H; free THF), 2.40–1.10 ppm (m, Cy); 31P{1H} NMR (202 MHz,
CD2Cl2, 24 8C): d=51.1 (s, 1J ACHTUNGTRENNUNG(P,Pt)=2464 Hz; 51), 45.6 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=


2467 Hz; 54).


Spectroscopic characterization of trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(BCat)]-
ACHTUNGTRENNUNG[BArf4] (21): trans-[(Cy3P)2PtBCat] ACHTUNGTRENNUNG[BArf4] (18) (0.010 g, 0.006 mmol) was
loaded in a J. Young NMR spectroscopy tube and dissolved in CH2Cl2
(0.5 mL) and C6D6 (0.1 mL). Then one drop of NCMe was added to the
yellow solution. 31P{1H} NMR spectroscopy showed complete consump-
tion of the starting material and the formation of a predominant com-
pound, which was most likely trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4].
1H NMR (200 MHz, C6D6/CH2Cl2, 21 8C): d=7.77 (m, 8H; BArf4), 7.59
(br s, 4H; BArf4), 7.36 (s, C6D6), 7.17 (m, 2H; Cat), 7.02 (m, 2H; Cat),
1.93 (s, 59H; free NCMe), 2.50–0.90 ppm (m, Cy); 31P{1H} NMR
(202 MHz, C6D6, 21 8C): d =31.4 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=2532 Hz).


Spectroscopic characterization of trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(NC9H7) ACHTUNGTRENNUNG(BCat)]-
ACHTUNGTRENNUNG[BArf4] (22): trans-[(Cy3P)2Pt(Br) ACHTUNGTRENNUNG(BCat)] (18) (0.020 g, 0.021 mmol) and
Na ACHTUNGTRENNUNG[BArf4] (0.018 g, 0.021 mmol) were converted into trans-[(Cy3P)2Pt-
ACHTUNGTRENNUNG(BCat)]ACHTUNGTRENNUNG[BArf4]. In a J. Young NMR spectroscopy tube in CD2Cl2
(0.5 mL) quinoline (0.004 g, 0.031 mmol) was added to the yellow reac-
tion mixture. 31P{1H} NMR spectroscopy showed the consumption of the
starting material and the formation of a new main product, which was
most likely trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(NC9H7)ACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4].


1H NMR (200 MHz,
CD2Cl2, 21 8C): d =9.10–7.35 (complex superpositions, free and bound
quinoline), 7.73 (m, 8H; BArf4), 7.56 (br s, 4H; BArf4), 7.25 (m, 2H; Cat),
7.10 (m, 2H; Cat), 2.40–0.50 ppm (m; Cy); 31P{1H} NMR (81 MHz, C6D6,
21 8C): d =26.5 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=2507 Hz).


trans-[(Cy3P)2Pt(NC5H4–4-CH3)ACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4] (23): trans-
[(Cy3P)2Pt(Br)ACHTUNGTRENNUNG(BCat)] (18) (0.015 g, 0.016 mmol) and Na ACHTUNGTRENNUNG[BArf4] (0.014 g,
0.016 mmol) were converted into trans-[(Cy3P)2Pt ACHTUNGTRENNUNG(BCat)] ACHTUNGTRENNUNG[BArf4] in
CD2Cl2 (0.6 mL) in a J. Young NMR spectroscopy tube. After removing
NaBr by filtration, NC5H4-4-CH3 (0.001 g, 0.016 mmol) was added to the
solution. Over the course of one day the reaction mixture turned color-
less and was layered with hexane (2 mL). Slow evaporation of the solvent
led to the formation of crystals of trans-[(Cy3P)2Pt(NC5H4-4-CH3)-
ACHTUNGTRENNUNG(BCat)]ACHTUNGTRENNUNG[BArf4] (0.028 g, 73%). 1H NMR (500 MHz, CD2Cl2, 24 8C): d=


8.50 (d, 3J ACHTUNGTRENNUNG(H,H)=6 Hz; MePyr), 7.73 (d, 3J ACHTUNGTRENNUNG(H,H)=6 Hz 8H; BArf4), 7.57
(br s, 4H; BArf4), 7.45 (m; NC5H4-4-CH3), 7.20 (m, 2H; Cat), 7.05 (m,
2H; Cat), 2.51 (s, 3H; CH3, NC5H4-4-CH3), 1.82–1.60 (m, 36H; Cy), 1.51
(m, 12H; Cy), 1.20 (m, 6H; Cy), 0.90 ppm (m, 12H; Cy); 13C{1H} NMR
(126 MHz, CD2Cl2, 24 8C): d=162.0 (q, 1J ACHTUNGTRENNUNG(C,B)=50 Hz; Cipso, BArf4),
152.6 (s; Cipso, NC5H4-4-CH3), 151.6 (s; Cortho, NC5H4-4-CH3), 148.9 (s;
C1,2, Cat), 135.1 (s; Cortho, BArf4), 129.1 (qq, 2J ACHTUNGTRENNUNG(C,F)=32 Hz, 3J ACHTUNGTRENNUNG(C,B)=


3 Hz; Cmeta, BArf4), 127.7 (s; Cmeta, NC5H4-4-CH3), 124.9 (q, 1J ACHTUNGTRENNUNG(C,F)=


272 Hz; CF3, BArf4), 122.5 (s; C4,5, Cat), 117.7 (sep, 3J ACHTUNGTRENNUNG(C,F)=4 Hz; Cpara,
BArf4), 111.9 (s; C3,6, Cat), 35.8 (vt, N= j 1J ACHTUNGTRENNUNG(C,P)+ 3J ACHTUNGTRENNUNG(C,P) j=28 Hz; C1,
Cy), 30.3 (s; C3,5, Cy), 27.9 (vt, N= j 2J ACHTUNGTRENNUNG(C,P)+ 4J ACHTUNGTRENNUNG(C,P) j=11 Hz; C2,6, Cy),
26.5 (s; C4, Cy), 21.4 ppm (s; CH3, NC5H4-4-CH3);


11B{1H} NMR
(160 MHz, CD2Cl2, 24 8C): d=�7.6 ppm (s; BArf4);


31P{1H} NMR
(202 MHz, CD2Cl2, 24 8C): d=26.9 ppm (s, 1J ACHTUNGTRENNUNG(P,Pt)=2520 Hz); elemental
analysis calcd (%) for C80H89NB2F24O2P2Pt: C 52.47, H 4.90, N 0.76;
found: C 52.06, H 5.06, N 0.72.


Crystal structure determination : The crystal data of 12–16 were collected
using a Bruker x8 apex diffractometer with multi-layer mirror monochro-
mated MoKa radiation, and those of 17–18 using a Bruker smart apex


with graphite monochromated MoKa radiation. Both diffractometers were
equipped with CCD area detectors. The structures were solved using
direct methods, refined with the Shelx software package (G. Sheldrick,
Acta Cryst. A 2008, 64, 112–122) and expanded using Fourier techniques.


All non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were assigned to idealized positions and were included in structure fac-
tors calculations. The crystals of 15 and 17 had voids with badly disor-
dered DCM (180 N3 and 135 N3, respectively). The crystallographic re-
finement for these two structures was completed with the solvent contri-
bution subtracted from the data using SQUEEZE from the PLATON
package of crystallographic software.[26]


Crystal data for 12 : C80H96B2BrCl4F24P2Pt; Mr=2013.93; yellow plate;
0.22W0.13W0.02 mm3; monoclinic space group C2/c ; a=39.219(9), b=


12.724(3), c=33.981(8) N; b=96.715(12)8 ; V=16842(7) N3; Z=8; 1calcd=


1.589 gcm�3 ; m =2.402 mm�1; F ACHTUNGTRENNUNG(000)=8104; T=99(2) K; R1=0.1052;
wR2=0.2046; 24743 independent reflections [2q=62.18] and 1194 param-
eters.


Crystal data for 13 : C64H75B2BrF20P2Pt; Mr=1582.80; colorless plate;
0.40W0.28W0.12; triclinic space group P1̄; a=12.2890(9), b=15.0446(11),
c=17.9045(14) N; a =99.636(4), b=94.737(4), g=92.908(4)8 ; V=


3245.4(4) N3; Z=2; 1calcd=1.620 gcm�3 ; m=2.924 cm�2; F ACHTUNGTRENNUNG(000)=1584;
T=97(2) K; R1=0.0450; wR2=0.0705; 19805 independent reflections
[2q=62.768] and 811 parameters.


Crystal data for 14 : C82H112B2BrF24NP2Pt; Mr=1926.29; yellow block;
0.18W0.16W0.06; triclinic space group P1̄; a=11.9350(6), b=17.9683(10),
c=20.1949(11) N; a =86.094(2), b=88.373(2), g=85.844(2)8 ; V=


4308.2(4) N3; Z=2; 1calcd=1.485 gcm�3 ; m=2.224 cm�2; F ACHTUNGTRENNUNG(000)=1960;
T=100(2) K; R1=0.0615; wR2=0.1479; 37687 independent reflections
[2q=70.728] and 1148 parameters.


Crystal data for 15 : C75H92B2BrCl4F24NP2Pt; Mr=1963.86; colorless plate;
0.28W0.10W0.02; triclinic space group P1̄; a=12.7575(6), b=17.5303(7),
c=19.2578(9) N; a=94.370(2), b =90.359(2), g=100.373(2)8 ; V=


4223.3(3) N3; Z=2, 1calcd=1.544 gcm�3; m=2.392 mm�1; F ACHTUNGTRENNUNG(000)=1972;
T=100(2) K; R1=0.0457; wR2=0.0793; 27654 independent reflections
[2q=66.28] and 1011 parameters.


Crystal data for 16 : C68H78B2Br2F24P2Pt; Mr=1789.77; colorless block;
0.14W0.15W0.41; triclinic space group P1̄; a=14.2842(4), b=14.6245(4),
c=18.6421(5) N; a =86.290(1), b=71.124(1), g=80.960(2)8 ; V=


3638.72(17 N3; Z=2; 1calcd=1.634 gcm�3 ; m=3.171 mm�1; F ACHTUNGTRENNUNG(000)=1780;
T=100(2) K; R1=0.0575; wR2=0.1039; 26118 independent reflections
[2q=69.148] and 922 parameters.


Crystal data for 17: C65H80B2Cl2F20P2Pt; Mr=1618.86; yellow block;
0.10W0.10W0.06; triclinic space group P1̄; a=11.1831(4), b=15.1659(6),
c=20.4196(7) N; a =87.802(1), b=77.636(1), g=83.402(1)8 ; V=


3360.1(2) N3; Z=2; 1calcd=1.600 gcm�3 ; m =2.313 mm�1; F ACHTUNGTRENNUNG(000)=1632;
T=173(2) K; R1=0.0470; wR2=0.1132; 13265 independent reflections
[2q=528] and 820 parameters.


Crystal data for 18 : C76H86B2Cl2F24O2P2Pt; Mr=1907.90; yellow block;
0.30W0.18W0.12; triclinic space group P1̄; a=14.4625(11), b=


14.6991(11), c=20.3510(15) N; a =83.368(1), b=75.983(1), g=


89.955(1)8 ; V=4167.8(5) N3; Z=2; 1calcd=1.520 gcm�3 ; m =1.947 mm�1;
F ACHTUNGTRENNUNG(000)=1920; T=173(2) K; R1=0.0730; wR2=0.1381; 18422 independ-
ent reflections [2q =528] and 1084 parameters.


Crystal data for 23 : C86H103B2F24NO2P2Pt; Mr=1917.34; yellow block;
0.18W0.12W0.09; triclinic space group P1̄; a=12.9195(7), b=23.3819(12),
c=29.2613(16) N; a =82.381(3), b=84.920(3), g=83.984(3)8 ; V=


8688.0(8) N3; Z=4; 1calcd=1.466 gcm�3 ; m =1.750 mm�1; F ACHTUNGTRENNUNG(000)=3904;
T=100(2) K; R1=0.0860; wR2=0.1728; 34043 independent reflections
[2q�52.348] and 2309 parameters.


CCDC-687218, 687219, 687220, 687221, 687222, 687223, 687224, and
69144 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Carbon–carbon bond-forming reactions are of immense im-
portance in organic synthesis. Domino, tandem, or cascade
reactions, which involve the formation of multiple C�C
bonds and stereocenters in one pot, are a rapidly growing
research field within the synthesis of small molecules with
complex molecular scaffolds.[1] The undeniable benefits of
domino reactions include “green chemistry” factors such as
atom economy,[2] reduction of synthetic steps, and minimiza-
tion of solvents and waste.[3] Thus, significant efforts have


been made in the development of asymmetric domino and
tandem reactions by using chiral precursors for stereocon-
trol. However, it is more challenging to develop catalytic
asymmetric domino reactions. Therefore, there are still only
a limited number of catalytic enantioselective domino reac-
tions. In this context, the development of organocatalytic
enantio- and diastereoselective one-pot domino reactions is
a rapidly growing research area.[4–5]


The cyclopropane motif has long been an exciting target
for organic chemists and is an important molecular architec-
ture in a large number of naturally occurring and medicinal-
ly relevant substances (>4000 isolated; 100 biological
active).[6] Moreover, cyclopropyl derivatives are attractive as
intermediates in complex molecule synthesis,[7] synthetic
building blocks,[8] and as templates for the construction of
conformationally restricted amino acids and peptides.[9] In
addition, the strained cyclopropane derivatives can undergo
a variety of ring-opening reactions leading to the synthesis
of a variety of complex molecules.[10] Thus, it is not surpris-
ing that an intense research effort has been focused on find-
ing new catalytic methods for the preparation of cyclopro-
pane derivatives. High levels of asymmetric induction have
been achieved in metal-catalyzed intermolecular cyclopropa-


Abstract: The development of one-pot
organocatalytic domino Michael/a-al-
kylation reactions between bromomal-
onates or bromoacetoacetate esters
and a,b-unsaturated aldehydes is pre-
sented. The chiral-amine-catalyzed re-
actions with bromomalonates as sub-
strates give access to the corresponding
2-formylcyclopropane derivatives in
high yields with excellent diastereose-
lectivity and up to 99% ee. The catalyt-
ic domino Michael/a-alkylation reac-
tions between 4-bromo-acetoacetate


and enals provide a route for the syn-
thesis of functionalized cyclopenta-
nones in good to high yields with 93–
99% ee. The products from the organo-
catalytic reactions were also reduced
with high diastereoselectivity to the
corresponding cyclopropanols and cy-


clopentanols, respectively. Moreover,
one-pot combinations of amine and
heterocyclic carbene catalysis (AHCC)
enabled the highly enantioselective
synthesis of b-malonate esters (91–
97% ee) from the reaction between
bromomalonates and enals. The
tandem catalysis included the catalytic
domino reaction followed by catalytic
in situ chemoselective ring-opening of
the 2-formylcyclopropane intermedi-
ates.
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nations of electron-rich olefins involving Simmons–Smith
and metal-carbenoid methodologies.[11] Aggarwal,[12]


Gaunt,[13] and MacMillan[14] and their co-workers have pio-
neered the development of enantioselective cyclopropana-
tions of a,b-unsaturated ketones, amides, esters, nitriles, sul-
fones, and aldehydes by using either preformed or in situ
generated ylides.[12–14] Connon and co-workers have also re-
ported the employment of Cinchona alkaloid derivatives as
catalysts for the asymmetric cyclopropanation of nitroal-
kenes.[15] Inspired by these investigations and our previous
experience in organocatalytic cascade catalysis,[16] we envi-
sioned a simple asymmetric entry to 2-formyl cyclopropanes
by chiral-amine-mediated domino reactions between halo-
malonates or 2-halo-b-ketoesters and a,b-unsaturated alde-
hydes (Scheme 1).


Moreover, based on the importance of the cyclopenta-
none molecular architecture in natural products (e.g. prosta-
glandins),[17,18] we became intrigued as to whether we could
expand the scope of chiral-amine-catalyzed domino Mi-
chael/intramolecular a-alkylation reactions to the assembly
of highly substituted cyclopentanones in an asymmetric fash-
ion (Scheme 2).[19–20]Notably, during our initial studies Ley


and co-workers disclosed an elegant organocatalytic nitrocy-
clopropanation of cyclohexanone.[21] Our group has recently
reported the organocatalytic asymmetric domino Michael/a-
alkylation between bromomalonates and enals.[22] We also
employed this catalytic strategy for the synthesis of cyclo-
pentanones by using enals as substrates.[23] Wang and co-
workers later reported very elegant similar results.[24]


Herein, we describe our findings, including the scope, the
combination with heterocyclic carbene catalysis, synthetic
applications, and mechanisms of chiral-amine-catalyzed
domino-asymmetric conjugate addition/a-alkylation reac-
tions.


Results and Discussion


Catalyst screen for the cyclopropanation reaction : In initial
experiments, we screened chiral amines 4–11 (20 mol%) for
the reaction between cinnamic aldehyde 1a (0.3 mmol) and
bromomalonate 2a (0.25 mmol) with NEt3 (0.25 mmol) as a
proton sponge in CHCl3 (1 mL) (Table 1). To our delight,


(S)-proline catalyzed the asymmetric formation of the corre-
sponding 2-formylcyclopropane 3a with excellent diastereo-
selectivity (>25:1 d.r. (trans/cis)) but low enantioselectivity
(30% ee). Decreasing the bulk of the chiral pyrrolidine to
an alcohol moiety as in catalyst 5 did not affect the diaste-
reoselectivity but decreased the enantioselectivity of the
transformation (Table 1, entry 2). Increasing the bulk of the
chiral moiety to pyrrolidine as in catalyst 6 gave the corre-
sponding cyclopropane 3a in moderate yield with excellent
diastereoselectivity (>25:1 d.r.) and good enantioselectivity
(71% ee) (Table 1, entry 3).
The use of 2-carboxylic acid dihydroindole 7, which has


been successfully employed in the cyclopropanation of enals
with dimethylphenylacyl sulfonium ylide, allowed the forma-
tion of ent-3a in 72% yield with >25:1 d.r. and 63% ee
(Table 1, entry 4). Furthermore, the bulky prolinol 8 cata-
lyzed the cyclopropanation reaction with very low conver-
sion (Table 1, entry 5). Notably, chiral amines 9[25] and 10
were the most efficient catalysts under our reaction condi-
tions and catalyzed the formation of 3a with excellent dia-


Scheme 1. Asymmetric synthesis of 2-formyl cyclopropanes.


Scheme 2. Organocatalytic synthesis of highly substituted cyclopenta-
nones.


Table 1. Catalyst screen.[a]


Entry Catalyst t [h] Yield [%][b] d.r.[c] ee [%][d]


1 4 14 80 >25:1 30
2 5 14 62 >25:1 9
3 6 14 55 >25:1 71
4 7 14 72 >25:1 �63
5 8 24 Traces >25:1 nd[e]


6 9 3 91 >25:1 96
7 10 14 87 >25:1 99
8 11 14 traces nd[e] nd[e]


[a] Experimental conditions: A mixture of 2a (0.25 mmol), aldehyde 1a
(0.3 mmol), NEt3 (0.25 mmol) and catalyst (20 mol%) in 1.0 mL CHCl3
was stirred at the temperature and conditions displayed in the Table.
[b] Yield of isolated product. [c] Determined by NMR analyses of the
crude reaction mixture. [d] Determined by chiral-phase HPLC analysis.
[e] Not determined.
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stereo- (>25:1) and enantiose-
lectivity (96 and 99% ee, re-
spectively; Table 1, entries 6
and 7).


Solvent and base screen : We
next decided to perform a sol-
vent screen by using chiral
amine 9 as the catalyst
(Table 2).
The chiral amine 9 was able


to catalyze the formation of 3a
with excellent diastereoselectiv-
ity (>25:1) and high enantiose-
lectivity (87–99% ee) in all sol-
vents investigated. We also
found that the optically active
cyclopropane 3a could rear-


range under our reaction conditions to the achiral enal 12a
in DMF, CH2Cl2, CH3CN, Et2O, and EtOH. The ratio of 3a/
12a ranged from 1:1 to >25:1. The highest yield and ee of
3a were obtained in CHCl3 where 12a was not detected
(Table 2, entry 1). The enantioselectivity of the reaction
slightly decreased in DMF, CH3CN, and EtOH (Table 2, en-
tries 3, 6, and 8). In diethyl ether, 3a was isolated with ex-
cellent enantiomeric excess (99% ee) but significant
amounts of 12a (3a/12a=1:1) were also formed (Table 2,
entry 7). We also screened the influence of the base additive
on the chiral-amine-9-catalyzed reactions in CHCl3
(Table 3).
Excellent diastereoselectivity (>25:1) and high enantiose-


lectivity (89–98% ee) were achieved for all bases investigat-
ed and the side product 12a was formed in low amounts (0–
13%). The reactions with organic amine-base additives were
efficient and gave the corresponding formylcyclopropyl de-
rivative 3a in high yield. Of the organic bases investigated,
the addition of NEt3 gave the best results with respect to the
efficiency of the reaction (Table 3, entry 1). However, the
inorganic base additives KOH and K2CO3 slightly decreased
the enantioselectivity (Table 3, entries 3 and 4). The catalyt-
ic cyclopropanation reaction between the aliphatic enal 1b
and 2a was also investigated (Table 4).
Interestingly, in this case cyclopropane 3b, Michael


adduct 13b, and epoxide 14b were formed depending upon
the solvent. The aliphatic rearrangement product 12b was
not detected. For example, the reaction in CHCl3 without
the addition of NEt3 gave the corresponding cyclopropane
derivative 3b in 20% (99% ee) conversion together with
Michael adduct 13b in 20% conversion after 3 h (Table 4,
entry 1). Prolonging the reaction time did not increase the
conversion of enal 1b (Table 4, entry 2). The addition of
NEt3 as a proton sponge significantly improved the efficien-
cy and diastereoselectivity of the reaction (15:1 d.r.) while
the excellent enantioselectivity (99% ee) of the transforma-
tion was maintained. Hence, the in situ formation of HBr in
the a-alkylation step inhibits the product formation. Per-
forming the reaction in methanol without addition of NEt3


Table 2. Solvent screen.[a]


Entry Solvent t [h] Yield [%][b] d.r.[c] ee [%][d] 3a/12a[c]


1 CHCl3 3 91 >25:1 96 >25:1
2 MeOH 3 23 >25:1 89 >25:1
3 DMF 24 24 >25:1 87 2:1
4 Toluene 3 76 >25:1 92 >25:1
5 CH2Cl2 6 50 >25:1 97 2:1
6 CH3CN 6 50 >25:1 91 3:1
7 Et2O 14 45 >25:1 99 1:1
8 EtOH 14 55 >25:1 88 2:1


[a] Experimental conditions: A mixture of 2a (0.25 mmol), aldehyde 1a
(0.3 mmol), NEt3 (0.25 mmol) and catalyst 9 (20 mol%) in 1.0 mL solvent
was stirred at the temperature and conditions displayed in the Table.
[b] Yield of isolated product. [c] Determined by NMR analyses of the
crude reaction mixture. [d] Determined by chiral-phase HPLC analyses.


Table 3. The direct asymmetric a-aminomethylation of aldehydes 2 cata-
lyzed by chiral diphenyl prolinol 9.[a]


Entry Base t [h] Yield [%][b] d.r.[c] ee [%][d] 3a/12a[c]


1 NEt3 3 91 >25:1 96 >25:1
2 NaOAc 14 68 >25:1 98 9:1
3 KOH 14 59 >25:1 90 7:1
4 K2CO3 14 44 >25:1 89 >25:1
5 DABCO[e] 14 48 >25:1 93 >25:1
6 DBU[f] 14 68 >25:1 96 14:1


[a] Experimental conditions: A mixture of 2a (0.25 mmol), aldehyde 1a
(0.3 mmol), base (1 equiv) and catalyst 9 (20 mol%) in 1.0 mL CHCl3
was stirred at the temperature and conditions displayed in the Table.
[b] Isolated yield. [c] Determined by NMR analyses of the crude reaction
mixture. [d] Determined by chiral-phase HPLC analyses. [e] DABCO=


1,4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane. [f] DBU=1,5-Diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-5-
ene.


Table 4. The asymmetric cyclopropanation of enal 1b catalyzed by the chiral diphenyl prolinol 9.[a]


Entry Solvent Additive t [h] Conv. [%][b] 3b [%][c] d.r.[b] ee [%][d] 13b [%][c] 14b [%][c]


1 CHCl3 None 3 41 20 5:1 99 20 <1
2 CHCl3 None 16 41 20 5:1 99 20 <1
3 CHCl3 NEt3 1 50 50 15:1 99 <1 0
4 CHCl3 NEt3 3 95 95 15:1 99 <1 0
5 MeOH None 3 40 0 – – 0 40
6 MeOH None 16 65 5 nd[e] nd[e] 0 60
7 CH3CN None 3 20 20 >25:1 99 0 0
8 CH3CN None 16 20 20 >25:1 99 0 0


[a] Experimental conditions: A mixture of 2a (0.25 mmol), aldehyde 1b (0.3 mmol) and catalyst 9 (20 mol%)
in 1.0 mL solvent was stirred at the temperature and conditions displayed in the Table. [b] Determined by
NMR analyses of the crude reaction mixture. [c] Percent formed product as determined by NMR analyses.
[d] Determined by chiral-phase GC analyses. [e] Not determined (nd).
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completely switched the chemoselectivity of the transforma-
tion and the corresponding Darzens epoxidation compound
14b was exclusively furnished.


Substrate scope : Based on the results from the catalyst-, sol-
vent-, and base-screens, we decided to investigate the scope
of the reaction by using chiral amines 9 or 10 as the cata-
lysts, NEt3 as the base and CHCl3 as the solvent (Table 5).


Table 5. Scope of the organocatalytic asymmetric cyclopropanation reaction.[a]


Entry R Catalyst Product Time [h] Yield [%][b] d.r.[c] ee [%][d]


1 Ph 10 14 87 >25:1 99


2 Ph 9 3 83 >25:1 94[e]


3 n-Pr 9 3 80 15:1 99


4 9 3 74 25:1 94


5 Me 9 5 88 9:1 94


6 10 14 81 >25:1 98


7 CO2Et 9 14 50 >25:1 93[f]


8 9 14 83 >25:1 96[g]


9 10 3g 14 80 >25:1 93


10 9 3 76 14:1 99


11 9 4 60 >25:1 96


12 9 14 72 >25:1 90


13 9 4 79 >25:1 94


14 9 3 61 >25:1 98


[a] Experimental conditions: A mixture of 2 (0.25 mmol), aldehyde 1 (0.30 mmol), triethylamine (0.25 mmol) and catalyst 9 or 10 (10 or 20 mol%) in
CHCl3 (1.0 mL) was stirred at room temperature. The crude product 3 was purified by column chromatography. [b] Isolated yield of pure product 3 after
silica-gel column chromatography. [c] Determined by NMR analysis. [d] Determined by chiral-phase HPLC or GC analyses. [e] 10 mol% catalyst. [f] Re-
action performed at �20 8C. [g] Reaction performed at 4 8C.
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The reactions had a broad substrate scope and catalyst 9
was the most efficient. The corresponding products 3a–3 l
were isolated in good to high yields with up to >25:1 d.r.
and 90–99% ee. Moreover, the substrates did not rearrange
to compounds 12 under these reaction conditions. a,b-Unsa-
turated aldehydes with an aryl substituent were isolated in
high yields with excellent diastereomeric ratios (>25:1) and
high ee values (90–99%). Enals with aliphatic substituents
were rapidly converted to their corresponding 2-formyl cy-
clopropane derivatives and formed with high diastereoselec-
tivity (9:1–25:1 d.r.) and 94–99% ee (Table 5, entries 3–5).
Notably, the reaction was regiospecific when 2,4-hexadienal
was used as the substrate (Table 5, entry 10). In this case,
the E/Z ratio of the starting dienal 1h was 3:1, while the
diastereomeric ratio of the corresponding trans product 3h
was 14:1. The reaction also gave similar results when the
catalyst loading was decreased to 10 mol% (Table 5,
entry 2). We also investigated the effect of the ester moiety
of the 2-halomalonates 2 (Table 6).


We found that the efficiency of the reaction decreased
with increased size of the ester groups of halomalonates 2a–
2d. However, the enantioselectivity increased. For example,
the reaction between enal 1a and dibenzyl bromomalonate
ester 2b gave the corresponding cyclopropane derivative
3ab in 42% yield and 99% ee (Table 6, entry 2). Moreover,
changing the halogen substituent from bromo to chloro did
not affect the reaction. We also investigated the enantiose-
lective organocatalytic cyclopropanation reaction between
2-bromoketoesters and enals. For example, the reaction be-
tween enal 1a and ethyl-2-bromo-3-oxobutanoate 2e was
highly diastereo- and enantioselective (>25:1 d.r., 94% ee)
and gave the corresponding cyclopropane products 3m and
3m’ in a 3:1 ratio (Scheme 3).
The relative configuration of cyclopropane 3m was estab-


lished by NOE experiments. Hence, NOEs were measured
between Ha and Hc, and Hb and Hd, respectively. The pro-
tected diarylprolinol catalysts could also catalyze highly
enantioselective nitrocyclopropanation reactions between


bromonitromethane and enals 1. For example, chiral amine
9 catalyzed the domino reaction between cinnamic aldehyde
1a and bromonitromethane and the corresponding 2-formyl-
cyclopropane derivative was isolated in 67% yield with 1:1
d.r. and 95% ee.[26] The 2-formyl cyclopropanes 3 from the
catalytic reaction are valuable chiral precursors to 3–5 bicy-
clic frameworks with a quarternary carbon stereocenter. Ac-
cordingly, cyclopropane 3a was treated with NaBH3CN in
THF, to afford the corresponding alcohol 15a, which upon
intramolecular cyclization gave the corresponding lactone
16a by treatment with p-TsOH in CHCl3 (Scheme 4).


Notably, we also investigated whether bromomalonates 2
could be used as electrophiles in intermolecular a-alkylation
reactions of aldehydes by using chiral amine 9 as the catalyst
(Scheme 5). However, only the a-brominated aldehyde
product was formed.


The mechanism of the chiral-amine-catalyzed cyclopropa-
nation is depicted in Scheme 6. Accordingly, efficient shield-
ing of the Si-face (Re when R=Aryl) of the chiral iminium
intermediate I by the bulky aryl groups of chiral pyrrroli-


Table 6. Enantioselective cyclopropanation with different halomalonates
2 catalyzed by the chiral diphenyl prolinol 9.[a]


Entry R1 X Prod. t [h] Yield [%][b] d.r.[c] ee [%][d]


1 Et Br 3a 3 91 >25:1 96
2 Bn Br 3ab 14 42 >25:1 99
3 Me Br 3ac 14 78 >25:1 96
4 Et Cl 3a 14 73 >25:1 97


[a] Experimental conditions: A mixture of 2 (0.25 mmol), aldehyde 1a
(0.30 mmol), triethylamine (0.25 mmol) and catalyst 9 (20 mol%) in
CHCl3 (1.0 mL) was stirred at room temperature. The crude product 3
was purified by column chromatography. [b] Isolated yield of pure prod-
uct 3 after silica-gel column chromatography. [c] Determined by NMR
analysis. [d] Determined by chiral-phase HPLC analyses.


Scheme 3. Chiral amine-9-catalyzed domino reaction between 2e and
enal 1a.


Scheme 4. Two-step asymmetric synthesis of chiral lactone 16.


Scheme 5. Synthesis of a-bromoaldehydes.
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dines 9 and 10 leads to stereoselective Re-facial nucleophilic
conjugate addition by the 2-bromo substituted malonates
and b-ketoesters 2 (Scheme 6). Next, the generated chiral
enamine intermediate performs an intramolecular 3-exo-tet
nucleophilic attack to form the cyclopropane ring. The intra-
molecular ring-closure pushes the equilibrium forward and
makes this step irreversible. This is the same type of mecha-
nism that is present in the organocatalytic asymmetric epox-
idation of enals[5h,k] and asymmetric aziridination of
enals.[16d] Hydrolysis of iminium intermediate II releases the
catalyst and gives the corresponding 2-formyl cyclopropane
3. In the case of (S)-2-carboxylic acid dihydroindole 7 catal-
ysis, the bromomalonate 2 approached the opposite face of
the iminium intermediate to give cyclopropanes ent-3.
The proposed mechanism for the formation of side-prod-


uct 12 is depicted in Scheme 7. Thus, iminium intermediate


II, which is formed either from the cyclopropanation reac-
tion (Scheme 7) or by in situ condensation between the
chiral-amine catalyst and the cyclopropyl derivative 3, un-
dergoes base promoted enamine formation followed by sub-
sequent ring-opening. Hydrolysis of iminium intermediate
III liberates the chiral-amine catalysts and gives the enal 12.
The mechanism was further supported by the ability of


chiral amine 9 to catalytically rearrange cyclopropyl deriva-
tive 3a to enal 12a in the presence of NEt3 in CH2Cl2.


[24]


Performing the reaction without catalyst did not give the
corresponding enal 12a.


One-pot combination of catalytic domino Michael/a-alkyla-
tion reactions and heterocyclic carbene catalysis : Selective
ring-openings of cyclopropane derivatives are important in
organic synthesis.[10] In this context, Bode has recently
shown that 2-cyclopropyl aldehydes can be converted into
the corresponding acyclic esters under mild conditions.[27] In-
trigued by this and the benefits of developing asymmetric
one-pot multicomponent reactions, we decided to investi-
gate the possibility of combining amine and heterocyclic car-
bene catalysis (AHCC) for the direct conversions of enals 1
to valuable b-malonate esters (Scheme 8).[28]


To achieve this, we envisioned that enal 1 first would
react according to our organocatalytic cyclopropanation re-
action with bromomalonate 2a to form the corresponding 2-
formylcyclopropane 3. Next, organocatalytic in situ C�C
bond-cleavage/ring-opening followed by concomitant oxida-
tion of the aldehyde and subsequent esterification would
give the corresponding optically active b-malonate ester 18.
In Table 7, the results from our combined AHCC experi-
ments are shown.
The organocatalytic one-pot tandem reactions gave the


corresponding b-malonate esters 18 in good to high yields
with 94–97% ee. For example, b-malonate ester 18b was iso-
lated in 74% overall yield with 94% ee (Table 7, entry 3).
The enantioselectivity achieved in the catalytic cyclopropa-
nation step was not affected by the ring-opening step. More-
over, the alcohol used in the ring-opening step can be readi-
ly changed and b-malonate esters are valuable chiral syn-


Scheme 6. Catalytic tandem asymmetric cyclopropanation/esterification
of enals.


Scheme 7. Catalytic formation of side-product 12.


Scheme 8. Catalytic tandem asymmetric cyclopropanation/esterification
of enals.
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thons for further transforma-
tions. Comparison with the lit-
erature revealed that the abso-
lute configuration of compound
18b at C3 was R ([a]25D =�33.2
(c=1.0, CHCl3), Lit. ((R)-18b,
[a]25D =�29 (c=1.0, CHCl3)


[29]).
Hence, the reactions with cata-
lysts (S)-9 and (S)-10 give
access to (2R,3R)-2-formyl-cy-
clopropanes 3.
The mechanism of the one-


pot conversion of enals 1 to b-
malonate esters 18 by tandem
AHCC catalysis starts with the
diastereo- and enantioselective
domino-iminium/enamine-acti-
vation mechanism (Scheme 9).
Next, the base-generated heter-
ocyclic carbene catalyst catalyz-
es the C�C bond-cleavage/ring-
opening, which is followed by
concomitant oxidation of the al-
dehyde and subsequent esterifi-
cation.


Amine-catalyzed domino Mi-
chael/a-alkylation reactions be-
tween enals and 4-bromo-ace-
toacetate : As described below,
we became intrigued as to
whether highly substituted cy-
clopentanones could be assem-
bled in an asymmetric fashion
by our organocatalytic domino
Michael/intramolecular a-alky-
lation reaction strategy by using
enals 1 and 4-bromo-acetoace-


tate 2 as substrates (Scheme 2). This was not straightfor-
ward, since Jørgensen and co-workers recently showed that
the reaction between 4-choloro-acetoacetate and enals 1
only gave the corresponding Michael adduct.[30] Neverthe-
less, in an initial experiment, we performed the reaction be-
tween heptenal 1 j and 4-bromo-acetoacetate 2 f under our
optimized cyclopropanation conditions (Scheme 10). To our
dismay, the reaction did not give the desired cyclopentane
product 19a.
However, a catalyst and solvent screen for the organoca-


talytic reaction between heptenal 1 j and 4-bromo-acetoace-
tate 2 f was performed (Table 8).
Several chiral amines were screened and it was found that


(S)-proline catalyzed the formation of ent-19a in high yield
with moderate enantioselectivity (55% ee) when AcONa
was used as the proton sponge (Table 8, entry 1). Out of the
four possible diastereoisomers only two (19a and 19a’) were


Table 7. Catalytic tandem asymmetric cyclopropanation/esterification of
enals.


Entry R R1 Product Yield [%][a] ee [%][b]


1 Ph Et 18a 69 97
2 Ph Me 18b 56 97
3 Ph Me 18b 74[c] 94[c]


4 4-NO2C6H4 Me 18c 74[d] 95
5 2-Naph Me 18d 74[e] 96


[a] Isolated yield of the pure product 18 after silica-gel chromatography.
[b] Determined by chiral-phase HPLC analyses. [c] 30 mol% 17. [d] Re-
action first run for 1.5 h at room temperature followed by addition of 17.
[e] Reaction first run for 6 h at 4 8C followed by addition of 17. DIPEA=


Diisopropylethyl amine.


Scheme 9. One-pot combination of AHCC catalysis.
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formed in a ratio of 8:1. To our delight, chiral amine 9 cata-
lyzed the formation of cyclopentanone 19a with three con-
tiguous stereocenters with high diastereo- (8:1 d.r.) and
enantioselectivity (97% ee, Table 8, entry 6). Hence, one
predominant enantiomer was formed under these reaction
conditions. In contrast to the cyclopropanation reactions, the
use of an inorganic base additive was essential for product
formation. The chiral amine 9 catalyzed highly stereoselec-
tive assembly of cyclopentane 19a in an asymmetric fashion
in several solvents. Notably, cyclopentanone 19a was isolat-
ed in 88% yield with 8:1 d.r. and 98% ee when K2CO3 was
used as the base (Table 8, entry 9). The diastereo- and enan-


tioselectivity of the domino reaction could be further im-
proved if the reaction temperature was decreased. For ex-
ample, running the reaction at 4 8C with K2CO3 as the
proton sponge allowed for the isolation of 19e in 72% yield
with 10:1 d.r. and 99% ee (Table 8, entry 15). With these re-
sults in hand we decided to investigate the catalytic domino
reaction between 4-bromo-b-ketoester 2 f and different
enals 1 with (S)-chiral amine 9 as the organocatalyst and
K2CO3 as the inorganic base (Table 9).


The organocatalytic domino process allowed for the for-
mation of chiral cyclopentanones 19a–e possessing three
new stereocenters in good to high yields with 6:1–12:1 d.r.
and 93–>99% ee from simple starting materials. For exam-
ple, cyclopentanone 19c was isolated in 58% yield with
12:1 d.r. and 99% ee (Table 9, entry 4). In this case, the best
results were achieved at room temperature. Highly diaste-
reoselective reduction of chiral cyclopentanones 19 with
NaBH3CN gave access to the corresponding diols 20 con-
taining four stereocenters without affecting the enantiomeric
excess. For example, diol 20d was isolated in 63% yield as
the predominant diastereomer with 98% ee (Scheme 11).


Scheme 10. Attempted synthesis of cyclopentanone 19a.


Table 8. Catalytic domino reactions between enal 1j and bromoacetoace-
tate 2 f.[a]


Entry Catalyst Solvent Base Yield [%][b] d.r.[c] ee[d]


1 4 CHCl3 AcONa 74 8:1 �53
2 6 CHCl3 AcONa 0 – –
3 7 CHCl3 AcONa 0 – –
4 20 CHCl3 AcONa 0 – –
5 8 CHCl3 AcONa 0 – –
6 9 CHCl3 AcONa 67 8:1 97
7 10 CHCl3 AcONa 0 – –
8 9 CHCl3 NEt3 0 – –
9 9 CHCl3 K2CO3 88 8:1 98
10 9 CHCl3 KOH 55 8:1 96
11 9 CH3CN AcONa 77 8:1 91
12 9 toluene AcONa 62 8:1 96
13 9 THF AcONa 55 8:1 96
14 9 MeOH AcONa 80 8:1 88
15 9[e] CHCl3 AcONa 72 10:1 99


[a] Experimental conditions: To a stirred solution of catalyst (20 mol%)
in solvent (1.0 mL) was added a,b-unsaturated aldehyde 1j (0.30 mmol),
base (0.25 mmol) and ethyl 4-bromo-3-oxobutanoate 2 f (0.25 mmol). The
reaction was vigorously stirred for 14 h at room temperature. The crude
product was purified by silica-gel column chromatography (pentane/
EtOAc mixtures) to give cyclopentanone 19a. [b] Isolated yield of pure
compound 19a. [c] The ratio of 19a/19a’ as determined by 1H NMR.
[d] Determined by chiral-phase GC analysis. [e] Reaction run at 4 8C.


Table 9. Direct organocatalytic asymmetric domino reactions between 4-
bromo b-ketoester 2 f and enals 1.[a]


Entry R Prod. T [8C] t [h] Yield[b] d.r.[c] ee[d]


1 n-Bu 19a 4 14 72 10:1 99
2 n-Bu 19a RT 14 88 8:1 98
3 n-Pr 19b 4 14 83 10:1 >99


4 19c RT 3 58 12:1 99


5 Et 19d 4 14 70 9:1 98
6 Me 19e 4 14 76 6:1 93


[a] Experimental conditions: a,b-Unsaturated aldehyde 1 (0.30 mmol),
K2CO3 (0.25 mmol) and ethyl 4-bromo-3-oxobutanoate 2 f (0.25 mmol)
were added to a stirred solution of catalyst (20 mol%) in solvent
(1.0 mL). The reaction was vigorously stirred for the time shown in the
Table at 4 8C or room temperature. Next, the crude product was purified
by silica-gel column chromatography (pentane/EtOAc-mixtures) to give
the corresponding cyclopentanones 19. [b] Isolated yield of pure com-
pound 19. [c] The ratio of 19 :19’ as determined by 1H NMR analysis.
[d] Determined by chiral-phase GC analysis.


Scheme 11. Synthesis of cyclopentanediol 20d.
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Thus, highly functionalized cyclopentanes containing pri-
mary and secondary alcohol groups can be synthesized by
the organocatalytic domino reaction.
The relative stereochemistry of the alcohol 20d was estab-


lished by NOE experiments and from the coupling constants
of the ring protons. The experiments revealed that all the


substituents of 20d were trans.
The proposed mechanism for
the organocatalytic domino Mi-
chael/a-alkylation reaction be-
tween enals 1 and 4-bromo-ace-
toacetate 2 f is similar to that of
the cyclopropanation reaction
(Scheme 12). Thus, efficient
shielding of the Si-face of the


chiral iminium intermediate I by the bulky aryl groups of
chiral pyrrrolidine 9 leads to stereoselective Re-facial nucle-
ophilic conjugate addition by the 4-bromoacetoacetate 2 f.
Next, the in situ generated chiral enamine undergoes an in-
tramolecular 5-exo-tet cyclization from the same face as the
incoming 2 f, followed by hydrolysis of the resulting iminium
intermediate II to give the cyclopentanone product 19. In
the case of (S)-proline 5 catalysis, the b-ketoester approach-
ed the opposite face of the iminium intermediate to give cy-
clopentanones ent-19.


Conclusion


We report the scope, applications, and mechanism of orga-
nocatalytic asymmetric domino Michael/a-alkylation reac-
tions between a,b-unsaturated aldehydes and bromomalo-
nates or bromoacetoacetate esters. The protected chiral dia-
rylprolinol-catalyzed reactions were highly diasetereo- and
enantioselective and provide direct routes to functionalized
cyclopropanes and cyclopentanes with 90–99% ee. The
chiral-amine-catalyzed domino reactions were also com-
bined in a one-pot tandem process with heterocyclic carbene
catalysis for the conversion of enals to valuable optically
active products such as b-malonate esters (94–97% ee).
Thus, amine and heterocyclic carbene catalysis (AHCC) can
be combined. Further, expansion of organocatalytic asym-
metric domino Michael/a-alkylation reactions such as nitro-
cyclopropanations and application in functional carbocycle
synthesis are ongoing.


Experimental Section


General procedures : Chemicals and solvents were either purchased
puriss p. A. from commercial suppliers or purified by standard tech-
niques. Catalysts 9 and 10 were synthesized according to literature proce-
dures.[5h,k,25] For thin-layer chromatography (TLC), silica-gel plates
Merck 60 F254 were used and compounds were visualized by irradiation
with UV light and/or by treatment with a solution of phosphomolybdic
acid (25 g), Ce ACHTUNGTRENNUNG(SO4)2·H2O (10 g), conc. H2SO4 (60 mL), and H2O
(940 mL) followed by heating or by treatment with a solution of p-anisal-
dehyde (23 mL), conc. H2SO4 (35 mL), acetic acid (10 mL), and ethanol
(900 mL) followed by heating. Flash chromatography was performed
with silica-gel Merck 60 (particle size 0.040–0.063 mm), 1H and 13C NMR
spectra were recorded on a Varian AS 400 spectrometer. Chemical shifts
are given in d relative to tetramethylsilane (TMS), the coupling constants
J are given in Hz. The spectra were recorded in CDCl3 as solvent at
room temperature, TMS served as internal standard (d =0 ppm) for
1H NMR spectroscopy, and CDCl3 was used as internal standard (d=


77.0 ppm) for 13C NMR spectroscopy. HPLC was carried out with a
Waters 2690 Millennium instrument with a photodiode array detector.
Optical rotations were recorded on a Perkin–Elemer 241 Polarimeter
(l=589 nm, 1 dm cell). HRMS were recorded on a Bruker MicrOTOF
spectrometer.


Typical experimental procedure for the organocatalytic cyclopropanation
reactions : a,b-Unsaturated aldehyde 1 (0.3 mmol, 1.2 equiv), triethyla-
mine (0.25 mmol, 1.0 equiv), and diethyl bromomalonate 2a (0.25 mmol,
1.0 equiv) were added to a stirred solution of catalyst (20 mol%) in
CHCl3 (1.0 mL). The reaction was vigorously stirred for the time de-
scribed in the Tables. Next, the crude product was purified by silica-gel
chromatography (pentane (toluene)/EtOAc-mixtures) to give the corre-
sponding cyclopropane derivatives 3.


Cyclopropane 3a: Colorless oil; [a]25D =�20.8 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =9.45 (d, J=4.4 Hz, 1H), 7.35–7.20 (m,
5H), 4.35–4.25 (m, 2H), 3.92 (qd, J=7.2 Hz, J’=2.0 Hz, 2H), 3.82 (d, J=


7.2 Hz, 1H), 3.37 (dd, J=7.2 Hz, J’=4.4 Hz, 1H), 1.30 (t, J=7.2 Hz,
3H), 0.93 ppm (t, J=7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=


196.1, 166.0, 164.6, 132.2, 128.5, 128.4, 128.0, 62.5, 62.0, 44.7, 38.1, 35.3,
14.0, 13.7 ppm; IR (KBr): ñ =2983, 2938, 2872, 1732, 1448, 1369, 1295,
1288, 1247 1217, 1182, 1145, 1028 cm�1; HRMS (ESI): m/z : calcd for
C16H18O5Na: 313.1046 [M+Na+]; found: 313.1049; HPLC (ODH column,
n-hexane/iPrOH 95:5, l =210 nm, 0.5 mLmin�1): tR (major enantiomer)=


19.0, tR (minor enantiomer)=25.6 min.


Cyclopropane 3b: Colorless oil; [a]25D =�43.4 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =9.23 (d, J=5.2 Hz, 1H), 4.32–4.14 (m,


Scheme 12. The proposed mechanism for the chiral-amine-catalyzed
enantioselective domino Michael/a-alkylation reaction between enals 1
and 2 f.
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4H), 2.65 (dd, J=7.2 Hz, J’=5–2 Hz, 1H), 2.49 (m, 1H), 1.52–1.40 (m,
4H), 1.30–1.20 (m, 6H), 0.92 ppm (t, J=6.8 Hz, 3H); 13C NMR
(100 MHz, CDCl3): 196.7, 166.5, 166.0, 62.1, 62.1, 42.9, 40.3, 32.0, 28.5,
21.8, 14.1, 13.9, 13.5 ppm; IR (KBr): ñ=2964, 2936, 2874, 1731, 1466,
1447, 1369, 1295, 1223, 1201, 1146 cm�1; HRMS (ESI): m/z : calcd for
C13H20O5+Na


+ : 279.1203 [M+Na]+ ; found: 279.1195; GC (chrompak
CP-Chirasil-Dex CB-column; Temperature program: 5 min,70 8C//2 8C
min�1//110 8C, 10 min//10 8C min�1//200,10 min): tR (major enantiomer)=


40.3, tR (minor enantiomer)=40.4 min.


Cyclopropane 3c : Colorless oil; [a]25D =�12.8 (c=1 in CHCl3);
1H NMR


(400 MHz, CDCl3): d =9.18 (d, J=4.8 Hz, 1H), 7.40–7.10 (m, 5H), 4.35–
4.10 (m, 4H), 2.71 (td, J=7.8 Hz, J’=2.1 Hz, 2H), 2.61 (dd, J=7.2 Hz,
J’=5.1 Hz, 1H), 2.48 (m, 1H), 1.96–1.82 (m, 1H), 1.82–1.68 (m, 1H),
1.30–1.22 ppm (m, 6H); 13C NMR (100 MHz, CDCl3): 196.5, 166.3, 166.0,
140.4, 128.5, 128.5, 126.3, 62.2, 62.2, 42.8, 40.2, 34.8, 31.7, 28.5, 14.1,
14.0 ppm; IR (KBr): ñ =2983, 1733, 1466, 1288, 1217, 697 cm�1; HRMS
(ESI): m/z : calcd for C18H22O5+Na+ : 341.1359 [M+Na]+ ; found:
341.1371; the enantiomeric excess was determined after in situ reduction
with NaBH4 of the aldehyde to the corresponding alcohol: HPLC (OD-
H column, n-hexane/iPrOH 90:10, l=250 nm, 0.5 mLmin�1): tR (major
enantiomer)=16.9, tR (minor enantiomer)=19.6 min.


Cyclopropane 3d : Colorless oil; [a]25D =�62.2 (c=1 in CHCl3);
1H NMR


(400 MHz, CDCl3): d= 9.21 (d, J=5.3 Hz, 1H) 4.11–4.28 (m, 4H), 2.59
(dd, J= 7.4, 5.2 Hz, 1H), 2.52 (m, 1H), 1.24 (q, J=7.3, 15.1 Hz, 6H),
1.20 ppm (d, J=6.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 196.8,
166.5, 165.8, 62.2, 62.1, 43.2, 41.1, 26.6, 14.1, 14.0, 11.8 ppm; HRMS
(ESI): m/z : calcd for C11H16O5+Na+ : 251.0890 [M+Na]+ ; found:
251.0895; GC (chrompak CP-Chirasil-Dex CB-column; temperature pro-
gram: 5 min,70 8C//2 8Cmin�1//110 8C, 10 min//10 8Cmin�1//200,10 min.): tR
(major enantiomer)=36.7, tR (minor enantiomer)=38.2 min.


Cyclopropane 3e : Colorless oil; [a]25D =�58.2 (c=1 in CHCl3);
1H NMR


(400 MHz, CDCl3): d = 9.54 (d, J=4.1 Hz, 1H) , 8.17 (d, J=8.6 Hz, 2H),
7.44 (d, J=8.62 Hz, 2H) , 4.23–4.38 (m, 2H), 3.91–4.05 (m, 2H), 3.85 (d,
J=7.6 Hz,1H), 3.44 (dd, J=7.6,4.1 Hz, 1H) , 1.31 (t, J=7.0 Hz, 3H),
1.01 ppm (t, J=7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): d= 195.0,
165.3, 165.3, 147.6, 139.8, 129.6, 123.6, 62.8, 62.5, 45.0, 38.0, 34.6, 14.0,
13.8 ppm; HRMS m/z calcd for C16H17NO7+Na


+ : 358.0897 [M+Na]+ ;
found: 358.0897; the enantiomeric excess was determined after in situ re-
duction with NaBH4 of the aldehyde to the corresponding alcohol;
HPLC (AD column, n-hexane/iPrOH 90:10, l =250 nm, 1 mLmin�1): tR
(major enantiomer)=22.2, tR (minor enantiomer)=30.7 min.


Cyclopropane 3 f : Colorless oil; 1H NMR (400 MHz, CDCl3): d=9.40 (d,
J=4.6 Hz, 1H), 4.33–4.14 (m, 6H), 3.27 (d, J=6.7 Hz, 1H), 3.12 (dd, J=


4.5, 6.9 Hz, 1H), 1.27 ppm (m, 9H); 13C NMR (100 MHz, CDCl3): d=


194.3, 166.9, 165.0, 164.0, 63.0, 62.5, 62.1, 43.1, 38.3, 32.2, 14.0, 13.9
13.9 ppm; HRMS m/z : calcd for C13H18O7+Na+ : 309.0945 [M+Na]+ ;
found: 309.0954; [a]25D =�42.2 (c=1 in CHCl3). The enantiomeric excess
was determined after in situ reduction with NaBH4 of the aldehyde to
the corresponding alcohol. GC (chrompak CP-Chirasil-Dex CB-column,
temperature program: 130 8C isocratic): tR (minor enantiomer)=14.3, tR
(major enantiomer)=14.5 min.


Cyclopropane 3g : Pale yellow oil; [a]25D =�55.7 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =9.52 (d, J=4.8 Hz, 1H), 7.82–7.75 (m,
3H), 7.69 (s, 1H), 7.50–7.30 (m, 3H) 4.40–4.20 (m, 2H), 3.98 (d, J=


7.6 Hz, 1H), 3.90–3.80 (m, 2H), 3.51 (dd, J=7.6 Hz, J’=4.8 Hz, 1H),
1.32 (t, J=7.6 Hz, 3H), 0.86 ppm (t, J=7.2 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d=196.1, 166.0, 164.6, 132.9, 132.8, 129.6, 128.2,
127.7, 127.6, 127.5, 126.4, 126.3, 126.3, 62.5, 62.0, 44.8, 38.3, 35.5, 14.0,
13.7 ppm; IR (KBr): ñ = 3054, 2982, 2929, 2850, 1731, 1715, 1369, 1287,
1213, 1020, cm�1; HRMS (ESI): m/z : calcd for C20H20O5+Na


+ : 363.1203
[M+Na]+ ; found: 363.1215; HPLC (ODH column, n-hexane/iPrOH=


90:10, l =250 nm, 1 mLmin�1): tR (major enantiomer)=10.7, tR (minor
enantiomer)=29.6 min.


Cyclopropane 3h : Colorless oil; [a]25D =�31.4 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d=9.30 (d, J=4.8 Hz, 1H), 5.86 (ddq, J=


14.4 Hz, J’=6.8 Hz, J’’=0.8 Hz, 1H), 5.15 (ddq, J=14.4 Hz, J’=7.6 Hz,
J’’=1.6 Hz, 1H), 4.30–4.10 (m, 4H), 3.09 (dd, J=7.2 Hz, J’=7.2 Hz, 1H),
2.89 (dd, J=7.2 Hz, J’=4.8 Hz, 1H), 1.68 (dd, J=6.8 Hz, J’=1.6 Hz,


3H), 1.30–1.23 ppm (m, 6H); 13C NMR (100 MHz, CDCl3): d=196.0,
166.0, 166.5, 132.2, 122.5, 62.2, 62.2, 43.4, 39.9, 34.3, 18.0, 14.0, 13.9 ppm;
IR (KBr): ñ =2983, 2856, 1731, 1465, 1369, 1294, 1280, 1224, 1199,
1019 cm�1; HRMS (ESI): m/z : calcd for C13H18O5+Na


+ : 277.1046
[M+Na]+ , found 277.1057; GC (chrompak CP-Chirasil-Dex CB-column.
Temperature program: 5 min,70 8C//2 8C min�1//110 8C, 10 min//10 8C
min�1//200,10 min): tR (major enantiomer)=15.2, tR (minor enantio-
mer)=15.4 min.


Cyclopropane 3 i : Colorless oil; [a]25D =�31.6 (c=0.6 in CHCl3);
1H NMR


(400 MHz, CDCl3): d=9.46 (d, J=4.7 Hz, 1H), 8.27 (d, J=8.4 Hz, 2H),
7.17 (d, J=8.4 Hz, 2H), 4.20–4.35 (m, 2H), 3.89–4.02 (m, 2H), 3.76 (d,
J=7.4 Hz, 1H), 3.33 (dd, J=4.7, 7.6 Hz, 1H), 1.29 (t, J=7.2 Hz, 3H),
0.99 ppm (t, J=7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3): d= 195.7,
165.8, 164.4, 134.0, 130.8, 129.9, 128.6, 62.5, 62.2, 44.7, 38.1, 34.5, 14.0,
13.8 ppm; HRMS (ESI) m/z : calcd for C16H17ClO5+Na


+ : 347.0657
[M+Na+]; found 347.0656; the enantiomeric excess was determined after
in situ reduction with NaBH4 of the aldehyde to the corresponding alco-
hol: HPLC (AD column, n-hexane/iPrOH 95:5, l=254 nm, 1 mLmin�1):
tR (major enantiomer)=24.6, tR (minor enantiomer)=29.3 min.


Cyclopropane 3j : Colorless oil. [a]D=�32.9 (c=1.0 in CHCl3);
1H NMR


(400 MHz, CDCl3): d=9.43 (d, J=4.7 Hz, 1H), 7.15 (d, J=8.9 Hz, 2H),
6.81 (d, J=8.8 Hz, 2H), 4.34–4.21 (m, 2H), 4.00–3.90 (m, 2H), 3.85 (d,
J=1.0 Hz 1H), 3.77 (s, 3H), 3.31 (d,d, J=3.8–7.5 Hz, 1H), 1.30 (t, J=


7.1–14.3 Hz, 3H), 0.98 ppm (t, J=7.1–14.2 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d =196.5, 166.4, 165.0, 159.6, 129.9, 124.3, 114.1, 62.6, 62.2, 55.5,
38.7, 35.1, 14.2, 14.0 ppm; IR (KBr): ñ=2982, 2938, 2873, 1732, 1465,
1445, 1369, 1287, 1254, 1245, 1218, 1177, 1145, 1030 cm�1; HRMS (ESI)
m/z : calcd for [C17H20O6+Na]


+ : 343.1152 ACHTUNGTRENNUNG[M+Na]+ ; found: 343.1165;
HPLC (ODH column, n-hexane/iPrOH 97:3, 0.5 mLmin�1): tR (major en-
antiomer)=37.2, tR (minor enantiomer)=46.9 min.


Cyclopropane 3k : Colorless oil; [a]D=�28.1 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =9.47 (d, J=4.5 Hz, 1H), 7.30–7.22 (m,
4H), 4.34–4.23 (m, 2H), 4.01–3.94 (m, 2H), 3.77 (d, J=7.56 Hz 1H), 3.35
(d,d, J=4.3–7.4 Hz, 1H), 1.30 (t, J=7.2–14.2 Hz, 3H), 0.99 ppm (t, J=


7.1–14.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=195.8, 166.0, 164.7,
134.6, 134.5, 130.0, 129.1, 128.5, 127.0, 62.8, 62.4, 38.2, 35.0, 14.2,
14.0 ppm; IR (KBr): ñ=2984, 2939, 2873, 1732, 1466, 1445, 1369, 1291,
1278, 1245, 1218, 1186, 1145, 1021 cm�1; HRMS (ESI): m/z : calcd for
C16H17ClO5+Na


+ : 347.0657 [M+Na]+, found: 347.0673; the enantiomeric
excess was determined after in situ reduction of the aldehyde to the cor-
responding alcohol with NaBH4: HPLC (AD column, n-hexane/iPrOH
97:3, 1.0 mLmin�1): tR (major enantiomer)=37.7, tR (minor enantio-
mer)=66.8 min.


Cyclopropane 3 l : Colorless oil; 1H NMR (400 MHz, CDCl3): d=9.46 (d,
J=4.6 Hz, 1H), 7.42 (d, J=8.4 Hz, 2H), 7.11 (d, J=8.4 Hz, 2H), 4.35–
4.21 (m, 2H), 4.03–3.90 (m, 2H), 3.74 (d, J=7.6 Hz 1H), 3.33 (dd, J=


4.5,7.5 Hz, 1H), 1.30 (t, J=7.1 Hz, 3H), 0.99 ppm (t, J=7.0 Hz, 3H);
13C NMR (100 MHz, CDCl3): d =195.9, 166.0, 165.0, 131.8, 131.6, 130.5,
122.3, 62.8, 62.4, 38.2, 35.0, 14.2, 14.0 ppm; IR (KBr): ñ=2982, 2937,
2873, 1735, 1466, 1445, 1369, 1288, 1278, 1245, 1218, 1181, 1145,
1011 cm�1; [a]D=�31.0 (c=1.0 in CHCl3); HRMS (ESI): m/z : calcd for
C16H17BrO5+Na


+ : 391.0152 [M+Na]+ ; found: 391.0145; The enantiomer-
ic excess was determined after in situ reduction of the aldehyde to the
corresponding alcohol with NaBH4: HPLC (ODH column, n-hexane/
iPrOH 97:3, 1.0 mLmin�1): tR (major enantiomer)=41.5, tR (minor enan-
tiomer)=43.8 min.


Cyclopropane 3ab : Colorless oil; [a]D=�56.5 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =9.40 (d, J=4.6 Hz, 1H), 7.36–7.19 (m,
13H), 6.98–6.94 (m, 2H), 5.23 (q, J=12.4–38.1 Hz, 2H), 4.84 (q, J=12.1–
26.7 Hz, 2H), 3.86 (d, J=7.6 Hz, 1H), 3.41 ppm (dd, J=4.6–7.7 Hz, 1H);
13C NMR (100 MHz, CDCl3): d =196.1, 166.1, 165.0, 135.1, 134.8, 132.2,
129.6, 129.3, 128.9, 128.8, 128.7, 128.6, 128.5, 128.4, 128.3, 68.4, 68.1, 38.6,
36.0 ppm; IR (KBr): ñ=2955, 2924, 2850, 1728, 1498, 1455, 1378, 1286,
1278, 1215, 1217, 1179, 1142, 1029 cm�1; HRMS (ESI): m/z : calcd for
C26H22O5+Na


+ : 437.1359 [M+Na]+ ; found 437.1351; HPLC (ODH
column, n-hexane/iPrOH 97:3, 1.0 mLmin�1): tR (major enantiomer)=


37.8, tR (minor enantiomer)=53.1 min.
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Cyclopropane 3ac : Colorless oil; [a]D=�51.1 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =9.49 (d, J=4.5 Hz, 1H), 7.30–7.22 (m,
5H), 3.83–3.82 (m, 1H), 3.81 (s, 3H), 3.46 (s, 3H), 3.39 ppm (dd, J=7.5,
4.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=196.2, 166.7, 165.3, 132.4,
128.7, 128.6, 128.3, 53.6, 53.1, 38.5, 36.0 ppm; IR (KBr): ñ =2956, 2936,
2849, 1731, 1499, 1437, 1392, 1291, 1278, 1251, 1217, 1195, 1144,
1028 cm�1; HRMS (ESI): m/z : calcd for C14H14O5+Na


+ : 285.0733
[M+Na]+ ; found 285.0743; HPLC (ODH column, n-hexane/iPrOH 97:3,
0.5 mLmin�1): tR (major enantiomer)=39.0, tR (minor enantiomer)=


54.8 min.


Cyclopropane 3m : Colorless oil; [a]25D =�66.8 (c=1.0, CHCl3);
1H NMR


(400 MHz, CDCl3): d=9.50 (d, J=4.8 Hz, 1H), 7.35–715 (m, 5H), 4.38–
4.26 (m, 2H), 3.89 (d, J=7.6 Hz, 1H), 3.49 (dd, J=4.8, 7.6 Hz, 1H), 1.98
(s, 3H), 1.33 ppm (t, J=7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): 196.4,
196.0, 167.1, 131.3, 128.6, 128.2, 128.2, 62.6, 51.6, 37.2, 36.8, 29.2,
14.0 ppm; IR (KBr): ñ =2983, 2855, 1708, 1358, 1279, 1176, 698 cm�1;
HRMS m/z : calcd for C15H16O4+Na


+ : 283.0941 ( ACHTUNGTRENNUNG[M+Na]+); found
283.0950; HPLC (ODH column, n-hexane/iPrOH 90:10, l=240 nm,
1 mLmin�1): tR (major enantiomer)=10.8, tR (minor enantiomer)=


17.3 min.


Synthesis of alcohol 15a: Concentrated AcOH (0.18 mL) and NaCNBH3


(0.225 mmol, 1.5 equiv) were added to a solution of cyclopropane 3a
(0.15 mmol, 1 equiv) in THF (1 mL)at 0 8C. The reaction mixture was
warmed up to RT overnight. Next, brine (1 mL) was added and pH was
adjusted to 7 with saturated NaHCO3 solution. The aqueous layer was
extracted with Et2O (3R10 mL) and the combined organic layers were
dried over MgSO4. After evaporation of the solvents under vacuum the
crude product was purified by column chromatography to afford the cor-
responding alcohol 15a.


Alcohol 15a : Colorless oil; [a]25D =�91.3 (c=1.0 in CHCl3);
1H NMR


(400 MHz, CDCl3): d=7.30–7.10 (m, 5H), 4.35–4.25 (m, 2H), 4.02 (dd,
J=12.0, 5.6 Hz, 1H), 3.91–3.82 (m, 2H), 3.62 (dd, J=12.0, 8.4 Hz, 1H),
3.17 (d, J=8.0 Hz, 1H), 2.87–2.80 (m, 1H), 1.31 (t, 7.2 Hz, 3H), 0.89 ppm
(t, 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=168.3, 166.8, 134.3,
128.8, 128.3, 127.5, 62.2, 61.5, 61.0, 42.2, 35.0, 32.3, 14.2, 13.8 ppm; IR
(KBr): ñ=3430, 2981, 2933, 1723, 1370, 1298, 1029 cm�1; HRMS (ESI):
m/z : calcd for C16H20O5+Na


+ : 315.1203 [M+Na]+ ; found: 315.1203;.


Synthesis of lactone 16a : p-Toluenesulfonic acid (0.01 mmol, 0.1 equiv)
was added to a solution of compound 15a (0.1 mmol, 1 equiv) in CHCl3
(10 mL). The reaction was stirred overnight at 45 8C. Next, the reaction
mixture was treated with sat. aq. NaHCO3 and extracted with CHCl3 (2R
5 mL). The combined organic extracts were washed with brine, dried
over Na2SO4 and concentrated under reduced pressure. The residue was
purified by flash chromatography (hexane/EtOAc mixtures) to afford the
cyclic compound 16a.


Compound 16a : Colorless oil; [a]25D =�21.7 (c=1.0, CHCl3);
1H NMR


(400 MHz, CDCl3): d =7.35–7.20 (m, 5H), 4.51 (dd, J=9.2, 4.8 Hz, 1H),
4.37 (d, J=9.2 Hz, 1H), 4.04–3.88 (m, 2H), 3.31 (t, J=5.2 Hz, 1H), 2.91
(d, J=5.6 Hz, 1H), 0.91 ppm (t, 7.2 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d=170.2, 163.6, 131.9, 128.8, 128.5, 67.4, 61.9, 37.9, 37.5, 27.5,
13.9 ppm; IR (KBr): ñ2980, 2918, 1779, 1726, 1374, 1351, 1058 cm�1;
HRMS m/z : calcd for C14H14O4+Na


+ : 269.0784 [M+Na]+ ; found:
269.0796.


Synthesis of thiazolium catalyst 17: Benzyl chloride (1.27 g, 10 mmol,
1.0 equiv) was added dropwise over 10 min To 2,3-dimethylthiazole
(1.074 mL, 10 mmol, 1.0 equiv) in CH3CN (5 mL). The solution was
heated to reflux for 24 h. Following cooling to room temperature and
gentle scraping with a spatula, a white precipitate formed, which was col-
lected by filtration and washed with cold CH3CN. Vacuum drying gave 17
(2.13 g, 72%) as a white solid.


17:[31] 1H NMR (CDCl3, 300 MHz): d=12.1 (s, 1H), 7.38–7.34 (m, 5H),
6.15 (s, 2H), 2.47 (s, 3H), 2.38 ppm (s, 3H); 13C NMR (CDCl3, 75 MHz):
d=158.4, 141.9, 133.2, 132.2, 129.6, 129.5, 128.4, 57.5 ppm.


One-pot reaction procedure for the synthesis of tri-carboxylate esters
18a and 18b from enal 1a: To a stirred solution of (S)-9 (16 mg,
20 mol%) in CHCl3 (1 mL), was added trans-cinnamic aldehyde 1a
(0.3 mmol), BrCH ACHTUNGTRENNUNG(CO2Et)2 2a (0.25 mmol), NEt3 (0.25 mmol) and EtOH


or MeOH (3.0 equiv). The reaction mixture was vigorously stirred at RT
for 3 h. To this mixture was added DIPEA (40 mol%) and thiazolium
precatalyst 17 (20 mol%). The resulting solution was warmed to 30 8C
and stirred for 15 h. Next, the reaction mixture was treated with sat. aq.
NH4Cl (1 mL) and extracted with EtOAc (2R5 mL). The combined or-
ganic extracts were washed with brine, dried over Na2SO4 and concen-
trated under reduced pressure. The residue was purified by flash chroma-
tography (hexane/EtOAc 6:1) to afford the corresponding esters 18a and
18b, respectively.


(R)-1,1-diethyl 3-ethyl 2-phenylpropane-1,1,3-tricarboxylate 18a :[32]


[a]25D =�8.4 (c=0.5 in CHCl3);
1H NMR (CDCl3, 400 MHz): d=7.26–7.21


(m, 5H), 4.21 (q, J=7.2 Hz, 2H), 3.90–4.00 (m, 5H), 3.72 (d, J=10.4 Hz,
1H), 2.84 (dd, J=15.6, 5.2 Hz, 1H), 2.72 (dd ,J=15.6, 10.0 Hz, 1H), 1.26
(t, J=7.2 Hz, 3H), 1.07 (t, J=7.2 Hz, 3H), 0.98 ppm (t, J=7.2 Hz, 3H);
13C NMR (CDCl3, 100 MHz): d =171.3, 168.2, 167.7, 140.0, 128.5, 128.4,
127.4, 61.8, 61.5, 60.6, 57.5, 41.7, 38.9, 14.19, 14.15, 13.9 ppm; HRMS ACHTUNGTRENNUNG(ESI)
m/z : calcd for C18H24O6+Na


+ : 359.1465 [M+Na]+ ; found 359.1476;
HPLC (Chiralpak AD column, hexane/2-propanol 95:5, 0.5 mLmin�1,
210 nm): tR (major)=24.714, tR (minor)=38.629 min.


(R)-1,1-diethyl 3-methyl 2-phenylpropane-1,1,3-tricarboxylate 18b :[29]


[a]25D =� 33.2 (c=1 in CHCl3);
1H NMR (CDCl3, 300 MHz): d=7.29–7.19


(m, 5H), 4.20 (q, J=7.2 Hz, 2H), 3.92 (q, J=7.2 Hz, 2H), 3.92–3.87 (m,
1H), 3.74 (d, J=7.2 Hz, 1H), 3.52 (s, 3H), 2.86 (dd, J=4.5, 15.6 Hz, 1H),
2.74 (dd ,J=6.9, 15.6 Hz, 1H), 1.26 (t, J=7.2 Hz, 3H), 0.98 ppm (t, J=


7.2 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d=171.7, 168.1, 167.6, 140.0,
128.5, 128.2, 127.4, 61.8, 61.5, 57.4, 51.7, 41.6, 38.7, 14.2, 13.8 ppm;
HRMS ACHTUNGTRENNUNG(ESI): m/z : calcd for C17H22O6+Na


+ : 345.1309 [M+Na]+ ; found:
345.1306; HPLC (Chiralpak ODH column, hexane/2-propanol 97:3,
1.0 mL/min, 210 nm): tR (minor enantiomer)=15.513, tR (major enantio-
mer)=18.297 min.


One-pot reaction procedure for the synthesis of tri-carboxylate ester 18c:
To a stirred solution of (S)-9 (16 mg, 20 mol%) in CHCl3 (1 mL), was
added trans-4-nitro-cinnamic aldehyde (0.3 mmol), BrCH ACHTUNGTRENNUNG(CO2Et)2 2a
(0.25 mmol), NEt3 (0.25 mmol) and MeOH (30 mL, 3.0 equiv). The reac-
tion was vigorously stirred at room temperature for 1.5 h. To this mixture
was added diisopropylethylamine (40 mol%) and thiazolium precatalyst
17 (20 mol%). The resulting solution was warmed to 30 8C and stirred for
15 h. Next the reaction mixture was treated with sat. aq. NH4Cl (1 mL)
and extracted with EtOAc (2R5 mL). The combined organic extracts
were washed with brine, dried over Na2SO4 and concentrated under re-
duced pressure. The residue was purified by flash chromatography
(hexane/EtOAc 6:1) to afford the corresponding ester 18c.


(R)-1,1-Diethyl 3-methyl 2-(4-nitrophenyl)propane-1,1,3-tricarboxylate
18c : [a]25D =�20.4 (c=1 in CHCl3);


1H NMR (CDCl3, 400 MHz): d =8.15
(d, J=8.8 Hz, 2H), 7.45 (d, J=8.8 Hz, 2H), 4.22 (dq, J=1.2, 7.2 Hz, 2H),
4.07–4.03 (m, 1H), 3.97 (dq, J=2.4, 7.2 Hz, 2H), 3.76 (d, J=10.0 Hz,
1H), 3.54 (s, 3H), 2.91 (dd, J=4.8, 16.4 Hz, 1H), 2.78 (dd ,J=10.0,
16.4 Hz, 1H), 1.27 (t, J=7.2 Hz, 3H), 1.04 ppm (t, J=7.2 Hz, 3H);
13C NMR (CDCl3, 100 MHz): d =171.1, 167.6, 167.2, 147.9, 147.3, 129.4,
123.8, 62.2, 61.9, 56.7, 52.0, 41.1, 38.1, 14.2, 14.0 ppm; HRMS (ESI): m/z :
calcd for C17H21O8N+Na+ : 390.1159 [M+Na]+ ; found 390.1150; HPLC
(Chiralpak ODH column, n-hexane/2-propanol 90:10, 0.5 mLmin�1,
210 nm): tR (major enantiomer)=26.499, tR (minor enantiomer)=


32.644 min.


One-pot reaction procedure for the synthesis of tri-carboxylate esters
18d:


To a stirred solution of (S)-11 (16 mg, 20 mol%) in CHCl3 (1 mL) at 4 8C,
was added aldehyde 1h (0.3 mmol), BrCH ACHTUNGTRENNUNG(CO2Et)2 2a (0.25 mmol),
NEt3 (0.25 mmol) and MeOH (30 mL, 3.0 equiv). The reaction was vigo-
rously stirred at 4 8C for 6 h. To this mixture was added DIPEA
(40 mol%) and thiazolium precatalyst 17 (20 mol%). The resulting solu-
tion was warmed to 30 8C and stirred for 15 h. Next the reaction mixture
was treated with sat. aq. NH4Cl (1 mL) and extracted with EtOAc (2R
5 mL). The combined organic extracts were washed with brine, dried
over Na2SO4 and concentrated under reduced pressure. The residue was
purified by flash chromatography (hexane/EtOAc=6:1) to afford the
corresponding ester 18d.
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(R)-1,1-diethyl 3-methyl 2-(naphthalen-2-yl)propane-1,1,3-tricarboxylate
18d : [a]25D =�17.3 (c=1 in CHCl3);


1H NMR (CDCl3, 400 MHz): d=


7.79–7.76 (m, 3H), 7.70 (d, J=1.2 Hz, 1H), 7.46–7.43 (m, 2H), 7.39 (dd,
J=1.2, 8.8 Hz, 1H), 4.23 (q, J=7.2 Hz, 2H), 4.11 (ddd, J=4.8, 10.0,
10.0 Hz, 1H), 3.92–3.85 (m, 3H), 3.50 (s, 3H), 2.95 (dd, J=4.8, 15.6 Hz,
1H), 2.87 (dd ,J=10.0, 15.6 Hz, 1H), 1.27 (t, J=7.2 Hz, 3H), 0.92 ppm (t,
J=7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz): d =171.7, 168.1, 167.6,
137.6, 133.4, 132.8, 128.3, 128.0, 127.7, 127.2, 126.22, 126.16, 125.9, 61.9,
61.5, 57.4, 51.7, 41.6, 38.6, 14.2, 13.8 ppm; HRMS (ESI): m/z : C21H24O6+


Na+ requires 395.1465 [M+Na]+ ; found: 395.1459; HPLC (Chiralpak
AD column, n-hexane/2-propanol=80:20, 0.5 mLmin�1, 210 nm): tR
(major enantiomer)=18.178, tR (minor enantiomer)=28.392 min.


Typical experimental procedure for the organocatalytic domino reactions
with 4-bromoacetoacetate 2 f : a,b-Unsaturated aldehyde 1 (0.30 mmol,
1.2 equiv), K2CO3 (0.25 mmol, 1.0 equiv) and ethyl 4-bromo-3-oxobuta-
noate 2 f (0.25 mmol, 1.0 equiv) were added to a stirred solution of cata-
lyst 9 (0.05 mmol, 20 mol%) in CHCl3 (1.0 mL). The reaction was vigo-
rously stirred for the time and the temperature listed in Table 2. Next,
the crude product was purified by silica-gel chromatography (pentane/
EtOAc mixtures) to give the corresponding cyclopentanone 19.


Cyclopentanone 19a: Colorless oil; [a]D=�65.5 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d=9.73 (d, J=2.8 Hz, 1H), 4.21 (q, J=


7.2 Hz, 2H), 3.05–2.45 (m, 4H), 1.76–1.60 (m, 2H), 1.60–1.43 (m, 2H),
1.40–1.20 (m, 6H), 0.88 ppm (t, J=7.2 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d=207.7, 200.1, 168.6, 61.8, 61.2, 52.3, 41.6, 38.6, 34.0, 29.5, 22.6,
14.1, 13.8 ppm; HRMS (ESI): m/z : calcd for C13H20O4 + Na+ : 263.1254
[M+Na]+ ; found 263.1253; GC (chrompak CP- Chirasil-Dex CB-column,
temperature program: 5 min,70 8C//2 8C min�1//110 8C, 10 min//10 8C
min�1//200,10 min): tR (major enantiomer)=11.3, tR (minor enantio-
mer)=11.6 min.


Cyclopentanone 19b: Colorless oil; [a]D=�78.4 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =9.73 (d, J=2.8 Hz, 1H), 4.25–4.18 (m,
2H), 3.05–2.40 (m, 4H), 1.70–1.25 (m, 8H), 1.00–0.90 ppm (m, 3H);
13C NMR (100 MHz, CDCl3): d =207.6, 200.1, 168.6, 61.8, 61.2, 52.3, 41.4,
38.6, 35.5, 20.6, 14.1, 14.0 ppm; IR (KBr): ñ =2964, 2936, 2874, 1731,
1466, 1447, 1369, 1295, 1223, 1201, 1146 cm�1; HRMS (ESI): m/z : calcd.
for C12H18O4+Na


+ 249.1097 [M+Na]+ ; found 249.1100; GC (chrompak
CP- Chirasil-Dex CB-column, temperature program: 130 8C 10 min,
130 8C//3 8C min�1//160 8C, 160 8C 2 min, 130 8C//80 8C min�1//200 8C
min�1//5 min): tR (major enantiomer)=12.8, tR (minor enantiomer)=


13.2 min.


Cyclopentanone 19c: Colorless oil; [a]D=�34.2 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =9.71 (d, J=2.8 Hz, 1H), 7.30–7.10 (m,
5H), 4.22 (q, J=7.2 Hz, 2H), 3.10–2.55 (m, 4H), 2.08–1.98 (m, 1H),
1.92–1.80 (m, 1H), 1.30–1.20 ppm (m, 6H); 13C NMR (100 MHz, CDCl3):
d=207.2, 199.8, 168.4, 140.6, 128.6, 128.5, 128.1, 126.3, 61.9, 61.1, 52.4,
41.1, 38.5, 36.1, 33.5, 14.1 ppm; IR (KBr): ñ =2962, 2937, 2877, 1751,
1730, 1459, 1443, 1374, 1301, 1265, 1194, 1106, 1054, 1027 cm�1; HRMS
(ESI): m/z : calcd for C13H20O4+Na+ : 263.1254 [M+Na]+ ; found
263.1253; HPLC(ODH column, n-hexane: iPrOH=95:5, l=305 nm),
0.5 mLmin�1): tR (major enantiomer)=26.3, tR (minor enantiomer)=


35.6 min.


Cyclopentanone 19d : Colorless oil; [a]D=++103.8 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d=9.74 (d, J=2.4 Hz, 1H), 4.21 (q, J=


7.2 Hz, 2H), 3.02–2.66 (m, 4H), 2.60–2.53 (m, 1H), 1.78–1.69 (m, 1H),
1.64–1.54 (m, 1H), 1.32–1.26 (m, 3H), 0.96 ppm (t, J=7.2 Hz, 3H);
13C NMR (100 MHz, CDCl3): d =207.7, 200.2, 168.7, 62.0, 60.9, 52.0, 43.2,
38.8, 27.1, 14.3 ppm, 11.8 ppm; IR (KBr): ñ=2968, 2937, 2880, 1755,
1728, 1464, 1447, 1372, 1262, 1174, 1096, 1030, 854 cm�1; HRMS (ESI):
m/z : calcd for C11H16O4+Na+ 235.0941 [M+Na]+ ; found 235.0939; GC
(chrompak CP- Chirasil-Dex CB-column, temperature program: 120 8C
10 min, 120 8C//3 8C min�1//160 8C//80 8C min�1//200 8C min�1//5 min.): tR
(major enantiomer)=8.8 min, tR (minor enantiomer)=9.2 min.


Cyclopentanone 19e : Colorless oil. [a]25D = +53.4 (c=0.5 in CHCl3);
1H NMR (400 MHz, CDCl3): d=9.75 (d, J=2.4 Hz, 1H), 4.23 (q, J=


7.2 Hz, 2H), 2.96 (dd, J=0.8, 7.2 Hz, 1H), 2.85–2.84 (m, 1H), 2.73–2.61
(m, 3H), 1.30 (s, 3H), 1.30 ppm (t, J=7.2 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d=207.1. 199.9, 168.0, 62.8, 62.0, 53.7, 38.9, 37.0, 18.5, 14.3 ppm;


IR (KBr): ñ =3584, 2967, 2922, 2882, 1724, 1463, 1372, 1259, 1147,
1030 cm�1; HRMS ACHTUNGTRENNUNG(ESI): m/z : calcd for C10H14O4+Na+ : 221.0784
[M+Na]+ ; found: 221.0789; GC(IVADEX-1 chiral column (25 m,
0.25 mm, 0.15 mm), temperature program: 105 8C 45 min, 105 8C//0.5 8C
min�1//110 8C, 110 8C//80 8C min�1//200 8C 5 min): tR (major enantiomer)=


43.8, tR (minor enantiomer)=45.3 min.


Diasteroselective synthesis of cyclopentanediol 20d : Acetic acid (225 mL)
and NaBH3CN (29 mg, 0.45 mmol) were added to a stirred solution of cy-
clopentanone 19d (42 mg, 0.20 mmol) in THF (1.0 mL), at 0 8C. The reac-
tion was stirred at this temperature for 1 h and then at RT overnight. The
crude product was purified by silica-gel chromatography (pentane/EtOAc
mixtures) to give the corresponding cyclopentanol 20d (27 mg, 63%
yield).


Cyclopentanol 20d : Colourless oil; [a]D=�9.7 (c=1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d =4.37 (dd, J=7.6 Hz, 13.6 Hz, 1H;
CHOH), 4.17 (q, J=7.2 Hz, 2H; COOCH2CH3), 3.64 (dd, J=4.4 Hz,
10.4 Hz, 1H; CH2OH), 3.51 (dd, J=7.6 Hz, 10.4 Hz, 1H; CH2OH), 2.43
(dd, J=7.6 Hz, 8.8 Hz, 1H; CHCOOCH2CH3), 2.10–2.01 (m, 1H;
CHCH2CH3), 1.99–1.78 (m, 3H; CH2, CHCH2OH), 1.64–1.52 (m, 2H;
CH2CH3), 1.27 (t, J=7.2 Hz, 3H; CH2CH3), 0.92 ppm (t, J=7.2 Hz, 3H;
COOCH2CH3);


13C NMR (100 MHz, CDCl3): d =175.0, 75.6, 66.2, 60.9,
58.7, 44.9, 44.0, 37.1, 27.8, 14.4, 11.8 ppm. IR (KBr): ñ =3353, 2960, 2932,
2877, 1727, 1463, 1378, 1261, 1162, 1095, 1037, 914 cm�1; HRMS (ESI):
m/z : calcd for C11H20O4+Na


+ : 239.1254 [M+Na]+ ; found: 239.1262.
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The Basicity of Unsaturated Hydrocarbons as Probed by Hydrogen-Bond-
Acceptor Ability: Bifurcated ACHTUNGTRENNUNGN�H+ ···p Hydrogen Bonding


Evgenii S. Stoyanov,* Irina V. Stoyanova, and Christopher A. Reed*[a]


Introduction


X�H···p hydrogen-bonding interactions have been studied
for a long time. Following the suggestion by Dewar in 1946
that p complexes might be involved in the mechanism of
electrophilic aromatic substitution,[1] Brown and Brady
showed in 1952 that HCl formed complexes with aromatic
compounds and alkenes in hydrocarbon solutions.[2] Infor-
mation on the molecular structures of these complexes was
not available, but equilibrium binding constants were deter-
mined and, within families of structurally similar com-
pounds, a rough correlation with other measures of basicity
was found. When exceptions were noted, they were attribut-
ed to differences in p versus s basicity. Stability constants
became the primary method of studying p complexes,[3] but
a more specific measure of p basicity in condensed phases
did not develop.


In the gas phase, weak X�H···p hydrogen-bonding inter-
actions were identified in 1981 in complexes of HCl with al-
kynes, alkenes, and arenes.[4–6] T-shaped structures were de-
duced for the alkene and alkyne complexes (A and B) with
the X�H bond at approximately 908 and directed to the
center of the multiple C�C bond. Recent atomic deforma-
tion calculations indicate that maximum electron density lies
at the mid-point of the double and triple bonds.[7] With ben-
zene, the X�H bond is preferentially directed near the
center of the aromatic ring in a p-face manner (Scheme 1,
structure C).


Stronger interactions with unsaturated hydrocarbons
occur when the complex involves positively charged proton
donors, such as the N+�H bond of the ammonium ion.[8]
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Scheme 1. Structures of hydrogen-bonded alkenes (A), alkynes (B), and
benzene (C).


Abstract: The competitive substitution
of the anion (A�) in contact ion pairs
of the type [Oct3NH


+]BACHTUNGTRENNUNG(C6F5)4
� by un-


saturated hydrocarbons (L) in accord-
ance with the equilibrium Oct3NH


+


···A� + nL Q [Oct3NH
+ ···Ln]A


� has
been studied in CCl4. On the basis of
equilibrium constants, K, and shifts of
nNH to low frequency, it has been es-
tablished that complexed Oct3NH


+ ···Ln


cations with n=1 and 2 are formed
and have unidentate and bifurcated N�
H+ ···p hydrogen bonds, respectively.
Bifurcated hydrogen bonds to unsatu-


rated hydrocarbons have not been ob-
served previously. The unsaturated hy-
drocarbons studied include benzene
and methylbenzenes, fused-ring aro-
matics, alkenes, conjugated dienes, and
alkynes. From the magnitude of the
redshifts in the N�H stretching fre-
quencies, DnNH, a new scale for rank-


ing the p basicity of unsaturated hydro-
carbons is proposed: fused-ring aro-
matics�benzene< toluene<xylene<
mesitylene<durene<conjugated di-
ACHTUNGTRENNUNGenes�1-alkynes<penta ACHTUNGTRENNUNGmethyl ACHTUNGTRENNUNGben-
ACHTUNGTRENNUNGzene<hexamethylbenzene< internal
alkynes�cycloalkenes<1-methyl ACHTUNGTRENNUNGcyclo-
ACHTUNGTRENNUNGalkenes. This scale is relevant to the
discussion of p complexes for incipient
protonation reactions and to under-
standing N�H+ ···p hydrogen bonding
in proteins and molecular crystals.


Keywords: basicity · bifurcated hy-
drogen bonds · IR spectroscopy ·
hydrogen bonds · unsaturated
hydrocarbons
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The addition of this electrostatic effect increases the binding
enthalpy of the complex by several kcalmol�1 such that DH
for the gas phase NH4


+ ···C6H6 complex is 19.3 kcalmol�1.[9]


Calculations indicate that the energetics are dominated by
the charge/quadrupole interaction[10] and do not significantly
distort the p-electron distribution.
The T-shaped structure of the 2-butyne·HCl complex


(Scheme 1 structure B)[11] and the p-face structure of NH4
+


···C6H6 (Scheme 1 structure C)[12] have been confirmed in
the solid state by X-ray crystallography. In the H3O


+ ·3C6H6


cation,[13] the O�H bonds are directed more closely to
carbon atoms than to the centroid of benzene. More gener-
ally, the X�H···p hydrogen-bonding interaction has become
widely recognized as a weak but prevalent intermolecular
interaction in small molecule crystallography.[14–19] The range
of acceptors now includes nitrogen heterocycles[20] and p-
ligand transition-metal complexes[18] and these types of in-
teractions are beginning to be utilized in crystal engineer-
ing.[21] X�H···p interactions have also been identified in pro-
teins[19,22,23] and N�H···p interactions can be sufficiently
strong to affect secondary (folding) structure.[24]


Estimations of the strengths of X�H···p interactions have
typically relied on the determination of the thermodynamics
of complexation. This can be informative in the gas phase,
but in condensed phases the difficulty of separating the in-
trinsic strength of the hydrogen-bonding interaction from
the contribution of solvation energies to the stability con-
stant has thwarted the development of useful scales of p ba-
sicity. Mayr and co-workers have recently developed a nu-
cleophilicity scale for p bases based on extensive kinetic
data for reactions with electrophiles.[25, 26] In favorable cases,
distance information from crystallography might be utilized
in a comparative manner,[27] but without the precise location
of the hydrogen atom, typically achieved only in neutron
diffraction studies, this method is limited.
In the present work, with the idea of developing a ranking


system of interaction strength, we use IR spectroscopy to
explore the N�H···p interaction of the trioctylammonium
ion with alkynes, alkenes, and arenes upon reaction with ion
pairs (IPs) of the type [Oct3NH


+]{B ACHTUNGTRENNUNG(C6F5)4
�} in CCl4.


Carbon tetrachloride is a weakly solvating, low dielectric
solvent that favors contact IP formation. Of commercially
available anions, the perfluorinated tetraphenylborate ion,
B ACHTUNGTRENNUNG(C6F5)4


� (abbreviated to {F20
�}), is the least interacting to-


wards the Oct3NH
+ ion, as judged by nNH stretching fre-


quencies in contact IPs.[28] This allows weak acceptors (L),
such as unsaturated hydrocarbons, to compete with the
{F20


�} anion and bind to the NH+ group of the cation, form-
ing solvated IPs of the type [Oct3NH


+ ·L] ACHTUNGTRENNUNG{F20
�}. In these


complexes, the extent of the Oct3NH
+ ···L interaction can be


measured by two methods: equilibrium binding constants
(K) and changes in nNH in the IR spectrum. Equilibrium
binding constants can be compared across different classes
of p bases when K values for 1:1 or potentially 1:n complex-
ation are determined from equilibria [Eq. (1)].


Oct3NH
þ � � � fF20


�gþnLÐ ½Oct3NH
þ � � � nL
fF20


�g
Contact IP Solvated IP


ð1Þ


We have recently shown that nNH bands in the IR spectra
of the Oct3NH


+ cation in contact IPs of the type
ACHTUNGTRENNUNG[Oct3NH


+]A� (A�=anion) decrease in frequency as a func-
tion of increasing hydrogen-bond-acceptor strength of the
anion, leading to a sensitive basicity scale for anions.[28] The
same concept is now applied to neutral molecules. In addi-
tion to changes in the frequency of the nNH band, its inten-
sity, band width, and shape give further information about
hydrogen bonding in the Oct3NH


+ ···L interaction.
We anticipated that these two measures of the basicity of


L would give somewhat different rankings. They measure
different properties: nNH frequencies give a measure of the
NH+ ···L interaction strength, whereas stability constants are
a composite of the interaction strength and the differences
in solvation energies of all reactants and products. Neverthe-
less, we did tend to choose mostly six-membered ring com-
pounds for this study so that solvation energy differences
between different compounds (or classes of compounds)
were minimized. We also anticipated that these rankings
would not correlate with existing measures of the basicity of
unsaturated hydrocarbons, for example, gas-phase ionization
energies, complexation enthalpies, and proton affinities[29,30]


or condensed-phase equilibrium constants[3] and nucleophi-
licities.[25] These scales are based on different thermodynam-
ic quantities or physical phenomena that do not readily lend
themselves to quantitative connections between gas- and
condensed-phase data. The X�H···p interaction under study
is a weak, localized effect, whereas the energetics of com-
plete protonation (s basicity) involve larger, more global
molecular phenomena.
A specific point of interest is the possible existence of bi-


furcated p hydrogen bonds of the type X�H+ ···2L, which
are formed by a positively charged cation with two unsatu-
rated hydrocarbons (L). The formation of bi- and even tri-
furcated hydrogen bonds has occasionally been observed by
X-ray crystallography for trialkylammonium cations, when
they interact with O or N-heteroatoms, such as the
(C2H5)3NH


+ cation with three hydroxyl oxygen atoms.[31,32]


Sometimes one of the acceptors of a bifurcated hydrogen
bond is an oxygen atom, the other an alkyne[19,33,34] or
arene.[24,35] Bi- or multifurcated hydrogen bonds are fre-
quently deduced from protein crystallography.[36] The solu-
tion-phase existence of compounds with bifurcated p hydro-
gen bonds involving only unsaturated hydrocarbons has not
been reported.
Further interest in X�H···p interactions arises from the


long-held belief that hydrogen-bonded complexes are incipi-
ent proton-transfer reactions, that is, models for the early
stages of p systems reacting with strong acids.[37] Indeed, in
the 1970s there was an intense debate on whether p com-
plexation of electrophiles could be rate-determining in the
mechanism of electrophilic aromatic substitution.[38] Current
consensus holds that s (rather than p) complexes and
Ar+E� charge-transfer IPs[39] are more important in the tran-


Chem. Eur. J. 2008, 14, 7880 – 7891 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7881


FULL PAPER



www.chemeurj.org





sition state, nevertheless weak p complexation is widely be-
lieved to precede formation of these activated complexes.
Our interest in models for incipient proton transfer is
piqued by the recent isolation and X-ray structural charac-
terization of a fully protonated alkene (e.g., tert-butyl
cation),[40] the equivalent of a protonated alkyne (i.e., a
vinyl cation),[41] and protonated benzene (C6H7


+).[42] More
information is needed on pre-protonation complexes if they
are to become widely accepted as early intermediates in
protonation reactions.


Results


IR spectra of 0.04m solutions of [Oct3NH
+]ACHTUNGTRENNUNG{F20


�} in CCl4
show a narrow nNH band at 3233 cm�1. From studies with
other anions, we know this corresponds to a contact IP
rather than a solvent-separated IP.[28] The band frequency is
independent of concentration between 0.005 and 0.04m.[28]


When unsaturated hydrocarbons (L) are added to these sol-
utions, the intensity of this band decreases with increasing
concentration of L (cL). At the same time a new, lower fre-
quency nNH band arising from complexed ion pairs (CIP)
of [Oct3NH


+ ·nL] ACHTUNGTRENNUNG{F20
�} appear. The intensity of the new


nNH band grows with increasing cL. An example is shown in
Figure 1 for L=benzene. Representative spectra for other
arenes, normalized to unit intensity of nNH of the uncom-
plexed contact IP (3323 cm�1), are shown in Figure 2.


The concentration of the [Oct3NH
+]ACHTUNGTRENNUNG{F20


�} contact IP (cIP)
was determined from the decreasing intensity of its nNH
band at 3233 cm�1 as cIP=0.04f, in which f is the scaling
factor with which the nNH band is fully subtracted from the
spectrum of the 0.04m solution of [Oct3NH


+] ACHTUNGTRENNUNG{F20
�}. The con-


centration of the [Oct3NH
+ ···nL] ACHTUNGTRENNUNG{F20


�} p-CIP (cCIP) is de-
fined by cCIP=0.04�cIP. These concentrations allow the equi-


librium constant of the reaction (K) to be determined from
Equation (2):


K ¼ cCIP=ðcLÞncIP ð2Þ


in which cL is equilibrium concentration of free L. Because
complexation of the p base is weak and cCIP is small com-
pared with the total concentration of L (coL), the approxima-
tion cL�coL is valid and Equation (2) becomes Equation (3):


cCIP=cIP ¼ KðcoLÞn ð3Þ


Taking logarithms of Equation (3) gives Equation (4),


logðcCIP=cIPÞ ¼ logKþnlog coL ð4Þ


in which the slope of the function log ACHTUNGTRENNUNG(cCIP/cIP)= fACHTUNGTRENNUNG(logcoL)
gives the number, n, of molecules L that are directly bound
to NH group. The equilibrium constant K, that is, the stabili-
ty constant for L-CIP, [Oct3NH


+ ···nL]{F20
�}, can be deter-


mined from the slope of Equation (3) for a fixed value of n.


Aromatic hydrocarbons : As illustrated for benzene and
hexaACHTUNGTRENNUNGmethylbenzene in Figure 3, the slope of Equation (4) is
equal to one for all aromatic hydrocarbons studied (L=ben-
zene; toluene; o- and p-xylene; 2,4,6-mesitylene; tetra-,
penta- and hexamethylbenzenes; naphthalene, and phenan-
threne; see Table 1). In other words, only 1:1 adducts with
the NH+ group are formed. The frequencies of the nNH
band for all compounds are practically independent of the
concentration of L, although the width of this band (S1=2


)
shows mild concentration dependence in the case of ben-
zene and the methylbenzenes. As illustrated in Figure 4 for
the representative case of benzene, S1=2


increases with in-
creasing cL. There is a break at approximately 6m benzene
and S1=2


increases more rapidly with increasing concentra-


Figure 1. Evolution of the IR spectrum in the nNH region of 0.4m


[Oct3NH
+]{F20


�} in CCl4 as benzene is added. Benzene concentrations in-
crease from zero (a) to 100% (b).


Figure 2. Representative IR spectra showing the formation of [Oct3NH
+


···nL]{F20
�} CIPs with their nNH frequencies for arenes L=benzene (a),


toluene (b), mesitylene (c), pentamethylbenzene (d), hexamethylbenzene
(e). Spectra, with the exception of a, are normalized to nNH of the un-
complexed contact IP at 3323 cm�1.
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tion. With the methylbenzenes, the break is shifted to lower
concentrations of L as the number of methyl groups increas-
es, and is approximately 0.32m for hexamethylbenzene. This
indicates some change in the character of the [Oct3NH


+ ···L]
group at high cL concentrations, presumably due to outer-
sphere solvation of the cation by additionally associated L
[Eq. (5)], that is, the formation of solvent separated com-


plexed ion pairs (SSCIPS) that nevertheless remain specified
as 1:1 hydrogen-bonded complexes.


½Oct3NH
þ � � � L
fF20


�gþmLÐ ½Oct3NH
þ � � � L
LmfF20


�g
CIP SSCIP


ð5Þ


Table 1. Characteristics of [Oct3NH
+ ···nL]{F20


�} complexes in CCl4.


L K n nNH[a] [cm�1] DnNH[b] [cm�1] S1=2
[d] [cm�1]


C6H6 0.085 0.99 3156.5 75 27
C6H5CH3 0.114 1.05 3151 82–83[c] 34
C6H4(CH3)2 0.139 1.06 3144 88–91[c] 36
C6H3(CH3)3 0.142 0.97 3140 94.5–98[c] 38
C6H3(CH3)4 0.148 3130 103.5–104.5 46
C6H(CH3)5 0.160 0.997 3120 113 39
C6(CH3)6 0.154 1.09 3114 118–119[c] 35


0.260 1.06 3136 70 30


0.458 1.04 3166 67 39


<0.002 0.99 �3075 �158 155�5


0.084 0.99 �3075 �158 155�5


0.0725 1.04 �3072[g] �160[g] [f]


0.41
0.257


1.14
1.97


3125
3084


108
149


76


0.216
0.722


0.496
0.98


3125
3084


108
149


49
131


0.025 [f] [f] [f] [f]


0.094 0.998 3100�5 133�5 150�10


0.215 1.00 3063 170 150


1.15 1.04 3048, �2880[e] 185 [f]


0.254
[f]


1.01
(2)[f]


3123
3086


109–117
147


150�5
115


2.02
3.65


1.08
1.94


3094
3072, �2880[c]


139
161


163
[f]


water 174 0.94 3090 143 61


[a] For 1:1 arene complexes at low concentrations of L. [b] The scale is anchored to the contact IP (DnNH=0 at 3233 cm�1), for 1:1 complexes data are
given for low concentrations of L (except for arenes). [c] Frequency interval for solutions of arenes from low to high concentrations. [d] For 1:1 com-
plexes at low concentration of L. [e] nNH band is distorted by Fermi resonance; the true nNH frequency cannot be obtained because both components
are partially overlapped with intense absorptions from the octyl chains of the cation and CH vibrations from the unsaturated hydrocarbon. [f] Cannot be
determined. [g] Calculated from nND frequency (see Table 2).
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Later we provide evidence to support this proposal. As in-
dicated by the essential constancy of the nNH frequency,
outer-sphere solvation of the CIP by aromatic hydrocarbons
does not change the strength of the NH+ ···L interaction.
Thus, outer-sphere solvation does not affect the determina-
tion of n or K. In the case of condensed aromatics, naphtha-
lene and phenanthrene, there is no concentration depen-
ACHTUNGTRENNUNGdence of S1=2


of the nNH band, presumably because outer-
sphere association is absent or it is present to a similar
extent over the entire concentration range studied.
For the methylbenzenes, C6H6�y(CH3)y, the nNH frequen-


cy decreases regularly with increasing number of methyl
groups (y), which indicates that the strength of
N�H+ ···L hydrogen bonding increases with increasing arene
basicity (Figure 2, Table 1). K values increase in a roughly
parallel manner.


Alkenes : From the lack of changes in the IR spectrum, 1-
hexene is unable to displace the {F20


�} anion in the
[Oct3NH


+]{F20
�} contact IP, even when used instead of CCl4


as a solvent. On the other hand, cyclohexene and cyclopen-


tene, and two cyclic dienes (1,4-cyclohexadiene and 1,5-
cycloACHTUNGTRENNUNGoctadiene) with isolated (nonconjugated) C=C bonds,
are able to displace the {F20


�} ion and bind to the NH+


group. The slope of Equation (3) indicates that these com-
plexes have a 1:1 composition with common T-shaped p hy-
drogen bonds of type A (Scheme 1). The K values are given
in Table 1. Because the K value for 1,5-cyclooctadiene is
small, it was only possible to evaluate a 50 vol% solution.
The nNH bands of all of these complexes have low intensity,
are strongly broadened, and are redshifted (Table 1).
Methylcycloalkenes with the unsymmetrical �C(CH3)=


CH� chromophore (1-methyl-1-cyclopentene and 1-methyl-
1-cyclohexene) in the concentration range below 1m form
1:1 compounds with larger K values, especially for 1-methyl-
1-cyclopentene. Similar to symmetrical cycloalkenes, their
nNH bands show large redshifts and very strong broadening
(Table 1). The redshift of nNH for unsymmetrical alkenes is
even greater than that for symmetrical alkenes. At concen-
trations higher than 1m, the slope of Equation (4) starts to
exceed one and, as the intensity of nNH of the 1:1 com-
pounds decreases, a new, very broad, and greatly redshifted
nNH band with maximum at approximately 2880 cm�1 ap-
pears, increasing in intensity
with increasing alkene concen-
tration. The higher stoichiome-
try (presumably 1:2), and the
very low nNH value, suggests
the formation of bifurcated p


hydrogen bond (D).
Cycloalkenes with conjugated double bonds, 1,3-cyclo-


ACHTUNGTRENNUNGhexadiene and 1,3,5,7-cyclooctatetraene, show an improved
ability to solvate the NH+ group than alkenes with symmet-
rical isolated C=C bonds. For 1,3-cyclohexadiene, the slope
of Equation (4) is close to one at low alkene concentrations
(CL<1m), but at higher concentrations is close to two
(Figure 5). Thus, 1,3-cyclohexadiene forms both 1:1 and 1:2
compounds. In the ranges of cL concentrations at which only
one compound is formed, the dependence of Equation (3)
increases proportionally with concentration, allowing both
K values to be determined (Table 1). The complexes differ
significantly in their nNH frequencies, 3125 cm�1 for the 1:1
complex and 3084 cm�1 for 1:2, indicating distinctly different
types of p hydrogen bonding. If the 1:1 complex has a
normal p hydrogen bond (I), then the 1:2 complex (with the
much lower nNH frequency) must have a bifurcated hydro-
gen bond (II).


For 1,3,5,7-cyclooctatetraene, the value of n was 1=2 at low
cL and transitioned to one at higher cL (Figure 3). This indi-
cates that at low cL, 1,3,5,7-cyclooctatetraene acts as two


Figure 3. Slopes of Equation (4) for benzene (1, n=0.99), hexamethyl-
benzene (2, n=0.98), and 1,3,5,7-cyclooctatetraene (3, n=0.50 and 0.98).


Figure 4. Plot of band width at half height (S1=2) for nNH of [Oct3NH
+


···C6H6]{F20
�] with increasing concentration of benzene (2.24–11.2m).
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separate diene units bonded to two Oct3NH
+ cations, result-


ing in the formation of 2:1 complex III.


Indeed, the exact coincidence of the nNH frequencies of
complexes I and III (3125 cm�1) indicates that both
C=C�C=C chromophores in 1,3,5,7-cyclooctatetraene are
acting independently, uninfluenced by each another. On the
other hand, the 1,3,5,7-cyclooctatetraene complex with n=1
has the same nNH frequency (3084 cm�1) as complex II
(that is, 1:2 with 1,3-cyclohexadiene). This indicates a 2:2
composition with two bifurcated hydrogen bonds (IV).
The K values of all compounds are given in Table 1.


Alkynes : Whereas linear alkenes, such as 1-hexene, do not
complex the NH+ group, linear alkynes do. IR spectra of
the complexes formed by 1- and 3-hexynes are concentra-
tion dependent. In the case of 1-hexyne in the range of cL=


0.26–1.73m, the maximum of the nNH band varies somewhat
from 3124 to 3116 cm�1. This is probably due to a greater
role for alkynes in outer-sphere solvation of the Oct3NH


+L
cation, that is, the formation of the solvent-separated IPs
Oct3NH


+ ···L·(Lm){F20
�} with variable m. In this concentra-


tion region, Equation (4) has a linear dependence on cL with
slope n=1 and Equation (3) leads to K=0.254. Therefore,
this complex has a 1:1 composition with common p hydro-
gen bonding (V).
At higher cL (50–100 vol% of 1-hexyne), a new nNH


band from a second complex appears at 3087 cm�1 and the


slope (n) of Equation (4) increases, indicating formation of
a 1:2 complex with a bifurcated p hydrogen bond (VI).


In the case of 3-hexyne, the nNH frequencies are more
strongly redshifted than for 1-hexyne and the transition
from a 1:1 to a 1:2 complex begins to take place at a lower
alkyne concentration (cL�0.88) (Figure 6). In the range of
1:1 complex formation, the slope of function cCIP/cCIP= f(cL)
gives a value of K=2.02 (Figure 7) and in the range of 1:2
complex formation, the slope of the function cCIP/cCIP= f(cL)


2


gives a value of K=3.65 (Figure 8).


Outer-sphere solvation : The existence of outer-sphere solva-
tion of the complexed Oct3NH···L+ cation by L for arenes
and dienes is indicated by broadening of the nNH band at


Figure 5. The slope of Equation (4) with 1,3-cyclohexadiene concentra-
tion.


Figure 6. The slope of Equation (4) with 3-hexyne concentration.


Figure 7. The slope of Equation (3) with n=1 for 3-hexyne.


Chem. Eur. J. 2008, 14, 7880 – 7891 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7885


FULL PAPERBifurcated N�H+ ···p Hydrogen Bonding



www.chemeurj.org





high cL. In the case of 1- and 3-alkynes there is also a gradu-
al shift in the nNH frequency (�8 cm�1). In general, we find
no evidence that the IR spectra of the unsaturated hydrocar-
bon molecules forming outer-sphere solvation shells are al-
tered. Indeed, even those directly p hydrogen bonded to the
NH+ group are practically unchanged. However, 3-hexyne
is an exception. Even though the frequencies and intensities
of the fundamental vibrations of 3-hexyne are scarcely
changed, the frequency of one of its combination bands at
1680 cm�1 decreases significantly (by 25 cm�1) to 1655 cm�1


(Figure 9). This combination band may include one of the


skeletal bending vibrations in the 200–550 cm�1 region that
are conformationally dependent.[43] Most probably, the for-
mation of an outer-sphere shell causes the 3-hexyne mole-
cules to change their conformation. The relative band inten-
sities at 1680 and 1655 cm�1 may therefore be used to inves-
tigate outer-sphere solvation of the Oct3NH


+ cation by 3-
hexyne.
From the intensity of the band of free 3-hexyne at


1680 cm�1, the equilibrium concentration in solution was de-


termined as cfreeL = fNcstL, in which f is the coefficient with
which the band at 1680 cm�1 in the spectrum of the studied
solution is fully subtracted by using the spectrum of stan-
dard 3-hexyne solution, and cstL is the concentration of L in
the standard solution (in Figure 9 f=0.755, cstL =0.876m or
10 vol%). The concentration of 3-hexyne molecules experi-
encing the conformation change in the solvation shell of the
NH+ group was determined from csolvL =coL�cfreeL . Figure 10


shows the dependence of the number of conformationally
affected 3-hexyne molecules per NH+ group (m) as a func-
tion of coL. The composition of the solvating shell is unex-
pectedly large. At coL=0.088m (1 vol%), 92.5% of the
alkyne is absorbed into the solvation shell, bringing the
value of m to approximately 13. At coL=4.38m (50 vol%),
this increases to about 30. Thus, substantial clustering of the
alkyne occurs around the CIP. Most of the alkyne is not ran-
domly mixed in the solution in CCl4.
To rule out the possibility that this alkyne solvation might


originate from solvation of the B(C6F5)4
� anion or the octyl


chains of cation, as opposed to that from the N�H···alkyne
interaction, the solvation of the tetraoctylammonium salt of
B(C6F5)4


� in 3-hexyne was studied under identical condi-
tions. In the IR spectra of these solutions, the intensity of
the band at 1680 cm�1 did not significantly decrease as 3-
hexyne was added. A weak band grew in at 1671 cm�1 and
the small redshift of this band relative to free 3-hexyne
(1680 cm�1, D=9 cm�1) suggests a minor association with
the IP. The stoichiometric ratio determined as csolvL /co is
around 2.4 for 10 vol% of 3-hexyne and increases to around
3.1 for 20 vol% solution.
Finally, for the purposes of comparison of unsaturated hy-


drocarbons to a traditional hydrogen-bond acceptor, we
have investigated the interaction of H2O with the
[Oct3NH


+] ACHTUNGTRENNUNG{F20
�} IP. The IR spectrum of a 0.0156m solution


of (Oct)3NH
+{F20


�} prepared in water-saturated CCl4
(0.0055m H2O) shows nOH bands from water bound to the
N�H group at 3674 and 3596 cm�1 and a new nNH band at
3090 cm�1 (Figure 11). From the concentrations of the com-
plexed water and the Oct3NH


+ cation, it was determined


Figure 8. The slope of Equation (3) with n=2 for 3-hexyne.


Figure 9. IR spectra of a solution of 0.04m Oct3NH
+{F20} in CCl4 with


10 vol% of 3-hexyne (c) and a solution of 10 vol% 3-hexyne in CCl4
(g). The dashed spectrum shows the band at 1655 cm�1, which was iso-
lated by sequential subtraction of the spectrum of free hexyne and the
band at 1642 cm of {F20}


�.


Figure 10. Dependence of m on 3-hexyne concentration.
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that the molar ratio was close to one. The K value is given
in Table 1.


Discussion


In the solutions under study, three types of IPs are formed
that differ in the character of the solvation of the NH+


group: 1) 1:1 mono-CIP, [Oct3NH
+ ···L]{F20


�}, with the cation
and anion separated by one unsaturated hydrocarbon mole-
cule L, 2) SSCIPs with some intervening unsaturated hydro-
carbon molecules Lm, [Oct3NH


+ ···L]·Lm{F20
�}, in which the


cation retains the essential character of mono-CIPs, and
3) 1:2 di-SSCIPs [Oct3NH


+ ···2L] ·Lm{F20
�}, with two mole-


cules of L directly bonded to the NH+ group, that is, with
bifurcated hydrogen bonds. The transition from CIP to
SSCIP, caused by outer-sphere solvation of the NH+ group
by excess L, has practically no effect on the experimentally
determined values of n and K. Therefore, both CIP and
SSCIP formulations are attributed to 1:1 compounds.


p Hydrogen bonding : The nNH band is exceedingly broad
(�150 cm�1) for both alkene and alkyne complexes
(Table 1). For example, comparing the 1-hexyne complex
with the 1,3-cyclohexadiene, 1,3,5,7-cyclooctatetraene, and
tetra- and pentabenzene complexes, all with similar nNH
frequencies, the nNH band width (S1=2


) is two to four times
higher. Some contribution to the broadness that develops in
the nNH band in all complexes may arise from outer-sphere
solvation effects. Another, perhaps larger, effect may be be-
cause the p hydrogen bond directed towards the center of


the C=C or C�C bond is not
fixed, but fluctuates in the
limits of some angle (a) be-
cause the maximum of the p-
electron density centered be-
tween two carbon atoms is very
flat (E).


This phenomenon, in varying degrees, may explain the
change in the nNH band width as a function of progressive
methylation of benzene. As shown in Figure 12, the band


width reaches a maximum at durene. It is smallest for sym-
metrical benzene and hexamethylbenzene. Possibly, in the
most symmetrical arenes, the proton is directed at the exact
center of the aromatic ring and this minimizes the angular
fluctuation of the NH bond. This is in line with neutron dif-
fraction data in which N�H vectors of the N+�H···phenyl
interactions between an NH4


+ ion and phenyl groups are
time-averaged towards the centroid of the phenyl rings,
whereas the 50% probability ellipsoids of the N�H vector
samples the entire face of the aromatic ring.[12]


In the 1:1 complexes formed by cyclic molecules with a
pair of conjugated C=C bonds, the functionality acts as a
single C=C�C=C chromophore. The absorption of this chro-
mophore for the free (noncomplexed) molecule of L has
two nC=C bands (1603 and
1578 cm�1) of medium to low
intensity. Upon complex forma-
tion in I and III the nC=C ab-
sorption does not change, which
indicates that this type of inter-
action is symmetrical (F).
The four conjugated C=C groups of 1,3,5,7-cycloocta-


ACHTUNGTRENNUNGtetraene in complex II act as two independent C=C�C=C
chromophores that do not influence one another. This case
is distinguished from 1:1 complexes formed by arenes with
formally three conjugated C=C bonds. These act as a single
aromatic chromophore with an interaction strength lower
than that of the C=C�C=C chromophore (Table 1).
Conjugated dienes and alkynes show an unexpectedly


high capacity for the formation of 1:2 complexes with bifur-
cated p hydrogen bonds (such as in complexes II, IV, and
VI). The bonding of the second base is indicated by greater
DnNH shifts. This phenomenon may be much more preva-
lent than previously realized and may play important role in
synthetic organic chemistry and biochemistry.


Figure 11. IR spectrum of 0.0156m (Oct)3NH
+{F20


�} in CCl4 with 0.0055m


water in the frequency region of nOH (a) and nNH (b). c : measured
spectrum. a : spectrum of 0.0055m of water in CCl4. b : spectrum of
[(Oct)3NH


+ ···OH2]{F20
�} IP obtained by subtraction of a from c.


Figure 12. Dependence of the width of the nNH band on the DnNH fre-
quency for a set of arenes C6H6�y(CH3)y in which y=0–6.
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Trends in nNH and K : Application of the nNH frequency as
an IR probe of the relative interaction strength of N+�H
with unsaturated hydrocarbons can be made for all 1:1 com-
pounds. This indicates that p basicity increases phenanthra-
cene<naphthalene<benzene< toluene<xylene<mesityl-
ACHTUNGTRENNUNGene<durene<conjugated dienes�1-alkynes<pentamethyl-
ACHTUNGTRENNUNGbenzene<hexamethylbenzene< internal alkynes�cycloal-
kenes<1-methylcyclo ACHTUNGTRENNUNGalkenes. By this measure, fused ring
aromatics show slightly lower p basicities than single ring
benzenes. This is a reversal from that observed in gas-phase
proton affinities[29] and can be understood in terms of the
importance of large size in stabilizing gas-phase cations. The
ranking for increasingly methylated benzenes correlates
with expectations based on traditional measures of basicity,
showing that the inductive effects of methyl groups do affect
p basicity. Alkenes, especially 1-methylcycloalkenes, register
more basic than alkynes. This is a counterintuitive result in-
asmuch as alkynes might be considered more p-electron rich
than alkenes.
The IR spectra of the 1:2 complexes with bifurcated hy-


drogen bonds are less suitable for ranking interaction
strength because they are formed more rarely than 1:1 com-
plexes and their nNH frequencies cannot be determined
with the same accuracy as for 1:1 complexes.
When the nNH frequency is less than 3054 cm�1, this band


becomes subject to Fermi resonance interactions with over-
tones of low frequency vibrations.[28] If this takes place, the
band becomes distorted and a broad asymmetric component
appears in the low frequency region (2700–2950 cm�1). The
best way to determine the presence of the Fermi resonance
is to study deuterated analogues because the nND band of
Oct3ND


+{F20}
� lies in a frequency range that is not coupled


with overtones of low-frequency vibrations.[28] However,
these experiments can be thwarted by H/D exchange reac-
tions. For example, the D atom of the Oct3ND


+ cation read-
ily exchanges with H atoms of alkynes, such that the IR
spectra of [Oct3ND


+ ···L]{F20} IPs with L=1-hexyne or 3-
hexyne developed only the nNH band. Similar fast H/D ex-
change was observed in the D3O


+ ·(C6H6)3 cation in solution
in benzene, the spectrum of which showed only bands due
to the H3O


+ cation and C6H5D.
[44] H/D exchange is much


slower between the Oct3ND
+ cation and cyclohexene and


cyclohexadienes. Thus, IR spectra of these showed a single
symmetric nND band with nNH/nND isotope ratios close to
the ideal harmonic oscillator value of 1.34 (Table 2). This
means that their nNH bands are not disturbed by Fermi res-
onance. Using this isotope ratio, it is possible to calculate


nNH for the 1,4-cyclohexadiene complex from its nND
value (Table 2). The nND frequencies for other hydrocar-
bons with higher K values and faster H/D exchange could
not be determined with reliable accuracy.
Only two complexes show definite distortion of the nNH


band from Fermi resonance, the 1:1 complex with 1-methyl-
1-cyclopentene and the 1:2 complex with 3-hexyne. An addi-
tional broad component appears at around 2880 cm�1. The
true nNH frequency is the center of gravity of the whole ab-
sorption, but this cannot be determined because both com-
ponents are partially overlapped with intense absorptions
from the octyl chains of the cation and CH vibrations from
the unsaturated hydrocarbon.
Application of the K value as a probe of the complexing


ability of unsaturated hydrocarbons in 1:1 compounds with
the Oct3NH


+ cation leads to the following order: 1-al-
kenes !cycloalkenes<benzene<methylbenzenes<1-al-
kynes�conjugated dienes�1-methylcycloaklenes< internal
alkynes<condensed aromatics. While there is some correla-
tion with the nNH scale ordering, a close correspondence is
not expected because K values are influenced not only by
hydrogen-bonding strength, but also by solvation energy
changes of both reactants and products. It is not possible to
extract the N�H···L interaction strength from the composite
of enthalpic and entropic terms that make up the observed
K value. Nevertheless, for a family of structurally very simi-
lar compounds, such as methylbenzenes or, with more cau-
tion, hexacyclic mono- and dienes, the solvation energy ef-
fects may be approximately leveled and K may reflect hy-
drogen-bond interaction strengths.
To illustrate this point, consider the correlation between


K and DnNH for progressively methylated benzenes. For 1:1
[Oct3NH


+ ···L]{F20
�} CIPs with C6H6�y(CH3)y, the low fre-


quency shift relative to the uncomplexed contact IP, DnNH,
increases proportionally with increasing number of CH3


groups y (Figure 13). This mirrors the well known increasing
s basicity of progressively methylated benzenes towards
protonation[45] and suggests that p basicity follows the same
qualitative trend. Each additional CH3 group increases
DnNH an average increment of 7.2 cm�1. The increment is


Table 2. The nNH/D [cm�1] frequencies of [Oct3NH
+ ···nL]{F20


�} com-
plexes.


L Complex nNH nND nNH/nND


1-cyclohexene 1:1 �3075 2260 �1.36
1,4-cyclohexadiene 1:1 �3072[a] 2301 -
1,3-cyclohexadiene 1:2 3084 2321 1.33
noncomplexed Oct3NH/D+{F20} 3233 2407 1.34


[a] Calculated from nND. Unavailable experimentally due to overlap
with strong nCH bands from the CH=CH group.


Figure 13. Dependence of DnNH shifts on the number of CH3 groups in
methylbenzenes.
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very similar for the first three methyl groups (�6.5 cm�1),
larger for the fourth (9.2 cm�1) and fifth (9.4 cm�1), and
lower for the sixth (5 cm�1). This may reflect a steric effect
and changes in the p-electron density as a function of the lo-
cation of the N�H···p bond, that is, being closer to a CH
rather than C(CH3) carbon atom of the aromatic ring, inas-
much as the smallest increment occurs at hexamethylben-
zene in which no unmethylated C atoms remain. For ortho-
and para-xylenes (y=2), no difference in their p basicities
was discernable by the nNH probe (Table 1).
The K values for progressively methylated benzenes also


increase with an increasing number of methyl groups
(Figure 14), but the trend is not as smooth as with nNH and


there is a reversal at hexamethylbenzene. For toluene and
xylenes, the increase from benzene is significant, but for the
higher methylated benzenes the incremental increase is less.
The origins of the discontinuities presumably lie in the sub-
tleties of the solvation energy contributions to K, suggesting
that nNH is a better probe of the p basicity of arenes.
Proceeding to the condensed aromatics, naphthalene and


phenanthrene, the lack of a correlation between nNH and K
becomes more obvious. Relative to benzene, the DnNH
values actually decrease: 5 cm�1 for naphthalene and a few
more cm�1 for phenanthrene (Table 1) even though the K
values increase significantly. Therefore, by the nNH measure
of arene p basicity, condensed aromatics are somewhat
weaker p bases as the number of fused rings increases. The
K values, however, increase significantly as the number of
fused rings increases.
The role of solvation energy is well illustrated by the ob-


servation that linear alkenes, such as 1-hexene, are unable
to compete with the anion in the Oct3NH


+{F20
�} IP, whereas


cycloalkenes can. There is no reason to believe that the in-
trinsic basicity of these C=C bonds towards hydrogen bond-
ing are very different and yet the binding constants differ
significantly. On the other hand, the K values for 1:1 com-
plexes of cyclohexene, 1,4-cyclohexadiene and benzene are
all similar despite the different functionality of the hydro-


gen-bonding acceptor. Their nNH frequencies are similar as
well. Probably because these p donors are all unsubstituted
six-membered rings, the solvation energy differences are lev-
eled and their comparable binding constants are in line with
their comparable basicity on the NH scale.
Some comments can be made about the p basicity of the


conjugated diene C=C�C=C chromophore. The nNH fre-
quencies of complexes formed by both 1,3-cyclohexadiene
and 1,3,5,7-cyclooctatetraene coincide when they have uni-
ACHTUNGTRENNUNGdentate p hydrogen bonds (structures I and III respectively)
or bifurcated p hydrogen bonds (structures II and IV)
(Table 1). Therefore, the basicity of the C=C�C=C chromo-
phore apparently does not depend on the size of the cycle
or on joining two of the same chromophores. Coincidentally,
the NH scale indicates similar basicity for conjugated dienes
with 1-hexyne (DnNH�109 cm�1). Movement of the C=C
bond to an internal part of the hydrocarbon chain in 3-
hexyne results in a significant increase in p basicity
(DnNH=139 cm�1), reflecting the stronger electron dona-
tion of an alkyl substituent versus H.
The lack of a broad correlation between nNH and K,


except perhaps in a closely related family of compounds, is
also illustrated by the comparison of unsaturated hydrocar-
bons with a common hydrogen-bonding base, water. The
nNH shift for [Oct3NH


+ ···OH2]{F20
�} is about the same as


for an internal alkyne, but the K value is about two orders
of magnitude higher. This very large difference in complex
ability can be understood in terms of solvation energy differ-
ences between the polar water molecule and the less-polar
alkyne. The NH+ ···L interaction strength may be very simi-
lar, but complexed water will not be as well solvated as the
alkyne in nonpolar CCl4, thereby driving the equilibrium to-
wards product formation.
The most p-basic chromophores, that is, internal alkynes,


conjugated dienes, and the asymmetric cyclic �C(CH3)=
CH� group, can bind to the NH+ moiety in a bifurcated
manner forming 1:2 and 2:2 complexes (structures IV, VI
and VIII). To the best of our knowledge, the existence of
this type of bifurcated p hydrogen bond has not been pre-
dicted theoretically nor determined experimentally before.


Relative strength of the N+�H Proton Donor : To get an in-
dication of the strength of the Oct3NH


+ ion as a hydrogen-
bond donor, it is instructive to compare the NH+ interaction
with those of the hydrated proton. Such an evaluation can
be made by comparing the values of the redshift of the
nP=O band in tributylphosphate (TBP) in Oct3NH


+ ···TBP
complex with those in the complexes with H+(H2O)nTBPm.
As shown in Table 3, the proton-donor ability of Oct3NH


+


cation on the nPO scale is roughly comparable to that of the
tetra-solvated H5O2


+ cation. It is considerably weaker than
that of the H3O


+ ion, but much stronger than that of a free
H2O molecule. The basicity of the TBP molecule and that of
self-associated water molecule are practically the same.
Thus, the interaction of the hydrated proton, H+(H2O)n (n>
2), with unsaturated hydrocarbons is expected to be very
similar to those found for (Oct)3NH


+ cation.


Figure 14. Dependence of K on the number of CH3 groups in methylben-
zenes.
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Conclusion


We have developed a nNH scale for ranking the localized
basicity of unsaturated hydrocarbons in their interactions
with hydrogen-bond donors. The scale indicates that p basic-
ity increases in the following order: fused-ring aromatics�
benzene< toluene<xylene<mesitylene<durene<conjugat-
ed dienes�1-alkynes<pentamethylbenzene<hexamethyl-
benzene< internal alkynes�cycloalkenes<1-methylcycloal-
kenes. Alkenes are unexpectedly strong p bases. As expect-
ed for a localized weak interaction, there is no overall corre-
lation with molecular basicity as measured by gas-phase
proton affinities. The utility of the scale is that it offers one
of the first ways to gauge the relative strength of the N�
H···p interactions in crystals, proteins, and pre-protonation
complexes.
Stability constants (K) have been measured for the bind-


ing of unsaturated hydrocarbons to the [Oct3NH
+]{F20


�} IP
and these have led to the discovery of the first examples of
bifurcated hydrogen bonding to unsaturated hydrocarbons
in solution. Bifurcated hydrogen bonds occur only with the
more strongly complexing substrates. This structural motif is
likely to be found in proteins and small-molecule crystals.
Finally, this work has revealed how solutions containing


ion-pair solutes can be quite nonideal. For example, with 3-
hexyne in <0.1m solution, >90% of the alkyne is absorbed
into the second solvation shell of the IP, bringing the
number of molecules associated with it to around 13.


Experimental Section


All manipulations were carried out under dry conditions in an inert at-
mosphere in a glove box (H2O, O2<0.5 ppm). Solvents and Et3SiH (Al-
drich, 99% purity) were dried by using standard methods.[48] [Ph3C]
[B(C6F5)4] was a gift from Albemarle Corporation. Et3Si{B(C6F5)4}


[49] was
prepared by adding Et3SiH (1.5 mL) to [Ph3C][B(C6F5)4] (1 g) in benzene
(10 mL). The mixture was stirred for 1–2 d until the solid changed com-
pletely from yellow to colorless. The volatile compounds (benzene and
Et3SiCl) were removed under reduced pressure and the solid was washed
with several aliquots of hexane. [Oct3NH]Cl was prepared by passing gas-
eous anhydrous HCl through a solution of Oct3N in hexane at 0 8C. The
white crystalline product was collected by filtration. [Oct3NH][B(C6F5)4]
was prepared from 1:1 molar ratios of [Oct3NH]Cl and Et3Si(B(C6F5)4) in
benzene. The solution was stirred for 30 min. and the volatile compounds
(benzene and Et3SiCl) were removed under reduced pressure. The light-
yellow oil product crystallized over time.


All unsaturated hydrocarbons were purchased from Acros and used with-
out additional purification. Solutions were prepared by dissolving a
weighed quantity of [Ph3C][B(C6F5)4] and the solid hydrocarbon or a
measured volume of the liquid hydrocarbon in CCl4. The [Oct3NH]
[B(C6F5)4] concentration in all solutions under study was constant at
0.04m. IR spectra were recorded by using a Shimadzu-8300 FTIR spec-
trometer in the ñ=4000–450 cm�1 range. A cell with Si windows with a
0.036 mm separation at the beam transmission point was used. To avoid
interference effects, the cell configuration was slightly wedge-shaped. IR
data were manipulated using GRAMS/AI software (Galactic Industries,
Salem, NH).


Acknowledgements


We thank the National Institutes of Health (GM 23851) and the National
Science Foundation (CHE-0349878) for support.


[1] M. J. S. Dewar, J. Chem. Soc. 1946, 406, 777–781.
[2] H. C. Brown, J. D. Brady, J. Am. Chem. Soc. 1952, 74, 3570–3582.
[3] L. J. Andrews, R. M. Keefer, Molecular Complexes in Organic


Chemistry, Holden-Gay, San Francisco, CA, 1964.
[4] A. C. Legon, P. D. Aldrich, W. H. Flygare, J. Chem. Phys. 1981, 75,


625–630.
[5] P. D. Aldrich, A. C. Legon, W. H. Flygare, J. Chem. Phys. 1981, 75,


2126–2134.
[6] W. G. Read, E. J. Campbell, G. Henderson, W. H. Flygare, J. Am.


Chem. Soc. 1981, 103, 7670–7672.
[7] J. F. Rico, R. LPpez, I. Ema, G. RamQrez, J. Chem. Theory Comput.


2005, 1, 1083–1095.
[8] M. Meot-Ner, C. A. Deakyne, J. Am. Chem. Soc. 1985, 107, 474–


479.
[9] J. C. Ma, D. A. Dougherty, Chem. Rev. 1997, 97, 1303–1324.
[10] W. L. Zhu, X. J. Tan, C. M. Puah, J. D. Gu, H. L. Jiang, K. X. Chen,


C. E. Felder, I. Silman, J. L. Sussman, J. Phys. Chem. A 2000, 104,
9573–9580.


[11] D. Mootz, A. Deeg, J. Am. Chem. Soc. 1992, 114, 5887–5888.
[12] T. Steiner, S. A. Mason, Acta Crystallogr. Sect. A 2000, 56, 254–260.
[13] E. S. Stoyanov, S. P. Hoffmann, K.-C. Kim, F. S. Tham, C. A. Reed,


J. Am. Chem. Soc. 2005, 127, 7664–7665.
[14] E. Steinwender, E. T. G. Lutz, J. H. Maas, J. A. Kanters, Vib. Spec-


trosc. 1993, 4, 217–229.
[15] M. A. Viswamitra, R. Radhakrishnan, J. Bandekar, G. R. Desiraju,


J. Am. Chem. Soc. 1993, 115, 4868–4869.
[16] H. S. Rzepa, M. H. Smith, M. L. Webb, J. Chem. Soc. Perkin Trans. 2


1994, 703–707.
[17] T. Steiner, E. B. Starikov, A. M. Amado, J. J. C. Teixeira-Dias, J.


Chem. Soc. Perkin Trans. 2 1995, 1321–1326.
[18] D. Braga, F. Grepioni, E. Tedesco, Organometallics 1998, 17, 2669–


2672.
[19] G. R. Desiraju, T. Steiner, The Weak Hydrogen Bond in Structural


Chemistry and Biology, Oxford University Press, New York, 1999.
[20] E. B. Starikov, T. Steiner, Acta Crystallogr. Sect. B 1998, 54, 94–96.
[21] C. M. Reddy, L. S. Reddy, S. Aitipamula, A. Nangia, C.-K. Lam,


T. C. W. Mak, CrystEngComm 2005, 7, 44–52.
[22] J. F. Malone, C. M. Murray, M. H. Charlton, R. Docherty, A. J.


Lavery, J. Chem. Soc. Faraday Trans. 1997, 93, 3429–3436.
[23] M. F. Perutz, Philos. Trans. R. Soc. A 1993, 345,105–112.
[24] T. Steiner, G. Koellner, J. Mol. Biol. 2001, 305, 535–557.
[25] H. Mayr, T. Bug, M. F. Gotta, N. Hering, B. Irrgang, B. Janker, K.


Bernhard, R. Loos, A. R. Ofial, G. Remennikov, H. Schimmel, J.
Am. Chem. Soc. 2001, 123, 9500–9512.


[26] S. Minegishi, H. Mayr, J. Am. Chem. Soc. 2003, 125, 286–295.
[27] T. Steiner, Biophys. Chem. 2002, 95,195–210.
[28] E. S. Stoyanov, K.-C. Kim, C. A. Reed, J. Am. Chem. Soc. 2006, 128,


8500–8508.


Table 3. Comparison of proton-donor abilities of the Oct3NH
+ cation


and proton hydrates through low frequency shifts of the nP=O band in
TBP.


Compound nP=O
[cm�1]


DnP=O
[cm�1]


Reference


H3O
+(TBP)3 1187 74 [46]


H5O2
+(TBP)4 1222 39 [46]


H5O2
+(TBP)2(H2O)2 1222 39 [46]


Oct3NH
+ ···TBP 1228 33 present work


TBP···H2O 1248 13 [47]
TBPfree 1261 0 present work


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7880 – 78917890


E. S. Stoyanov, I. V. Stoyanova, and C. A. Reed



http://dx.doi.org/10.1021/ja01134a032

http://dx.doi.org/10.1021/ja01134a032

http://dx.doi.org/10.1021/ja01134a032

http://dx.doi.org/10.1063/1.442079

http://dx.doi.org/10.1063/1.442079

http://dx.doi.org/10.1063/1.442079

http://dx.doi.org/10.1063/1.442079

http://dx.doi.org/10.1063/1.442316

http://dx.doi.org/10.1063/1.442316

http://dx.doi.org/10.1063/1.442316

http://dx.doi.org/10.1063/1.442316

http://dx.doi.org/10.1021/ja00415a054

http://dx.doi.org/10.1021/ja00415a054

http://dx.doi.org/10.1021/ja00415a054

http://dx.doi.org/10.1021/ja00415a054

http://dx.doi.org/10.1021/ct0500951

http://dx.doi.org/10.1021/ct0500951

http://dx.doi.org/10.1021/ct0500951

http://dx.doi.org/10.1021/ct0500951

http://dx.doi.org/10.1021/ja00288a034

http://dx.doi.org/10.1021/ja00288a034

http://dx.doi.org/10.1021/ja00288a034

http://dx.doi.org/10.1021/cr9603744

http://dx.doi.org/10.1021/cr9603744

http://dx.doi.org/10.1021/cr9603744

http://dx.doi.org/10.1021/jp001306v

http://dx.doi.org/10.1021/jp001306v

http://dx.doi.org/10.1021/jp001306v

http://dx.doi.org/10.1021/jp001306v

http://dx.doi.org/10.1021/ja00040a077

http://dx.doi.org/10.1021/ja00040a077

http://dx.doi.org/10.1021/ja00040a077

http://dx.doi.org/10.1021/ja050401k

http://dx.doi.org/10.1021/ja050401k

http://dx.doi.org/10.1021/ja050401k

http://dx.doi.org/10.1016/0924-2031(93)87041-Q

http://dx.doi.org/10.1016/0924-2031(93)87041-Q

http://dx.doi.org/10.1016/0924-2031(93)87041-Q

http://dx.doi.org/10.1016/0924-2031(93)87041-Q

http://dx.doi.org/10.1021/ja00064a055

http://dx.doi.org/10.1021/ja00064a055

http://dx.doi.org/10.1021/ja00064a055

http://dx.doi.org/10.1039/p29940000703

http://dx.doi.org/10.1039/p29940000703

http://dx.doi.org/10.1039/p29940000703

http://dx.doi.org/10.1039/p29940000703

http://dx.doi.org/10.1039/p29950001321

http://dx.doi.org/10.1039/p29950001321

http://dx.doi.org/10.1039/p29950001321

http://dx.doi.org/10.1039/p29950001321

http://dx.doi.org/10.1021/om971096h

http://dx.doi.org/10.1021/om971096h

http://dx.doi.org/10.1021/om971096h

http://dx.doi.org/10.1039/a700669a

http://dx.doi.org/10.1039/a700669a

http://dx.doi.org/10.1039/a700669a

http://dx.doi.org/10.1006/jmbi.2000.4301

http://dx.doi.org/10.1006/jmbi.2000.4301

http://dx.doi.org/10.1006/jmbi.2000.4301

http://dx.doi.org/10.1021/ja010890y

http://dx.doi.org/10.1021/ja010890y

http://dx.doi.org/10.1021/ja010890y

http://dx.doi.org/10.1021/ja010890y

http://dx.doi.org/10.1021/ja021010y

http://dx.doi.org/10.1021/ja021010y

http://dx.doi.org/10.1021/ja021010y

http://dx.doi.org/10.1021/ja060714v

http://dx.doi.org/10.1021/ja060714v

http://dx.doi.org/10.1021/ja060714v

http://dx.doi.org/10.1021/ja060714v

www.chemeurj.org





[29] E. P. L. Hunter, S. G. Lias, J. Phys. Chem. Ref. Data 1998, 27, 413–
656.


[30] M. Meot-Ner, Int. J. Mass Spectrom. 2003, 227, 525–554.
[31] T. Steiner, A. M. M. Schreurs, M. Lutz, J. Kroon, New J. Chem.


2001, 25, 174–178.
[32] T. Steiner, S. A. Mason, Z. Kristallogr. 2001, 18, 93.
[33] H. S. Rzepa, M. H. Smith, M. L. Webb, J. Chem. Soc. Perkin Trans. 2


1994, 703–707;
[34] M. Pilkington, J. D. Wallis, S. Larsen, J. Chem. Soc. Chem. Commun.


1995, 1499–1500.
[35] P. K. Bakshi, A. Linden, B. R. Vincent, S. P. Roe, D. Adhikesavalu,


T. S. Cameron, O. Knop, Can. J. Chem. 1994, 72, 1273–1293.
[36] R. Preissner, U. Egner, W. Saenger, FEBS Lett. 1991, 288, 192–196.
[37] T. Steiner, Angew. Chem. 2002, 114, 50–80; Angew. Chem. Int. Ed.


2002, 41, 48–76.
[38] R. Taylor, Electrophilic Aromatic Substitution, Wiley, New York,


1990.
[39] S. Fukuzumi, J. K. Kochi, J. Am. Chem. Soc. 1981, 103, 7240–7252.
[40] T. Kato, C. A. Reed, Angew. Chem. 2004, 116, 2968–2971; Angew.


Chem. Int. Ed. 2004, 43, 2908–2911.


[41] T. MTller, M. Juhasz, C. A. Reed, Angew. Chem. 2004, 116, 1569–
1572; Angew. Chem. Int. Ed. 2004, 43, 1543–1546.


[42] C. A. Reed, K.-C. Kim, E. S. Stoyanov, D. Stasko, F. S. Tham, L. J.
Mueller, P. D. Boyd, J. Am. Chem. Soc. 2003, 125, 1796–1804.


[43] G. A. Crowder, P. Blankenship, J. Mol. Struct. 1987, 156, 147–150.
[44] E. S. Stoyanov, K.-C. Kim, C. A. Reed, J. Am. Chem. Soc. 2006, 128,


1948–1958.
[45] E. L. Mackor, A. Hofstra, J. H. Waals, Trans. Faraday Soc. 1958, 54,


186–194.
[46] E. S. Stoyanov, J. Chem. Soc. Faraday Trans. 1997, 93, 4165–4175.
[47] E. S. Stoyanov, L. V. Lastovka, Zh. Neorg. Khim. 1981, 26, 1613–


1619.
[48] D. D. Perrin, W. L. F. Armarego, D. R. Perrin, Purification of Labo-


ratory Chemicals, 2nd ed. , Pergamon Press, Sydney, 1980.
[49] J. B. Lambert, S. Z. Zhang, S. M. Ciro, Organometallics 1994, 13,


2430–2443.


Received: February 22, 2008
Published online: July 21, 2008


Chem. Eur. J. 2008, 14, 7880 – 7891 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7891


FULL PAPERBifurcated N�H+ ···p Hydrogen Bonding



http://dx.doi.org/10.1039/b004932h

http://dx.doi.org/10.1039/b004932h

http://dx.doi.org/10.1039/b004932h

http://dx.doi.org/10.1039/b004932h

http://dx.doi.org/10.1039/p29940000703

http://dx.doi.org/10.1039/p29940000703

http://dx.doi.org/10.1039/p29940000703

http://dx.doi.org/10.1039/p29940000703

http://dx.doi.org/10.1039/c39950001499

http://dx.doi.org/10.1039/c39950001499

http://dx.doi.org/10.1039/c39950001499

http://dx.doi.org/10.1039/c39950001499

http://dx.doi.org/10.1139/v94-161

http://dx.doi.org/10.1139/v94-161

http://dx.doi.org/10.1139/v94-161

http://dx.doi.org/10.1002/1521-3757(20020104)114:1%3C50::AID-ANGE50%3E3.0.CO;2-H

http://dx.doi.org/10.1002/1521-3757(20020104)114:1%3C50::AID-ANGE50%3E3.0.CO;2-H

http://dx.doi.org/10.1002/1521-3757(20020104)114:1%3C50::AID-ANGE50%3E3.0.CO;2-H

http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C48::AID-ANIE48%3E3.0.CO;2-U

http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C48::AID-ANIE48%3E3.0.CO;2-U

http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C48::AID-ANIE48%3E3.0.CO;2-U

http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C48::AID-ANIE48%3E3.0.CO;2-U

http://dx.doi.org/10.1021/ja00414a034

http://dx.doi.org/10.1021/ja00414a034

http://dx.doi.org/10.1021/ja00414a034

http://dx.doi.org/10.1002/ange.200453931

http://dx.doi.org/10.1002/ange.200453931

http://dx.doi.org/10.1002/ange.200453931

http://dx.doi.org/10.1002/anie.200453931

http://dx.doi.org/10.1002/anie.200453931

http://dx.doi.org/10.1002/anie.200453931

http://dx.doi.org/10.1002/anie.200453931

http://dx.doi.org/10.1002/ange.200352986

http://dx.doi.org/10.1002/ange.200352986

http://dx.doi.org/10.1002/ange.200352986

http://dx.doi.org/10.1002/anie.200352986

http://dx.doi.org/10.1002/anie.200352986

http://dx.doi.org/10.1002/anie.200352986

http://dx.doi.org/10.1021/ja027336o

http://dx.doi.org/10.1021/ja027336o

http://dx.doi.org/10.1021/ja027336o

http://dx.doi.org/10.1016/0022-2860(87)85049-4

http://dx.doi.org/10.1016/0022-2860(87)85049-4

http://dx.doi.org/10.1016/0022-2860(87)85049-4

http://dx.doi.org/10.1021/ja0551335

http://dx.doi.org/10.1021/ja0551335

http://dx.doi.org/10.1021/ja0551335

http://dx.doi.org/10.1021/ja0551335

http://dx.doi.org/10.1039/tf9585400186

http://dx.doi.org/10.1039/tf9585400186

http://dx.doi.org/10.1039/tf9585400186

http://dx.doi.org/10.1039/tf9585400186

http://dx.doi.org/10.1039/a702704d

http://dx.doi.org/10.1039/a702704d

http://dx.doi.org/10.1039/a702704d

http://dx.doi.org/10.1021/om00018a041

http://dx.doi.org/10.1021/om00018a041

http://dx.doi.org/10.1021/om00018a041

http://dx.doi.org/10.1021/om00018a041

www.chemeurj.org






DOI: 10.1002/chem.200800602


HP-Ca2Si5N8—A New High-Pressure Nitridosilicate: Synthesis, Structure,
Luminescence, and DFT Calculations


S. Rebecca Rçmer,[a] Cordula Braun,[a] Oliver Oeckler,[a] Peter J. Schmidt,[b]


Peter Kroll,[c] and Wolfgang Schnick*[a]


Introduction


Nitridosilicates and oxonitridosilicates (e.g., g-Si3N4,
[1,2]


SiAlONs,[3] Sr2Si5N8,
[4] Eu2Si5N8


[5]) are well known to exhibit


interesting physical properties,[6,7] such as good wear resist-
ance, high decomposition temperature, exceptional oxida-
tion stability, luminescence,[8–10] or nonlinear optical behav-
ior.[11] These material properties are of special interest for
industrial applications.[1–11]


During the last two decades, an increasing number of
dense high-pressure oxosilicates have been synthesized and
their material properties characterized.[12,13] The high tech-
nological impact of high-pressure silicate phases is illustrat-
ed by the discovery of the extraordinary mechanical hard-
ness of stishovite and post-stishovite SiO2 polymorphs,
which crystallize in the rutile and a-PbO2 structure types, re-
spectively.[14,15] Their extreme hardness seems to justify their
rating as the hardest oxides known so far.[14,15]


The material properties of nitrides are often superior to
those of the respective oxides. This observation is attributed
to the higher covalency of the constituent chemical bonds
and the higher degree of cross-linking in nitride structures
compared to oxides.[16] The discovery of spinel-type g-Si3N4


triggered broad research efforts targeting new high-pressure
nitridosilicate and oxonitridosilicate phases.[1,2]


Abstract: HP-Ca2Si5N8 was obtained by
means of high-pressure high-tempera-
ture synthesis utilizing the multianvil
technique (6 to 12 GPa, 900 to 1200 8C)
starting from the ambient-pressure
phase Ca2Si5N8. HP-Ca2Si5N8 crystalli-
zes in the orthorhombic crystal system
(Pbca (no. 61), a=1058.4(2), b=


965.2(2), c=1366.3(3) pm, V=


1395.7(7)8106 pm3, Z=8, R1=0.1191).
The HP-Ca2Si5N8 structure is built up
by a three-dimensional, highly con-
densed nitridosilicate framework with
N[2] as well as N[3] bridging. Corrugated
layers of corner-sharing SiN4 tetrahedra
are interconnected by further SiN4


units. The Ca2+ ions are situated be-


tween these layers with coordination
numbers 6+1 and 7+1, respectively.
HP-Ca2Si5N8 as well as hypothetical or-
thorhombic o-Ca2Si5N8 (isostructural to
the ambient-pressure modifications of
Sr2Si5N8 and Ba2Si5N8) were studied as
high-pressure phases of Ca2Si5N8 up to
100 GPa by using density functional
calculations. The transition pressure
into HP-Ca2Si5N8 was calculated to
1.7 GPa, whereas o-Ca2Si5N8 will not


be adopted as a high-pressure phase.
Two different decomposition pathways
of Ca2Si5N8 (into Ca3N2 and Si3N4 or
into CaSiN2 and Si3N4) and their pres-
sure dependence were examined. It
was found that a pressure-induced de-
composition of Ca2Si5N8 into CaSiN2


and Si3N4 is preferred and that
Ca2Si5N8 is no longer thermodynami-
cally stable under pressures exceeding
15 GPa. Luminescence investigations
(excitation at 365 nm) of HP-
Ca2Si5N8:Eu2+ reveal a broadband
emission peaking at 627 nm (FWHM=


97 nm), similar to the ambient-pressure
phase Ca2Si5N8:Eu2+ .
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With the characterization of the new high-pressure phase
HP-Ca2Si5N8, we illustrate that reconstructive phase transi-
tions for ternary high-pressure nitridosilicates are possible.
Through density functional calculations we access the
Ca2Si5N8–HP-Ca2Si5N8–CaSiN2/Si3N4 phase diagram up to
100 GPa, by considering phase stability under pressure.


Results and Discussion


Synthesis : For the synthesis of Ca2Si5N8, a mixture of Ca
metal and Si(NH)2 powder was heated in a radio-frequency
furnace at 1650 8C under a nitrogen atmosphere
[Eq. (1)].[17,18]


2 Caþ 5 SiðNHÞ2 ! Ca2Si5N8 þ 5H2 þN2 ð1Þ


Starting from the respective ambient-pressure polymorph,
the high-pressure phase HP-Ca2Si5N8 was synthesized by
employing the multianvil press technique. HP-Ca2Si5N8 was
synthesized at pressures ranging from 6 to 12 GPa and tem-
peratures between 900 and 1200 8C.[19–21] The molar ratio Ca/
Si=2:5 of HP-Ca2Si5N8 was confirmed by energy-dispersive
X-ray (EDX) measurements, and no oxygen was detected
(see the Experimental Section).


Structure determination : Very small single crystals of HP-
Ca2Si5N8 were obtained by mechanical fragmentation of the
sample from the multianvil experiment. Systematic absences
suggested the orthorhombic space group Pbca (no. 61). The
very low scattering intensity rendered the solution and re-
finement of the structure difficult. The structure could not
be solved by conventional direct methods; however, a solu-
tion in space group P212121 was achieved by means of the
dual-space approach.[22] The structure turned out to be cen-
trosymmetric and could be transformed into Pbca. It was re-
fined with anisotropic displacement parameters for all
atoms. The crystallographic data and details of the data col-
lection are listed in Table 1.


All strong reflections of the powder pattern of HP-
Ca2Si5N8 were indexed on the basis of the unit cell deter-
mined from the single crystal. b-Si3N4 was present as a
minor impurity. Rietveld refinement was carried out, start-
ing from the atomic parameters of the single-crystal struc-
ture of HP-Ca2Si5N8. The observed and calculated X-ray
powder diffraction patterns as well as the difference profile
of the Rietveld refinement are shown in Figure 1.


Structure description : The HP-Ca2Si5N8 structure is built up
by a three-dimensional, highly condensed nitridosilicate
framework with N[2] and N[3] bridging. Corrugated layers of
corner-sharing SiN4 tetrahedra are interconnected by further
SiN4 units. The Ca2+ ions are situated between these layers,
with coordination numbers 6+1 and 7+1, respectively.
Figure 2 shows the crystal structure of HP-Ca2Si5N8 viewed
along [010]. Half of the nitrogen atoms connect two Si tetra-


hedral centers (N[2]: N1, N2, N3, N4), whereas the others
(N[3]: N5, N6, N7, N8) bridge three Si atoms.


The characteristically corrugated layers of the high-pres-
sure phase extend perpendicular to [001], and consist of
highly condensed “dreier” rings.[23] Within these layers all Si
atoms are solely connected by N[3] atoms (see Figure 3).
Similar layers of dreier rings also exist in M2Si5N8 (M=Ca,
Sr, Ba),[4,18] but the configuration pattern of the SiN4 tetra-
hedra within these layers and the pattern generated by verti-
ces pointing up and down is different for monoclinic
Ca2Si5N8 and M2Si5N8 (M=Sr, Ba). In HP-Ca2Si5N8, be-
tween zigzag lines (along [010]) with vertices pointing either
up or down, another zigzag line is inserted with pairs of tet-
rahedra vertices pointing alternately up and down (see


Table 1. Crystallographic data for HP-Ca2Si5N8.


formula Ca2Si5N8


molar mass [gmol�1] 332.63
crystal system orthorhombic
space group Pbca (no. 61)
cell parameters [pm] a=1058.4(10)


b=965.2(4)
c=1366.3(10)


cell volume [106 pm3] 1395.7(7)
formula units/cell 8
X-ray density [gcm�3] 3.17
absorption coefficient [mm�1] 2.46
F ACHTUNGTRENNUNG(000) 1328
crystal size [mm3] 0.1280.0880.04
diffractometer Stoe IPDS
radiation, monochromator MoKa (l =71.073 pm),


graphite
temperature [K] 293
2q range [8] 6.0–50
total no. of reflections 5883
independent reflections 1063
observed reflections 505
absorption correction semiempirical
refined parameters 137
GOF 0.814
R values [I>2s(I)] R1=0.0555, wR2=0.1153
all data R1=0.1191, wR2=0.1377
max./min. residual electron density [eP�3] 0.521/�0.698


Figure 1. Observed (+) and calculated (c) X-ray powder diffraction
patterns and the difference profile of the Rietveld refinement of HP-
Ca2Si5N8 (l =154.06 pm).
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Figure 3). The cycle-class sequence (i.e., the relative fre-
quency of the SinNn-ring sizes occurring in the network for
n=1, 2, 3…) for HP-Ca2Si5N8 has been calculated with the
program TOPOLAN.[24–27] A comparison to the cycle-class
sequence of monoclinic Ca2Si5N8 and M2Si5N8 (M=Sr, Ba)
is given in Table 2. For a detailed discussion, see the next
section.


The Si�N bond lengths in HP-Ca2Si5N8 are in a typical
range of 167–173 pm for N[2] (Ca2Si5N8 167–171 pm,[18]


Sr2Si5N8 165–169 pm,[4] Ba2Si5N8 166–171 pm[4]) and 174–
180 pm for N[3] (Ca2Si5N8 173–180 pm,[18] Sr2Si5N8 174–
179 pm,[4] Ba2Si5N8 174–179 pm[4]). The angles Si-N[2]-Si
range from 119 to 1408 and correspond well with those of
previously published nitridosilicates (Ca2Si5N8 116–1328,[18]


Sr2Si5N8 125–1428,[4] Ba2Si5N8 128–1488[4]). The same holds
true for the Si-N[3]-Si angles (HP-Ca2Si5N8 107–1288,
Ca2Si5N8 107–1278,[18] Sr2Si5N8 107–1278,[4] Ba2Si5N8 108–
1288[4]). The sums of the bond angles Si-N[3]-Si for each N[3]


adopt values of 344–3558, which are in accordance with
those found in other M2Si5N8 (M=Ca, Sr, Ba) structures


(Ca2Si5N8: 352–3608,
[18] Sr2Si5N8:


341–3608,[4] Ba2Si5N8: 344–
3608[4]), which indicates nearly
planar units N[3]


ACHTUNGTRENNUNG(SiN3)3.
[4,18] The


Ca2+ ions are 6+1 and 7+1 co-
ordinated by nitrogen atoms in
distances of 241–330 pm (ambi-
ent-pressure Ca2Si5N8


(CN(Ca)=7): 232–313 pm).
The coordination is described
as 6+1 and 7+1 rather than 7
and 8, due to the small contri-
bution of the last nitrogen
atoms to the effective coordina-
tion number, as calculated by
the program MAPLE.[28–30]


The calculation of bond-va-
lence sums for HP-Ca2Si5N8


with the help of bond length/
bond strength[31,32] (SV) and
Chardi[33] (SQ) yielded the ex-
pected formal ionic charges of
the atoms (Ca +1.96 to +1.99,
Si +3.93 to +4.12, N �2.87 to
�3.18). As expected, the Made-
lung part of the lattice energy
(MAPLE)[28–30] of HP-Ca2Si5N8


is almost identical to the sum of
the respective MAPLE values of the components CaSiN2


and b-Si3N4 (see Table 3).


Comparison to Ca2Si5N8 and M2Si5N8 ACHTUNGTRENNUNG(M=Sr, Ba): HP-
Ca2Si5N8 exhibits rather similar structural features to mono-
clinic Ca2Si5N8 and M2Si5N8 (M=Sr, Ba). The ambient-pres-
sure phase of Ca2Si5N8


[18] crystallizes in the monoclinic non-
centrosymmetric space group Cc (no. 9) and HP-Ca2Si5N8 in
the orthorhombic centrosymmetric space group Pbca
(no. 61). Sr2Si5N8 and likewise isotypic Ba2Si5N8 crystallize in


Figure 2. Structures of Ca2Si5N8 (view along [001]), HP-Ca2Si5N8 (view along [010]), and M2Si5N8 (M=Sr, Ba)/
o-Ca2Si5N8 (view along [3=4 0


1=4]). Ca: light gray, Si: gray, N: black). Layers are highlighted by dark tetrahedra;
interconnecting tetrahedra are light gray.


Figure 3. Layers in Ca2Si5N8, HP-Ca2Si5N8, and M2Si5N8 (M=Sr, Ba)/o-Ca2Si5N8. Tetrahedra with vertices up:
black; tetrahedra with vertices down: light gray.


Table 2. Cycle-class sequence[24–27] of Ca2Si5N8, o-Ca2Si5N8, and HP-
Ca2Si5N8.


SinNn rings n=3 4 5 6 7 8 9 10


Ca2Si5N8 12 4 32 40 166 438 1604 5020
o-Ca2Si5N8 10 6 32 50 180 478 1708 5284
HP-Ca2Si5N8 39 23 126 191 693 1852 6130 19023


Table 3. MAPLE values for HP-Ca2Si5N8 [kJmol�1].


Compound Ca2Si5N8 HP-Ca2Si5N8 CaSiN2 b-Si3N4


MAPLE 98561 98536 22633 53226


MAPLE Difference Difference [%]


2CaSiN2+ b-Si3N4 23524
Ca2Si5N8 23541 17 0.07
HP-Ca2Si5N8 23535 10 0.04


Atom[a] Ca12+ Ca22+ Si34+ Si44+ Si54+ Si64+ Si74+


MAPLE 2078 2029 9596 9653 9671 9607 10190


Atom[a] N13� N23� N33� N43� N53� N63� N73� N83�


MAPLE 5347 5481 5448 5354 5962 5977 6078 6049


total MAPLE (HP-Ca2Si5N8) exp. 98514
total MAPLE (28 CaSiN2 +b-Si3N4) theor. 98531
difference D [%] 0.01


[a] Typical partial MAPLE values [kJmol�1]: Ca2+ : 1900–2100, Si4+ :
9000–10200, N[2]3� : 4000–6000, N[3]3� : 5200–6300.
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the orthorhombic noncentrosymmetric space group Pmn21


(no. 31).[4] The three structures share common basic structur-
al motifs. They are built up by layers of corner-sharing SiN4


tetrahedra comprising dreier rings. These layers are inter-
connected by further SiN4 units to form a three-dimensional
network. The M2+ ions are situated between these layers
and are predominantly coordinated by N[2] .


The SiN4 tetrahedra in the layers of all three structures
have three N[3] and one N[2] , where the N[3] exclusively form
the intralayer bonds, whereas the N[2] are situated on the
vertices pointing either up or down. The molar fraction of
tetrahedra pointing up and down is equal according to the
formula [(Si[4])5(N


[2])4(N
[3])4]


4� of the nitridosilicate network.
The layers in the three M2Si5N8 structures differ in their
degree of corrugation and the pattern of tetrahedra pointing
up and down. Although the layers are strongly corrugated in
M2Si5N8 (M=Sr, Ba) and HP-Ca2Si5N8, they are significantly
less corrugated in monoclinic Ca2Si5N8 (see Figure 2).


The known M2Si5N8 structures are related to that of the
mineral sinoite, Si2N2O.[34] Sinoite contains the same honey-
comb layers, even though none of the M2Si5N8 layers exhib-
its the same up–down pattern as the layers in sinoite. The
vertices of tetrahedra pointing up and down in Si2N2O are
occupied by O atoms, which connect two layers. For M2Si5N8


the bridging O atoms are substituted by SiN4 tetrahedra,
which results in a three-dimensional charged network:
3
1[[Si


[4]N[3]]4[Si
[4]N4


[2]]]4�.
The layers in monoclinic Ca2Si5N8 exhibit a rather simple


pattern of alternating zigzag lines of tetrahedra (along
[001]) with their vertices pointing either up or down, where-
as the pattern becomes more complex for HP-Ca2Si5N8. The
up and down pattern in M2Si5N8


(M=Sr, Ba) is not related to
the pattern of either Ca2Si5N8


structure, but exhibits groups of
four tetrahedra with their verti-
ces pointing in the same direc-
tion. These groups are arranged
in “corner-sharing” rows along
[100] (see Figure 3).


HP-Ca2Si5N8 can be de-
scribed as a centrosymmetric
variant of the noncentrosym-
metric ambient-pressure modifi-
cation. From Figure 2 it is evi-
dent that the application of
pressure formally shifts two
single unit cells of Ca2Si5N8 to-
wards each other. This introdu-
ces a center of inversion which
doubles the unit cell of HP-
Ca2Si5N8 compared to its ambi-
ent-pressure phase and still
allows for the extreme corruga-
tion of the SiN4 tetrahedra
layers. Despite the similarity
between monoclinic Ca2Si5N8


and HP-Ca2Si5N8, the phase transformation is reconstructive,
as required for transforming the differently patterned layers.
Therefore, the activation energy for the retransformation
into the ambient-pressure phase is high enough to render
HP-Ca2Si5N8 metastable. Monoclinic noncentrosymmetric
Ca2Si5N8 exhibits nonlinear optical behavior,[11] whereas HP-
Ca2Si5N8 unequivocally crystallizes with a center of inver-
sion. Furthermore, the Raman spectra of both monoclinic
Ca2Si5N8 and HP-Ca2Si5N8 are different (for further details
on the Raman spectra, see Figures S1 and S2 in the Support-
ing Information).


For all three structures, monoclinic Ca2Si5N8, HP-
Ca2Si5N8, and M2Si5N8 (M=Sr, Ba), the coordination num-
bers of the M2+ ions were determined by calculating effec-
tive coordination number (ECoN)[28] values with
MAPLE[29,30] and searching for gaps in the M2+–N distance
distributions. For Ca2Si5N8 the coordination number 7 was
derived for both crystallographically independent Ca2+ ions,
whereas in HP-Ca2Si5N8 one Ca2+ ion is 6+1 coordinated
and the other exhibits 7+1 coordination. This results in an
increased coordination number for half of the Ca atoms. For
both Sr2Si5N8 and Ba2Si5N8 a coordination number of 10 was
derived for both M2+ ions (see Figure 4).


Luminescence : To study photoluminescence, samples of HP-
Ca2Si5N8 were doped with 1 mol% Eu2+ . Under daylight
HP-Ca2Si5N8:Eu2+ exhibits a light orange body color due to
4f7ACHTUNGTRENNUNG(8S7/2)!4f65d absorption of Eu2+ in the blue to green
spectral range. Figure 5 shows the excitation and emission
spectra of several samples of HP-Ca2Si5N8:Eu2+ . The lumi-
nescence spectra exhibit a broadband emission peaking at


Figure 4. CaNx polyhedra in Ca2Si5N8, HP-Ca2Si5N8, o-Ca2Si5N8, and Sr2Si5N8.
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627 nm, typical for Eu2+ in a nitridosilicate network, which
resembles that reported for Sr2Si5N8:Eu2+ .[11] No Eu3+ emis-
sion line spectrum was detected by UV excitation at 365 nm.
A comparison of the emission spectra of Ca2Si5N8:Eu2+ and
HP-Ca2Si5N8:Eu2+ in Figure 6 shows that the high-pressure


phase has a narrower emission band (full width at half maxi-
mum, FWHM=97 nm) compared to the monoclinic ambi-
ent-pressure phase (FWHM=111 nm). In both phases, that
is, HP-Ca2Si5N8:Eu2+ and ambient-pressure Ca2Si5N8:Eu2+ ,
comparable Stokes shifts are observed. Thus, differences in
emission bandwidths can be explained by different chemical
differentiation of the cation sites in the ambient and high-
pressure phases, respectively. Its spectroscopic properties
render the HP-Ca2Si5N8:Eu2+ phase as a promising phos-
phor for warm white-light light-emitting diode applica-
tions.[8,35–37]


DFT calculations : Two structures were considered as possi-
ble high-pressure phases for Ca2Si5N8: 1) the structure of the
experimentally found HP-Ca2Si5N8 and 2) that of hypotheti-
cal orthorhombic o-Ca2Si5N8, which is isostructural to the
ambient-pressure modifications of Sr2Si5N8 and Ba2Si5N8.
We also looked for further high-pressure phases among de-
fective NaCl and CsCl structures as well as filled spinel and


Th3P4 structures. None of the additional candidates we
found will be attainable below 70 GPa, however.


Structure optimization for Ca2Si5N8, HP-Ca2Si5N8, and o-
Ca2Si5N8 : Structure optimization for monoclinic Ca2Si5N8


[38]


and HP-Ca2Si5N8 within the local density approximation
(LDA) and general gradient approximation (GGA) shows
the trends of slightly under- and overestimating cell parame-
ters and accordingly the cell volumes typical for such com-
pounds. Nevertheless, the calculated unit cell parameters
and equilibrium volumes are in good accordance with exper-
imental values. No significant changes in bond lengths or
substantial distortions of the structure were observed (for
detailed data on bond lengths for any discussed structure,
see the Supporting Information). Data on the structure opti-
mizations of Ca2Si5N8 and HP-Ca2Si5N8 are given in Tables 4
and 5.


The resulting cell parameters and the obtained equilibri-
um volumes for the hypothetical o-Ca2Si5N8 are given in
Table 6. The calculated bond lengths (LDA: Si�N 166–
175 pm, Ca�N 235–308 pm; GGA: Si�N 168–178 pm, Ca�N
238–314 pm) are all in the range of those in Ca2Si5N8 and
HP-Ca2Si5N8. As expected, Si�N[2] bonds are shorter than
Si�N[3] bonds.


Figure 5. Excitation (black, lexc =390 nm) and emission (gray, lmon=


627 nm) spectra of different samples of HP-Ca2Si5N8:Eu2+ . I : intensity.


Figure 6. Comparison of the emission spectra of Ca2Si5N8:Eu2+ (black,
lmon=616 nm) and HP-Ca2Si5N8:Eu2+ (gray, light gray, lmon =627 nm).


Table 4. Structure optimization of Ca2Si5N8.


Experimental[18] LDA GGA


space group Cc (no. 9, monoclinic)
a [pm] 1435.2(3) 1426.7 1442.1
b [pm] 561.0(1) 555.8 563.4
c [pm] 968.9(2) 960.5 974.9
b [8] 112.06(3) 112.033 111.922
V [106 pm3] 723.00 705.98 734.73
V f.u. [106 pm3] 180.75 176.50 183.68
1 [g cm�1] 3.06 3.13 3.01


Table 5. Structure optimization of HP-Ca2Si5N8.


Experimental LDA GGA


space group Pbca (no. 61, orthorhombic)
a [pm] 1058(2) 1048.3 1065.9
b [pm] 965.2(4) 957.3 970.8
c [pm] 1366(2) 1352.3 1368.2
V [106 pm3] 1395(2) 1357.01 1415.79
V f.u. [106 pm3] 174 169.63 176.97
1 [g cm�1] 3.17 3.26 3.12


Table 6. Structure optimization of o-Ca2Si5N8.


Sr2Si5N8
[4] LDA GGA


space group Pmn21 (no. 31, orthorhombic)
a [pm] 571.0(2) 562.2 570.4
b [pm] 682.2(2) 665.0 675.3
c [pm] 934.10(2) 926.2 937.9
V [106 pm3] 363.9(2) 346.26 361.24
V f.u. [106 pm3] 182.0 173.13 180.62
1 [g cm�1] 3.90 3.19 3.06
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For all optimized structures the coordination numbers of
the M2+ ions were determined by calculating ECoN[29]


values with MAPLE[29,30] and searching for gaps in the M2+–
N distance distributions, to compare them with the data for
the experimentally determined structures. For both mono-
clinic Ca2Si5N8 and HP-Ca2Si5N8 the same coordination
numbers as in the experimentally determined structures
were derived. In o-Ca2Si5N8, one Ca2+ is sixfold coordinated
and one is sevenfold coordinated by N, whereas M2+ in
M2Si5N8 (M=Sr, Ba) is tenfold coordinated by N.


The coordinative bond lengths Ca�N (Ca2Si5N8: Ca�N-
ACHTUNGTRENNUNG(LDA) 228–315 pm; Ca�N ACHTUNGTRENNUNG(GGA) 232–320 pm; HP-
Ca2Si5N8 Ca�N ACHTUNGTRENNUNG(LDA): 237–331 pm; Ca�N ACHTUNGTRENNUNG(GGA) 240–
337 pm; o-Ca2Si5N8 see values given above) correspond
quite well to the sum of the ionic radii (ionic radii after
Shannon:[39] S(Ca(VI)–N 246 pm, S(Ca ACHTUNGTRENNUNG(VII)–N 252 pm;
ionic radii after Baur:[40] Ca(VI)–N 247–249 pm).


Comparison of the density of the three considered
Ca2Si5N8 structures shows that the ambient-pressure phase
Ca2Si5N8 has the lowest value (1=3.06 (experimental), 3.13
(LDA), 3.01 gcm�1 (GGA)). The next denser structure is o-
Ca2Si5N8 (1=3.19 (LDA), 3.06 gcm�1 (GGA)), with HP-
Ca2Si5N8 being the densest phase (1=3.17 (experimental),
3.26 (LDA), 3.12 gcm�1 (GGA)). Within the GGA,
Ca2Si5N8 has the lowest energy (�116.6048 eV per formula
unit), followed by HP-Ca2Si5N8 (�116.5358 eV) and o-
Ca2Si5N8 (�116.0932 eV).


E–V calculations for high-pressure phase transitions : For
calculating the enthalpy–pressure phase diagram of
Ca2Si5N8, the GGA is preferred over the LDA, because the
latter tends to favor higher coordinated structures and, con-
sequently, fails to reproduce the experimental transition
pressures. The GGA performs much better on this behalf.[41]


Therefore, all calculated enthalpy differences and transition
pressures given in this work are based on GGA calculations.


The energy–volume (E–V) curves of our three structures
of Ca2Si5N8 are depicted in Figure 7, from which the enthal-


py was extracted as a function of pressure as illustrated in
Figure 8. Accordingly, the transition pressure of monoclinic
Ca2Si5N8 to HP-Ca2Si5N8 was calculated with 1.7 GPa (for
details, see Table 7), which reasonably agrees with the exper-


imental value. The phase transformation of Ca2Si5N8 into
HP-Ca2Si5N8 could be observed at 6 GPa and 900 8C. We at-
tribute the difference between the calculated and experi-
mental transition pressure to kinetic effects of the phase
transformation.


At 20 GPa the enthalpy of o-Ca2Si5N8 becomes more fa-
vorable than that of monoclinic Ca2Si5N8. However, HP-
Ca2Si5N8 remains the energetically most stable phase, which
is in accordance with the experiment (see Figure 8).


Furthermore, calculations of the phonon band structure
indicate that o-Ca2Si5N8 comprises imaginary vibrational
modes within the Brillouin zone already at ambient pres-
sure, amplified at higher pressures. Hence, this particular
structure is already dynamically unstable at ambient pres-
sure. Monoclinic and HP-Ca2Si5N8 were proven to be free of
such imaginary vibrational modes.


Decomposition reactions under pressure : In addition to
pressure-induced phase transformations, two possible de-
composition pathways under pressure were examined: 1) the
decomposition of Ca2Si5N8 into the binary nitrides Ca3N2


and Si3N4 [Eq. (2)] and 2) decomposition into CaSiN2 and
Si3N4 [Eq. (3)].


3 Ca2Si5N8 ! 2Ca3N2 þ 5 Si3N4 ð2Þ


Ca2Si5N8 ! 2CaSiN2 þ Si3N4 ð3Þ


Structure optimization for Si3N4, Ca3N2, and CaSiN2 : The
structures of b-Si3N4 and g-Si3N4 were optimized within
LDA and GGA. b-Si3N4 crystallizes in the hexagonal space


Figure 7. E–V diagram for all three considered phases of Ca2Si5N8.


Figure 8. Enthalpy–pressure diagram for the transition of Ca2Si5N8 to
HP-Ca2Si5N8 (pt=1.7 GPa) and o-Ca2Si5N8 (pt=20 GPa) (Murnaghan
equation of state (EOS) evaluation).


Table 7. Transition pressures [GPa] derived from different fitting proce-
dures of E–V data for Ca2Si5N8 into HP-Ca2Si5N8 and o-Ca2Si5N8.


HP-Ca2Si5N8 o-Ca2Si5N8


spline 1.6 20.2
Murnaghan 1.7 19.9
Birch 1.7 19.9
Vinet 1.7 19.8
Dmax 0.1 0.4
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group P63/m (no. 176) and is isotypic to phenakite
Be2SiO4.


[42] g-Si3N4 crystallizes in Fd3̄m (no. 227) in the
spinel structure.[1,2] Si occupies half of the octahedral voids
and one eighth of the tetrahedral voids in the cubic close
packing of N atoms. Our results of the zero-pressure optimi-
zation of the crystal structures for both b- and g-Si3N4 are in
agreement with previous calculations (for further details, see
the Supporting Information).[1,43]


CaSiN2 crystallizes in the orthorhombic space group Pbca
(no. 61).[44] The structure is built up by all side corner-shar-
ing SiN4 tetrahedra, to form a three-dimensional network re-
lated to the b-cristobalite structure (D1-type distortion of
idealized filled C9 structure of b-cristobalite).[45] The Ca2+


ions are six- and eightfold coordinated by nitrogen, respec-
tively. Coordinative Ca�N bonds can be divided into three
distance groups: 235–250, 270–285, and 300–315 pm.
ECoNs[28] have been calculated with MAPLE[29,30] to verify
the coordination sphere of the Ca2+ ions. Structure optimi-
zations for CaSiN2 within the LDA and the GGA were per-
formed. The calculations reproduced the unit cell parame-
ters and the equilibrium volume (see Table 8) as well as the


bond lengths quite well. No significant distortion of the
structure after structure optimization was observed.


For CaSiN2 we also considered a possible high-pressure
phase, termed b-CaSiN2 and isostructural to CaGeN2


[46] (B1-
type distortion of the idealized filled C9 structure of b-cris-
tobalite), which is closely related to the chalcopyrite struc-
ture.[47] It crystallizes in the tetragonal space group I4̄2d
(no. 122). The Si atoms are tetrahedrally coordinated by N,
and the Ca2+ ions exhibit a 4+4 bisdisphenoidal coordina-
tion. The resulting cell parameters and the obtained equilib-
rium volumes for the hypothetical b-CaSiN2 are given in
Table 9 (for bond lengths, see the Supporting Information).


Ca3N2 crystallizes in the anti-bixbyite structure in the
body-centered space group Ia3̄ (no. 206).[48] The N atoms are


octahedrally coordinated by Ca, and the Ca atoms are four-
fold coordinated by N. Our results of the zero-pressure opti-
mization of the crystal structures for Ca3N2 are in agreement
with previous calculations (for further details, see the Sup-
porting Information).[49]


E–V calculations for decomposition reactions under pres-
sure : The phase transition of b-Si3N4 into g-Si3N4 and the
phase transition of a-CaSiN2 into b-CaSiN2 were taken into
account for all decomposition reactions. The transition pres-
sure for b-Si3N4–g-Si3N4 was calculated to 11.5 GPa, and the
transition pressure of a-CaSiN2–b-CaSiN2 to 1.6 GPa. Below
these transition pressures, the enthalpy H for b-Si3N4 and
a-CaSiN2, respectively, was used; at higher pressures H for
g-Si3N4 and b-CaSiN2 was employed.


It is found that the enthalpy of a phase agglomerate of
Si3N4 and 2CaSiN2 is always lower than the enthalpy of a
system consisting of (2/3 Ca3N2 + 5/3 Si3N4). Consequently,
decomposition of Ca2Si5N8 will result in the formation of
CaSiN2 and Si3N4 rather than Ca3N2 together with Si3N4 (see
Figures 9 and 10, Tables 10 and 11).


The reaction enthalpy of the decomposition of Ca2Si5N8


into Si3N4 and CaSiN2 is displayed in Figure 9. Accordingly,
above 15 GPa Ca2Si5N8 will decompose into Si3N4 and


Table 8. Structure optimization of CaSiN2.


Experimental[44] LDA GGA


space group Pbca (no. 61, orthorhombic)
a [pm] 512.29(3) 505.61 516.32
b [pm] 1020.74(6) 1006.25 1027.50
c [pm] 1482.33(9) 1470.26 1485.69
V [106 pm3] 775.13(8) 748.07 788.19
V f.u. [106 pm3] 96.90 93.51 98.52
1 [g cm�1] 1.65 1.71 1.62


Table 9. Structure optimization of b-CaSiN2.


CaGeN2
[46] b-CaSiN2 LDA b-CaSiN2 GGA


space group I4̄2d (no. 122, tetragonal)
a [pm] 542.60 519.83 524.60
c [pm] 715.40 685.66 711.65
V [106 pm3] 210.62 185.28 195.85
V f.u. [106 pm3] 52.66 46.32 48.96
1 [g cm�1] 4.44 3.45 3.26


Figure 9. Enthalpy–pressure diagrams for the decomposition reactions of
Ca2Si5N8, HP-Ca2Si5N8, and o-Ca2Si5N8 into CaSiN2 and Si3N4 (Murna-
ghan EOS evaluation).


Figure 10. Enthalpy–pressure diagrams for the decomposition reactions
of Ca2Si5N8, HP-Ca2Si5N8, and o-Ca2Si5N8 into Ca3N2 and Si3N4 (Murna-
ghan EOS evaluation).
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CaSiN2. This process is mainly driven by the favorable en-
thalpy of g-Si3N4 at higher pressures. g-Si3N4 is the only
structure in this pressure range for which partially octahe-
dral coordination of Si, which results in a higher density, is
achieved. The possibility to further densify the matter at
high pressure hence causes the decomposition of the ternary
compound Ca2Si5N8 into binary Si3N4 and CaSiN2.


Conclusions


With the synthesis of the new high-pressure phase HP-
Ca2Si5N8, we have demonstrated that denser ternary nitrido-
silicates are accessible through high-pressure experiments.
The HP-Ca2Si5N8 structure consists of a centrosymmetric
highly condensed network of SiN4 tetrahedra, with N[2] and
N[3] bridging. Ca2+ ions are enclosed in the three-dimension-
al nitridosilicate network, with coordination numbers of
6+1 and 7+1. Even though the structures of the ambient-
pressure Ca2Si5N8 and HP-Ca2Si5N8 are closely related, the
phase transformation is reconstructive and takes place at
quite low temperatures and pressures (900 8C and 6 GPa).


Density functional calculations predicted the transition
pressure of Ca2Si5N8 into HP-Ca2Si5N8 quite well. Monoclin-
ic Ca2Si5N8 is favored up to 1.7 GPa when HP-Ca2Si5N8 be-
comes thermodynamically more stable. Above 15 GPa, a
phased agglomerate of 2CaSiN2+g-Si3N4 becomes energeti-
cally more favorable (see Figure 11). Until now, we could
only prove the phase transformation of Ca2Si5N8 into HP-
Ca2Si5N8 occurring between 6 and 12 GPa by experiment.


The calculated bulk moduli (see Table 12) for both
Ca2Si5N8 modifications are quite similar, because the struc-
tures are closely related and the coordination numbers are
similar. However, a remarkable property of HP-
Ca2Si5N8:Eu2+ is its narrower emission band compared to
the emission bandwidth of ambient-pressure Ca2Si5N8:Eu2+ .


Our further studies will be dedicated to the search for fur-
ther high-pressure phases of ternary nitridosilicates. In anal-
ogy to g-Si3N4, in which the coordination number of Si could
be increased to 6, we hope to access CN(Si)>4 by applying
higher temperatures and pressures, thereby also aiming at
the improved material properties that are already evident in
HP-Ca2Si5N8.


Experimental Section


Synthesis of Ca2Si5N8 : In a typical experiment Ca (1.86 mmol; dendritic
pieces, purified by distillation, 99.99%, Aldrich) and silicon diimide
(3.02 mmol; synthesized according to the literature[50]) were placed into a
tungsten crucible under an argon atmosphere inside a glove box (Unilab,
Fa. MBraun, Garching, O2<1 ppm, H2O<1 ppm). Subsequently, the cru-
cible was heated inductively in the reactor of a radio-frequency fur-
nace[17,18] under a N2 atmosphere (dried over silica gel/KOH/molecular
sieve (pore width 4 P)/P2O5 and activated BTS catalyst) to 1650 8C at a
rate of 6.9 8Cmin�1 and then kept at this temperature for 1 h. Subse-
quently, the reaction product was cooled to 1200 8C at a rate of about
0.75 8Cmin�1 and then quenched to room temperature by switching off
the furnace. A colorless, coarsely crystalline product was obtained, which
according to the X-ray powder pattern was single-phase Ca2Si5N8.


Synthesis of HP-Ca2Si5N8 : The high-pressure synthesis of HP-Ca2Si5N8


was carried out by using the multianvil technique[19–21] with a hydraulic
press. Cr2O3-doped MgO octahedra (Ceramic Substrates & Components
Ltd., Isle of Wight, UK) with an edge length of 14 mm were used. Eight
truncated tungsten carbide cubes separated by pyrophyllite gaskets
served as anvils for the compression of the octahedra. The truncation
edge length was 8 mm. Powder of ambient-pressure Ca2Si5N8 was loaded
into a cylindrical capsule of hexagonal boron nitride (Henze, Kempten)
with a capacity of 9 mm3 and sealed with a BN cap. The capsule was cen-
tered within two nested graphite tubes, which acted as an electrical resist-
ance furnace. The remaining volume at both ends of the sample capsule
was filled with two cylindrical pieces of magnesium oxide. The arrange-
ment was placed into a zirconium dioxide tube and then transferred into
a pierced MgO octahedron. The electrical contact of the graphite tubes
was arranged by two plates of molybdenum. The assembly was com-
pressed up to 8 GPa at room temperature within 2.5 h and then heated to


Table 10. Decomposition pressure [GPa] derived from different fitting
procedures of E–V data for Ca2Si5N8 into CaSiN2 and Si3N4.


Ca2Si5N8 HP-Ca2Si5N8 o-Ca2Si5N8


spline 10.7 15.0 4.8
Murnaghan 10.7 14.6 4.8
Birch 10.8 14.8 4.9
Vinet 10.8 14.9 4.9
Dmax 0.1 0.4 0.1


Table 11. Decomposition pressure [GPa] derived from different fitting
procedures of E–V data for Ca2Si5N8 into Ca3N2 and Si3N4.


Ca2Si5N8 HP-Ca2Si5N8 o-Ca2Si5N8


spline 33.9 50.5 38.0
Murnaghan 33.9 50.5 38.0
Birch 33.9 50.3 38.3
Vinet 34.0 50.5 38.4
Dmax 0.1 0.2 0.4


Figure 11. Enthalpy–pressure diagram for the Ca2Si5N8–CaSiN2–Si3N4


system (Murnaghan EOS evaluation).


Table 12. Calculated bulk moduli B0 [GPa].


Ca2Si5N8 HP-Ca2Si5N8 o-Ca2Si5N8


LDA GGA LDA GGA LDA GGA


B0 175 162 158 147 146 139
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1000 8C within 12 min. The sample was treated for 12 min under these
conditions and then cooled to 600 8C within 30 min. After that the
sample was quenched to room temperature, followed by decompression
for 7.5 h. By this procedure about 5 mg of HP-Ca2Si5N8 was obtained as a
dark gray substance. The temperature was calculated from the electrical
power applied to the furnace, which was determined on the basis of cali-
bration curves from measurements with W97Re3W75Re25 thermocouples,
as described in reference [51].


Single-crystal X-ray diffraction : Small single crystals of HP-Ca2Si5N8


were isolated by mechanical fragmentation and checked by Laue photo-
graphs. Single-crystal X-ray data were collected on a Stoe IPDS diffrac-
tometer (MoKa radiation). The program SHELXD[22] was used for solu-
tion of the structure and SHELXL97 for refinement. Further details of
the crystal structure investigations can be obtained from the Fachinfor-
mationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany
(fax: (+49)7247-808-666; E-mail : crysdata@fiz-karlsruhe.de) on quoting
the depository number CSD-419318.


Powder X-ray diffraction : X-ray diffraction experiments on powder sam-
ples of HP-Ca2Si5N8 were performed on a Stoe Stadi P powder diffrac-
tometer in Debye–Scherrer geometry, with Ge ACHTUNGTRENNUNG(111)-monochromatized
CuKa1 radiation (l =154.056 pm). The microcrystalline sample was en-
closed in a glass capillary of diameter 0.1 mm. A Rietveld refinement
was carried out by using the program package GSAS.[52] The atomic pa-
rameters of the single-crystal structure of HP-Ca2Si5N8 were used as start-
ing values and were refined together with the isotropic displacement fac-
tors. b-Si3N4


[43] was present in the powder diffraction pattern as a minor
impurity and was refined as a second phase. (The observed and calculat-
ed X-ray powder diffraction patterns and difference profile of the Riet-
veld refinement are shown in Figure 1.) Further details on the refinement
are given in Table 13. The refined atomic coordinates do not differ by
more than 0.0075 pm from those obtained from single-crystal data. Ca�N
distances range from 239.11 to 300.78 pm and Si�N distances from 166.01
to 182.74 pm, and differ only by a maximum of 5.23 pm for Ca�N and


2.39 pm for Si�N relative to the distance ranges obtained from single-
crystal data.


Luminescence : Photoluminescence measurements were carried out with
a spectrofluorimeter equipped with a 150 W Xe lamp, two 500 mm
Czerny–Turner monochromators, 1800 1/mm lattices, and 250/500 nm
lamps, with a spectral range from 230 to 820 nm.


EDX measurements : The carbon-coated sample was examined with a
scanning electron microscope (JSM-6500F, Joel, Japan; maximum acceler-
ation voltage 30 kV). An energy-dispersive spectrometer Model 7418
(Oxford Instruments, UK) allowed qualitative and semiquantitative ele-
mental analysis.


Raman measurements : Raman spectra were recorded on a Jobin Yvon
Horiba HR800 UV/Raman microscope with a He–Ne laser emitting at
632.8 nm (for further details, see the Supporting Information).


Computational methods : The total energies and atomic structures of all
materials were calculated within DFT.[53] The Vienna ab initio simulation
package (VASP) was used, which combines the total-energy pseudopo-
tential method with a plane-wave basis set.[54–56] The LDA[57,58] and
GGA[59] were used to approximate the electron exchange and correlation
energy. The pseudopotentials taken were based on the projector-aug-
mented-wave (PAW) method.[60] The cutoff energy for the expansion of
the wave function into the plane-wave basis set was 500 eV. Residual
forces were converged below 5810�3 eVP�1. The Brillouin-zone integra-
tion was carried out by the Monkhorst–Pack scheme.[61]


Structure optimizations were performed by relaxing all internal parame-
ters as well as cell parameters and the unit cell volume. The unit cell of
Ca2Si5N8 contains 60 atoms. By transforming it into a primitive unit cell,
this could be reduced to 30 atoms per cell, which corresponds to two for-
mula units. A k-point mesh of 38382 was used. The unit cell of HP-
Ca2Si5N8 contains 120 atoms. This unit cell is already the primitive cell,
and contains eight formula units. A k-point mesh of 28282 was used.
The unit cell of o-Ca2Si5N8 contains 30 atoms, which corresponds to two
formula units, and is already a primitive cell. A k-point mesh of 48482
was used. The unit cell of b-Si3N4 contains 14 atoms and is already a
primitive cell that contains two formula units. A k-point mesh of 38388
was used. The unit cell of g-Si3N4 contains 56 atoms. By transforming it
into a primitive unit cell, this could be reduced to 14 atoms, which corre-
sponds to two formula units. A k-point mesh of 48484 was used. The
unit cell of CaSiN2 contains 64 atoms (16 formula units). Calculations
were carried out in the conventional cell. A k-point mesh of 48282 was
used. The unit cell of Ca3N2 contains 80 atoms (16 formula units). Calcu-
lations were performed in the conventional unit cell. A k-point mesh of
28282 was used.


To obtain the bulk modulus the volume was varied around the zero-pres-
sure volume V0 and the calculated energies were fitted to MurnaghanUs,
BirchUs, and VinetUs equations of state (EOS).[62–64]


The E–V diagrams can be transformed easily to give enthalpy versus
pressure diagrams. To obtain the pressure p from the E–V graph, a
simple numerical differentiation of a spline fit and MurnaghanUs, BirchUs,
and VinetUs EOS was employed: p=�@E/@V. Evaluation of the E–V data
by fitting to a spline fit or different EOS resulted in virtually the same
transition pressures. The largest difference observed was 0.4 GPa in the
pt for Ca2Si5N8 into o-Ca2Si5N8 and 0.5 GPa for the decomposition pres-
sure of o-Ca2Si5N8 into Ca3N2 and Si3N4 (see Tables 7, 10, and 11).


For reasons of simplicity, all figures and values given in this work are de-
rived from evaluation by MurnaghanUs EOS (see Tables 7, 10, and 11 for
details). The enthalpy H was calculated by H=E+pV. In equilibrium a
system will adopt the structure with the lowest free energy G. A phase
transformation is therefore governed by the difference in free enthalpy:
DG=DE+pDV�TDS. The contribution of the entropy is usually neglect-
ed, due to the small difference in entropy between solid-state crystal
structures and the comparably larger changes of DH within 1 GPa of
pressure change. Therefore, DH=DE+pDV is a good measure to com-
pare the relative stability of solid-state structures under pressure.


Table 13. Crystallographic data of HP-Ca2Si5N8 derived from Rietveld
refinement.


formula Ca2Si5N8


formula mass [gmol�1] 332.65
crystal system orthorhombic
space group Pbca (no. 61)
cell parameters [pm] a=1057.11(2)


b=963.81(2)
c=1362.50(2)


cell volume [106 pm3] 1388.19(4)
formula units/cell 8
X-ray density [gcm�3] 3.18
F ACHTUNGTRENNUNG(000) 1328
diffractometer Stoe Stadi P
radiation [pm] CuKa1 (l=154.056 pm)
monochromator Ge ACHTUNGTRENNUNG(111)
temperature [K] 293
profile range (2q) [8] 5 �2q�89.89
no. of data points 8489
hkl 0�h�9, 0�k�8, 0� l�12
observed reflections 611
no. of refined parameters:
atomic parameters 58
profile parameters 12 (6 each phase)
other parameters 3
structure refinement Rietveld refinement, GSAS[52]


background function shifted Chebyschev
profile function pseudo-Voigt
Rp 0.0289
wRp 0.0382
R jF j 2 0.07644
GOF 1.11
reduced c2 1.222
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Synthesis of 4,5-Dihydroisoxazoles by Condensation of Primary Nitro
Compounds with Alkenes by Using a Copper/Base Catalytic System


Luca Cecchi,[a] Francesco De Sarlo,*[a] and Fabrizio Machetti*[b]


Introduction


1,3-Dipolar cycloadditions are a powerful method for assem-
bling heterocyclic rings with high regio- and stereocontrol.[1]


Primary nitro compounds are extensively used as starting
materials for the synthesis of 4,5-dihydroisoxazoles via inter-
mediate nitrile oxides;[2] on treatment with various reagents,
such as aryl isocyanates,[3–9] inorganic[10,11] and organic[12–15]


chlorides or organic anhydrides,[16,17] in the presence of a di-
polarophile and often a base, the isoxazole derivatives are
produced besides the discarded material derived from the
reagent employed [Eq. (1)].[18] From the same nitro com-
pounds, 4,5-dihydroisoxazoles can also be prepared via
alkyl[19,20] or silyl[21,22] nitronates by cycloaddition and subse-
quent elimination of alcohol or silanol, respectively.


On the other hand, dehydration of primary nitro com-
pounds with the production of isoxazole derivatives has also
been observed as a side process during the radical addition
of nitro compounds to alkenes caused by MnIII salts. “Acti-
vated” nitro compounds (a-nitroketones, nitroacetamides[23]


or nitroacetates),[24, 25] on treatment with an alkene and
MnIII, according to the reported rationalisation, follow two
parallel reaction paths: the intermediate MnIII nitronate
reacts with the alkene to give either the expected radical ad-
dition or the dehydrated cycloadduct. In the first reaction,
MnIII behaves as a monoelectronic oxidant, in the other, as a
dehydrating agent.[25]


We have recently reported a convenient procedure for the
condensation of primary nitro compounds with alkynes (to
isoxazoles) or alkenes (to isoxazolines) under base cataly-
sis.[26–29] This method avoids the use of a dehydrating agent,
but requires a catalytic amount of a suitable organic base in-
stead, such as 1,4-diazabicycloACHTUNGTRENNUNG[2.2.2]octane (DABCO) or 1-
methylimidazole. This process appears to occur without the
formation of intermediate nitrile oxides and it can be re-
garded as a condensation process [Eq. (2), EWG=electron-
withdrawing group], in which cycloaddition of the inter-
mediate dipole (nitronate) precedes water release. The use
of a catalytic organic base instead of stoichiometric polluting
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reagents makes this procedure more benign towards the en-
vironment and represents another step forward towards
atom economy.[30]


However, the reaction is applicable to “activated” nitro
compounds (nitroacetate derivatives, a-nitroketones or phe-
nylnitromethane) but fails with nitroalkanes.[26–29] Thus, on
treatment of norbornene (0.3m in CHCl3) with nitroethane
and DABCO (molar ratio 1:2.5:0.5) at 60 8C for 72 h, no
condensation was observed by 1H NMR spectroscopic analy-
sis (Table 1, entry 1). In this paper, we describe a new
method leading to substituted 4,5-dihydroisoxazoles based
on a copper/base catalytic system. This catalytic system is


able to catalyse the condensation of a broad range of nitro-
alkanes with different functionalised dipolarophiles.


Results and Discussion


The mentioned reaction between norbornene and nitro-
ethane was assumed as a model: in view the above previous
results, various metal salts or complexes were added to this
mixture (0.05 molar ratio with respect to the dipolarophile)
and the eventual conversion into the condensation product
verified after 20 h. No conversion was observed upon addi-
tion of the following salts or complexes: AgOAc, AgOTf,
CoACHTUNGTRENNUNG(OAc)2, EuACHTUNGTRENNUNG(OAc)3, Fe ACHTUNGTRENNUNG(OTs)3, FeCl2, LaACHTUNGTRENNUNG(OTf)3, MgBr2,
Ni ACHTUNGTRENNUNG(OAc)2, [Pt ACHTUNGTRENNUNG(PPh3)4], [PtCl6H2], RhACHTUNGTRENNUNG(OAc)2, bis(tricyclo-
hexylphosphine)benzylidine ruthenium(IV) chloride, Sc-
ACHTUNGTRENNUNG(OTf)3 and Yb ACHTUNGTRENNUNG(OTf)3. Yet encouragingly, results were ob-
tained by addition of a nickel complex or salts of copper
and palladium (Table 1). Among them, it was found that
only copper salts gave significant conversions without coun-
ter-anion effects (Table 1, entries 4–6).


The reaction conducted with copper(II) acetate in the ab-
sence of base showed no conversion (Table 1, entry 2). A
trace of product was observed with the [NiACHTUNGTRENNUNG(PPh3)4] complex,
after 72 h, along with traces of other unidentified com-
pounds (Table 1, entry 3).


As concerns the use of palladium complex, a further ex-
periment was needed to possibly identify other products. In
fact Trost et al. reported a Pd0-catalysed cycloalkylation of
nitro compounds to isoxazoline-2-oxide.[31] The reaction with
palladium(II) acetate (Table 1, entry 7) was then repeated
on a larger scale and deeply examined, but only the 4,5-di-
hydroisoxazole cycloadduct was found.[32] It turned out that
copper(II) salts are excellent catalysts for these reactions.
Thus, the sluggish reaction between ethyl nitroacetate and
styrene with DABCO under the reported conditions gave a
50% conversion of dipolarophile into the corresponding cy-
cloadduct after 40 h, with an induction period of 16–18 h.
However, on addition of 5% copper(II) acetate, the conver-
sion reaches 60% after 8 h (see further discussions).


The effect is even more dramatic in the reaction of nitro-
pentane with methyl acrylate, which gives no cycloadduct
after 40 h in the presence of N-methylpiperidine (NMP), but
affords 100% cycloadduct after the same period if 5% of
copper(II) acetate is added to the mixture. Preliminary re-
sults have been published before the present work was com-
plete.[33]


Assuming as a model the reaction of norbornene and ni-
troethane mentioned above, a screening of bases was carried
out, in which DABCO was replaced by various bases, in the
presence of 0.05 equivalents of copper(II) acetate: the con-
version of dipolarophile into product after 40 h is reported
in Table 2.


The reaction in general fails with heteroaromatic bases
(Table 2, entries 1–3 and 5) with the sole exception of 1-
methylimidazole (entry 4). Low conversions are observed
with secondary amines, such as diethylamine and piperidine


Abstract in Italian: E’ descritta una nuova procedura sinteti-
ca per la preparazione di 4,5-diidroisossazoli attraverso la
condensazione di nitrocomposti primari con olefine. Il
metodo si basa sull’utilizzo di un sistema catalitico costituito
da rame(II) accompagnato da una base organica. L’effetto
catalitico dei sali di rame(II) # stato evidenziato confrontan-
do le velocit$ di conversione per alcune reazioni modello. In-
fatti, i nitrocomposti attivati reagiscono pi% velocemente che
non in sola presenza di ammine terziarie mentre i nitroalcani,
i quali non condensano con i dipolarofili in presenza della
sola base, reagiscono per aggiunta di rame(II). Queste reazio-
ni di condensazione hanno mostrato la presenza di tempi
d’induzione variabili in funzione dei substrati e della tipolo-
gia di rame utilizzata. Il tempo d’induzione # imputabile a
pre-equilibri che precedono lo stadio lento della reazione e
sono in accordo con il meccanismo di reazione proposto. I ri-
sultati ottenuti mostrano che questo metodo # pratico e di uti-
lit$ generale per la sintesi organica.


Table 1. Catalytic activities of selected metal salts or complexes in the re-
action of norbornene with nitroethane.[a]


Entry[a] Metal t [h] Conv. [%][b]


1 none 72 0
2[c] CuACHTUNGTRENNUNG(OAc)2 72 0
3 [Ni ACHTUNGTRENNUNG(PPh3)4] 72 trace
4 CuACHTUNGTRENNUNG(OAc)2 20 (40) 45 (55)
5 CuACHTUNGTRENNUNG(OTf)2 20 52
6 CuACHTUNGTRENNUNG(CF3CO2)2 20 (40) 47 (56)
7 PdACHTUNGTRENNUNG(OAc)2 20 10


[a] Reactions were carried out by using nitroethane/norbornene/DAB-
CO/ ACHTUNGTRENNUNG[metal] in a 2.5:1:0.5:0.05 molar ratio. See the Experimental Section
for details. [b] Conversions are based on 1H NMR spectroscopic analysis.
[c] No base was used.
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(entries 22 and 25). No definite trend is apparent with other
bases, as the results are not related to their strength, to H-
bonding ability or to the presence of more than one basic
centre.[28] Since very strong bases cause faster decomposition
of nitroethane, NMP (entry 17) has been chosen for further
experiments. This base, tetramethylpropanediamine and 1-
ethylpiperidine (entries 15 and 18, respectively) represent
the right balance in terms of high conversion and low de-
composition of nitroethane.


The effect of the base/copper ratio and of reagent concen-
trations on the above model reaction was investigated next
(Table 3). The conversion observed after 40 h (0.3m norbor-
nene (1 equiv) in CHCl3; + nitroethane, 2.5 equiv + cop-
per(II) acetate, 0.05 equiv) decreases as the equivalents of
NMP are reduced from one equivalent (entry 1, 100%) to
0.5 (entry 2, 94%) and then to 0.05 equivalents (entry 5,


44%), without significant change when the solution is more
concentrated (entries 6–10, 0.6m). A similar trend is ob-
served with a stronger base, such as DBU (entries 11–15).
However, at low base concentrations, decomposition of ni-
troethane was not severe; therefore, prolonged reaction
times ensure complete conversion. These results indicate
that the best molar ratio is in the range of 0.5–0.2 base/0.05
copper.


To establish the influence of the copper source on the
process, a different dipolarophile/dipole pair was chosen. A
less-reactive dipolarophile, such as ethyl vinyl ether, and a
more-stable nitroalkane, such as nitropentane (see later),
was utilised to fine-tune the reaction conditions. The per-
centage conversion of dipolarophile after established inter-
vals was evaluated in the presence of different copper sour-
ces (Table 4).


Table 2. Catalytic activities of various bases in the reaction of norbor-
nene with nitroethane promoted by copper(II) acetate.


Entry[a] Base pKBH+
[b] Conv. [%][c]


1 2,2’-bipyridine 4.40 0
2 pyridine 5.23 0
3 2-DMAP[d] 7.00 0
4 1-methylimidazole 7.01 44 (33)
5 imidazole 7.18 0
6 4-methylmorpholine 7.41 27 (19)
7 Me2NCH2NMe2 7.67 37 (19)
8 4-(1-pyridinyl)morpholine 7.97 46 (43)
9 1,4-dimethylpiperazine 8.61 82 (68)
10 1,2-dimethylimidazole 8.86 59 (49)
11 Me2NCH2CH2NMe2 8.86 26 (22)
12 4-DMAP[e] 9.52 54 (48)
13 4-(1-pyrrolidinyl)pyridine 9.58 58 (52)
14 nBuMe2N 9.83 87 (64)
15 Me2N ACHTUNGTRENNUNG(CH2)3NMe2 9.88 92 (60)
16 iPrMe2N 9.91 74 (64)
17 NMP 9.91 95 (94)
18 1-ethylpiperidine 9.99 100 (84)
19 Et3N 10.62 78 (62)
20 1-methylpyrrolidine 10.62 85 (82)
21 cyclohexyldimethylamine 10.72 71 (53)
22 Et2NH 10.76 32 (30)
23 quinuclidine 10.87 76 (66)
24 iPr2EtN 10.98 46 (33)
25 piperidine 11.24 31 (31)
26 tropane 11.56 – (90)[f]


27 proton sponge 12.40 70 (52)
28 DBU[g] 13.27 – (84)[f]


29 MTBD[h] 14.37 – (83)[f]


30 TBD[i] 14.47 74 (71)


[a] Reactions were carried out by using nitroethane/norbornene/base/Cu-
ACHTUNGTRENNUNG(OAc)2 in a 2.5:1.0:0.5:0.05 molar ratio. See the Experimental Section for
more details. [b] Calculated by using Advanced Chemistry Development
(ACD/Labs) Software V8.14 for Solaris (1994–2007 ACD/Labs). [c] The
reported conversions are based on 1H NMR spectroscopic analysis. In
brackets the conversion observed after 20 h. [d] 2-Dimethylaminopyri-
dine. [e] 4-Dimethylaminopyridine. [f] Excess nitroethane was completely
deomposed after 20 h, therefore the conversion could no longer increase.
[g] 1,8-DiazabicycloACHTUNGTRENNUNG[5.4.1]undec-7-ene. [h] 7-Methyl-1,5,7-triazabicyclo-
ACHTUNGTRENNUNG[4.4.0]dec-5-ene. [i] 1,5,7-Triazabicyclo ACHTUNGTRENNUNG[4.4.0]dec-5-ene.


Table 3. Optimisation of reaction conditions: base/metal molar ratio and
concentration of dipolarophile.[a]


Entry Base Base/Cu ACHTUNGTRENNUNG(OAc)2 Norbornene [mm] Conv. [%][b]


1 NMP 1:0.05 304 100
2 NMP 0.5:0.05 304 94 (92)
3 NMP 0.2:0.05 304 65
4 NMP 0.1:0.05 304 56
5 NMP 0.05:0.05 304 44
6 NMP 1:0.05 608 100 (100)
7 NMP 0.5:0.05 608 98 (92)
8 NMP 0.2:0.05 608 72 (68)
9 NMP 0.1:0.05 608 59 (56)
10 NMP 0.05:0.05 608 41 (30)
11 DBU 1:0.05 304 82 (78)
12 DBU 0.5:0.05 304 83 (84)
13 DBU 0.2:0.05 304 76 (70)
14 DBU 0.1:0.05 304 66 (58)
15 DBU 0.05 0.05 304 51 (42)


[a] Reactions were carried out by using nitroethane/norbornene in a
2.5:1.0 molar ratio. See the Experimental Section for more details.
[b] The reported conversions are based on 1H NMR spectroscopic analy-
sis.


Table 4. Influence of the copper source on the condensation of nitropen-
tane with ethyl vinyl ether. Conversion into product by using an excess of
nitropentane.[a]


Entry [Cu] Conv. [%][b] Entry [Cu] Conv. [%][b]


1 Cu ACHTUNGTRENNUNG(OAc)2 62 (52) 6 Cu ACHTUNGTRENNUNG(OTf)2 53 (48)
2 CuOAc 71 (51)
3 Cu0[c] 75 (55) 7 CuO 0
4 Cu0[d] 63 (62) 8 CuCl2 58 (55)
5 CuI 48 (45) 9 Cu ACHTUNGTRENNUNG(CF3CO)2 56 (50)


[a] Reactions were carried out by using nitropentane/ethyl vinyl ether/
NMP/[Cu] in a 2.5:1.0:0.5:0.05 molar ratio. See the Experimental Section
for more details. [b] Conversions are based on 1H NMR spectroscopic
analysis. In brackets: conversion after 20 h. [c] Powder. [d] Wire.
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The oxidation state has apparently no influence on the re-
action course (CuO is unable to dissolve in the reaction
medium). This is ascribed to the easy oxidation of the metal
or of CuI to CuII by atmospheric oxygen in the presence of
both the base and nitro compound. In fact, no significant ox-
idation is observed in the presence of only one reagent: they
are both required, the nitro compound providing the acidity
and the amine bringing the salt in solution. An experiment
with both the reagents and copper powder under an argon
atmosphere showed a negligible reaction progress. The
anion moderately affects the conversion attained after 40 h;
however, in early reaction stages, a significant influence on
the induction period has been observed (see further discus-
sions, Figure 2).


The catalytic effect of copper(II) on the condensation of
primary nitro compounds with dipolarophiles has been evi-
denced by plotting the observed percentage conversion of
dipolarophile into product versus time for two model reac-
tions: 1) ethyl nitroacetate (1e) with styrene (3) (Figure 1)
and 2) nitropentane (1c) with methyl acrylate (6) (Figure 2).


The graphs refer to different catalytic systems, affecting
both the reaction rate (slope) and the induction period.
Thus, Figure 1 shows the progress of the reaction of ethyl ni-
troacetate and styrene with four catalytic systems:
1) DABCO/copper powder, 2) DABCO/copper(II) triflate,


3) DABCO/copper(II) acetate and 4) DABCO alone (Fig-
ure 1a–d, respectively). Initial reaction rates decrease in the
order listed above and are attained after induction periods
of a few minutes for (a), about 0.5 h for (b) and (c) and 24 h
for (d). These are better appreciated in the bottom graph of
Figure 1, in which the early reaction stages are shown on an
enlarged time scale.


The long induction period observed in the absence of
copper can be explained by the reaction sequence reported
in Scheme 1.[29] Since formation of the H-bonded salt A is
very fast, the induction time observed in this reaction
(Figure 1) appears to be required for the intermediate cyclo-


Figure 1. Conversion plots versus time for the condensation of ethyl ni-
troacetate (1e) and styrene (3). At the top: conversion plots in the ab-
sence of copper (d, ~), in presence of 5 mol% of copper (a, *), copper-
ACHTUNGTRENNUNG(II) triflate (b, &) and copper(II) acetate (c, &). The markers indicate the
times at which the samples were taken and the lines merely serve as a
guide to the eye. At the bottom: enlarged early stages. See the Experi-
mental Section for details.


Scheme 1. Mechanism for the DABCO-catalysed condensation of ethyl
nitroacetate and styrene.


Figure 2. Conversion plots versus time for the condensation of nitropen-
tane (1c) and methyl acrylate (6). At the top: conversion plots in absence
of copper (e, ~), in presence of 5 mol% of copper(II) triflate (h, &), cop-
per(II) acetate (g, &) and copper (f, *). The markers indicate the times at
which samples were taken and the lines merely serve as a guide to the
eye. At the bottom: enlarged early stages. See the Experimental Section
for details.
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adduct B to reach a steady concentration before the rate-de-
termining dehydration step to 13 attains its maximum rate.


When CuII is present in the catalytic system, we might
assume an analogous reaction sequence with copper(II) co-
ordination replacing the H-bond. The presence of CuII in
the catalytic system causes an increase of the maximum re-
action rate and a dramatic drop of the induction period. The
lack of induction time observed when Cu0 is employed (only
a few minutes are needed for the metal to get oxidised, Fig-
ure 1a) suggests that copper(II) chelate salts of ethyl nitro-
ACHTUNGTRENNUNGacetate are the reacting species.[34] The reaction rate (slope)
is greatly enhanced (almost 50% conversion in 90 min): cy-
cloaddition might become the rate-determining step without
significant equilibration, water release being faster. When
copper is supplied as the triflate (Figure 1b) or acetate (Fig-
ure 1c), the observed induction time (about 1 h in both
cases) is possibly required for the anions to attain equilibri-
um in CuII coordination, thus affecting both the cycloaddi-
tion step (induction time) and the loss of water (reaction
rate). Owing to the higher stability of the CuII chelate salt of
ethyl nitroacetate relative to triflate and acetate, the differ-
ence between these salts is barely detected (Figure 1b,c).


As already pointed out, nitroalkanes do not condense
with dipolarophiles in the presence of the base alone. Thus,
the model reaction of 1-nitropentane with methyl acrylate,
in the presence of NMP or of DABCO does not give any cy-
cloadduct after 40 h (Figure 2e). If copper powder
(0.05 equiv) is added to the reaction mixture, the reaction
begins after about 4 h, as shown by the plot of the percent-
age conversion versus time (Figure 2f). The induction time
might reasonably be ascribed to the oxidation of Cu0, which
is much slower with nitropentane than with nitroacetate,
due to the difference in acid strength and in salt stability.
However, the same reaction, on addition of 0.05 equivalents
of nitroacetate (1e) to 1-nitropentane (1c, 1 equiv) showed
no significant change in the induction period.


The other graphs, referred to different copper(II) salts,
show induction times varying with the anion and reasonably
depending on the equilibria preceding the rate-determining
step. Moreover, CuII might be coordinated to the dipolaro-
phile too. In fact, poorer results are obtained from reactions
of nitropentane with sluggish dipolarophiles that are unable
to coordinate with CuII (Table 5, entries 4, 7, and 11).


The catalytic effect of CuII on additions of nitronates[35,36]


or of silyl nitronates[37] is well documented. In the present
condensation, there is evidence that coordination with CuII


catalyses the cycloaddition step and the loss of water as
well.[38]


Synthetic applications : With optimised conditions in hand,
the substrate scope and limits of the reaction were explored
by using a broad spectrum of alkenes with different struc-
tures and electronic demands as well as various nitro com-
pounds (Table 5).


With a reactive dipolarophile, such as norbornene, the
yields of isoxazolines from activated and non-activated nitro
compounds (Table 5, entries 1–3). With a less-reactive dipo-


larophile, such as styrene, differences, in terms of yield, have
been found between activated and non-activated nitro com-
pounds: ethyl nitroacetate (1e) (entry 5, 97%) gives a
higher yield than 1-nitropentane (1c) (entry 4, 61%) or
methyl 4-nitrobutanoate (1d) (entry 6, 74%). The same be-
haviour is observed with allyl alcohol (8) (95 vs. 80%, en-
tries 13 and 14, respectively). Nitroalkanes show similar re-
sults (entries 8, 9 and 10) in reactions with the acrylate 6 : a
better yield is obtained with nitropentane than with nitro-
ethane as a result of extensive decomposition of the latter.
Cyclopentene (5) with nitropentane gives the cycloadduct 15
in poor yield. (entry 7, 17%) even forcing the reaction con-
ditions (80 8C, 27%). It is worth noting that when a free hy-
droxy group is present in the dipolarophile neither catalyst
deactivation nor side reactions of the alcohol are observed
(entries 13 and 14). This outcome allows the incorporated
unprotected hydroxy group to function as handle for further
synthetic elaborations. The observed reactivities qualitative-
ly accord with the reactivity sequences reported for benzoni-
trile oxide and for N-methyl-C-phenyl nitrone towards dif-
ferent olefins: in fact, cyclopentene corresponds to very low
reactivity values.[40] This agreement supports the analogy of
these 1,3-dipoles with the nitronate, involved in the cycload-
dition depicted in Scheme 1. As a copper source for the cat-


Table 5. Reactions of nitro compounds 1a–f with various alkenes 2–8 in
the presence of a copper/base catalytic system.[a]


Entry R3 R4 R5 Product Yield [%][b]


1 Me 9 90
2 nBu 10 99
3 EtOCO 11 99
4[c] nBu H Ph 12 61
5 EtOCO H Ph 13 97
6[c] MeO2C ACHTUNGTRENNUNG(CH2)2 H Ph 14 74
7[c] nBu �CH2CH2CH2� 15 17, 27[d]


8 Me H CO2Me 16 89
9 Et H CO2Me 17 87
10 nBu H CO2Me 18 93
11 nBu H OEt 19 62
12 nBu H CONMe2 20 90
13 EtOCO H CH2OH 21 95
14[c] nBu H CH2OH 22 80
15 PhCO H Ph 23 95
16 PhCO H CONMe2 24 99


[a] Reaction conditions: nitro compound (1.06 mmol), alkene
(0.424 mmol), NMP (0.084–0.212 mmol), copper or copper(II) acetate
(5 mol% with respect to the alkene), CHCl3 (1.4 mL). See the Experi-
mental Section for details. [b] Isolated yield, determined on the analyti-
cally pure product and based on the dipolarophile. [c] Copper or copper-
ACHTUNGTRENNUNG(II) acetate, 10 mol% with respect to the alkene. [d] The reaction was
carried out at 80 8C.
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alytic system, either copper(II) acetate or copper metal (as
powder or wire)[39] can be used. The latter are especially
practical (a small piece of copper metal as a wire or turnings
is all that needs to be added to the reaction mixture) and
convenient for reactions involving oxygenated dipolaro-
philes.[41]


Finally, we scaled-up, as a representative process, the re-
action of ethyl nitroacetate (1e) with allyl alcohol (8)
[Eq. (3)].


For the sake of practicality, copper wire was used. In pre-
liminary experiments, copper wire was added to the mixture
of other reagents, then removed when the solution turned
pale green, in order to limit over dissolution of the metal.
However, considering that the amount of dissolved copper
is dependent on the amount of base, if we use only
2.5 mol% of base, the copper wire can be left as long as the
reaction is complete and partial decomposition of nitro ace-
tate is thus avoided. This operating procedure allows the
excess of the nitro acetate 1e to be lowered to 1.2 equiva-
lents relative to the dipolarophile. The reaction carried out
with 4 mmol of dipolarophile proceeded with efficiency and
product 21 was isolated in 93% yield together with traces of
the corresponding 4-substituted regioisomer.


Conclusion


We have developed an efficient procedure based on a [Cu]/
NMP catalyst, which provides a route for the synthesis of
4,5-dihydroisozazoles from nitro compounds. This method is
the first general catalytic process of condensation between
nitro compounds and alkenes. The process uses a cheap and
commercially available catalyst, and does not require the ex-
clusion of oxygen or the use of meticulously dried solvents
to protect the catalytic system. New methodologies for the
facile synthesis of 4,5-dihydroisoxazoles enhance their at-
tractiveness as a platform for the synthesis of complex mole-
cules. The recognition that condensation between nitro com-
pounds and dipolarophiles can be promoted or accelerated
by a copper/base catalytic system offers unique mechanistic
insights with implications for the further development of
highly active and enantioselective catalysts. Studies are un-
derway to extend the applications of this reaction.


Experimental Section


General methods : Chromatographic separations were performed on
silica gel 60 (40–6.3 mm) with analytical grade solvents, driven by a posi-


tive pressure of air; Rf values refer to TLC (visualised with UV light, per-
manganate or anisaldehyde stain) carried out on 25 mm silica-gel plates
(Merck F254), with the same eluent indicated for the column chromatog-
raphy. For gradient column chromatography, Rf values refer to the more
polar eluent. Solvent removal was performed by evaporation on a rota-
vap at room temperature. 1H and 13C NMR spectra were recorded with a
Varian Mercuryplus 400 spectrometer (operating at 400 MHz for 1H and
100.58 MHz for 13C NMR) unless otherwise stated. The 1H NMR spectro-
scopic data are reported as (s= singlet, d=doublet, t= triplet, m=multip-
let or unresolved, br=broad signal, coupling constant(s) in Hz, integra-
tion). The multiplicities of the 13C NMR spectroscopic signals and assign-
ments were determined by means of gHSQC and gHMBC experiments.
Chemical shifts were determined relative to the residual solvent peak
(CHCl3: d=7.24 for 1H and 77.0 ppm for 13C NMR spectra). EI (electron
impact) mass spectra (at an ionising voltage of 70 eV) were obtained by
using a Shimadzu QP5050A quadrupole-based mass spectrometer. Ion
mass/charge ratios (m/z) are reported as values in atomic mass units fol-
lowed by the intensities relative to the base peak in parenthesis. IR spec-
tra were recorded with a Perkin–Elmer 881 spectrophotometer. Elemen-
tal analyses were obtained by using an Elemental Analyser Perkin–
Elmer 240C apparatus. All compounds were named with Autonom (Beil-
stein Information Systems) and modified where appropriate.


Materials : Commercially available (Lancaster or Aldrich) nitro com-
pounds (nitroethane, nitropropane, nitropentane, ethyl nitroacetate and
methyl 4-nitrobutanoate) and organic bases were used as supplied.
CHCl3 (ethanol free) was filtered through a short pad of potassium car-
bonate just before use. Allyl alcohol was distilled before use. Metal salts
of Rh, Cu, Ag, Ni, Pt and Pd were used without treatment. The copper
wire was freshly activated just before the use by rapid treatment with
20% aq. nitric acid, and was then washed and dried. Copper powder was
purchased from Fluka and used without further purification.


Determination of the catalytic activities of different metal salts (Table 1):
Various metal salts were screened in a homemade apparatus in which 6–8
reactions were carried out simultaneously in sealed tubes. The metal salt
(0.0212 mmol) was suspended in CHCl3 (1.4 mL). Nitroethane (1a ;
76 mL, 1.06 mmol), norbornene (2 ; 40 mg, 0.424 mmol) and DABCO
(24 mg, 0.212 mmol) were added consecutively and the mixture heated at
60 8C. After 20 h, a portion was withdrawn, diluted in CDCl3 (0.6 mL)
and the 1H NMR spectrum was recorded (Varian Gemini 200 MHz). The
percentage conversion was evaluated by integrating the Norb-H proton
signal of the cycloadduct 9 (m, d=2.49 ppm) and the ethylenic protons
of norbornene (2) (s, d=5.90 ppm). Formation of cycloadduct 9 was as-
sumed to be the only process involving norbornene.


Reaction between nitroethane and norbornene in the presence of
DABCO/Pd ACHTUNGTRENNUNG(OAc)2 : Pd ACHTUNGTRENNUNG(OAc)2 (9.5 mg, 0.0425 mmol) was suspended in
CHCl3 (2.8 mL). Nitroethane (1a ; 153 mL, 2.12 mmol), norbornene (2 ;
80 mg, 0.85 mmol) and DABCO (48 mg, 0.425 mmol) were added consec-
utively and the mixture heated at 60 8C for 20 h. The mixture was then
concentrated and the resulting residue showed a spot with the same Rf as
an authentic sample of 9 (hexane/diethyl ether 1:1, Rf=0.48). The residue
was then dissolved in diethyl ether (15 mL), washed with HCl 5% (3N
15 mL), brine (3N15 mL) and the organic layer dried (sodium sulphate).
The solvent was evaporated to afford 9 (8 mg, 12%) as a clear oil.


Determination of the activities of different base/copper(II) acetate cata-
lytic systems (Table 2): Various base/CuACHTUNGTRENNUNG(OAc)2 catalytic systems were
screened by using the apparatus mentioned above. Copper(II) acetate
(3.9 mg, 0.0212 mmol) was suspended in CHCl3 (1.4 mL). Nitroethane
(1a ; 76 mL, 1.06 mmol), norbornene (2 ; 40 mg, 0.424 mmol) and the base
(0.212 mmol) were added consecutively and the mixture heated at 60 8C.
After 20 and 40 h, a portion was withdrawn, diluted in CDCl3 (0.6 mL)
and the 1H NMR spectrum recorded (Varian Gemini 200 MHz). The per-
centage conversion was evaluated by integrating the CHC=N or Norb-H
proton signal of the cycloadduct 9 (d, d=2.93 or 2.49 ppm, respectively)
and the ethylenic protons of norbornene (2) (s, d=5.90 ppm). Formation
of cycloadduct 9 was assumed to be the only process involving norbor-
nene.


Optimisation of reaction conditions by varying the base/metal ratio and
dipolarophile concentration (Table 3): NMP/CuACHTUNGTRENNUNG(OAc)2 and DBU/Cu-
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ACHTUNGTRENNUNG(OAc)2 catalytic systems were screened considering their ratio at differ-
ent concentrations of dipolarophile by using the same apparatus as
above. Copper(II) acetate (3.9 mg, 0.0212 mmol) was suspended in
CHCl3 (1.4 or 0.7 mL). Nitroethane (1a ; 76 mL, 1.06 mmol), norbornene
(2 ; 40 mg, 0.424 mmol) and the base (0.424, 0.212, 0.085, 0.0424 or
0.0212 mmol) were added consecutively and the mixture was heated at
60 8C. After 20 and 40 h, reaction mixtures were analysed as reported
above. The percentage conversion was evaluated as above (Table 2).


Influence of the copper source on the condensation of nitro compounds
with dipolarophiles (Table 4): Different copper sources (see Table 4)
were screened by using the same apparatus as before. A copper salt,
powder (0.0212 mmol) or a piece of copper wire was suspended in CHCl3
(1.4 mL). Nitropentane (1c ; 130 mL, 1.06 mmol), ethyl vinyl ether (4 ;
41 mL, 0.424 mmol,) and NMP (26 mL 0.212 mmol) were added consecu-
tively and the mixture heated at 60 8C. After 40 h, a portion was with-
drawn, diluted in CDCl3 (0.6 mL) and the 1H NMR spectrum recorded
(Varian Gemini 200 MHz). The percentage conversion was evaluated by
integrating the 5-H proton signal of the cycloadduct 19 (d, d=5.44 ppm)
and the ethylenic protons of ethyl vinyl ether (4) (dd, d=6.42 ppm). For-
mation of cycloadduct 19 was assumed to be the only process involving
ethyl vinyl ether.


Determination of dipolarophile conversion as a function of time for dif-
ferent catalytic systems (Figures 1 and 2): Various catalytic systems were
screened in the usual apparatus. The samples were analysed by using a
1H NMR spectroscopic technique.


Preparation of samples (Figure 1): A mother reaction mixture was pre-
pared by dissolving ethyl nitroacetate (1e ; 1.656 g, 2.5 equiv), styrene (3 ;
0.531 g, 1.0 equiv) and DABCO (0.114 g, 0.2 equiv) in CHCl3 (25.07 g) at
room temperature; then eight sample reactions were obtained by weigh-
ing 2.333 g of the mother mixture. Each sample was then heated at 60 8C
directly or after the addition of copper powder (1.4 mg) or copper(II)
acetate (3.9 mg). Reactions were carried out simultaneously in sealed
tubes in the usual apparatus and screened at different times.


Conversion evaluation : An aliquot portion (80 mL) was diluted with
CDCl3 (0.6 mL). After addition of [D6]DMSO (�30 mL) and trifluoro-
acetic acid (�4 mL) the 1H NMR spectrum was recorded (Varian Gemini
200 MHz) and the percentage conversion was evaluated by integrating
the 4-H proton signal of the cycloadduct 13 (dd, d= �3.10 ppm), com-
bined with the signal of 5-H from cycloadduct 13 (dd, d= �5.7 ppm) and
the ethylenic protons of styrene (3) (m, d=5.55–5.70 ppm).


Preparation of samples (Figure 2): Nitropentane (1c ; 1.493 g, 2.5 equiv),
methyl acrylate (6 ; 0.439 g, 1.0 equiv), NMP (0.31 g, 0.5 equiv) and
CHCl3 (25.07 g) were mixed at room temperature. Then, eight sample re-
actions were obtained by weighing 2.271 g of the above mother mixture,
which was treated as above.


Conversion evaluation : An aliquot portion (80 mL) was diluted with
CDCl3 (0.6 mL), the 1H NMR spectrum was recorded (Varian Gemini
200 MHz) and the percentage conversion was evaluated by integrating
the 5-H proton signal of the cycloadduct 18 (m, d= �4.98 ppm) and the
ethylenic protons of methyl acrylate (6) (m, d =5.76–5.88 ppm).


General procedure for the preparation of isoxazolines 9–24 : Nitro com-
pound (1.06 mmol), dipolarophile (0.424 mmol) and NMP were added in
sequence to a suspension of either CuACHTUNGTRENNUNG(OAc)2 or copper powder in CHCl3
(1.4 mL). The stirred mixture, which had been heated in a sealed tube at
60 8C (unless otherwise stated), turned light green and became clear after
10–20 min (less than 5 min for activated nitro compounds). Stirring was
then maintained for the indicated time. After this time, the solvent was
removed and the residue was dissolved in CH2Cl2 (10 mL); silica gel
(200 mg) was added to the mixture and the solvent evaporated. The silica
gel with the adsorbed product was loaded onto the top of a column of
silica gel and purified by chromatography with the indicated eluent.


Isoxazoline 9 (5-methyl-3-oxa-4-azatricyclo[5.2.1.02,6]dec-4-ene): Nitro-
ethane (1a ; 76 mL), norbornene (2 ; 40 mg), NMP (26 mL, 0.212 mmol)
and copper powder (1.3 mg, 0.0212 mmol) gave after 20 h and chromato-
graphic purification (hexane/diethyl ether 2:1, Rf=0.25) 9 as a clear oil,
which turned to clear pale yellow on standing (58 mg, 90%). 1H NMR:
d=1.00–1.22 (m, 3H; Norb-H), 1.38–1.58 (m, 3H; Norb-H), 1.88 (s, 3H;


CH3), 2.32 (m, 1H; Norb-H), 2.49 (m, 1H; Norb-H), 2.93 (d, J=8.0 Hz,
1H; CHC=N), 4.39 ppm (d, J=8.0 Hz, 1H; CHON); 13C NMR: d =11.9
(q; CH3), 22.6 (t; Norb-C), 27.2 (t; Norb-C), 32.0 (t; Norb-C), 38.0 (d;
Norb-C), 42.8 (d; Norb-C), 60.6 (d; CC=N), 86.1 (d; CON), 155.4 ppm (s,
C=N); IR (CDCl3): ñ =2964, 2877, 1630, 1455, 1436, 1384, 1331 cm�1; MS
(EI): m/z (%): 151 (36) [M]+ , 131 (10), 109 (8), 84 (68), 67 (100); ele-
mental analysis calcd (%) for C9H13NO (151.21): C 71.49, H 8.67, N 9.26;
found: C 71.19, H 9.02, N 9.31.


Isoxazoline 10 (5-butyl-3-oxa-4-azatricyclo[5.2.1.02,6]dec-4-ene): Nitropen-
tane (1c ; 130 mL), norbornene (2 ; 40 mg), NMP (26 mL, 0.212 mmol) and
copper powder (1.3 mg, 0.0212 mmol) gave after 40 h and chromato-
graphic purification (hexane, then hexane/diethyl ether 10:1, Rf=0.26) 10
as a colourless oil (81 mg, 99%). 1H NMR: d =0.88 (t, J=14.0 Hz, 3H;
CH3), 0.99–1.24 (m, 3H; CH2CH3, Norb-H), 1.24–1.43 (m, 3H; CH2C=N,
Norb-H), 1.42–1.61 (m, 4H; CH2C=N, Norb-H), 2.08–2.18 (m, 1H;
CH2CH2CH3), 2.24–2.38 (m, 2H; Norb-H, CH2CH2CH3), 2.44–2.48 (m,
1H; Norb-H), 2.95 (d, J=8.3 Hz, 1H; CHC=N), 4.35 ppm (d, J=8.3 Hz,
1H; CHON); 13C NMR: d =13.7 (q; CH3), 22.4 (t; CH2CH3), 22.6 (t;
Norb-C), 26.3 (t; CH2C=N), 27.2 (t; Norb-C), 28.3 (t; CH2CH2CH3), 32.0
(t; Norb-C), 38.1 (d; Norb-C), 42.8 (d; Norb-C), 59.3 (d; CHC=N), 85.9
(d; CON), 158.8 ppm (s; C=N); IR (CDCl3): ñ =2961, 2875, 1619,
1456 cm�1; MS (EI): m/z (%): 193 (13) [M]+ , 178 (3), 164 (30), 151 (100),
126 (22), 67 (54); elemental analysis calcd (%) for C12H19NO (193.29): C
74.57, H 9.91, N 7.25; found: C 74.27, H 10.28, N 7.07.


Isoxazoline 11 (3-oxa-4-aza-tricyclo[5.2.1.02,6]dec-4-ene-5-carboxylic acid
ethyl ester): Ethyl nitroacetate (1e ; 118 mL), norbornene (2 ; 40 mg),
NMP (10 mL, 0.0845 mmol) and Cu ACHTUNGTRENNUNG(OAc)2 (3.9 mg, 0.0212 mmol) gave
after 20 h and chromatographic purification (hexane then hexane/diethyl
ether 3:1, Rf=0.25) 11 as a clear oil (88 mg, 99%). Elemental analysis
calcd (%) for C11H15NO3 (209.2): C 63.14, H 7.23, N 6.69; found: C 62.94,
H 7.41, N 7.07; the spectral data are identical to those previously report-
ed.[28]


Isoxazoline 12 (3-butyl-5-phenyl-4,5-dihydroisoxazole): Nitropentane (1c ;
130 mL), styrene (3 ; 49 mL), NMP (26 mL, 0.212 mmol) and CuACHTUNGTRENNUNG(AcO)2
(7.7 mg, 0.0424 mmol) gave after 40 h and chromatographic purification
(hexane, then hexane/diethyl ether 3:1, Rf=0.29) 12 as a colourless liquid
(53 mg, 61%). 1H NMR: d =0.91 (t, J=7.4 Hz, 3H; CH3), 1.30–1.40 (m,
2H; CH2CH3), 1.50–1.58 (m, 2H; CH2CH2CH3), 2.36 (t, J=7.8 Hz, 2H;
CH2C-3), 2.87 (dd, J=8.0, 17.0 Hz, 1H; 4-H), 3.33 (dd, J=10.8, 17.0 Hz,
1H; 4-H), 5.13 (dd, J=8.0, 10.8 Hz, 1H; 5-H), 7.12–7.18 ppm (m, 5H;
Ph-H); 13C NMR: d=13.6 (q; CH3), 22.3 (t; CH2CH3), 27.3 (t; CH2C-3),
28.4 (CH2CH2CH3), 45.3 (t; C-4), 81.1 (d; C-5), 125.6 (d, 2C; Ph-C) 127.9
(d; Ph-C), 128.6 (d, 2C; Ph-C), 141.3 (s; Ph-C), 158.5 ppm (s; C-3); IR
(CDCl3): ñ=2959, 2931, 1624, 1597, 1548, 1493, 1456, 1466, 1432 cm�1;
MS (EI): m/z (%): 203 (6) [M]+ , 161 (51), 144 (27), 104 (100); elemental
analysis calcd (%) for C13H17NO (203.28): C 76.81, H 8.43, N 6.89; found:
C 76.71, H 8.59, N 7.06.


Isoxazoline 13 (ethyl 5-phenyl-4,5-dihydro-3-isoxazolecarboxylate): Ethyl
nitroacetate (1e ; 118 mL), styrene (3 ; 49 mL), NMP (10 mL, 0.0845 mmol)
and copper powder (1.3 mg, 0.0212 mmol) gave after 20 h and chromato-
graphic purification 13 (hexane/diethyl ether 2:1, Rf=0.26) as a colour-
less oil. Before chromatographic purification the crude material was dis-
solved in diethyl ether (15 mL) and saturated NaCO3 (15 mL) was added.
The mixture was vigorously stirred for 30 min and then the organic layer
was washed with brine (3N15 mL), dried (sodium sulphate) and concen-
trated under reduced pressure (90 mg, 97%). Elemental analysis calcd
(%) for C12H13NO3 (219.24): C 65.74, H 5.98, N 6.39; found: C 65.46, H
6.01, N 6.51; the spectral data are identical to those previously report-
ed.[28]


Isoxazoline 14 (methyl 3-(5-phenyl-4,5-dihydro-3-isoxazolyl)propanoate):
Methyl 4-nitrobutanoate (1d ; 136 mL), styrene (3 ; 49 mL), NMP (26 mL,
0.212 mmol) and copper powder (1.3 mg, 0.0212 mmol) gave after 112 h
and chromatographic purification (hexane, then hexane/diethyl ether 2:3,
Rf=0.27) 14 as a yellow oil (73 mg, 74%). 1H NMR: d=2.60–2.72 (m,
4H; CH2CH2CO, CH2CH2CO), 2.90 (dd, J=17.0, 8.0 Hz, 1H; 4-H), 3.36
(dd, J=17.0, 10.8 Hz, 1H; 4-H), 3.67 (s, 3H; OCH3), 5.53 (dd, J=8.0,
10.8 Hz, 1H; 5-H), 7.26–7.38 ppm (m, 5H; Ph-H); 13C NMR: d=23.2 (t;
CH2CH2C=O), 30.4 (t; CH2CH2C=O), 45.7 (t; C-4), 51.8 (q; OCH3), 81.6
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(d; C-5), 125.7 (d, 2C; Ph-C), 128.0 (d; Ph-C), 128.6 (d, 2C; Ph-C), 141.0
(s; Ph-C), 156.9 (s; C-3), 172.7 ppm (s; C=O); IR (CDCl3): ñ =3032,
2954, 2840, 1733 (C=O), 1623, 1603, 1552, 1494, 1438, 1366, 1339 cm�1;
MS (EI): m/z (%): 233 (51) [M]+ , 232 (28), 202 (39) [M�OMe]+ , 200
(37), 174 (12) [M�CO2Me]+ , 156 (51), 104 (100), 91 (20), 77 (33) [Ph]+ ;
elemental analysis calcd (%) for C13H15NO3 (233.26): C 66.94, H 6.48, N
6.00; found: C 66.64, H 6.77, N 6.04.


Isoxazoline 15 (3-butyl-4,5,6,6a-tetrahydro-3aH-cyclopenta[d]isoxazole)


Experiment conducted with copper acetate at 60 8C : A sealed tube was
charged with copper(II) acetate (7.7 mg, 0.0424 mmol) suspended in
CHCl3 (1.4 mL). Nitropentane (1c ; 130 mL, 1.06 mmol), cyclopentene (5 ;
37.5 mL, 0.424 mmol) and NMP (52 mL, 0.424 mmol) were then added
consecutively and the mixture heated at 60 8C. The solution was left stir-
ring for 40 h. After this time, the solvent was removed and the residue
dissolved in CH2Cl2 (10 mL); silica gel (200 mg) was added to the mix-
ture and the solvent evaporated. The silica gel with the adsorbed product
was loaded onto the top of a column of silica gel and purified by chroma-
tography (hexane, then hexane/diethyl ether 4:1, Rf=0.25) to provide the
product 15 as a clear pale-yellow oil (12 mg, 17%).


Experiment conducted with copper powder at 80 8C : A sealed tube was
charged with copper powder (2.7 mg, 0.0424 mmol) suspended in CHCl3
(1.4 mL). Nitropentane (1c ; 130 mL, 1.06 mmol), cyclopentene (5 ;
37.5 mL, 0.424 mmol) and NMP (52 mL, 0.424 mmol) were then added
consecutively and the mixture heated at 80 8C. The clear solution was left
stirring for 60 h. After this time, the solvent was removed and the residue
purified as above to give the product 15 as a clear pale-yellow oil (19 mg,
27%). 1H NMR: d=0.90 (t, J=7.4 Hz, 3H; CH3), 1.16–1.22 (m, 2H;
CH2CH3), 1.23–1.70 (m, 6H; Bu-H, Cp-H), 1.79–1.84 (m, 1H; Cp-H),
2.00–2.08 (m, 1H; Cp-H), 2.10–2.20 (m, 1H; CH2C=N), 2.30–2.40 (m,
1H; CH2C=N), 3.52 (t, J=7.8 Hz, 1H; CHC=N), 4.97 ppm (dd, J=5.0,
8.8 Hz, 1H; CHCON); 13C NMR: d=13.7 (q; CH3), 22.4 (t; CH2CH3),
23.3, (t; Cp-C), 26.1 (t; CH2C=N), 28.4, (t; CH2CH2CH3), 30.2 (t; Cp-C),
35.9 (t; Cp-C), 54.3 (d; CC=N), 85.4 (d; CON), 159.9 ppm (s; C=N); IR
(CDCl3): ñ =2959, 2872, 1620, 1548, 1466, 1435 cm�1; MS (EI): m/z (%):
167 (6) [M]+ , 152 (2) [M�Me]+ , 138 (22) [M�Et]+ , 125 (100), 108 (16),
93 (40); elemental analysis calcd (%) for C10H17NO (167.25): C 71.81, H
10.24, N 8.37; found: C 71.91, H 10.42, N 8.20.


Isoxazoline 16 (methyl 3-methyl-4,5-dihydro-5-isoxazolecarboxylate): Ni-
troethane (1a ; 76 mL), methyl acrylate (6) (39 mL), NMP (26 mL,
0.212 mmol) and CuACHTUNGTRENNUNG(AcO)2 (3.9 mg, 0.0212 mmol) gave after 40 h and
chromatographic purification (hexane, then hexane/diethyl ether 1:2, Rf=


0.24) 16 as pale-yellow oil (54 mg, 89%). 1H NMR: d=1.98 (m, 3H;
CH3), 3.19 (dm (doublet of multiplets), J=8.0 Hz, 2H; 4-H), 3.75 (s, 3H;
OCH3), 4.96 ppm (dd, J=8.0, 9.8 Hz, 1H; 5-H); 13C NMR: d=12.6 (q;
CH3), 42.4 (t; C-4), 52.7 (q; OCH3), 77.04 (d; C-5), 154.8 (s; C-3),
170.9 ppm (s; C=O); IR (CDCl3): ñ=2956, 2925, 2850, 1741 (C=O), 1633,
1551, 1437, 1386, 1325 cm�1; MS (EI): m/z (%): 143 (2) [M]+ , 112 (2)
[M�OMe]+ 84 (72) [M�CO2Me]+ , 56 (100); elemental analysis calcd
(%) for C6H9NO3 (143.14): C 50.35, H 6.34, N 9.79; found: C 50.16, H
6.60, N 10.05.


Isoxazoline 17 (methyl 3-ethyl-4,5-dihydro-5-isoxazolecarboxylate): Ni-
tropropane (1b ; 94 mL, 1.06 mmol), methyl acrylate (6 ; 39 mL), NMP
(26 mL, 0.212 mmol) and Cu ACHTUNGTRENNUNG(AcO)2 (3.9 mg, 0.0212 mmol) gave after 40 h
and chromatographic purification (hexane then hexane/diethyl ether 5:3,
Rf=0.15) 17 as a pale-yellow oil (58 mg; 87%). 1H NMR: d=1.14 (t, J=


9.2 Hz, 3H; CH3), 2.35 (q, J=9.2 Hz, 2H; CH2CH3), 3.19 (d, J=9.6 Hz,
2H; 4-H), 3.75 (s, 3H; OCH3), 4.94 ppm (t, J=9. 6 Hz, 1H; 5-H);
13C NMR: d=10.7 (q; CH3), 20.8 (t; CH2CH3), 40.8 (t; C-4), 52.6 (q;
OCH3), 76.8 (d; C-5), 159.4 (s; C-3), 171.0 ppm (s; C=O); IR (CDCl3):
ñ=2979, 2955, 1739 (C=O), 1626, 1602, 1461, 1438 cm�1; MS (EI): m/z
(%): 157 (2) [M]+ , 140 (2), 126 (1) [M�OMe]+ , 98 (84) [M�CO2Me]+ ,
70 (100); elemental analysis calcd (%) for C7H11NO3 (157.17): C 53.50, H
7.05, N 8.91; found: C 53.88, H 7.13, N 8.53.


Isoxazoline 18 (methyl 3-butyl-4,5-dihydro-5-isoxazolecarboxylate): Ni-
tropentane (1c ; 130 mL), methyl acrylate (6 ; 39 mL), NMP (26 mL,
0.212 mmol) and copper powder (1.3 mg, 0.0212 mmol) gave after 40 h
and chromatographic purification (hexane, then hexane/diethyl ether 4:3,
Rf=0.22) 18 as a colourless oil (73 mg, 93%). Elemental analysis calcd


(%) for C9H15NO3 (185.22): C 58.36, H 8.16, 4, N 7.56; found: C 57.98, H
8.33, N 7.68; the spectral data are identical to those previously report-
ed.[33]


Isoxazoline 19 (3-butyl-5-ethoxy-4,5-dihydroisoxazole): Four preparations
were carried out by using identical reaction conditions but with different
catalytic systems.


1) A sealed tube was charged with Cu ACHTUNGTRENNUNG(AcO)2 (3.9 mg, 0.0212 mmol)
suspended in CHCl3 (1.4 mL). Nitropentane (1c ; 130 mL, 1.06 mmol),
ethyl vinyl ether (4 ; 41 mL 0.424 mmol) and NMP (26 mL,
0.212 mmol) were then added consecutively and the mixture was
heated at 60 8C. The resulting solution was left stirring for 40 h. The
solvent was then removed and the residue dissolved in CH2Cl2
(10 mL). Silica gel (200 mg) was added to the mixture and the solvent
evaporated. The silica gel with the adsorbed product was loaded onto
the top of a column of silica gel and purified by chromatography
(hexane then hexane/diethyl ether 10:1, Rf=0.15) to give the product
19 as a clear oil, which turned yellow on standing (41 mg, 56%).


2) The reaction was repeated by using 1-ethylpiperidine instead of
NMP to give 38 mg of 19 (52%).


3) A sealed tube was charged with copper powder (1.3 mg,
0.0212 mmol) suspended in CHCl3 (1.4 mL). Nitropentane (1c ;
130 mL, 1.06 mmol), ethyl vinyl ether (4 ; 41 mL, 0.424 mmol) and
NMP (26 mL, 0.212 mmol) were then added consecutively and the
mixture heated at 60 8C. The resulting solution was left stirring for
40 h, then worked-up as for 1 to give the product 19 as a clear oil,
which turned yellow on standing (45 mg, 62%).


4) The reaction was repeated by using 1-ethylpiperidine instead of
NMP to give 19 (43 mg, 59%). 1H NMR: d =0.89 (t, J=7.4 Hz, 3H;
CH3), 1.16 (t, J=7.2 Hz, 3H; OCH2CH3), 1.32–1.40 (m, 2H;
CH2CH3), 1.48–1.59 (m, 2H; CH2CH2CH3), 2.32–2.38 (m, 2H; CH2C-
3), 2.70 (dd, J=1.6, 7.6 Hz, 1H; 4-H), 2.96 (dd, J=6.6, 17.6 Hz, 1H;
4-H), 3.46–3.54 (m, 1H; OCH2CH3), 3.77–3.85 (m, 1H; OCH2CH3),
5.44 ppm (dd, J=1.6, 6.6 Hz, 1H; 5-H); 13C NMR: d =13.6 (q; CH3),
15.0 (q; OCH2CH3), 22.3 (t; CH2CH3), 27.3 (t; CH2C-3), 28.4 (t;
CH2CH2CH3), 43.7 (t; C-4), 63.4 (t; OCH2), 101.9 (d; C-5),
159.4 ppm (s; C-3); IR (CDCl3): ñ=2960, 2932, 1620, 1457 cm�1; MS
(EI): m/z (%): 171 (<1) [M]+ , 156 (1) [M�Me]+ , 142 (7) [M�Et]+ ,
129 (87), 126 (9) [M�OEt]+ , 97 (44), 72 (62), 57 (100); elemental
analysis calcd (%) for C9H17NO2 (171.238): C 63.13, H 10.01, N 8.18;
found: C 62.97, H 9.94, N 8.05.


Isoxazoline 20 (3-butyl-4,5-dihydroisoxazole-5-carboxylic acid dimethyl-
ACHTUNGTRENNUNGamide): Nitropentane (1c ; 130 mL), dimethyl acrylamide (7; 43.8 mL),
NMP (26 mL, 0.212 mmol) and Cu ACHTUNGTRENNUNG(AcO)2 (3.9 mg, 0.0212 mmol) gave
after 20 h and chromatographic purification (hexane, then hexane/diethyl
ether 1:10, Rf=0.25) 20 as a colourless oil, which turned pale-yellow on
standing (76 mg, 90%). 1H NMR: d=0.87 (t, J=7.6 Hz, 3H; CH3), 1.26–
1.36 (m, 2H; CH2CH2CH3), 1.48–1.56 (m, 2H; CH2CH2CH3), 2.31 (t, J=


7.6 Hz, 2H; CH2C-3), 2.90 (dd, J=10.9, 17.0 Hz, 1H; 4-H), 2.94 (s, 3H;
NCH3), 3.11 (s, 3H; NCH3), 3.67 (dd, J=7.2, 17.0 Hz, 1H; 4-H),
5.12 ppm (dd, J=7.2, 10.9 Hz, 1H; 5-H); 13C NMR: d =13.6 (q; CH3),
22.2 (t; CH2CH3), 26.9 (t; CH2C-3), 28.2 (t; CH2CH2CH3), 35.9 (q;
NCH3), 37.1 (q; NCH3), 38.9 (t; C-4), 76.6 (d; C-5), 158.5 (s; C-3),
167.7 ppm (s; C=O); IR (CDCl3): ñ=2960, 2933, 2874, 1649 (C=O), 1602,
1499, 1417, 1404 cm�1; MS (EI): m/z (%) 198 (4) [M]+ , 181 (3), 168 (4),
167 (20), 126 (77), [M�CONMe2]


+ , 72 (100); elemental analysis calcd
(%) for C10H18N2O2 (198.26): C 60.58, H 9.15, N 14.13; found: C 60.49, H
9.45, N 13.93.


Isoxazoline 21 (5-hydroxymethyl-4,5-dihydroisoxazole-3-carboxylic acid
ethyl ester): Ethyl nitroacetate (1e); 118 mL), allyl alcohol (8 ; 29 mL),
NMP (10 mL, 0.0845 mmol) and copper powder (1.3 mg, 0.0212 mmol)
gave after 16 h and chromatographic purification (hexane, then hexane/
diethyl ether 1:4, Rf=0.24) 21 as a clear viscous liquid (70 mg, 95%). El-
emental analysis calcd (%) for C7H11NO4 (173.17): C 48.55, H 6.40, N
8.09; found: C 48.81, H 6.47, N 8.39; the spectral data are identical to
those previously reported.[29]
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Isoxazoline 22 ((3-butyl-4,5-dihydroisoxazol-5-yl)methanol): Nitropen-
tane (1c ; 130 mL), allyl alcohol (8 ; 29 mL), NMP (26 mL, 0.212 mmol) and
copper powder (1.3 mg, 0.0212 mmol) gave after 40 h and chromato-
graphic purification (hexane, then hexane/diethyl ether 1:6, Rf=0.28) 22
as a pale-yellow oil (54 mg, 80%). 1H NMR: d =0.90 (t, J=7.2 Hz, 3H;
CH3), 1.29–1.40 (m, 2H; CH2CH2CH3), 1.48–1.56 (m, 2H; CH2CH2CH3),
2.05 (br s, 1H; OH), 2.31 (t, J=7.6 Hz, 2H; CH2C-3), 2.77–2.83 (m, 1H;
4-H), 2.90–2.97 (m, 1H; 4-H), 3.50–3.56 (m, 1H; CH2OH), 3.70–3.76 (m,
1H; CH2OH), 4.59–4.66 ppm (m, 1H; 5-H); 13C NMR: d =13.7 (q; CH3),
22.3 (t; CH2CH3), 27.3 (t; CH2C-3), 28.4 (t; CH2CH2CH3), 38.4 (d; C-4),
63.8 (t; CH2OH), 79.7 (t; C-5), 159.6 ppm (s; C-3); IR (CDCl3): ñ =3590
(OH), 2958, 2931, 2873, 1622, 1456, 1434 cm�1; MS (EI): m/z (%): 157 (4)
[M]+ , 126 (28) [M�CH2OH]+ , 115 (66), 69 (72), 57 (100); elemental
analysis calcd (%) for C8H15NO2 (157.21): C 61.12, H 9.62, N 8.91; found:
C 61.04, H 9.29, N 9.22.


Isoxazoline 23 (phenyl (5-phenyl-4,5-dihydroisoxazol-3-yl)methanone):
Benzoylnitromethane (1 f ; 175 mg), styrene (8 ; (49 mL), NMP (10 mL,
0.0845 mmol) and copper powder (1.3 mg, 0.0212 mmol) gave after 40 h
and chromatographic purification (hexane, then hexane/diethyl ether
10:1, Rf=0.24) 23 as a colourless oil (101 mg, 95%). Elemental analysis
calcd (%) for C16H13NO2 (251.28): C 76.48, H 5.21, N 5.57; found: C
76.07, H 4.90, N 5.87; the spectral data are identical to those previously
reported.[27]


Isoxazoline 24 (3-benzoyl-4,5-dihydroisoxazole-5-carboxylic acid dime-
thylamide): Benzoylnitromethane (1 f ; 175 mg), dimethyl acryl amide (7;
44 mL), NMP (10 mL, 0.0845 mmol) and copper powder (1.3 mg) gave
after 20 h and chromatographic purification (petroleum ether, then petro-
leum ether/ethyl acetate 1:1, Rf=0.24) 24 as a pale-yellow oil (104 mg,
99%). 1H NMR: d =3.00 (s, 3H; CH3), 3.18 (s, 3H; CH3), 3.44 (dd, J=


11.7, 17.8 Hz, 1H; 4-H), 4.06 (dd, J=7.6, 17.8 Hz, 1H; 4-H), 5.42 (dd, J=


7.6, 11.7 Hz, 1H; 5-H), 7.40–7.46 (m, 2H; Ph-Hmeta), 7.54–7.59 (m, 1H;
Ph-Hpara), 8.12–8.16 ppm (m, 2H; Ph-Hortho);


13C NMR: d=36.1 (q; CH3),
36.5 (t; C-4), 37.2 (q; CH3), 78.9 (d; C-5), 128.3 (d; 2C; Ph-Cmeta), 130.3
(d, 2C; Ph-Cortho), 133.6 (d; Ph-Cpara), 135.6 (s; Ph-Cipso), 157.9 (s; C-3),
166.4 (s; Me2NC=O), 185.8 ppm (s; PhC=O); IR (CDCl3): ñ =3064, 2940,
1658 (C=O), 1599, 1586 cm�1; MS (EI): m/z (%): 246 (<1) [M]+ , 216 (2),
174 (12) [M�CONMe2]


+ , 105 (100) [PhCO]+ , 77 (52) [Ph]+ , 72 (74); ele-
mental analysis calcd (%) for C13H14N2O3 (246.26): C 63.40, H 5.73, N
11.38; found: C 63.20, H 5.85, N 11.38.


Scale-up for the reaction between ethyl nitroacetate (1e) and allyl alco-
hol (8): Formation of isoxazoline 21: A sealed 50 mL schlenk tube con-
taining freshly activated copper wire was charged with allyl alcohol (8 ;
0.247 g, 4.24 mmol), ethyl nitroacetate (1e ; 0.678 g, 5.08 mmol), NMP
(0.0105 g, 0.106 mmol) and CHCl3 (14 mL), and the mixture was heated
at 60 8C. The resulting solution was left stirring for 46 h. After this time,
the solvent was removed and the residue dissolved in CH2Cl2 (50 mL).
Silica gel (2 g) was added to the mixture and the solvent evaporated. The
silica gel with the adsorbed product was loaded onto the top of a column
of silica gel and purified by chromatography (petroleum ether then dieth-
yl ether/petroleum ether 4:1, Rf=0.24) to give isoxazoline 21 (686 mg,
93%) as a viscous clear liquid containing as little as 3% of ethyl 4-(hy-
droxymethyl)-4,5-dihydro-3-isoxazolecarboxylate. Elemental analysis
calcd (%) for C7H11NO4 (173.17): C 48.55, H 6.40, N 8.09; found: C
48.15, H 6.37, N 8.35; the spectral data are identical to those previously
reported.[29]
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Introduction


Radical centers in proteins have gained considerable interest
in the past decades due to their roles as functional units or
as mediators of pathological pathways. In particular, the ty-
rosyl radicals, Tyr(OC), as the main oxidation product of ty-
rosine after formal loss of one hydrogen atom, have been
identified to be an integral cofactor of enzyme activity.[1]


The radical chemistry of the underlying phenol moiety of
Tyr was and is the subject of intense research activity.[2]


One well-established path giving Tyr(OC) radicals in vitro
is based on photoinduced reactions between tyrosine and ar-
omatic ketones. Triplet-excited ketones are biradicaloid in
nature and, thus, share many reactivity characteristics with
the alkoxy radicals.[3] Numerous studies identify H-atom
transfer between the phenol and the triplet state as the
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dominate quenching process in mono- and bimolecular sys-
tems.[4–7] Irrespective of the electronic nature of the lowest
excited triplet state (n!p* vs p!p*), H-atom transfer
from phenols occurs with high efficiency (usually close to
unity) and at much higher rates than observed for aliphatic
alcohols. High efficiency of radical intermediate formation
is usually contrasted by very inefficient product formation.[4]


Thus, the excited-state energy is dissipated through consecu-
tive H-atom-transfer steps that regenerate the starting mate-
rial in the electronic ground state.[8] We used the high affini-
ty of phenols towards triplet-excited ketones to trace the
steric demands of the formation of reactive conformations
in peptide-linked benzophenone/Tyr dyads.


The mechanism of the H-atom-transfer quenching of aro-
matic triplet states by phenols is dependent on the medium.
Clear evidence for an electron-transfer-initiated two-step
process is limited to aqueous media.[9] For organic media,
the mechanism is interpreted in terms of a proton-coupled
electron transfer.[7a] Importantly, the involvement of charge-
transfer (CT) complexes or exciplexes in H-atom-transfer
reactions has been invoked in several studies concerned
with bi- and monomolecular ketone/phenol systems.[5b,d, 7d] In
a recent example, the formation of encounter complexes be-
tween the phenol and the excited ketone benzoylthiophene
with a p!p* lowest triplet has been concluded from non-
linear Stern–Volmer plots and DFT calculations.[6b,e]


Our interest in this topic began with the question of
whether, and if so, how the accessible conformational space
in ketone/phenol dyads could be modulated by tuning the
flexibility and directionality of the linkage between the in-
teracting groups in the ground state and in the excited state.
The few studies dealing with the effect of steric constraints
on monomolecular reaction rates in the ketone/phenol
system revealed remarkable effects of substitution geometry
on quenching rates.[5c,d,6d] In addition, significant stereoselec-
tivity[6a,c] of the quenching process has been reported for
monomolecular quenching of ketone triplets by phenols co-
valently linked by flexible spacers. Such constellations were
shown to allow the approach of the interacting groups on a
time scale much faster than the H-atom transfer itself.[5a,b]


Both the formation of intramolecular complexes and the
H-atom-transfer step itself require close contacts between
the remote aromatic moieties (Scheme 1a). We show that
the ease of formation of head-to-tail conformations in ben-
zophenone/tyrosine, bp[Tyr, dyads is affected by the molec-
ular structure, that is, by the relative orientation and the dis-
tance between the reacting moieties, and the nature of the
spacer SP. The question arising is whether steric conditions
that are favourable for electronic overlap of the reacting
partners in the excited state can be probed by ground-state
interactions between the remote aromatic moieties also in
the ground state. The effects of molecular geometry on the
ground-state conformations and on the rates and efficiencies
of the intramolecular triplet quenching in ketone/phenol
dyads are compared.


We used the four dyads 1a–d, bp[Tyr, which were synthe-
sized de novo from three benzophenone (bp) carboxylic


acids and (S)- and (R)-tyrosine methylester, Tyr-OMe. The
flexibility of the alkyl linkage is tuned by the relative posi-
tion and orientation of a rigid amide bond between the two
chromophores (Scheme 1b). The benzamides 1a and 1b
differ in the bp-substitution pattern, and the alkylamides 1c
and 1d differ in the stereochemistry of the Tyr a-carbon
atom. The structures of the dyads and of the primary amides
2a–c that were synthesized as reference compounds are
summarized in Scheme 2. Theoretical data on the ground-


state conformations of 1a–d from molecular-dynamics simu-
lations (Langevin dynamics) were used to trace the effects
of steric constraints on the probability of head-to-tail inter-
actions between the remote groups in the ground state. Ex-
tended NMR-spectroscopic studies yielded information
about the distribution of Tyr side-chain rotamers, the solva-
tion of the phenol and the amide functions, the possibility of
NOE contacts, and intramolecular aromatic–aromatic inter-
actions.


Scheme 1. a) Folding of the dyads and b) steric constraints of substitu-
tion.


Scheme 2. Structures of the dyads 1a–d and the monochromophores
2a–c.
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The probabilities of head-to-tail contacts are compared
with the effects of the dyad structures on the rate constants
and selectivity of the intramolecular H-atom-transfer reac-
tion in the triplet-excited state. Mechanistic features of the
overall UV-light-induced reactions, that is, transient life-
times, were studied by nanosecond laser flash photolysis
(LFP). The determination of quantum yields of the primary
reactions is based on spectral resolution techniques. Inter-
molecular and intramolecular quenching rate constants were
obtained by LFP and the efficiencies of irreversible reaction
pathways were tested by steady-state UV-light photolysis. In
addition, medium effects were studied in a selection of sol-
vents of similar viscosity, but of different polarity: dichloro-
methane (CH2Cl2, nonpolar), acetonitrile (CH3CN, polar
nonprotic), and methanol (MeOH, protic).


Results and Discussion


Ground-state structures and conformations


1H NMR studies


a) Amide proton resonances : The chemical shifts of the
amide-proton resonances, d (NH), their temperature coeffi-
cients, dd(NH)/dT, and the constants for vicinal coupling
with the a protons, 3J ACHTUNGTRENNUNG(HaNH), were used to trace the confor-
mations of the peptide backbone and the presence of elec-
tronic effects. 1H NMR spectra of the dyads 1a–d in CDCl3
reveal significant differences in the amide-resonance pat-
tern, which can be related to the respective chemical nature
of the benzamide (1a,b) and alkylamide (1c,d) linkers of
the dyads. Similar differences are observed for the mono-
chromophoric amides 2a–c. The chemical shifts, d (NH),
range from 5.9 ppm for the alkylamides 1c,d and 2c to
6.9 ppm for the benzamides 1a,b and 2a,b in CDCl3. The
strong downfield shifts in 1a,b and 2a,b by 1 ppm reflect the
electronic-withdrawing effect of the p system of benzophe-
none on the amide group due to conjugation of the amide
group with the bp-aromatic system. Notably, this withdraw-
ing effect is transferred also through the Tyr side chain of
the benzamides 1a and 1b. With respect to 1c,d, the Ha and
Hb resonances of 1a,b are downfield shifted by +0.4 and
+0.2 ppm, respectively (see Figure 1a for labeling of the hy-
drogens).


The temperature coefficient of the amide-proton reso-
nance, dd(NH)/dT, is a valuable tool for tracing the hydro-
gen-bonding (HB) situation of peptides in solution. Intramo-
lecular HB of the amide group cannot be expected to be sig-
nificant for the structures in this study. However, intermo-
lecular HB due to aggregation might well be a significant
mechanism for the concentrations used in NMR (�25 mm).
Values of �7.1 and �7.6 ppbK�1 were obtained for 1c and
1d, respectively, in CDCl3 solutions in the temperature
range 223<T<313 K. These strong upfield shifts of the
amide resonances as temperature increases are in accord
with free amide protons that are not involved in hydrogen


bonding, and are taken as a strong argument against aggre-
gation. The same argument should hold for the much lower
concentrations of the dyads employed in the photochemical
part of the study (<2 and <0.1 mm at 355 and 266 nm, re-
spectively).


The amide resonances of 1a–d are split into well-resolved
doublets in all cases by coupling with the protons on the a-
carbon atom of Tyr. The underlying vicinal coupling con-
stants, 3J ACHTUNGTRENNUNG(HaNH), can be associated with the torsion about
the N(H)�Ca bond in the peptide backbone. These coupling
constants are widely used to infer the secondary structure of
peptides in solution.[10] It was reported that most linear pep-
tides give rise to coupling constants higher than 7.0 Hz.
These values are not far from the coupling constants of
8.5 Hz in b sheets, which represent the prototype of “back-
bone-extended structures”. Note that the terms “extended
structure” and “folded structure” will be used below in the
discussion to describe the distance between the aromatic
moieties in the dyads, which do not necessarily refer to the
torsion of the backbone. In our case the dyads consistently
yielded values of 7.8�0.1 Hz for the vicinal coupling con-
stants. No influence of the medium on the coupling con-
stants was observed during experiments in eight nonprotic
deuterated solvents. A dominance of backbone-extended
structures can be concluded for all of the dyads 1a–d in all
media under investigation. In contrast, the chemical shifts of
the amide resonances are strongly dependent on the proper-
ties of the solvent. Downfield shifts of >2.0 ppm were ob-
served in solvents such as DMSO, THF, and DMF, and
these are ascribable to H-bonding of the amide NH group
to the solvent.


b) Side-chain rotamer populations : The molecular structure
of the dyads can be clarified further through a study of their


Figure 1. a) Newman projections of the (S)-Tyr side chain along the
Ca�Cb bond with R=4-phenol; the three possible staggered rotamers are
assigned as the two gauche- (g� with c1=�608 and g+ with c1=++608)
and one antiperiplanar (t with c1=�1808) conformations with respect to
the relative orientation of the highest priority substituents -NH- and R,
respectively. b) Assignment of hydrogen atoms in the bp (3/4-substitu-
tion) and Tyr moieties of bp[Tyr dyads.
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1H NMR coupling constants. In particular, the vicinal cou-
pling constants between the diastereotopic b protons and
the a proton of the Tyr side chain, 3J ACHTUNGTRENNUNG(Ha,HbR) and
3J ACHTUNGTRENNUNG(Ha,HbS), are key in probing the rotamer populations of
the Tyr side chain (Figure 1a). With a view to the anticipat-
ed solvent dependence of the photochemical reactivity, the
spin systems were analyzed in a number of deuterated sol-
vents. Based on the Karplus equation,[11] which correlates a
coupling constant with a dihedral angle, the vicinal coupling
constants, 3JACHTUNGTRENNUNG(Ha,HbR) and 3JACHTUNGTRENNUNG(Ha,HbS), were used to derive
fractional populations pg�, pt, pg+ of rotamers in the tyrosine
side chain by using Equations (1–3) (see Figure 1b for label-
ing of the Tyr protons).[12,13] The notation of the rotamers is
based on the dihedral angle c1 between the N-Ca-Cb plane
and the Ca-Cb-Cg plane of the Tyr side chain (the super-
scripts n of the dihedral angles cn define the position in the
amino acid side chain). Conformations g�, t, and g+ corre-
spond to c1=�60, �180, and +608, respectively. Note that
the 1d configuration at Ca is reversed, that is, the assign-
ment of the rotamers g+ and g� is reversed to c1 = �60
and +608, respectively. The geminal protons HbR and HbS


(Figure 1a) were assigned as the high-field and the low-field,
respectively, part of the AB subspectrum at 3.0 ppm.[14]


pg� ¼ ½3JðHa,HbRÞ�3Jg
=D3J ð1Þ


pt ¼ ½3JðHa,HbSÞ�3Jg
=D3J ð2Þ


pgþ ¼ 1�pg��pt ð3Þ


In Equations (1–3), D3J= 3Jt�3Jg, in which 3Jt and
3Jg are the


nominal values of the coupling constants for the vicinal pro-
tons in the trans and gauche conformations, respectively.
Values of 3Jt=13.56 Hz and 3Jg=2.60 Hz were used in the
calculations.[15] Experimental coupling constants were de-
rived by simulation of the ABX spin systems with the Mest-
ReC program. With an error in 3J ACHTUNGTRENNUNG(Ha,HbACHTUNGTRENNUNG(S/R)) of �0.2 Hz,
the resulting errors in rotamer populations are estimated to
be �0.03 and �0.05 for pg� (pt) and pg+ , respectively. The
measured coupling constants for 1a–d and the computed
fractional distributions for rotamers g�, g+ , and t are sum-
marized in the Supporting Information, Tables S1 and S2.
Note that the intrinsic uncertainty of the population of g+


is large for small absolute values of pg+ . It has recently been
found that the chosen formalism of population derivation
tends to overestimate the population of g+ systematically
at low pg+ .


[16]


All four bichromophores 1a–d in CDCl3 gave values for
3J ACHTUNGTRENNUNG(Ha,HbR) and 3J ACHTUNGTRENNUNG(Ha,HbS) of around 6.2 and 5.6 Hz, respec-
tively (see Table S1). This invariance suggests that the chem-
ical environments of the HbR and HbS protons in 1a–d are
closely related. Accordingly, only small differences between
chemical shifts of HbR and HbS jDd ACHTUNGTRENNUNG(HbR�HbS) j �0.06–
0.09 ppm) are observed. This similarity of structures is fur-
ther corroborated by an analysis of the rotamer distribu-
tions. Thus, in CDCl3 (solvent 2 in Figure 2; esolv=4.81),[17]


there appears to be no expressed preferential conformation


for all compounds in this study. In CDCl3 the computed dis-
tributions are, within the error limits, not far from a simple
uniform statistical weighting with the factor of about one
third for all compounds, although there appears to be a
slight overrepresentation of the rotamer g+ . Similar rota-
mer populations are obtained in CD2Cl2 solutions (solvent 4
in Figure 2; esolv=8.93).[17] In contrast, the same computation
procedure leads to a substantial loss in the statistical weight
for g+ and a concomitantly significant increase in the statis-
tical weight of g� if solvents of higher “polarity”, such as
CH3CN (solvent 6 in Figure 2; esolv=35.94)[17] and MeOH
(solvent 7 in Figure 2; esolv=32.66),[17] are considered.


The g� selectivity of aromatic amino acid side chains at
high solvent polarity is a general phenomenon irrespective
of the nature of the aromatic group.[18–20] It has been associ-
ated with steric effects, however, a satisfying rationalization
for this is lacking. As can be seen in Figure 2, the computed
rotamer populations pi of the alkylamides 1c,d (given as
mean values with an error Dpi<0.02), follow a linear (R>
0.92) dependence on the solvent permittivity. A similar de-
pendence (R>0.98) holds for the benzamides 1a,b (some
deviation between the two sets is noted at low permittivity;
data not shown). In particular, the populations are correlat-
ed with a bulk property of the solvent. Our data are qualita-
tively in accord with data reported for tyrosine derivatives
in several solvents and solvent mixtures (filled symbols in
Figure 2).[18b] However, in the cited work the rotamer popu-
lations of N-Ac-Tyr-OEt depended linearly on the decadic
logarithm of the permittivity, logesolv. Because this study was
partly based on solvent mixtures, the discrepancy between
the data sets might be due to effects of preferential solva-
tion in solvent mixtures. Irrespective of this, all compounds
(also those from ref. [ 18b]) give very similar values of pt


Figure 2. Solvent dependence of the averaged rotamer populations, pi, of
1c,d (g� : *, g+ : &); filled symbols: data from ref. [ 18b] for Ac-Tyr-OEt;
dotted lines: linear trends; code: 1, [D8]dioxane; 2, CDCl3; 3, [D8]THF;
4, CD2Cl2; 5, [D6]acetone; 6, [D3]CH3CN; 7, [D4]MeOH; 8, [D7]DMF; 9,
[D6]DMSO.
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that are not solvent dependent (data not shown). Essentially,
the summed population of the conformers g+ and g�,
which are capable of nominally short distances, that is,
which fulfil one requisite of reactive contacts between the
aromatic moieties (t, in contrast, does not, see Figure 1a) is
independent of the solvent.


c) Chemical shifts of aromatic protons : Steric conditions that
are favourable for p–p interactions between the remote aro-
matic moieties in the ground state might be reasonably
taken to be consonant with favourable conditions for elec-
tronic overlap of the reacting partners also in the excited
state. Thus, the 1H NMR pattern of the aromatic protons of
1a–d in CDCl3 was used to trace the effects of the substitu-
tion geometry on the possibility and extent of intramolecu-
lar interactions. Both distinct subsections of the region of ar-
omatic protons at 7.3–8.2 ppm (bp) and 6.5–7.0 ppm (Tyr)
exhibit evidence for such interactions.


One singlet signal assigned as the H2 resonance of bp (see
Figure 1b for numbering of the protons in the bp rings) is
affected selectively in the presence of Tyr. A subtle high-
field shift from 7.77 for 2c to 7.68 for 1c and 7.64 ppm for
1d is observed. The remaining bp subspectra of 1c and 1d
are convincingly reproduced by the model compound 2c.
Selective shielding of the H2 proton is also observed for the
benzamide 1a. However, the introduction of a second car-
bonyl substituent to the meta position of the benzamides 1a
and 2a significantly affects also the resonances for H4, H5,
and H6 of bp (see Figure 1b for numbering of the bp rings).
Two contrary effects can be separated: 1) Chemical shifts as-
sociated with the resonances of H2, H4, and H6 for 2a are
significantly shifted to lower field by +0.2<Dd<+0.4 ppm
with respect to the alkyl-amide substituted 2c. This shift is
attributed to the additional withdrawing effect of the second
carbonyl group. On the other hand, 2) the presence of the
Tyr residue in 1a causes a high-field shift of the resonance
of H2 by �0.15 ppm with respect to the monochromophore
2a. For the para-substituted 1b and 2b no significant differ-
ences between the bp subspectra are observed.


The characteristic “pair of doublets” pattern of the
AA’BB’ spin system of the Tyr moiety in CDCl3 yields valid
additional evidence for the interactions within the bp[Tyr
dyads (Figure 3). The assignment of Hd and He (see Fig-
ure 1b for labeling of the Tyr protons) as the low-field and
high-field pseudo-doublets, respectively, was based on NOE
experiments. The observed effects are limited to the keto-
profen-based dyads 1c,d ; 1) selective shielding of aromatic
Tyr proton resonances and 2) decreasing chemical-shift dif-
ferences between the Hd and He resonances of Tyr. The
dyads 1c,d experience a significant high-field shift of their
Hd and He resonances with respect to 1a,b and free Tyr, for
which values of d(Hd)=7.16 ppm and d(He)=6.85 ppm have
been reported.[21] For 1c,d the meta protons Hd are signifi-
cantly shielded by �0.15 and �0.35 ppm, respectively, rela-
tive to the respective chemical shifts in 1b. Weaker shielding
is observed for the ortho protons He with �0.03 and


�0.15 ppm for 1c and 1d, respectively, relative to the re-
spective chemical shifts in 1b.


Similarly affected Tyr subspectra were reported for other
Tyr/ketone dyads in CDCl3, but no explanation was given.[6a]


A rationalization of the upfield shifts could invoke intramo-
lecular H-bonding between the bp and the Tyr moieties in
weakly HB-accepting solvents such as CDCl3. However, the
observed chemical shifts of the resonances at 6.1 and
6.0 ppm for the acidic phenol protons of 1c and 1d in
CDCl3 rule out any significant contribution from intramolec-
ular H-bonding. H-bonding usually gives rise to strong low-
field shifts of the phenol proton resonance to d>10 ppm.[22]


Strong downfield shifts of the resonances of the phenol hy-
droxyl group were actually observed in HB-accepting sol-
vents. These solvent-dependent shifts are fully in accord
with the linear dependence of the hydroxyl chemical shifts
on the HB-acceptor ability of the solvent.[23] In addition, an-
alogues of 1c,d in which the phenolic functions are protect-
ed as methoxy groups show NMR spectra in CDCl3 that are
very similar to the spectra of their parent compounds.[24]


However, it is well known that aromatic amino acids are
susceptible to aromatic–aromatic (A–A) interactions.[25] Il-
lustrative cases of strong A–A interactions have been re-
ported for neighboring aromatic residues in a cyclic dipep-
tide and across the strands of a b-hairpin mimic. Here, the
proton Hd of Tyr is located inside the anisotropic cone of an-
other aromatic side chain connected to a high-field shift of
the resonance frequency even beyond the one of He.[26] It is
suggested that the observed shielding of H2, Hd, and He in
1c,d also reflects a “ring-current” effect due to close con-
tacts between the aromatic moieties of 1c,d (see Figure 3).
The interpretation is corroborated by the results of NOE ex-
periments (see below) and by the solvent dependence of the
NMR pattern of the aromatic Tyr protons.


d) Aromatic–aromatic interactions—Medium und steric ef-
fects : Interactions between the aromatic moieties were
probed in a study of the aromatic-proton resonance pattern
in the NMR spectra of 1a–d in several deuterated solvents.


Figure 3. Region of Tyr aromatic proton resonances of the 1H NMR spec-
tra (200 MHz, CDCl3) of 1d (upper trace), 1c (middle trace), and 1a
(lower trace); asterisk: amide-proton resonance.
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Two parameters were chosen to analyze the effects on the
chemical shifts of the aromatic protons: 1) The spectral
width of the Tyr AA’BB’ spin system of each dyad,
jDd ACHTUNGTRENNUNG(Hd�He) j= jd(Hd)�d(He) j , and 2) ring-current effects
(rce) that focus on single aromatic protons (Hd or He) and
are defined as the difference between the chemical shift of
one of these protons in a reference compound (i.e. , without
A–A interactions) and the chemical shift of an analogous
proton in a dyad under study: Dd ACHTUNGTRENNUNG(dyad�1b)=dACHTUNGTRENNUNG(dyad)�d-
ACHTUNGTRENNUNG(1b)= rce.[27] Because steric constraints do not allow signifi-
cant overlap of the aromatic moieties in 1b (see below), this
dyad was chosen as a reference compound.


As mentioned above, the Tyr AA’BB’ spectral widths ob-
tained for the alkylamides 1c,d in CDCl3 are substantially
smaller than the ones of the benzamides 1a,b. Interestingly,
this general order of spectral widths (1a�1b@1c>1d) is
conserved throughout a survey of nine solvents with greatly
varying properties. The spectral widths (Figure 4) correlate
to the parameter b2


H that characterizes the solventOs ability
to act as an acceptor for H-bonding. This quantity with
values from 0.00 for non-HB-accepting solvents to 1.00 for
strongly HB-accepting solvents was defined by Abraham
and co-workers in order to construct a Gibbs-energy-related
HB-basicity scale.[28] As was suggested recently,[7f] a correct-
ed value of b2


H=0.15 for CH2Cl2 is used in our study.


The spectral widths of the Tyr resonances of 1a–d obey
linear dependencies on the solventsO HB-acceptor abilities.
Significant deviations from linearity are solely observed in
MeOH solutions (number 7 in Figure 4; b2


H=0.41) as the
only protic solvent under study. Interestingly, the dyads 1a–
d yield common slopes but dyad-specific intercepts. The
structure-independent slopes as b2


H increases (slope
�260 ppb) can be explained by specific interactions of the
phenol hydroxyls with the solvents. Direct evidence for H-


bonding between the phenol and the solvent is taken from
the medium effect on the chemical shift of the phenolic-
proton resonance. A substantial deshielding of this reso-
nance by >3.0 ppm is observed in highly HB-accepting sol-
vents like DMSO and THF. The H-bonding increases the
electron density on the phenolic oxygen[2h] and, consequent-
ly, the electron density on the ortho and para carbon atoms
of the phenol. This electronic effect can be read from the
shielding of the ortho protons (He) (e.g., Dd(He)=


�0.11 ppm for 1b) upon going from CDCl3 to [D6]DMSO.
The concomitant deshielding of Hd by 0.10 ppm indicates a
decreased electron density at the meta carbon atoms.


The contributions of the solvents and the dyadsO structures
to the observed spectral widths can be separated. We sug-
gest that the dyad-structure-controlled A–A interactions
manifest themselves in the variation of the intercepts in
Figure 4. This conclusion is further corroborated if ring-cur-
rent effects, rce, on the chemical shifts of Hd and He, as de-
fined above, are considered (Figure 5). In fact, the obtained
rce values depend only weakly on the solvent (slope �70�
10 ppb), indicating similar probabilities for head-to-tail in-
teractions in all solvents. This is in accord with the previous-
ly discussed invariance of the summed population of the ro-
tamers g+ and g� (see discussion of Figure 2).


Structure-dependent variation in the absolute values of
the rce dominates the plots. The alkylamides 1c,d generally
show higher rce values than the benzamides 1a,b. In addi-
tion, the A–A interactions induce site-specific ring-current
effects in 1c,d. The meta protons Hd of Tyr appear to be
closer to the anisotropic cone(s) of one or both of the bp-
phenyl moieties than the ortho protons He. This conclusion
was further addressed by NOE experiments (see below). Im-
portantly, the ring-current effects are significantly different
for the epimeric dyads 1c and 1d. Thus, the probability of
head-to-tail contacts between the aromatic moieties, that is,


Figure 4. Solvent dependence of 1H NMR spectral widths of the AA’BB’
spin system of 1a (~), 1b (&), 1c (*), and 1d (!); number code as in
Figure 2; the experimental uncertainty of the spectral widths is estimated
to be �0.02 ppm.


Figure 5. Solvent dependence of the ring-current effects, rce (see text), of
1a (circles), 1c (squares), and 1d (triangles); full and open symbols
denote the aromatic Tyr protons Hd and He, respectively; asterisk: data
in [D4]MeOH; lines correspond to linear fits to the experimental data;
experimental uncertainty of the rce is estimated to be �0.02 ppm.
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the electronic overlap of the chromophores, is affected by
the regiochemistry (as in 1a and 1b) and the stereochemis-
try of the chromophores.


e) NOE spectroscopy—Intramolecular folding : Nuclear
Overhauser enhancement spectroscopy, NOESY, supple-
ments the information available from usual NMR experi-
ments. In addition to scalar-coupling phenomena, NOESY
yields information on the coupling of nuclear spins through
space. NOESY is performed by saturating the NMR fre-
quency of a selected nuclear spin and measuring the en-
hancements, INOE, in the intensities at the resonance fre-
quencies of neighboring nuclear spins. The key feature of
NOESY of interest to this investigation is that the measured
INOE are a function (INOE / r�6) of the distances, r, between
the saturated nuclear spin and its respective neighbors.


1D-NOESY experiments in CDCl3 were undertaken for
1a and 1c,d in order to address the structural peculiarities
of the interaction between the aromatic moieties. Similar
NOE patterns were obtained for both alkylamide dyads
1c,d. Because the above 1H NMR spectra showed aromatic
interactions and, hence, indicated folding of the dyads, NOE
signals that are indicative of short contacts between the aro-
matic Tyr and other parts of the molecule are of special in-
terest.


A strong NOE is observed
for the interaction of Tyr Hd


with the amide proton. This is
in accord with the computed
rotamer populations of 1c and
1d in CDCl3 (see Table S2 and
Figure 2), which exhibited a
statistical weight of approxi-
mately 70% for the conforma-
tions (pg�+pg+) that allow for
small distances between NH
and the phenol part of Tyr (Fig-
ure 1a).


The amide itself strongly in-
teracts with the H2 of bp. This
finding outlines substantial
folding of the dyads 1c,d. The
position that would normally be
suspect in any folding of the
moieties is the chiral aliphatic
linkage between bp and Tyr.
Apparently, folding of the mol-
ecule produces structures in
which the protons of the keto-
profen-based alkyl group and
the Tyr phenol point in oppo-
site directions. This is suggested
because, apart from trivial con-
tacts, NOE contacts of these
protons are limited to the
amide proton.


Instructive NOE signals are obtained upon saturation of
the Tyr Hd resonances (d(Hd)=6.80 and 7.0 ppm in CDCl3
and CH3CN, respectively; negative signals in Figure 6). In
CDCl3 solutions, contacts of the Tyr Hd with H atoms on
both benzophenone rings are evident (Figure 6a’). The Tyr
Hd protons clearly interact with the H2/H4 and H8/H8’ pro-
tons of the bp moiety. These interactions of the Tyr phenol
ring with the remote bp phenyl rings are suggested to be the
source of the observed high-field shift of the Hd resonance
of 1c,d in CDCl3 (Figure 3). As previously discussed, the
ring-current effects in 1c,d (Figure 5) are expressed more
for the Hd protons than for the He protons. This site-selectiv-
ity of ring-current effects could be interpreted as a conse-
quence of the Hd protons being at a closer distance to the
bp-ring system than the He protons.


Very similar NOE intensities are observed after saturation
of the He resonances of 1c,d. This finding points to a similar
distance distribution in both compounds. Thus, ring-current
effects and NOE intensities that describe the geometry of
remote aromatic moieties have to be taken as complementa-
ry parameters.


This conclusion is in accord with the observed NOEs of
benzamide 1a, that exhibits moderate and strong NOEs
with H2/H4 on saturation of the Hd and He resonances, re-
spectively. The strong NOEs are contrasted by negligible


Figure 6. Left column: Schematic views of selected NOE contacts obtained for 1c in a) chloroform and b) ace-
tonitrile. Right column: Comparison of 500 MHz 1H NMR (upper traces) obtained for 1c in aO) chloroform
and bO) acetonitrile and respective NOE spectra (lower traces) obtained after saturation of the Hd resonance
of 1c.
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ring-current effects (Figure 5). Due to the short linker be-
tween the chromophores in 1a, close contacts between the
aromatic systems are inevitable. Thus, the close contacts be-
tween the aromatic moieties as in 1a are not necessarily as-
sociated with effective geometric overlap of the p systems.


Additional NOE experiments on 1c in CD3CN solution
(Figure 6bO) show that the probability of close contacts be-
tween the remote aromatic moieties is greatly reduced in
this solvent of higher HB-acceptor ability. In particular,
there is no significant NOE between the Tyr Hd and the bp
H2. In addition, the NOE between the amide proton and the
H2 that was prominent in CDCl3 solution is missing in
CH3CN. However, the selective shielding due to ring-current
effects was shown to be only weakly solvent dependent
(Figure 5). This necessarily means that the change from
chloroform to CH3CN induces a change in the average
structure of 1c from a condensed (many NOE contacts in
chloroform) to a more extended one (few NOE contacts in
CH3CN), which still allows for interactions between the aro-
matic moieties.


In contrast, the NOE contacts observed for 1d remain to-
tally unaffected by this change in the solution medium. It is
concluded that the probability of the condensed structures
of 1d is preserved also in solvents of high HB-acceptor abili-
ty.


Langevin dynamics for distance distributions : The observed
close contacts between the two aromatic moieties point to
the possibility of conformers with close hydroxyl/carbonyl
contacts rO···O also. Intrinsically, NOESY cannot supply
quantitative information on the distance between the phenol
hydroxyl and the bp carbonyl. However, the latter distance
can be investigated with molecular-dynamics simulations
(Langevin dynamics) using umbrella sampling for 1a–d. The
starting structures were obtained by steric energy minimiz-
ing. Sampling of 1c and 1d in a dielectric continuum with
the permittivity set to e=37 as a mimic of acetonitrile solu-
tion similarly gave a very narrow pair-distribution function
with a maximum at a distance rO···O=2.7 S. Such short dis-
tances are usually indicative of strong hydrogen bridges,
which were also observed in the solid state,[6a] and are seen
as DFT ground-state minima for dyads that are structurally
closely related[6d] to the ones in the current work.


However, 1H NMR of the hydroxyl protons at d<6 ppm
and <7 ppm rule out that there are any significant contribu-
tions from intramolecular hydrogen bridges at room temper-
ature both in CDCl3 and CD3CN, respectively. Thus, results
from molecular dynamics are treated to be unrealistic in the
sense that they artificially overestimate the formation of hy-
drogen bridges.


To overcome the limitations of the methodology, the per-
mittivity of the dielectric continuum was set to infinity to
suppress the influence of Coulombic forces. Under these re-
straints, contributions from hydrogen bonding are effectively
inhibited. However, the resulting molecular-dynamics simu-
lation still yields close contacts of hydroxyl and carbonyl oc-
curring with significant probability in 1a and 1c (Figure 7).


The pair-distribution functions in Figure 7 for 1a–c were ob-
tained after averaging three differential distributions that
were computed for three individual starting conformations
of the Tyr side chain, corresponding to g�, t, and g+ , re-
spectively. For 1a,b the resulting three differential pair-dis-
tribution functions were very similar to each other. Thus,
the method can be safely assumed to sample efficiently the
accessible conformational space for these two compounds.


The situation appeared to be different for 1c,d (1d exhib-
its a distribution similar to 1c with a tendency to less-fav-
oured close contacts). Here, the individual pair-distribution
functions for each molecule differed significantly among
themselves, and the average distribution for 1c should only
be used for qualitative conclusions. Umbrella sampling ap-
pears not to cover the whole conformational space for these
two ketoprofen-based dyads; that is, the conformational
freedom of the (S)-2-phenylpropionylamide moiety extends
the range of possible ground-state minima that have to be
accounted for and sampled properly. A current study ad-
dresses the dynamics of 1c,d in further detail. Nevertheless,
the main results remain unaffected. The probability of short
contacts between the ketone and the phenol is strongly de-
pendent on the molecular structure. The presence of a rigid
amide bond in the para position of the benzamide 1b con-
fines the accessible space of the remote groups in a way
such that close contacts between the ketone and the phenol
are completely inhibited (g in Figure 7). Moving the
amide substituent to the meta position partly relieves the
steric constraints for close contacts (shown curve in
Figure 7). Furthermore, this effect appears to be enhanced
by increasing the flexibility of the linkage between the chro-
mophores on going from 1a to 1c (d in Figure 7).


Excited-state dynamics


Photophysical and photochemical properties—Steady-state
experiments : The photophysical properties of the dyads
were studied to trace possible effects of the substitution ge-
ometry on the electronic properties of the bp moiety. The
ultraviolet absorption spectra of the compounds 1a–d are


Figure 7. Pair-distribution functions of carbonyl–hydroxylic group dis-
tance rO···O, obtained with umbrella sampling according to Equation (14)
for 1a (c), 1b (g), and 1c (d).
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dominated by the intense absorption bands of the aromatic
chromophores (Figure 8). The respective band structure de-
pends on the position of ring substitutions and strongly re-


sembles the spectra of the underlying benzophenone parent
compounds. The UV-visible spectra of all the compounds
are typical for meta- and para-substituted benzophenones
with a maximum absorption at 250 nm (in acetonitrile,
ebpACHTUNGTRENNUNG(250 nm)=16000m


�1 cm�1). As usually observed for ben-
zophenones with an S1 state of n!p* character, the S0!S1


transition is only weakly allowed with molar absorption co-
efficients in the range of 102


m
�1 cm�1. A shoulder at 280 nm,


observed for the dyads 1a–d, is assigned to the absorption
of the Tyr moiety. Both the p!p* transition at 255 nm and
the weaker n!p* transition at 340 nm (in acetonitrile,
ebpACHTUNGTRENNUNG(340 nm) �150m


�1 cm�1) exhibit no significant differences
between the diastereomers 1c and 1d in solvents of differ-
ent polarity, for example, acetonitrile, methanol, chloroform,
benzene, and cyclohexane. A bathochromic shift of the p!
p* resonances and a hypsochromic shift of the n!p* ab-
sorption as solvent polarity increases are in accord with the
literature.[29]


Phosphorescence emission spectra of 1a–d were recorded
in CH3CN and methanol/ethanol (1:1) glasses at 77 K with
bp as a spectral reference. All of the compounds exhibit the
typical emission-band structure of benzophenone (Figure 8
and Table S3). The well-defined vibrational progressions
with an energy spacing of approximately 1700cm�1 are indi-
cative of the participation of the >C=O functionality in the
radiative process. The emission spectra of bp and all of the
meta-substituted derivatives 1a and 1c,d coincide, whereas
the spectrum for the para-substituted 1b is significantly red-
shifted in both of the media studied. The triplet energies of
all of the tested compounds, calculated from the wavelength
corresponding to the 0–0 emission in methanol/ethanol (1:1)
glasses, fall into a narrow range between 284 and
290 kJmol�1. These values are comparable to an ET of


289 kJmol�1 that was found (this work) and reported[30] for
benzophenone (Table S3). Note that in CH3CN, the triplet
energies are systematically higher by approximately 3–
4 kJmol�1. The triplet lifetimes of 1a,b and bp, obtained
from phosphorescence decays, are all about 6 ms (77 K). All
these emission characteristics are in accord with literature
data for bp derivatives.[30] We conclude that the electronic
structure of the benzophenone unit is not affected by substi-
tution with tyrosine moieties; that is, the lowest-lying triplet
states possess n!p* character.


In contrast to the similar photophysical properties of the
dyads 1a–d, the steady-state photochemical behavior
showed significant differences between the benzamides 1a,b
and the alkylamides 1c,d. Steady-state consumption during
irradiation of solutions of 1a–d at 254 or 313 nm in CH3CN,
MeOH, and CH2Cl2 was quantified by following the disap-
pearance of the characteristic bp p!p* absorption at
250 nm by means of UV-visible spectroscopy and HPLC
with UV detection. No attempts were made to identify the
stable products. Quantum yields of disappearance (Firr) for
313 nm irradiation, based on the oxalate actinometer, are
summarized in Table 1. In inert solvents (CH3CN, CH2Cl2)


quantum yields for disappearance (Firr) are generally much
lower than in MeOH, in which H-atom abstraction from the
solvent is an important process. Note that 1c shows a signifi-
cantly lower affinity towards solvent H-abstraction than do
1a,b, whereas 1d shows low Firr in all three solvents. The
quantum yields obtained for 1a,b in CH3CN depend strong-
ly on concentration. Quantum yields obtained upon irradia-
tion of 1a,b at 254 nm decrease by a factor more than ten
upon lowering the dyad concentration from 10�3 to 10�5m.
Intermolecular processes are concluded to account for the
concentration dependence. The same concentration effect
was observed for 1b consumption in CH2Cl2. In contrast, 1a
was virtually inert in CH2Cl2 solution.


Flash photolysis : To study how the structural differences of
the dyads translate into their photochemical dynamics, time-
resolved laser flash photolysis experiments were performed.
Excitation of the strong p!p* transition (lmax=250 nm; ebp


(250 nm)=16000m
�1 cm�1) or the much weaker n!p* tran-


sition (lmax=340 nm; ebpACHTUNGTRENNUNG(340 nm)=100–200m
�1 cm�1) of 1–2


in CH3CN with 266 or 355 nm pulses of a Nd:YAG laser
(FWHM 7–9 ns; 5–7 mJ) equally gives rise to strongly ab-
sorbing transients with similar absorption patterns immedi-


Figure 8. Absorption spectra of 1c (c) and 1d (b) and phosphores-
cence spectra of 1c, 1d, 1a, and bp (continuous lines) and 1b (dotted
line); inset: zoom on the n!p* absorption. Absorption spectra were ob-
tained at 258C in CH3CN; phosphorescence was observed at 77 K in
methanol/ethanol (1:1) with concentrations of 10�4–10�3m.


Table 1. Summary of steady-state disappearance quantum yields, Firr, of
1a–d.


Compound Firr
[a]


CH2Cl2 CH3CN MeOH


1a 0.004 0.038 0.37
1b 0.049 0.036 0.23
1c 0.006 0.001 0.074
1d 0.004 0.001 0.008


[a] Irradiation at 313 nm, [1]�10�3m ; experimental error �10%.
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ately after the flash. Concentrations in the range of 4–8V
10�5m and 2–3V10�3m were used at 266 and 355 nm, respec-
tively. The predominance of bimolecular-quenching process-
es observed for 1a and 1b (see below) suggested excitation
at 266 nm, with concomitantly lower dyad concentration, in
order to study intramolecular processes. For the other com-
pounds (and 1a in CH2Cl2), excitation at 266 and 355 nm
generally gave similar results with respect to reaction-rate
constants and spectral shape. However, spectra, obtained
with 355-nm photolysis at short delays, experience convolu-
tion with solvent Raman scattering in the spectral range of
380–400 nm. In the case of 266-nm photolysis, excitation of
both chromophores (bp and Tyr) cannot be avoided. Ac-
cordingly, 266-nm excitation produced time profiles at 300–
330 nm that exhibited significant but short-lived emission of
light from Tyr fluorescence. Based on molar-absorption co-
efficients measured for separate bp and Tyr moieties, the
fraction of light intensity exciting the bp chromophore at
266 nm is estimated to be >90%.


a) Identification of transients and relaxation paths : The pri-
mary transients in all cases can safely be assigned as the
triplet states [Eq. (4)] (Figure 9) of the respective benzophe-
none moieties for the following reasons:


1) The small ratios of the observed transient absorbances
DA at 325 and 525 nm (values of 1.6:1) are in accord
with reported triplet–triplet (TT) absorption spectra of
bp derivatives.[5b]


2) The molecular absorption
coefficients of 1–2 at their
respective triplet absorption
maxima compare well with a
value of 6500m


�1 cm�1 re-
ported for 3bp in acetonitrile
solution.[31] Note that for 1b
and 2b, that is, para-substi-
tuted benzophenones, both
absorption maxima are red-
shifted by 20 nm.


3) Long lifetimes of the transi-
ents in the microsecond
range are observed for all
monochromophores and the


bichromophores 1a and 1b in acetonitrile. The transient
decays for these compounds are not connected with any
significant spectral evolutions.


4) Transient decays of 1b and of the monochromophores
2a–c in inert solvents (CH3CN, CH2Cl2) follow mixed ki-
netics. It is suggested that the second-order component is
due to TT annihilation [Eq. (5)]. Clean first-order
decays, with lifetimes >5 ms, are observed upon a sub-
stantial decrease in laser power [Eq. (6)]. Phosphores-
cence emission from the lowest triplet state was observed
for the dyads 1a,b in CH3CN solutions.


5) The transient absorptions of 1a,b and 2a–c are effective-
ly quenched in the presence of molecular oxygen.


All individual decay processes (Figure 9) convolute to
give a triplet-decay rate constant, kd. At constant light inten-
sity and dyad concentration, the contributions from intrinsic
decay (kT), self-quenching (kSQV [bp[R]), and solvent-ab-
straction reaction (kSV [S]) can be summed to give k0


[Eq. (11)]. Herein, the small contribution from TT annihila-
tion (kTTV [3bp[R]2) is assumed to be negligible at low laser
power.


kd ¼ kT þ kSQ½bp[R
 þ kS½S
 þ kH ¼ k0 þ kH ð11Þ


The general results for the LFP of the dyads are exemplarily
discussed for the cases of 1c,d. For the bichromophores 1c
and 1d in any solvent, the decay of the initial signals is very
rapid, that is, shorter than the triplet decay of monochromo-
phoric 2c by a factor of >100. Triplet lifetimes (1/kd) were
obtained from mono- or biexponential fits to the transient
decays at 600 and 510 nm, respectively. Transient decay is
biexponential at 510 nm due to overlap of the absorptions of
3bp and the ketyl radical, bpHC (see below). Triplet lifetimes
are between 10 and 60 ns for 1c and near or below 10 ns for
1d (see Table 2 for kinetic parameters in CH2Cl2, CH3CN,
and MeOH). The latter values are close to the resolution
limit of the laser set-up (because of the laser pulse width)
and are thus of qualitative value only. Shorter lifetimes in
both cases are observed in dichloromethane solution, where-
as the longest triplet lifetimes are observed in MeOH.


Table 2. Solvent dependence of triplet-quenching rate constants kd, biradical-formation quantum yields FBR,
and biradical-decay rate constants kBR obtained during the laser flash photolysis of 1a–d in deoxygenized sol-
vents at 355 nm.


kd [106 s�1][a,b] kBR [106 s�1][c] FBR
[d]


solvent CH3CN MeOH[e] CH2Cl2 CH3CN MeOH CH2Cl2 CH3CN MeOH CH2Cl2


compound
1a <0.5[f] (0.30) 5.9 5.3 (3.2) –[g] –[g] 1.3 �0.10 <0.05 >0.9
1b <0.3[f] (0.07) 5.5 <1.0[f] (0.80) –[g] –[g] –[g] <0.05 <0.05 <0.05
1c 45 37 80 5.6 4.3 12.0 1.0 0.85 >0.9
1d �100 �100 >100 17.2 11.1 25.0 1.0 0.95 >0.9


[a] From monoexponential fits to transient decays at 470 and 600 nm or biexponential fits at 510 nm with esti-
mated experimental error of �5V106 s�1 for 1c,d and �0.5V106 s�1 for 1a,b. [b] Values in brackets: intercepts
of Stern–Volmer dilution plots. [c] From monoexponential fits to transient decays at 405 nm with estimated ex-
perimental error of �0.5V106 s�1. [d] Uncertainties are estimated to sum up to �0.05. [e] In MeOH bimolecu-
lar quenching by the solvent[32] has to be taken into account [(Eq. (7)]. [f] Laser flash photolysis at 266 nm
(see text). [g] Not determined due to insignificant formation of biradicals.


Figure 9. General reaction pattern of the photophysical and photochemi-
cal processes of the monochromophoric compounds 2a–c [Eqs. (4–7)];
R=NH2) and dyads 1a–d [Eqs. (4–10)]; R=Tyr); S denotes a solvent
with abstractable hydrogen atoms.
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The triplet decays of 1c and 1d were generally accompa-
nied by spectral shifts from 325 to 335 nm (not shown), 525
to 540 nm, and by growths at 405 nm (Figure 10). This spec-


tral evolution is in accord with fast triplet quenching due to
ketyl radical bpHC formation. Concomitant formation of a
transient, identified as the tyrosyl radical Tyr(OC) based on
its characteristic double-peak structure at 385 and 405 nm,
clearly suggests there is H-atom transfer between a tyrosine
moiety and the excited triplet for both diastereomers
[Eqs (8,9)] . Furthermore, because the triplet decays of 1c,d
were virtually independent of their dyad concentrations, an
intramolecular H-atom-transfer mechanism is surmised for
their triplet-state quenching reactions in CH2Cl2 and
CH3CN. In CH2Cl2 and CH3CN transient absorptions decay
to zero within, at most, one microsecond for the dyads 1c,d,
whereas the overall transient decays were much slower in
MeOH solutions. A residual absorbance at 545 nm, with a
lifetime of tens of microseconds, points to the presence of
bpHC formed through a different path [Eq. (7)]. A quantita-
tive analysis of the quenching process of 1c,d in CH3CN sol-
utions is presented below.


b) Inter- versus intramolecular H-atom transfer : The dyads
1a,b were generally far less reactive than their ketoprofen-
based analogues. In contrast to 1c,d, their triplet lifetimes in
CH3CN and CH2Cl2 were strongly concentration dependent
(Figure 11). Linear Stern–Volmer plots were obtained for
both compounds. The observed spectral evolution during
triplet decay again is readily interpreted in terms of H-atom
transfer. Yields of bpHC and Tyr(OC) were formed in equal
amounts and increased monotonously as dyad concentration
increased. Thus, the quenching mechanism is safely assigned
as being dominated by self-quenching [Eq. (8)].


The respective self-quenching rate constants kSQ, obtained
from the slopes of the linear plots for 1a and 1b, do not
differ significantly from each other (Figure 11). The values


for kSQ (ca. 3V109
m
�1 s�1 in CH2Cl2 and ca. 7V108


m
�1 s�1 in


CH3CN) remain well below the diffusion-controlled limit for
both of these solvents. These results are fully in accord with
numerous literature data on bimolecular quenching of
ketone triplets by phenols, both in regard to absolute val-
ues[4,6b,7e] and solvent dependencies.[7a,c, f] Interestingly, the in-
tercepts of the Stern–Volmer plots for 1a and 1b differ
greatly in CH2Cl2. The triplet-decay rate constants k0 are
not expected to differ markedly for these two dyads because
the triplet lifetimes of the monochromophoric compounds
2a and 2b were both about 1.5 ms at high dilution in
CH2Cl2. Thus, in Figure 11, the difference in the intercepts
for 1a and 1b in CH2Cl2 has to be looked for in the rate
constants for intramolecular quenching, kH [Eq. (9)]. In
methanol solutions the triplet lifetimes of 1a,b and 2a–c
were already significantly shortened to 160�30 ns at con-
centrations in the sub-millimolar range. No attempts were
made to study the self-quenching of 1a,b in MeOH.


The short, intrinsic triplet lifetimes of 1c,d, due to rapid
intramolecular quenching, prevented a direct study of the
self-quenching for these compounds. Intermolecular H-
atom-transfer rates were addressed instead by quenching of
the 2c triplet with either (R)- or (S)-configured Boc-Tyr-
OMe in CH3CN (Boc= tert-butoxycarbonyl). Stern–Volmer
plots for both experiments yielded bimolecular-quenching
rate constants of 2.3V108


m
�1 s�1, which are in reasonable


agreement with the measured self-quenching rate constants
of 1a,b (see above). These rate constants are also very close
to the results obtained by Miranda et al. for the quenching
of a p!p* triplet by Boc-Tyr-OMe.[6e] The rate constants
for the quenching of 2c with Boc-Tyr-OMe are somewhat
smaller than the self-quenching rate constants of 1a,b. This
might be rationalized by the presence of the bulky Boc
group, which could potentially hinder a reactive approach.
Nevertheless, an important conclusion can be drawn from
bimolecular-quenching experiments: irrespective of differing
molecular structure and concomitant differences in triplet
energies (Table S3), there are no significant differences be-
tween the reactivities of 1a–d toward intermolecular H-
atom abstraction from phenols.


Figure 10. Transient absorption spectra obtained during laser flash pho-
tolysis at 355 nm of deoxygenated solutions (2V10�3m) of a) 1c and
b) 1d in dry CH3CN; time delays after flash (from top to bottom): 17, 27,
50, 75 ns; initial triplet concentration [T]0=55�5 mm.


Figure 11. Stern–Volmer plots of triplet-decay rate constants of 1a
(squares) and 1b (circles) in CH3CN (open symbols) and CH2Cl2 (filled
symbols); laser photolysis at 355 nm with 7-mJ pulse�1.
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To minimize contributions from self-quenching (see
above), transient spectra for 1a,b were also recorded after
laser excitation at 266 nm with substantially lower dyad con-
centrations. Representative spectra recorded for 1a in differ-
ent solvents are collected in Figure 12a. In CH3CN the trip-
let state, with its characteristic absorption at 530 nm, is the
dominate species 200 ns after excitation (squares in Fig-
ure 12a). In MeOH solution the triplet decay is accompa-
nied by formation of a long-lived transient with absorptions
at 335 and 545 nm (350 and 575 nm for para benzophenones
1b and 2b), decaying on a timescale of several tens of mi-
croseconds with second-order kinetics. The spectral signa-
ture (triangles in Figure 12a) and the observed rate con-
stants allow us to make the assignment of the transient to
the ketyl radical bpHC. Its formation is rationalized as an ab-
straction of a hydrogen atom from the solvent [Eq. (7)], and
second-order decay is consistent with disproportionation
and dimerization. The results for 1b are very similar to 1a
in methanol and CH3CN, respectively. For 1a in CH2Cl2 sol-
utions 200 ns after the laser flash (circles in Figure 12a), the
spectral region around 545 nm strongly resembles the one
obtained for 1a in MeOH. This part of the transient spec-
trum is presumed to be due to bpHC formation. An addition-
al feature at 405 nm is limited to the reaction of 1a in
CH2Cl2, and is indicative of an efficient formation of
Tyr(OC). No such transient could be observed for 1b in
CH2Cl2 at comparable concentrations.


c) Quantitative analysis of intramolecular quenching : De-
pending on the molecular structure and the solvent, the life-
times of the excited triplet decays of 1a–d range from ap-
proximately 10 ns to >5 ms. The triplet-decay rate constants
kd obtained from exponential fits to the experimental transi-
ent profiles are the sum of rate constants of the individual


decay processes (Figure 9). In inert solvents such as CH3CN
and CH2Cl2, the contribution from solvent reactions to the
decay constant k0 in Equation (11) can be neglected. How-
ever, in MeOH solutions, the rate constant for triplet-in-
duced H-atom abstraction from the solvent dominates k0


and must be considered in order to calculate kH from the ex-
perimentally available kd values. The required k0 values in
MeOH solutions were obtained as the rate constant of the
triplet decay of the monochromophores 2a–c in MeOH.
These k0 values ((5.5�0.5)V106 s�1) do not differ significant-
ly from one another and are in accord with literature data
for the triplet decay of bp in MeOH.[32]


High selectivity towards H-atom transfer is a common
feature of triplet-excited ketone/phenol systems.[4–7] Howev-
er, we are not aware of any reports of quantum yields for
the formation of biradicals in ketone/phenol dyads. To ad-
dress the selectivity of the intramolecular quenching reac-
tion, the transient spectra for 1c,d in CH3CN in this study
were deconvoluted into spectral components. Over the com-
plete timescale of the transient decay only the spectral com-
ponents for 3bp, bpHC, and Tyr(OC) are needed to simulate
the experimental data quantitatively (Figure 13; upper part).
Concentration/time profiles were constructed from spectral
resolutions for the reactions of 1c,d in CH3CN (Figure 13;
lower part). The rate of formation of the radical species is,
within experimental error, identical to the triplet-decay rate
of 1c. For 1d the triplet decay is already strongly convoluted
with the excitation laser profile. These triplet decays are
connected with formation of equimolar amounts of bpHC


and Tyr(OC). Formation and decay of both radicals appear to
follow the same time law, which is in accord with an intra-
molecular-reaction mechanism. The formation of biradica-
loid intermediates bpHC[Tyr(OC) [Eq. (9)] is analogous to in-
termediates that were reported for a number of related dy-
ads.[4,5a–d,6a,c,d] The biradicals, BR, decay exponentially on a
longer timescale [Eq. (10)] than do the triplets with kd �5–
10VkBR. Note that the rate constants for triplet quenching
(kdACHTUNGTRENNUNG(1d)/kdACHTUNGTRENNUNG(1c)�2) and BR decay (kBR ACHTUNGTRENNUNG(1d)/kBRACHTUNGTRENNUNG(1c)�2–3)
exhibit some diastereoselectivity, irrespective of the solvent.
Similar observations have been made with related
dyads.[6a,c,d]


Quantum yields for bpHC[Tyr(OC) formation, FBR


(Table 2), are extracted from the concentration profiles in
Figure 13 by extrapolation back to the end of the excitation
pulse. These quantum yields for 1c,d in CH3CN are not dif-
ferent from 1.00 if account is taken for the experimental
error, which is estimated to be not smaller than �0.05. Bi-
radical formation from 1c,d is generally efficient, irrespec-
tive of the solvent (Table 2). The somewhat lower quantum
yields observed in MeOH are readily explained by competi-
tive triplet quenching through H-atom abstraction from the
solvent [Eq. (7)]. This conclusion follows from the slight
non-stoichiometry between bpHC and Tyr(OC) and from the
presence of a long-lived spectral component at 545 nm,
identified as bpHC. Though quantum yields for biradical for-
mation are close to unity, the dyads 1c,d are very inert on
steady-state irradiation, as inferred from the negligible


Figure 12. a) Transient spectra obtained 200 ns after 266-nm (5 mJ) laser
pulsing of 1a in CH3CN (squares), MeOH (triangles), and CH2Cl2 (cir-
cles); b) Transient decay profiles (510 nm) on 266-nm laser pulsing of 1a
in CH3CN (squares) and CH2Cl2 (circles), and a profile of 1b (550 nm) in
CH2Cl2 (filled symbols); the latter profile is scaled by a factor of 0.6 for
the sake of comparison; concentrations [1a,b]=8V10�5m ; initial triplet
concentration [T]0=40�5 mm.


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7913 – 79297924


G. Hçrner et al.



www.chemeurj.org





quantum yields for dyad consumption in inert solvents
(Firr<0.01; Table 1). It appears that both triplet quenching
and biradical decay are strictly intramolecular reactions at
sufficiently low concentrations of starting materials. This
type of “reversible” H-atom transfer presents an efficient
path for energy dissipation in the triplet-excited bp moiety.


Effects of molecular geometry on the intramolecular H-atom-
transfer rates : Photochemical and photophysical parameters
of aromatic carbonyls have been referred to aspects of mo-
lecular geometry before.[33] Hydrogen-atom transfer, as a
typical reaction of triplet-excited carbonyls, demands close
contacts of the reacting units.[34a] Remarkable geometrical
effects on H-atom transfer in oxyethyl-linked acetophe-
none–phenol dyads have been reported.[5c] In the cited work
the substitution pattern of ketone and phenol were system-
atically varied. Semiempirical (PM3) calculations revealed
that the flexible linker allows the formation of possibly reac-
tive exciplexes, irrespective of the substitution pattern. The
striking contrast between completely inert and highly active
regioisomers was accordingly referred to symmetrical re-
strictions of electronic overlap of phenol and ketone p sys-
tems.


It is appealing to interpret also the reactivity order of the
dyads 1a–d in terms of molecular geometry. Discussion is
based on the results of ground-state NMR and molecular-


modeling studies (see above),
which are assumed to apply
also in the triplet-excited state
of the dyads. Apparently, the
molecular structure of dyads
1c,d allows reactive contact of
the excited triplet state with the
remote phenol group of the Tyr
residue with high yields
(Table 2) in any of the solvents
studied. In contrast, the triplet
states of the dyads 1a,b are
very inert in CH3CN or are
transformed into bpHC radicals
predominantly through H-atom
abstraction from the solvent in
MeOH. Although 1b remains
inactive towards intramolecular
processes also in CH2Cl2, 1a ef-
ficiently undergoes intramolec-
ular H-atom transfer to yield
biradicals, bpHC[Tyr(OC). Clear-
ly, the approach of the remote
reaction sites depends on the
geometric constraints on intra-
molecular motions. The general
pattern of intramolecular reac-
tivity, kH (1d) > kHACHTUNGTRENNUNG(1c) @


kHACHTUNGTRENNUNG(1a) @ kHACHTUNGTRENNUNG(1b), as found in
CH2Cl2 solution, can be qualita-
tively rationalized on grounds


of molecular-geometry considerations.
The dyads 1a–d are expected to be intrinsically less flexi-


ble than the dyads in ref. [ 5c]. This difference can be associ-
ated with the chemical nature of the linking group. Oxyalkyl
groups, as they were used in the cited work, are known to
increase chain flexibility and to favour folded structures.[34b]


In contrast, the presence of a rigid amide spacer in our
dyads decreases the flexibility of the chain, even though the
chain is nominally even longer than in the cited work. In ad-
dition, the directionality of the amide function renders the
distribution of the conformations anisotropic. This situation
was already illustrated in Scheme 1b. In that simplified pic-
ture, the molecular dynamics were broken down into the
space accessible for the Tyr residue by mapping out the an-
gular limits of its amide nitrogen. The predictions from this
intuitive picture are fully confirmed by the results from the
molecular-dynamics simulations (Figure 7), in which it can
be seen that close contacts between the carbonyl and the
remote phenol group are not favoured for 1a and are strict-
ly excluded for 1b. In the ketoprofen-based dyads 1c,d, the
insertion of an alkyl group between benzophenone and the
amide group extends the chain length with respect to 1a,b.
The directionality of the precession cone from 1a (1208) is
preserved, however, the additional hinge in 1c,d greatly ex-
tends the opening angle of the cone (Scheme 1b). This an-
ticipated higher flexibility of the 1c,d dyads is convincingly


Figure 13. Upper part: Spectral resolutions of transient absorption spectra taken a) 35 ns and b) 400 ns after
355-nm laser pulsing (7 mJ) of a solution of 1c ; in (a) and (b) the squares represent the triplet-state 3bp, circles
the ketyl radical bpHC, triangles the tyrosyl radical Tyr(OC), and * the experimental data; solid curves are the
resulting fits from the regression analysis. Lower part: Concentration profiles for the transients 3bp (squares),
bpHC (circles), and Tyr(OC) (triangles), obtained from deconvolution of transient absorption spectra of c) 1c
and d) 1d after delays of 15–350 ns with a concentration [1c,d]=1.5V10�3m ; initial triplet concentration [T]0=


38�2 mm.
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reflected in the rO···O distributions obtained from molecular-
dynamics simulations. Already within this simplified ap-
proach important qualitative conclusions can be drawn: For
1b, the geometrical constraints posed by concerted effects
of 1) unfavourable directionality of substitution and 2) the
lack of intrinsic flexibility of the linker combine to exclude
any close contacts between the carbonyl and the phenol
functions. Accordingly, 1b is not able to dissipate the excita-
tion energy by means of intramolecular H-atom transfer.
For 1a, condition (2) is still valid, whereas the change in di-
rectionality upon change in substitution (from para in 1b to
meta in 1a) allows for the close approach of the reacting
groups, at least to some extent (Figure 7).


In addition to effects of the probability of close contacts
(Figure 7) the orientation of the reacting moieties may
affect the overall reactivity, as was concluded in ref. [5c]. A
similar conclusion can be drawn from a discussion of the
steric constraints that have to be fulfilled for 1a to reach a
reactive conformation. In Scheme 3, the combined structural


peculiarities of the benzamide group and of the peptide
backbone greatly confine the possible conformations in the
dyad 1a. 1) An extended conformation of the peptide back-
bone is strongly favored, as was concluded from the high
NH–Ha coupling constants in 1H NMR. The amide function,
C(O)–NH, and the Ca–C(O) group are almost co-planar.
2) In addition, the amide group of N-methyl-benzamide has
been reported to be tilted from co-planarity with the phenyl
p system by a well-defined angle of 208.[35]


The consequences of rotation around c1 in the Tyr side
chain in 1a for the distance between the phenol (grey circle)
and the carbonyl (white circle) are illustrated in Scheme 3
(for the sake of visual clarity the small deviations from co-
planarity of the N-benzoyl amide and the peptide backbone
are neglected). The given situation affords close contacts be-
tween the phenol and the carbonyl only in the rotamer state
g� (structure 1a, A) in Scheme 3). Alternatively, the struc-
ture 1a, B) yields close contacts after rotation by 1808 about


the phenyl�C(O) bond (not shown). Thus, only a minor
fraction of the molecules occupies conformations that are
reactive for H-atom transfer between hydroxyl and carbonyl
groups (Figure 7 and Scheme 3). However, triplet-excitation
of the dyad 1a yields the biradical BR with unity quantum
yield in CH2Cl2 (Table 2). It is concluded that the conforma-
tional exchange between the active and unreactive rotamers
occurs on a timescale faster than the intrinsic triplet decay
[Eq. (6)]. This finding is in agreement with the results ob-
tained in similar systems.[5a,b]


Importantly, neither of the two possibly reactive confor-
mations of 1a allow for significant enough overlap of the p


systems of Tyr and bp in order to form exciplexes. This is in
accord with the negligible ring-current effects on the aro-
matic Tyr protons of 1a (Figures 4 and 5). Vice versa, the
higher reactivity of the alkylamides 1c,d (and their reactivi-
ty order, kHACHTUNGTRENNUNG(1d) > kHACHTUNGTRENNUNG(1c)) corresponds to significant
ground-state interactions between the aromatic moieties.
Because exciplexes have been commonly proposed to be


crucial intermediates of H-atom
transfer in the ketone/phenol
system,[5a–d,6a,d,e,7a,d] we conclude
that the low rate constants of
1a (relative to 1c,d) are a con-
sequence of the missing overlap
between the p systems of Tyr
and bp.


Intramolecular H-atom trans-
fer—Media effects : It can be in-
ferred from an inspection of
Table 2 that the rate constants
for triplet decay, kd, and, con-
comitantly, the rate constants
for intramolecular H-atom
transfer, kH, of 1a and 1c are
dependent on the reaction
medium. In contrast, the H-
atom-transfer rate constants of


1d vary only slightly upon going from CH2Cl2 to MeOH sol-
utions. Generally, the highest rates are observed in non-
polar solvents such as CH2Cl2. This might be attributed to
favourable conditions towards H-atom transfer being pres-
ent in solvents of lower “polarity”. This is corroborated by
the observation of highly reactive triplet states of 1c,d in
benzene and chloroform, or of 1a in n-butylchloride.[36] A
general result from related studies appears to be that there
is a correlation between the rate constants and the H-bond-
ing properties of the solvents. In particular, the commonly
observed decrease of H-atom-transfer reactivity as HB-ac-
ceptor ability increases is interpreted as being due to a re-
duction in the concentration of free phenol by hydrogen
bonding to the solvent.[37] The concept of a solvent-depen-
dent “masking” of the phenol was recently applied to the
qualitative[6b,7a,38] and quantitative[7f] analysis of the solvent
dependence of the triplet quenching by phenols. The ob-
served proportionality between the chemical shifts of the


Scheme 3. Interchromophore distances (arrows) of carbonyl (white circle) and hydroxyl (grey circle) moieties
in 1a for the side-chain rotamers g� (A), g+ (B), and t (C).
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phenolic protons and the HB-acceptor ability of the solvents
(see above) supplies direct evidence for an H-bonding equi-
librium also for the dyads 1a–d.


Our results are qualitatively in accord with the results of
the cited studies in that we observe a decrease in the rate
constants as HB-acceptor ability of the solvent increases.
However, the extent of the kinetic solvent effect (KSE) ap-
pears to be strongly dependent on the dyad structures. The
KSE that was observed for 1a strongly exceeds the ones for
1c and especially for 1d. This contradicts the model that
predicts uniform KSEs, expressed as the slopes in linear
plots of logkH versus b2


H, for a uniform H-atom donor
(here: phenol). Interestingly, the observed order in KSEs
(KSE ACHTUNGTRENNUNG(1d) < KSE ACHTUNGTRENNUNG(1c) ! KSE ACHTUNGTRENNUNG(1a)) appears to mirror the
order of ground-state interactions between the aromatic Tyr
and bp moieties, which were derived from the ring-current
effects on the Tyr resonances (Figures 4 and 5). Variations
in the solvent dependencies are indicative of structure-spe-
cific deviations from the assumptions of the Ingold model.
A possible correlation between the dyad structure and the
KSE serves as the working hypothesis for ongoing work that
addresses the solvent dependencies of H-atom transfer in
bp[Tyr dyads in further detail.[36]


Conclusion


Hydrogen-atom transfer in the triplet-excited n!p* state of
bp[Tyr dyads is a prominent pathway of intramolecular trip-
let-energy dissipation. As the formation of reactive head-to-
tail contacts between the remote groups requires intramo-
lecular motions, it is expected to be modulated by the
nature of the linker. In fact, the H-atom-transfer efficiencies
of the dyads in this study depend markedly on the dyad
structure and the reaction medium. In this study we have
identified molecular parameters that control the overall
rates and efficiencies of the intramolecular reaction. In a
given solvent the directionality of and the flexibility within
the amide-type linker are selectors of the distance and the
orientation of the interacting moieties. A qualitative order
of reactivity has been established based on geometrical con-
siderations, NMR investigations, and molecular-dynamics
simulations, which address the distance distributions and rel-
ative orientations between the reacting groups as a function
of the molecular structure.


Within a series of three dyads (1a and 1c,d) that differ
solely in the nature of the amide-linking group between the
phenol and the triplet-excited ketone, the efficiency of the
reactive approach can be correlated with the probability of
close contacts and the extent of electronic overlap. Geomet-
rically restricted overlap, as evidenced by insignificant aro-
matic–aromatic interactions in the benzamide 1a, leads to
substantially smaller H-atom-transfer rates than in the alky-
lamides 1c,d, although similar distance distributions are ob-
served in all three cases. The high reactivity of 1c,d is paral-
leled by strong NMR ring-current effects that indicate effec-
tive head-to-tail interactions already in the ground state.


This simultaneous dependence on distance and orientation
is a strong argument for exciplexes being important inter-
mediates on the H-atom-transfer reaction coordinate, with
the stability of the respective exciplex being reflected by the
strength of the ground-state ring-current effects.


These results have implications on the interpretation of
the chiral discrimination that was reported for H-atom
transfer in related dyads.[6a,c,d] In the cited work, the stereo-
selectivity was associated with “nonbonding electronic inter-
actions between the aromatic p systems”,[6a] which was sug-
gested to be different for different diastereomers. The argu-
mentation was based mainly on X-ray crystallographic data.
In favour of this interpretation given by Miranda et al., the
epimeric dyads 1c and 1d in our study, with (S) and (R)-
configuration of the Tyr moieties, respectively, exhibit ste-
reoselectivity in the H-atom-transfer rates and in the proba-
bility of ground-state head-to-tail contacts. Thus, it is appeal-
ing to interpret the stereoselectivity in excited-state reactivi-
ty as a consequence of sterically controlled electronic over-
lap between the aromatic moieties.


Experimental Section


General : Routine 1H and 13C NMR spectra (200/500 MHz and
50.32 MHz, respectively) were recorded in deuterated solvents. Chemical
shifts d are reported in ppm downfield from TMS (experimental error:
Dd�0.01 ppm). Assignment of resonances was based on 1H–1H and
1H–13C COSY spectra. Parameters of the 1D-NOE measurements for 1a
and 1c,d in CDCl3 and CD3CN (500 MHz): double PFG spin-echo
(DPFGSE)-NOE sequence,[39] spectral width 4390 Hz, 16 k complex data
points, 2880 scans per irradiation point, acquisition time 3.7 s, relaxation
delay 2.0 s, NOE-buildup delay 500 ms, gradient strengths 14/6/4/�4%
(100%=140 Gcm�1), gradient duration 1 ms each, selective Gauss pulse
40 ms, exponential line broadening with BF=1.0 Hz.


UV/Vis spectra were recorded by using a Varian Cary 300 Bio UV-visible
spectrophotometer in 10�6 to 10�5 molar concentrations. Millimolar con-
centrations were employed for the determination of the n!p* transitions
of benzophenone chromophores around 340 nm. Phosphorescence emis-
sion and excitation spectra and phosphorescence decays were recorded
by using a Spex FluoroMax-P (Horiba Jobin Yvon) in acetonitrile and a
Perkin–Elmer LS 50B in MeOH/EtOH 1:1 glass at an excitation wave-
length of 330 nm at 77 K. Concentrations were set in the millimolar
range, corresponding to absorbances A at 330 nm of 0.3–0.5.


Steady-state experiments were carried out in 1-cmV1-cm rectangular UV
cells on standard optical-bench systems. A high-pressure mercury lamp
HBO 200 (Narva) together with water filter, quartz windows, interfer-
ence filter (313 nm), and cut-off glass filters (<290 nm) were used as the
excitation source for 313 nm irradiations. A low-pressure mercury lamp
(Original Hanau TNN 15/30) was used as the excitation source for the
254 nm irradiation. Reaction progress was monitored by UV/Vis spec-
troscopy with a HP Diode Array 8452A Spectrophotometer or by HPLC
using a Waters 600E Multisolvent Delivery System Pump, as described
previously.[40] The detection system consisted of a Waters 996 Photodiode
Array UV/Vis Detector. Analytical HPLC analyses were carried out on a
Waters XTerra RP18 reverse phase column (4.6V250 mm, 5-mm particle
size). Uranyl oxalate actinometry was used to measure the light intensity.
The quantum yields for this actinometry were taken to be 0.602 and
0.561 for the 254 and 313 nm irradiations, respectively.[30] Light flux was
within the range of 10�4 Einsteindm�3min�1 at both wavelengths.


The equipment for laser flash photolysis has been described in detail pre-
viously.[41] It is based on the 266 or 355 nm output of a Nd/YAG laser
with a full width at half maximum of approximately 7 or 9 ns and a dose
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of 5-mJpulse�1 or 7-mJpulse�1, respectively. Transient decays were re-
corded at individual wavelengths by the step-scan method with a step dis-
tance of 5 nm in the range of 300 to 800 nm and obtained as the mean
signals of 6 to 16 pulses. Spectral resolution was in the range of �3 nm.
Samples for LFP were rigorously deoxygenated by flushing with analyti-
cal-grade nitrogen in a circulating flow system (5V5-mm Suprasil quartz
cell) for 20 min prior to and kept under nitrogen during measurement.


Synthesis : Chemicals and solvents (Sigma–Aldrich and BACHEM) for
synthesis were of highest available analytical grade and were used with-
out further purification. Synthesis of the dyads followed the routines of
carbodiimide-induced amide-coupling (for details of procedures and char-
acterization, see Supporting Information). The identity and purity of the
dyads were studied by 1H and 13C NMR and combustion analysis. The ob-
tained NMR spectra were in accord with the molecular structures of 1a–
d. Combustion analysis gave slight deviations from ideal stoichiometry
for the benzamide 1b due to inclusion of residual solvent (diethyl ether,
ethyl acetate) in the crystalline foams, which could not be removed even
on extended evacuation. Attempts to produce the dyads as crystalline
material were not successful. However, because HPLC analysis proved
the absence of contaminants absorbing light with l>220 nm in all cases,
the dyads were used in this study without further work-up.


Spectral analysis of LFP intermediates : Quantum yields for the forma-
tion of the ith transient, Fi, were obtained by using relative actinometry
with benzophenone solutions of matched optical density in acetonitrile,
CH3CN [Eq. (12)]. The absorbed light intensity Ia is expressed as the re-
sulting triplet-state concentration in the actinometer solution with the
measured DAT at 525 nm. The known values of molar absorption coeffi-
cient eTACHTUNGTRENNUNG(525 nm)=6500m


�1 cm�1 and triplet quantum yield FT(bp)=1.00
were also used in Equation (12).[31]


Fi ¼
ci
Ia
¼


DAðljÞ
eðljÞ


�FTðbpÞ � eTð525 nmÞ
DATð525 nmÞ ð12Þ


Here, DA(lj) and e(lj) denote the measured change in optical density
after laser pulsing of the sample solution, and the molar absorption coef-
ficient of the transient at the wavelength lj, respectively. The procedure
summarized in Equation (12) is limited to cases in which wavelengths
exist that are characteristic for a single transient. In the more common
case of convoluted spectra, a multi-regression analysis has to be done on
the optical transient spectra resulting from pulsed irradiation in order to
extract the individual transient concentrations ci. Within any time
window, following the excitation pulse, the absorbance of the signal is re-
lated to the concentrations and molar absorption coefficients of the tran-
sients through Beers Law DA= log ACHTUNGTRENNUNG(I0/I).


DAðljÞ ¼
Xn


i¼1
ci � eiðljÞ � l ð13Þ


In the regression analysis of the experimental spectra by Equation (13)
the concentrations of the individual transients times the optical path-
length, lVci, are the regression parameters to be fit.[42] The sets of ei(lj)
are the reference spectra of the underlying transients enumerated by the
i-th subscript. The uncertainties for the ci are computed from the square
roots of the diagonal matrix elements of the covariance matrix for each
linear regression.


Reference spectra for the excited triplet states of the bp[Tyr dyads 1a–d
were obtained by LFP of diluted solutions of the model compounds 2a–c
in CH3CN and dichloromethane, CH2Cl2. Molar absorption coefficients
were obtained by comparison of the transient absorptions DA ACHTUNGTRENNUNG(lmax) and
DAT ACHTUNGTRENNUNG(525 nm) of the actinometer solution at time delays for which no sig-
nificant decay has taken place, and under the assumption of unity triplet
yield.[31] Spectra of radical species relevant to this study were obtained by
bimolecular quenching of the respective triplet states of 2a–c in CH3CN
with methanol, MeOH, or 2-propanol. Spectra of the resulting ketyl radi-
cals (bpHC, also: hemipinacol) were corrected by scaling with known
molar absorption coefficients. Because ketyl anion radicals (bp�C) turned
out to be of minor importance in this study, no attempts were made to es-
tablish a set of reference spectra for these species. If needed, a literature-


known spectrum of bp�C was used in the regression.[43] The tyrosyl radical
Tyr(OC) was represented in the regression analysis by a spectrum mea-
sured in water by pulse radiolysis.[44a] The LFP spectra in our study were
recorded at substantially lower resolution, which leads to dampening of
the very narrow absorption feature of Tyr(OC) at 405 nm. Thus, the molar
absorption coefficient reported in the cited work for Tyr(OC) (eTyr


(405 nm)=3200m
�1 cm�1) appeared to be inadequate. A value of eTyr


(405 nm)=1900m
�1 cm�1 for acetonitrile solution, which is in accord with


literature data for a protein-bound Tyr(OC),[44b] was extracted from bimo-
lecular quenching experiments of bp with N-Boc-Tyr-OMe, based on
equimolar formation of Tyr(OC) and bpHC.


Computational methods : The statistical distribution of the distances
(pair-distribution function), rO···O, between the carbonyl oxygen atom of
the bp moiety and the Tyr hydroxylic oxygen was calculated from the po-
tential of mean force, w ACHTUNGTRENNUNG(rO···O), by using Equation (14).[45]


gðrO���OÞ ¼ expf�wðrO���OÞ=kBTg ð14Þ


These calculations were accomplished with umbrella sampling,[46] done in
conjunction with Langevin dynamics (LD)[47–49] and the CHARMM[50] all-
atom empirical potential. In the LD no explicit solvent molecules were
used, but the usual LD frictional drag of the solvent was factored in by
using a collision frequency for all heavy atoms equal to approximately
20 ps�1, which reflects the viscosity of acetonitrile. We set the sampling
windows at intervals of 0.1 S and a force constant for the umbrella po-
tential of 20 kcalmol�1S�2 (83.7 kJmol�1S�2). Each window simulation
was run with a 1.5-fs time step for 50 ps, preceded by 9 ps of heating
from 0 to 300 K and 10 ps of equilibration. For the CHARMM27 force-
field calculations, we used version 7 of the HyperChem PC molecular-
modeling package.[51] To suppress unrealistic over-representation (see
above) of short distances, rO···O, with carbonyl and hydroxyl in hydrogen
bonding, the atom charges of all the atoms of the molecules were set to
zero which, in practice, is the equivalent of setting the dielectric permit-
tivity equal to infinity.
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Introduction


The field of metallasiloxane chemistry[1] has received consid-
erable attention for the synthesis of soluble molecular com-
pounds capable of mimicking the role developed by transi-
tion-metal complexes anchored on silica surfaces. Such com-
plexes have been widely used as heterogeneous catalysts in
a variety of organic transformations.[2] However, concrete
aspects of these processes, such as morphology or active
sites control, are scarcely known. In this way, metallasilox-
anes constitute model systems capable of clarifying the reac-
tion mechanism involved in such catalytic conversions.[3]


Soluble molecular titanasiloxanes containing the Si-O-Ti
moiety exhibit efficient synthetic routes and represent po-
tential precursors of titanosilicates, which are extensively
used as heterogeneous catalysts in industrial processes.[3]


Cyclic and three-dimensional titanasiloxanes with an inor-


Abstract: A family of novel titanasilox-
anes containing the structural unit {[Ti-
ACHTUNGTRENNUNG(h5-C5Me5)O]3} were synthesized by
hydron-transfer processes involving re-
actions with equimolecular amounts of
m3-alkylidyne derivatives [{TiACHTUNGTRENNUNG(h5-
C5Me5) ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m3-CR)] (R=H (1), Me
(2)) and monosilanols, R3’Si(OH), sila-
nediols, R2’Si(OH)2, and the silanetriol
tBuSi(OH)3. Treatment of 1 and 2 with
triorganosilanols (R’=Ph, iPr) in
hexane affords the new metallasiloxane
derivatives [{Ti ACHTUNGTRENNUNG(h5-C5Me5)ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m-
CHR) ACHTUNGTRENNUNG(OSiR3’)] (R=H, R’=Ph (3), iPr
(4); R=Me, R’=Ph (5), iPr (6)). Anal-
ogous reactions with silanediols, (R’=
Ph, iPr), give the cyclic titanasiloxanes


[{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3(m-O2SiR’2)(R)]
(R=Me, R’=Ph (7), iPr (8); R=Et,
R’=Ph (9), iPr (10)). Utilization of
tBuSi(OH)3 with 1 or 2 at room tem-
perature produces the intermediate
complexes [{TiACHTUNGTRENNUNG(h5-C5Me5) (m-O)}3ACHTUNGTRENNUNG(m-
O2Si(OH)tBu)(R)] (R=Me (11),
Et(12)). Further heating of solutions of
11 or 12 affords the same compound
with an adamantanoid structure, [{Ti-
ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3(m-O3SitBu)] (13)
and methane or ethane elimination, re-


spectively. The X-ray crystal structures
of 3, 4, 6, 8, 10, 12, and 13 have been
determined. To gain an insight into the
mechanism of these reactions, DFT cal-
culations have been performed on the
incorporation of monosilanols to the
model complex [{TiACHTUNGTRENNUNG(h5-C5H5)ACHTUNGTRENNUNG(m-O)}3-
ACHTUNGTRENNUNG(m3-CMe)] (2H). The proposed mecha-
nism consists of three steps: 1) hydron
transfer from the silanol to one of the
oxygen atoms of the Ti3O3 ring, form-
ing a titanasiloxane; 2) intramolecular
hydron migration to the alkylidyne
moiety; and 3) a m-alkylidene ligand
rotation to give the final product.
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ganic core and an organic boundary are particularly promis-
ing as model compounds for titanium-doped zeolites.[4]


Well-defined cyclic titanasiloxanes are most commonly
prepared by reaction of silanediols or their dilithium salts
with titanium chlorides. Polyhedral titanasiloxanes can be
obtained by condensation of silanetriols with titanium alkox-
ides or chlorides. However, only a few synthetic routes have
been developed involving direct reactions of silanols, silane-
diols, or silanetriols, and titanium derivatives containing Ti�
C bonds.[1a,5] Here we show how a variety of titanasiloxanes
can be synthesized readily from silanols and the cyclic deriv-
atives [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3 ACHTUNGTRENNUNG(m3-CR)] (R=H (1), Me (2)),[6]


in which a m3-alkylidyne moiety is supported on the organo-
metallic oxide [Ti ACHTUNGTRENNUNG(h5-C5Me5)O]3 and constitutes a worthy ap-
proach to metal oxide surfaces.[7]


These novel titanasiloxanes represent some of the ele-
mentary reaction steps that hydrocarbyl fragments undergo
during catalytic surface reactions (alkylidyne, alkylidene,
and alkyl).[8] Furthermore, a plausible formation mechanism
for these species, in which the oxygen atoms of the Ti3O3
core exhibit a role unknown to date, is proposed on the
basis of DFT calculations.


Results and Discussion


Treatment of equimolecular amounts of the trinuclear start-
ing materials 1 and 2 and triphenylsilanol or triisopropylsila-
nol, R’3SiOH (R’=Ph, iPr), in hexane at room temperature
or under moderate heating (50 8C), afforded the new metal-
lasiloxane derivatives [{TiACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m-CHR)-
ACHTUNGTRENNUNG(OSiR’3)] (R=H, R’=Ph (3), iPr (4); R=Me, R’=Ph (5),
iPr (6)) in good yields (71–95%), as outlined in Scheme 1.
The orange-reddish (3, 4) or violet microcrystalline solids (5,
6) proved to be stable under argon at room temperature,
and soluble in saturated hydrocarbons and aromatic sol-
vents.
Compounds 3–6 were characterized by NMR and IR


spectroscopy, mass spectrometry, microanalysis, and in the


case of 3, 4, and 6 their structures were elucidated by X-ray
crystallography.[9] The NMR spectra of these complexes in
solution display two types signals for C5Me5 in a 2:1 ratio,
consistent with Cs symmetry, resonance signals for the m-al-
kylidene group,[7] and signals corresponding to the siloxide
ligand. The molecular structure of 6 is shown in Figure 1, to-
gether with a selection of bond lengths and angles. Com-
pound 6 reveals a trinuclear species with an alkylidene
group (m-CHR) bridging two titanium atoms and a siloxide
(�OSiR3) ligand linked to the third titanium in the opposite
side of the Ti3O3 unit. Curiously, the ethylidene group shows
the transferred hydrogen atom in the distal region with re-
spect to the siloxide.


The titanium atoms present a pseudotetrahedral environ-
ment with bond lengths similar to those found in the parent
compound 2.[6a] The existence of the bridging alkylidene
group makes the Ti2···Ti3 distance 0.48 R shorter than the
other two Ti1···Ti distances, and the Ti2-O23-Ti3 angle


Abstract in Spanish: El tratamiento de los derivados m3-al-
quilidino [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m3-CR)] (R=H (1), Me (2))
con cantidades equimoleculares de monosilanoles,
R3’Si(OH), silanodioles, R2’Si(OH)2, y el silanotriol tBu-
Si(OH)3 permite sintetizar una familia de titanosiloxanos que
contienen la unidad estructural [TiACHTUNGTRENNUNG(h5-C5Me5)O]3. Con objeto
de conocer el mecanismo de estas reacciones, se llevaron a
cabo c4lculos de DFT sobre el proceso de incorporaci6n de
monosilanoles al complejo modelo [{TiACHTUNGTRENNUNG(h5-C5H5) ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m3-
CMe)] (2H). El mecanismo de reacci6n propuesto consta de
tres etapas: 1) la transferencia de hidr6n del silanol a uno de
los 4tomos de ox8geno del anillo Ti3O3 con formaci6n de una
especie titanosiloxano; 2) migraci6n intramolecular de hidr6n
al fragmento alquilidino; 3) la rotaci6n directa del grupo m-
alquilideno para dar el producto final.


Scheme 1. Synthesis of the titanasiloxanes 3–6. [Ti]=TiACHTUNGTRENNUNG(h5-C5Me5).


Figure 1. Molecular structure of [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3 ACHTUNGTRENNUNG(m-CHMe)-
ACHTUNGTRENNUNG(OSiiPr3)] (6). Selected averaged bond lengths (R) and angles (8): C1�C2
1.510(5), C1�Ti 2.128(1), Ti�O 1.854(6), Ti1···Ti 3.301(3), Ti2···Ti3
2.823(1), Si1�O1 1.642(2), Si1�C 1.909(11); Ti-C1-C2 122.4(4), Ti-C1-Ti
83.1(1), Ti2-O23-Ti3 99.4(1), Ti1-O-Ti 125.3(1), O-Ti-O 104.4(10), Ti1-
O1-Si1 171.6(2), C1-Ti-O23 83.8(1), O12-Ti2-C1 100.3(1), O13-Ti3-C1
100.1(1). Hydrogen atoms, except those of the ethylidene ligand, have
been omitted for clarity. Thermal ellipsoids at the 50% probability level.


Chem. Eur. J. 2008, 14, 7930 – 7938 K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7931


FULL PAPER



www.chemeurj.org





(99.4(1)8) narrower than the other Ti-O-Ti angles (average
125.3(1)8), a situation comparable to those reported for [{Ti-
ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3 ACHTUNGTRENNUNG(m-CHMe)NPh2]


[7] and [{Ti ACHTUNGTRENNUNG(h5-C5Me5)ACHTUNGTRENNUNG(m-
O)}3 ACHTUNGTRENNUNG(m-CHMe) ACHTUNGTRENNUNG(OCMe3)].


[10] All the Ti�O bond lengths are
in the normal range (1.854(6) R).[6] The bridging ethylidene
group shows the C1 atom in a tetrahedral environment and
almost equidistant with the two titanium centers (average
2.128(1) R). The C1�C2 bond length of 1.510(5) R is within
the range for single C�C bonds.[11] The siloxide ligand, locat-
ed below the Ti3O3 ring, shows a silicon atom in a pseudote-
trahedral environment, with a Ti1-O1-Si angle (171.6(2)8)
close to linearity.
To move forward with our work on these hydron-transfer


processes, we investigated the reactions of 1 and 2 with sub-
strates that contain two hydroxyl groups. Thus, the treat-
ment of the alkylidyne species with one equivalent of silane-
diol in hexane at room temperature proceeds to give the
cyclic titanasiloxanes [{TiACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3(m-O2SiR’2)-
ACHTUNGTRENNUNG(CH2R)] (R=H, R’=Ph (7), iPr (8); R=Me, R’=Ph (9),
iPr (10)), which are stable under argon atmosphere and
soluble in most usual solvents (Scheme 2).


The NMR spectra (see Experimental Section) are consis-
tent with the proposed structure and reveal the characteris-
tic signals for methyl (7, 8) or ethyl (9, 10), m-O2SiR’2 (R’=
Ph, iPr) and h5-C5Me5 ligands. Also, the molecular structures
of 8 and 10 were elucidated by single-crystal X-ray structur-
al analysis.[9]


The molecular structure of 10 is shown in Figure 2, to-
gether with a selection of bond lengths and angles. Complex
10 adopts a butterfly-like structure, in which two six-mem-
bered rings share an oxygen atom and two titanium metal
centers. The alkyl group originating from the hydronation
and the m-O2SiR2 unit show a trans disposition with respect
to the Ti3O3 moiety.
The Ti�C1 (2.175(5) R) bond length is in the expected


range for TiIV�C ACHTUNGTRENNUNG(sp3) bond lengths[6a,7,12] and the C1�C2
bond length of 1.496(7) R is a typical C�C single bond.[11]
The shared Ti2-O23-Ti3 angle (120.8(2)8) is slightly smaller
than the other two Ti-O-Ti angles (average 131.8(3)8), and
is comparable with other trinuclear titanium species not
bridged by chelating ligands.[12]


The scope of the above-described hydron-transfer pro-
cesses was finally extended to silanetriols (see Scheme 3).
The 1:1 molar ratio reaction of 1 or 2 with tert-butylsilane-


triol at room temperature allowed us to identify the inter-
mediate compounds [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m-
O2Si(OH)tBu)(R)] (R=Me (11), Et (12)) by NMR spec-
troscopy and to isolate 12 as a bright yellow microcrystalline
solid in good yield that is stable under argon and soluble in
hydrocarbon and aromatic solvents.


The 1H and 13C spectra of 11 and 12 revealed the presence
of the characteristic signals for the methyl or ethyl group,
the m-O2Si(OH)tBu fragment, and the C5Me5 ligands. Addi-
tionally, the molecular structure of 12 (Figure 3) was con-
firmed by X-ray single-structure analysis. Similarly to the ge-
ometry observed for compound 10, complex 12 shows a but-
terfly-like geometry with the ethyl ligand located in the
distal position with respect to that occupied by the hydroxy
moiety linked to Si3. Logically, all the geometrical parame-
ters present similar values to those found for 10, but the
lower steric requirement of the hydroxy group leads to a
narrower Si-O-Ti angle (�88).


Scheme 2. Treatment of 1 and 2 with silanediols. [Ti]=TiACHTUNGTRENNUNG(h5-C5Me5).


Figure 2. Molecular structure of [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3(m-O2SiiPr2)Et]
(10). Selected averaged bond lengths (R) and angles (8): C1�C2 1.496(7),
Ti1�C1 2.175(5), Ti�O 1.857(12), Si4�O 1.662(5), Si4�C 1.894(18); Si4-
O-Ti 133.9(6), Ti2-O23-Ti3 120.8(16), Ti1-O-Ti 131.8(3), O2-Si4-O1
108.4(2), O-Si4-C 108.9(10), C41-Si4-C51 112.6(3), C1-Ti3-O 101.8(1), O-
Ti-O 103(2), C2-C1-Ti1 110.9(4). Methyl groups of the pentamethylcyclo-
pentadienyl rings and hydrogen atoms except those of the ethyl ligand
have been omitted for clarity. Thermal ellipsoids at the 50% probability
level.


Scheme 3. Reactions of 1 and 2 with tert-butylsilanetriol.
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Thermal treatment of 1 and 2 with one equivalent of tert-
butylsilanetriol or further heating of solutions of 11 and 12
allowed us to obtain the same compound with an adaman-
tane-like structure [{TiACHTUNGTRENNUNG(h5-C5Me5)ACHTUNGTRENNUNG(m-O)}3(m-O3SitBu)] (13),
with methane or ethane elimination, respectively. Complex
13 is obtained in almost quantitative yields as a yellow mi-
crocrystalline solid (Scheme 3). In the 1H and 13C NMR
spectra of this product, it is worth noting the single set of
signals corresponding to the h5-C5Me5 ligands, indicating
their equivalence. The new complex retains the C3v symme-
try of the starting materials 1 and 2.
Single crystals of 13, suitable for X-ray diffraction analy-


sis, were grown from hexane at �20 8C. The analysis
(Figure 4) displays a molecule with an adamantane-type
structure [Ti3SiO6]. The geometry of the cage in 13 resem-
bles the core structure found in [{TiACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m-
O3SiR’)] (R’= (2,6-iPr2C6H3)NSiMe3)


[5a] and [{Ti ACHTUNGTRENNUNG(h5-
C5Me5)}4 ACHTUNGTRENNUNG(m-O)6].


[13]


It can be seen that the geometrical parameters in 13 are
very similar to those found for complexes 10 and 12. The
only noticeable differences are found in the values of the
Si1-O-Ti (average 121(2)8) and Ti-O-Ti (average 122.2(9)8)
angles, which are clearly narrower than those observed in
the previous complexes, but similar to those with an ada-
mantane-like structure.[5a,13]


DFT elucidation of the reaction mechanism : To investigate
the incorporation of the silanols to the organometallic
oxides [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m3-CR)] (R=H (1), Me (2)) at


a mechanistic level, density functional theory (DFT) calcula-
tions[14] were carried out on the simplest silanol substrate,
H3SiOH, and the model complex [{TiACHTUNGTRENNUNG(h


5-C5H5)ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m3-
CMe)] (2H).
For 2H, we initially analyzed the hydron-transfer process


at both the alkylidyne carbon and the oxo sites. Calculations
show that hydronation at the oxo site is energetically fa-
vored compared to that at the alkylidyne carbon atom by
18 kJmol�1. Therefore it is reasonable to assume that the re-
action will start with the hydron transfer from the silanol to
a more basic and less crowded oxo group of the organotita-
nium complex 2H. Figure 5 shows the two mechanisms stud-
ied. The silanol first approaches one of the oxo groups of
complex 2H, forming the adduct B by SiO�H···O hydrogen
bonding. The subsequent hydron transfer to the oxygen
atom is accompanied by formation of the siloxide group,
through a transition state TSBC, to give C. The computed
energy barrier for the step from B to C is calculated to be
relatively low, 42 kJmol�1.
As the H3SiO fragment interacts with the titanium center


in TSBC, the Capical�Ti1 bond length is elongated from 2.09 R
in 2H to 2.34 R in TSBC.


[15a] In the intermediate C, the
Capical�Ti1 bond is broken (2.79 R), and the sp3 tetrahedral
environment of the carbon atom becomes closer to sp2


planar (Ti2-Ti3-Capical�C 2H : 137.48 ; C : 161.08). On going
from 2H to C, we also observed that the energy of the
HOMO, which is mainly formed by a bonding combination
of p orbitals of the bridging carbon atom and d orbitals of
the Ti atoms, rises significantly from �6.2 to �5.5 eV. This
suggests an increase of the basicity of the bridging carbon
atom.
Once complex C is formed, there are two plausible reac-


tion mechanisms. First, the hydron at the oxo group could


Figure 3. Molecular structure of [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3 ACHTUNGTRENNUNG(m-O2Si(OH)-
ACHTUNGTRENNUNGtBu)(Et)] (12). Selected averaged bond lengths (R) and angles (8): C1�
C2 1.511(9), Ti2�C1 2.160(6), Ti�O 1.854(10), Si3�O1 1.647(2), Si3�O2
1.671(4), Si3�C50 1.881(5), Ti1···Ti2 3.367(1), Ti1···Ti1’ 3.233(1); Si3-O1-
Ti1 125.6(2), Ti1-O12-Ti2 131.3(2), Ti1-O13-Ti1’ 121.8(2), O1-Si3-O1’
108.0(2), O1-Si3-O2 109.2(2), O-Ti-O 103(3), C2-C1-Ti2 112.0(4). Methyl
groups of the pentamethylcyclopentadienyl rings and hydrogen atoms
except those of the ethyl and hydroxo ligands have been omitted for
clarity. Thermal ellipsoids at the 50% probability level. The prime char-
acter in the labels indicates that these atoms are at equivalent position
(x,-y+1/2,z).


Figure 4. Molecular structure of [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3(m-O3SitBu)] (13).
Selected averaged bond lengths (R) and angles (8): Ti�O 1.86(3), Si1�O
1.66(2), Si1�C51 1.888(4), Ti···Ti 3.244(14), Ti···Si1 3.074(2); Si1-O-Ti
121(2), Ti-O-Ti 122.2(9), O-Si1-O 107.8(10), O-Ti-O 100.8(8). Thermal el-
lipsoids at the 50% probability level.
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migrate to the oxygen opposite the titanium silanoxide
moiety to lead to complex Da (Scheme 4 and dashed lines
in Figure 5). The energy barrier (TSCD) for the step from C
to Da is calculated to be 118 kJmol�1. The Da intermediate
can rearrange to Db by inversion of the hydronated oxy
center, leading to a more suitable disposition of the hydro-
gen atom for a subsequent migration to the bridging carbon
to yield 6H. However, the computed relative energy of the
transition-state structure TSD6H with respect to the reactants
(153 kJmol�1) seems to be too high for this reaction, which
occurs experimentally at room temperature.


In the other possible mechanism (Scheme 4 and solid
lines in Figure 5), the hydrogen atom could directly migrate
from the oxygen atom in C to the hydrocarbon moiety to


form E. The energy cost to reach TSCE from C is a modest
74 kJmol�1, which is lower than the energy cost to reach
TSCD. In TSCE the calculated Ti2�H distance is 1.88 R, indi-
cating that the titanium center may play an active role.[15b]


Moreover, the intermediate E is much more stable than Da
(131 kJmol�1), in accordance with the increasing basicity of
the bridging carbon in C. The methyl substituent of the alky-
lidene group in E is oriented towards the most crowded
space, between two of the three cyclopentadienyl rings. To
be in agreement with the experimental findings (see
Figure 1), the proposed mechanism must involve the rota-
tion of the m-alkylidene ligand. The computed rotational
barrier on the simplified molecular model using h5-C5H5 li-
gands amounts to 129 kJmol�1 for the m-ethylidene ligand.
To analyze the potential importance of the steric effects of
the pentamethylcyclopentadienyl groups, we performed ad-
ditional quantum mechanics/molecular mechanics
(ONIOM) calculations on the more realistic [{TiACHTUNGTRENNUNG(h5-C5Me5)-
ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m3-CMe)] system. Upon introduction of the steric ef-
fects, we observed that the alkylidene rotational barrier
lowers significantly from 129 to 102 kJmol�1, and that the
relative destabilization of the intermediate E with respect to
the final product rises from 3 to 22 kJmol�1. These new
computed values are in better agreement with the experi-
mental observations.
The thermal m-alkylidene carbon rotation has been ob-


served for several transition metals, but its mechanism has
remained speculative.[16] Unlike previous works, we propose
a direct m-alkylidene rotation. Figure 6 shows the molecular
orbitals (MOs) involved in the m-alkylidene rotation. In the
intermediate E, we can dissect the bonding between the tet-
rahedral alkylidene carbon atom and the titanium atoms
into two doubly occupied canonical MOs, which represent


Figure 5. Potential energy profile (kJmol�1) for the incorporation of H3SiOH to [{Ti ACHTUNGTRENNUNG(h
5-C5H5) ACHTUNGTRENNUNG(m-O)}3 ACHTUNGTRENNUNG(m3-CMe)] (2H). [Ti]=TiACHTUNGTRENNUNG(h


5-C5H5).


Scheme 4. [Ti]=TiACHTUNGTRENNUNG(h5-C5H5).
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the two carbon–titanium s interactions (Figure 6a,b). At the
transition state TSE6H we recognize one s- and one p-type
interaction between the planar alkylidene carbon and the
two titanium atoms (Figure 6c,d, respectively). The stabiliz-
ing p-type interaction is viable because the two titanium
centers have an available combination of empty d orbitals
with appropriate symmetry to overlap with the filled p orbi-
tals perpendicular carbon orbital (Figure 6d).


Conclusion


In summary, we have established simple and high-yield reac-
tions to obtain titanasiloxanes derived from the organome-
tallic oxides [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m3-CR)] (R=H (1), Me
(2)) and discrete silanols such as triorganosilanols
R3Si(OH), silanediols R2Si(OH)2, or the silanetriol tBu-
Si(OH)3. The synthetic strategies in all cases involved
hydron-transfer processes between the silanol and m3-alkyli-
dyne species. The novel synthesized titanasiloxanes exhibit
different framework structures containing the structural unit
{[Ti ACHTUNGTRENNUNG(h5-C5Me5)O]3}. DFT calculations have allowed us to de-
scribe the incorporation of the silanols at a mechanistic
level. The proposal initially suggests a hydron transfer from
the silanols to one oxygen atom of the Ti3O3 ring, followed
by an intramolecular hydronation of the alkylidyne moiety.
Finally, and for the first time to our knowledge, we provide
theoretical evidence of a m-alkylidene ligand rotation, which
leads to the experimentally observed product.


Experimental Section


All work was performed under anaerobic and anhydrous conditions by
using Schlenk-line and glovebox techniques. Solvents were carefully
dried from the appropriate drying agents and distilled prior to use.
Ph3SiOH, iPr3SiOH, and Ph2Si(OH)2 were purchased from Aldrich and
sublimed or dried/distilled before use. [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m3-CR)]
(R=H (1), Me (2))[6] and tBuSi(OH)3


[17] were synthesized according to
the published procedures. iPr2Si(OH)2 was prepared by a slightly modi-


fied literature procedure.[17] Elemental analyses (C, H, N) were per-
formed with a Heraeus CHN-O-RAPID. NMR spectra were recorded on
Varian NMR system spectrometers: Unity-300 or Mercury-VX, and infra-
red spectra were acquired for samples in KBr pellets on a FT-IR Perkin–
Elmer SPECTRUM 2000 spectrophotometer.


Synthesis of [{TiACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3 ACHTUNGTRENNUNG(m-CH2) ACHTUNGTRENNUNG(OSiPh3)] (3): A solution of 1
(0.30 g, 0.49 mmol) in hexane (40 mL) and Ph3SiOH (0.14 g, 0.50 mmol)
were placed in a 100 mL Schlenk flask. The reaction mixture was stirred
in a glovebox at room temperature overnight. Then the orange-reddish
solution was filtered, concentrated, and cooled to �20 8C to afford 3 as
an orange microcrystalline solid (0.40 g, 92%). 1H NMR (300 MHz,
[D6]benzene, 25 8C, TMS): d =1.94 (s, 30H; C5Me5), 1.98 (s, 15H; C5Me5),
5.59, 6.32 (AB spin system, 2JHH=9.3 Hz, 2H; m-CH2), 7.2–8.0 ppm (m,
15H; Ph3SiO);


13C NMR (75 MHz, [D6]benzene, 25 8C, TMS): d=11.7,
12.0 (q, JCH=125.5 Hz, C5Me5), 120.9, 123.8 (m, C5Me5), 126.0–140.0
(Ph3SiO), 189.7 (t, JCH=124.8 Hz, m-CH2); IR (KBr, ): ñ=2910 (s), 2854
(m), 1588 (w), 1485 (w), 1427 (s), 1374 (m), 1260 (m), 1113 (s), 1029 (m),
973 (vs), 751 (vs), 708 (vs), 669 (s), 626 (s), 550 (m), 509 (s), 456 (m),
395 cm�1 (m); EI mass spectrum: m/z (%): 462 (10)
[M�Ph3SiO�CH2�C5Me5]+ ; elemental analysis calcd (%) for
C49H62O4SiTi3 (886.71): C 66.37, H 7.05; found: C 66.39, H 7.20.


Synthesis of [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3 ACHTUNGTRENNUNG(m-CH2) ACHTUNGTRENNUNG(OSiiPr3)] (4): In a similar
way to 3, compound 1 (0.30 g, 0.49 mmol) and iPr3SiOH (0.062 mL,
0.49 mmol) were dissolved in hexane (50 mL) and the reaction mixture
was stirred overnight. After filtration, concentration (�20 mL), and crys-
tallization at �20 8C, complex 4 was isolated as dark red crystals (0.28 g,
71%). 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d=1.10–1.25 (m,
(Me2CH)3SiO), 1.24 (d,


3JHH=5.7 Hz, 18H; (Me2CH)3SiO), 1.99 (s, 30H;
C5Me5), 2.06 (s, 15H; C5Me5), 5.51, 6.27 ppm (AB spin system, 2H;
2JHH=9.3 Hz, m-CH2);


13C NMR (75 MHz, [D6]benzene, 25 8C, TMS): d=


11.8, 12.1 (q, JCH=125.8 Hz, C5Me5), 15.3 (d, JCH=135.0 Hz,
(Me2CH)3SiO), 19.1 (q, JCH=125.2 Hz, (Me2CH)3SiO), 127.7, 128.0 (m,
C5Me5), 189.7 ppm (t, JCH=125.8 Hz, m-CH2); IR (KBr): ñ =2911 (s),
2860 (s), 1460 (m), 1375 (m), 1025 (w), 941 (vs), 882 (m), 738 (vs), 670
(s), 624 (m), 553 (w), 421 (w), 388 cm�1 (w); EI mass spectrum: m/z (%):
785 (1) [M]+ , 650 (45) [M�C5Me5]+ , 635 (1) [M�C5Me5�CH2]+ , 592 (3)
[M�C5Me5�CH2�iPr]+ , 564 (2) [M�C5Me5�CH2�iPrSi]+ ; elemental
analysis calcd (%) for C40H68O4SiTi3 (784.66): C 61.22, H 8.73; found: C
60.79, H 8.17.


Synthesis of [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3 ACHTUNGTRENNUNG(m-CHMe) ACHTUNGTRENNUNG(OSiPh3)] (5): Compound 2
(0.30 g, 0.48 mmol) and Ph3SiOH (0.13 g, 0.48 mmol) were dissolved in
hexane (40 mL) and put in a 100 mL Schlenk flask. The reaction mixture
was stirred at room temperature overnight, filtered, and concentrated
(�20 mL), to afford 5 as a pale violet crystalline solid (0.41 g, 94%).
1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d=1.89 (s, 30H; C5Me5),
1.94 (d, 3JHH=8.1 Hz, 3H; m-CHMe), 2.01 (s, 15H; C5Me5), 6.07 (q,
3JHH=7.8 Hz, 1H; m-CHMe), 7.2–8.0 ppm (m, 15H; Ph3SiO);


13C NMR
(75 MHz, [D6]benzene, 25 8C, TMS): d =11.3, 12.3 (q, JCH=125.7 Hz,
C5Me5), 29.9 (q, JCH=125.0 Hz, m-CHMe), 120.3, 123.5 (m, C5Me5),
126.0–140.0 (Ph3SiO), 207.4 ppm (d, JCH=116.5 Hz, m-CHMe); IR (KBr):
ñ=2910 (s), 2855 (s), 1651 (w), 1588 (w), 1487 (w), 1427 (s), 1376 (m),
1261 (m), 1110 (s), 1027 (m), 966 (s), 737 (vs), 704 (vs), 658 (s), 622 (s),
509 (s), 397 cm�1 (s); EI mass spectrum: m/z (%): 614 (2)
[M�Ph3Si�CHMe]+ , 598 (1) [M�Ph3SiO�CHMe]+ , 438 (1)
[M�Ph3SiO�CHMe�C5Me5]+ ; elemental analysis calcd (%) for
C50H64O4SiTi3 (900.73): C 66.67, H 7.17; found: C 65.94, H 6.96.


Synthesis of [{Ti ACHTUNGTRENNUNG(h5-C5Me5)ACHTUNGTRENNUNG(m-O)}3 ACHTUNGTRENNUNG(m-CHMe)ACHTUNGTRENNUNG(OSiiPr3)] (6): A hexane
solution (30 mL) of 2 (0.30 g, 0.48 mmol) and iPr3SiOH (0.060 mL,
0.48 mmol) was placed in a 100 mL Schlenk flask. The reaction was
stirred at room temperature overnight. The violet solution was then fil-
tered, concentrated, and transferred to a �20 8C freezer, to yield dark
violet crystals identified as 6 (0.38 g, 95%). 1H NMR (300 MHz,
[D6]benzene, 25 8C, TMS): d=1.10–1.25 (m, (Me2CH)3SiO), 1.24 (d,
3JHH=6.0 Hz, 18H; (Me2CH)3SiO), 1.91 (d,


3JHH=7.8 Hz, 3H; m-CHMe),
1.96 (s, 30H; C5Me5), 2.10 (s, 15H; C5Me5), 5.95 ppm (q, 3JHH=7.8 Hz,
1H; m-CHMe); 13C NMR (75 MHz, [D6]benzene, 25 8C, TMS): d =11.5,
12.3 (q, JCH=125.8 Hz, C5Me5), 16.2 (d, JCH=120.0 Hz, (Me2CH)3SiO),
19.3 (q, JCH=124.6 Hz, (Me2CH)3SiO), 29.6 (q, JCH=124.5 Hz, m-CHMe),


Figure 6. Schematic molecular orbitals representing the interactions be-
tween the m-alkylidene carbon and the Ti2 and Ti3 metal centres for the
intermediate E (a, b) and the transition state TSE6H (c, d). The corre-
sponding DFT-derived 3D molecular orbital representations are provided
in the Supporting Information (Figure S4).
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119.8, 122.4 (m, C5Me5), 205.7 ppm (d, JCH=115.9 Hz, m-CHMe); IR
(KBr): ñ=2911(s), 2862 (s), 1492 (w), 1437 (m), 1375 (m), 1260 (w), 1025
(w), 936 (s), 779 (vs), 732 (s), 656 (s), 621 (m), 419 cm�1 (m); EI mass
spectrum: m/z (%): 771 (1) [M�C2H4]+ , 613 (3) [M�iPr3Si�C2H4]+ ; ele-
mental analysis calcd (%) for C41H70O4SiTi3 (798.69): C 61.65, H 8.83;
found: C 61.86, H 8.36.


Synthesis of [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3(m-O2SiPh2)(Me)] (7): The preparation
was similar to that for 6, but with 1 (0.30 g, 0.49 mmol), hexane (50 mL),
and Ph2Si(OH)2 (0.11 g, 0.49 mmol) to give 7 (0.25 g, 61%) as a bright
yellow microcrystalline solid. 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d=0.50 (s, 3H; TiMe), 1.78 (s, 15H; C5Me5), 2.02 (s, 30H; C5Me5),
7.2–8.0 ppm (10H; Ph2SiO2);


13C{1H} NMR (75 MHz, [D6]benzene, 25 8C,
TMS): d=11.4, 11.6 (C5Me5), 40.8 (TiMe), 121.8, 123.9 (C5Me5), 126.0–
152.1 ppm (Ph2SiO2); IR (KBr): ñ=2915 (m), 2851 (m), 1428 (s), 1376
(m), 1262 (w), 1121 (m), 1029 (w), 909 (vs), 775 (vs), 715 (vs), 604 (w),
573 (w), 505 (m), 481 (m), 417 (s), 396 cm�1 (s); EI mass spectrum: m/z
(%): 811 (1) [M�Me]+ , 676 (3) [M�Me�C5Me5]+ , 597 (7)
[M�Me�Ph2SiO2]+ , 541 (2) [M�Me�2C5Me5]+, 462 (25)
[M�Me�Ph2SiO2�C5Me5]+ , 406 (13) [M�Me�3C5Me5]+ , 327 (16)
[M�Me�Ph2SiO2�2C5Me5]+ ; elemental analysis calcd (%) for
C43H58O5SiTi3 (826.61): C 62.47, H 7.07; found: C 61.93, H 7.09.


Synthesis of [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3(m-O2SiiPr2)(Me)] (8): iPr2Si(OH)2
(0.10 g, 0.67 mmol) was added to a solution of 1 (0.40 g, 0.65 mmol) in
hexane (50 mL). After the reaction mixture had been stirred at room
temperature overnight, it was filtered, concentrated, and cooled to
�20 8C to afford 8 as dark yellow crystals (0.42 g, 85%). 1H NMR
(300 MHz, [D6]benzene, 25 8C, TMS): d=0.49 (s, 3H; TiMe), 0.92–1.06
(m, Me2CHSi), 1.08–1.20 (m, Me2CHSi), 1.23 (d, 3JHH=6.3 Hz, 6H;
Me2CHSi), 1.31 (d,


3JHH=7.5 Hz, 6H; Me2CHSi), 1.96 (s, 15H; C5Me5),
2.02 ppm (s, 30H; C5Me5);


13C NMR (75 MHz, [D6]benzene, 25 8C, TMS):
d=11.5, 11.6 (q, JCH=126.4 Hz, C5Me5), 14.2–16.4 (overlapped signals,
Me2CHSi), 18.3, 18.6 (q, JCH=124.2 Hz, Me2CHSi), 42.0 (q, JCH=


121.5 Hz, TiMe), 121.3, 123.2 (m, C5Me5); IR (KBr): ñ =2911 (m), 2858
(m), 1458 (s), 1374 (m), 1242 (w), 1199 (m), 1071 (w), 911 (vs), 893 (vs),
759 (vs), 706 (vs), 604 (w), 564 (w), 512 (m), 467 (m), 443 (s), 393 cm�1


(s); EI mass spectrum: m/z (%) 758 (1) [M]+ , 743 (26) [M�Me]+ , 700
(3) [M�Me�iPr]+ , 608 (3) [M�Me�C5Me5]+ , 565 (12)
[M�Me�C5Me5�iPr]+ , 522 (4) [M�Me�C5Me5�2iPr]+ ; elemental anal-
ysis calcd (%) for C37H62O5SiTi3 (758.59): C 58.58, H 8.24; found: C
59.00, H 7.98.


Synthesis of [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3(m-O2SiPh2)(Et)] (9): Ph2Si(OH)2
(0.18 g, 0.66 mmol) was added to a solution of 2 (0.40 g, 0.64 mmol) in
hexane (50 mL), and the resulting mixture was stirred for 4 h at room
temperature. Then the solution was filtered, concentrated, and cooled to
�20 8C to yield 9 (0.36 g, 63%) as a pale yellow microcrystalline solid.
1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d=1.05 (q, 3JHH=7.8 Hz,
2H; MeCH2Ti), 1.71 (t,


3JHH=7.8 Hz, 3H; MeCH2Ti), 1.78 (s, 15H;
C5Me5), 2.03 (s, 30H; C5Me5), 7.2–8.0 ppm (m, 10H; Ph2SiO2);


13C NMR
(75 MHz, [D6]benzene, 25 8C, TMS): d =11.0, 11.4 (q, JCH=125.1 Hz,
C5Me5), 17.9 (q, JCH=123.2 Hz, MeCH2Ti), 58.1 (t, JCH=120.8 Hz,
MeCH2Ti), 121.2, 123.5 (m, C5Me5), 127.1–140.7 ppm (Ph2SiO2); IR
(KBr): ñ =2909 (m), 1590 (w), 1428 (m), 1375 (m), 1262 (w), 1120 (m),
1029 (w), 908 (vs), 770 (vs), 712 (vs), 627 (w), 601 (w), 572 (m), 506 (m),
482 (m), 414 cm�1 (m); EI mass spectrum: m/z (%): 812 (2) [M�C2H5]+ ,
598 (7) [M�C2H5�Ph2SiO2]+ ; elemental analysis calcd (%) for
C44H60O5SiTi3 (840.65): C 62.86, H 7.19; found: C 63.07, H 6.90.


Synthesis of [{Ti ACHTUNGTRENNUNG(h5-C5Me5)ACHTUNGTRENNUNG(m-O)}3(m-O2SiiPr2)(Et)] (10): The procedure
described for complex 9 was used, but with iPr2Si(OH)2 (0.10 g,
0.67 mmol) and 2 (0.40 g, 0.64 mmol) in hexane (50 mL). Complex 10
was isolated as a dark yellow crystalline solid (0.45 g, 92%). 1H NMR
(300 MHz, [D6]benzene, 25 8C, TMS): d=0.96–1.14 (m, 2 H; Me2CHSi)
overlapping with 1.08 (q, 3JHH=7.5 Hz, 2 H; MeCH2Ti), 1.24 (d,


3JHH=


6.3 Hz, 6H; Me2CHSi), 1.33 (d,
3JHH=7.2 Hz, 6H; Me2CHSi), 1.65 (t,


3JHH=7.5 Hz, 3H; MeCH2Ti), 1.97 (s, 15H; C5Me5), 2.04 ppm (s, 30H;
C5Me5);


13C NMR (75 MHz, [D6]benzene, 25 8C, TMS): d=11.6, 11.7
(q, JCH=125.7 Hz, C5Me5), 15.4, 16.0 (d, JCH=112.8 Hz, Me2CHSi), 17.8
(q, JCH=123.2 Hz, MeCH2Ti), 18.1, 18.9 (q, JCH=124.5 Hz, Me2CHSi),
57.4 (t, JCH=119.6 Hz, MeCH2Ti), 121.2, 123.2 ppm (m, C5Me5); IR


(KBr): ñ =2912 (m), 2862 (m), 1494 (w), 1445 (m), 1374 (m), 1239 (w),
1070 (w), 892 (vs), 760 (vs), 701 (vs), 624 (w), 509 (m), 467 (m), 411 cm�1


(m); EI mass spectrum: m/z (%): 743 (10) [M�C2H5]+ , 700 (2)
[M�C2H5�iPr]+ , 565 (9) [M�C2H5�iPr�C5Me5]+ , 522 (2)
[M�C2H5�2iPr�C5Me5]+ , 430 (10) [M�C2H5�2iPr�2C5Me5]+ ; elemen-
tal analysis calcd (%) for C38H64O5SiTi3 (772.62): C 59.07, H 8.35; found:
C 59.23, H 8.22.


Synthesis of [{TiACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3 ACHTUNGTRENNUNG(m-O2Si(OH)tBu)(Me)] (11):
tBu(OH)3 (5.00 mg, 0.03 mmol) and 1 (20.00 mg, 0.03 mmol) were placed
in an amber-stained NMR tube with a Young valve and dissolved in C6D6
(0.6 mL). After eight hours, the reaction was checked by 1H and
13C NMR spectroscopy allowing detection and characterization of com-
pound 11, slightly contaminated (�10%) with 13. 1H NMR (300 MHz,
[D6]benzene, 25 8C, TMS): d =0.48(s, 3H; CH3), 1.29 (s, 9H; tBuSi), 1.99
(s, 15H; C5Me5), 2.02 ppm (s, 30H; C5Me5);


13C NMR (75 MHz,
[D6]benzene, 25 8C, TMS): d =11.6, 11.6 (q, JCH=126.4 Hz, C5Me5 over-
lapping), 18.4 (br s, Me3CSi), 27.5 (qm, JCH=123.9 Hz, Me3CSi), 41.6 (q,
JCH=120.7 Hz, TiCH3), 121.8, 123.6 ppm (m, C5Me5); the SiOH


1H NMR
signal could not be unambiguously assigned.


Synthesis of [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3ACHTUNGTRENNUNG(m-O2Si(OH)tBu)(Et)] (12): 2 (0.40 g,
0.64 mmol), tBuSi(OH)3 (0.09 g,0.64 mmol) and hexane (40 mL) were
placed in an amber-stained 100 mL Carious tube. The reaction mixture
was stirred at room temperature overnight. The resulting solution was fil-
tered, concentrated, and cooled to �20 8C, to afford 12 as yellow crystals
in 73% (0.36 g) yield. 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d=


0.99 (q, 2H; 3JHH=7.5 Hz, MeCH2Ti), 1.28 (s, 9H; tBuSi), 1.69 (t, 3H;
3JHH=7.5 Hz, MeCH2Ti), 1.95 (s, 15H; C5Me5), 2.00 (s, 1H; SiOH),
2.04 ppm (s, 30H; C5Me5);


13C NMR (75 MHz, [D6]benzene, 25 8C,
TMS):=11.4, 11.5 (q, JCH=126.4 Hz, C5Me5), 18.0 (br s, Me3CSi), 18.4 (q,
JCH=123.3 Hz, MeCH2Ti), 28.0 (qm, JCH=124.5 Hz, Me3CSi), 58.7 (tm,
JCH=125.5 Hz, MeCH2Ti), 121.4, 123.6 ppm (m, C5Me5); IR (KBr): ñ=


3645(w), 2914 (m), 2852 (m), 1474 (w), 1460 (m), 1375 (m), 896 (vs), 769
(vs), 715 (vs), 627 (w), 600 (w), 555 (m), 528(w), 469 (s), 420 cm�1 (s); EI
mass spectrum: m/z (%): 731 (3) [M�C2H5]+ , 598 (2)
[M�C2H5�tBuSiO3]


+ ; elemental analysis calcd (%) for C36H60O6SiTi3
(760.56): C 56.85, H 7.95; found: C 56.94, H 7.63.


Synthesis of [{Ti ACHTUNGTRENNUNG(h5-C5Me5) ACHTUNGTRENNUNG(m-O)}3(m-O3SitBu)] (13): A solution of 2
(0.50 g, 0.80 mmol) and tBuSi(OH)3 (0.11 g, 0.80 mmol) in toluene
(40 mL) was heated for three days at 100 8C with stirring. Then the solu-
tion was filtered, concentrated, and cooled to �20 8C to yield yellow crys-
tals identified as 13 in a yield of 86% (0.50 g). 1H NMR (300 MHz,
[D6]benzene, 25 8C, TMS): d =1.24 (s, 9H; tBuSi), 2.04 ppm (s, 45H;
C5Me5);


13C NMR (75 MHz, [D6]benzene, 25 8C, TMS): d =11.4 (q, JCH=


126.3 Hz, C5Me5), 17.8 (bs, Me3CSi), 27.1 (qm, JCH=124.5 Hz, Me3CSi),
123.0 ppm (m, C5Me5); IR (KBr): ñ =2949 (m), 2915 (m), 2850 (m), 1496
(w), 1471 (m), 1458 (m), 1375 (m), 1262 (w), 1056 (w), 1009 (w), 899 (vs),
875 (vs), 776 (s), 697 (vs), 601 (m), 570 (s), 431 (s), 408 (s), 377 cm�1 (s);
elemental analysis calcd (%) for C34H54O6SiTi3 (730.49): C 55.90, H 7.45;
found: C 55.69, H 7.31.


X-ray structure analyses of 6, 10, 12, and 13 : Crystals of complexes 6, 10,
12, and 13 were grown from saturated hexane solutions at �20 8C, re-
moved from the Schlenks and covered with a layer of a viscous perfluor-
opolyether (FomblinUY). A suitable crystal was selected with the aid of a
microscope, attached to a glass fiber, and immediately placed in the low-
temperature nitrogen stream of the diffractometer. The intensity data
sets were collected at 200 K on a Bruker-Nonius KappaCCD diffractome-
ter equipped with an Oxford Cryostream 700 unit. Crystallographic data
for all the complexes are presented in Table 1. The structures were
solved using the WINGX package[18] by direct methods (SHELXS-97),
and refined by least-squares against F2 (SHELXL-97).[19]


Complex 6 showed disorder in the C21–C30 pentamethylcyclopentadien-
yl group; two different positions were refined with 51.5 and 48.5% occu-
pancy, respectively. All non-hydrogen atoms of 6, except C30’, were ani-
sotropically refined. The hydrogen atoms were positioned geometrically
and refined by using a riding model, and the ethylidene hydrogen atoms
were located in the Fourier difference map and isotropically refined.


Complex 10 was studied with the P21/c space group. After the solution
and refinement we found a situation of merohedral twining using the
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TwinRotMat procedure of the PLATON package.[20] The optimization of
the BASF parameter in the refinement showed a 34% contribution of
the second component. No solvent or disorder was found in the study,
and all the non-hydrogen atoms were refined anisotropically. The hydro-
gen atoms were positioned geometrically and refined by using a riding
model.


Complex 12 showed disorder for the Si3 atom, and two different posi-
tions were refined with 90 and 10% occupancy, respectively. All non-hy-
drogen atoms of 12 were anisotropically refined. The hydrogen atoms
were positioned geometrically and refined by using a riding model, and
the hydroxyl group was located in the Fourier difference map and iso-
tropically refined.


The crystal structure of compound 13 was studied with the C2m and C2
space groups. As the disorder found for the C11–C20 pentamethylcyclo-
pentadienyl group could not be modeled with the centrosymmetric space
group, the C2 one was finally chosen. Therefore two different sites were
found and refined with 51.3 and 47.7% occupancy, respectively, for the
C11–C20 moiety. All non-hydrogen atoms were anisotropically refined,
except those of the disordered ligand. The hydrogen atoms were posi-
tioned geometrically and refined by using a riding model.


CCDC-670713 (3) -670714 (4), -670715 (6), -670716 (8), -670717 (10),
-681046 (12), and -681047 (13) contain the supplementary crystallograph-
ic 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. Full details of the refinements can be found in the Sup-
porting Information.


Computational details : Full quantum mechanics calculations on the sim-
plest silanol substrate H3SiOH and the model complex [{Ti ACHTUNGTRENNUNG(h5-C5H5) ACHTUNGTRENNUNG(m-
O)}3 ACHTUNGTRENNUNG(m3-CMe)] (2H) were performed with the GAUSSIAN03 series of
programs[21] within the framework of the density functional theory
(DFT)[14] by using the B3LYP functional.[22] A quasi-relativistic effective
core potential operator was used to represent the 10 innermost electrons
of the Ti and Si atoms.[23] The basis set for Ti and Si atoms was that asso-
ciated with the pseudopotential,[24] with a standard double-x LANL2DZ


contraction.[21] The 6–31G(d) basis set
was used for C and O atoms,[24] the 6–
31G(p) basis set was used for the mi-
grating hydron,[24] whereas the 6–31G
basis set was used for the other hydro-
gen atoms.[24] Geometry optimizations
were carried out without any symme-
try restrictions, and all stationary
points were optimized with analytical
first derivatives. Transition states were
characterized by a single imaginary
frequency, the normal mode of which
corresponded to the expected motion.


To account for the steric effects of the
methyl substituents of the h5-C5Me5 li-
gands, we performed hybrid quantum
mechanics/molecular mechanics (QM/
MM) calculations, using the ONIOM
method[25] as implemented in the
GAUSSIAN 03 series of programs.[21]


The QM region of the complex was
[{Ti ACHTUNGTRENNUNG(h5-C5H5) ACHTUNGTRENNUNG(m-O)}3 ACHTUNGTRENNUNG(m3-CMe)] and the
silanol, while the MM region was that
constituted by the methyl substituents
of the h5-C5Me5 groups. The QM level
was the same as described above. Mo-
lecular mechanics calculations used
the UFF force field.[26]
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Table 1. Crystal data and structure refinement for 6, 10, 12, and 13.


Compound 6 10 12 13


formula C41H70O4SiTi3 C38H64O5SiTi3 C36H60O6SiTi3 C34H54O6SiTi3
Mr 798.76 772.68 760.63 730.56
T [K] 200(2) 200(2) 200(2) 200(2)
l (MoKa) [R] 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic orthorhombic monoclinic
space group P21/n P21/c Pnma C2
a [R] 19.598(5) 16.674(4) 19.254(4) 19.300(5)
b [R] 11.1026(11) 16.408(4) 16.546(4) 19.186(4)
c [R] 21.337(7) 15.859(5) 12.7762(14) 11.2989(16)
b [8] 102.27(2)8 90.30(2)8 109.182(13)8
V [R3] 4536.7(19) 4339(2) 4070.2(13) 3951.4(14)
Z 4 4 4 4
1calcd [gcm


�3] 1.169 1.183 1.241 1.228
m (MoKa) [mm


�1] 0.576 0.602 0.642 0.659
F ACHTUNGTRENNUNG(000) 1712 1648 1616 1544
crystal size [mm3] 0.21Y0.20Y0.11 0.47Y0.42Y0.35 0.10Y0.10Y0.10 0.36Y0.25Y0.21
q range 3.03 to 27.508 5.05 to 27.718 3.12 to 27.518 3.08 to 27.528
index ranges �25�h�25 �21�h�21 �24�h�24 �25�h�25,


�14�k�14 �21�k�21 �21�k�21 �24�k�24
�27� l�27 �20� l�20 �16� l�16 �14� l�14


collected reflns 91485 87838 88592 74981
independent reflns 10419


[R ACHTUNGTRENNUNG(int)=0.127]
9966
[R ACHTUNGTRENNUNG(int)=0.083]


4824
[R ACHTUNGTRENNUNG(int)=0.107]


9094
[R ACHTUNGTRENNUNG(int)=0.065]


GOF 1.025 1.136 1.010 1.037
final R indices [F>4s(F)] R1=0.058


wR2=0.125
R1=0.062
wR2=0.137


R1=0.052
wR2=0.117


R1=0.056
wR2=0.112


R indices (all data) R1=0.129
wR2=0.146


R1=0.087
wR2=0.145


R1=0.109
wR2=0.140


R1=0.111
wR2=0.128


largest diff. peak/hole [eR�3] 0.815/�0.855 0.540/�0.666 0.805/�0.523 0.382/�0.324
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Synthesis and Optical Properties of all-trans-Oligodiacetylenes


Gregor S. Pilzak, Barend van Lagen, Cindy C. J. Hendrikx, Ernst J. R. Sudhçlter, and
Han Zuilhof*[a]


Introduction


Over the last decade there has been a tremendous growth of
interest in the optoelectronic properties of conducting poly-
mers.[1,2] These polymers with linearly p-conjugated scaffolds
possess unique properties such as photoconductivity and
third-order nonlinear optical properties.[3–5] Most of the con-
jugated polymers are, however, heterogeneous in conjuga-
tion length, which hampers systematic studies of their opto-
ACHTUNGTRENNUNGelectronic properties. Moreover, the processing and charac-
terization of these polymers can be difficult due to a low sol-
ubility in organic solvents. Therefore the dependence of the
optoelectronic properties on the chain length deserves fur-
ther clarification for many types of conjugated materials.[6]


To obtain further insight into the consequences of extended
p-conjugation, homologous series of monodisperse ana-


logues can be investigated as a function of the chain
length.[7–9] Such well-defined oligomers function as model
systems to determine the evolution of the electronic, optical,
thermal, and morphological properties of the corresponding
polymeric materials.
Current research on the basic features of conjugated poly-


mers is mostly devoted to the study of oligoenes,[10, 11] oligo-
thiophenes,[12–18] oligoarylenevinylenes,[19, 20] oligoarylene-
ACHTUNGTRENNUNGethynylene,[21] iso/cis-oligodiacetylenes (iso/cis-ODAs),[5,22, 23]


and oligotriacetylenes.[24–30] However, systematic investiga-
tions of the synthesis and optoelectronic properties of
mono ACHTUNGTRENNUNGdisperse all-trans-oligodiacetylenes (or trans-oligo-
ACHTUNGTRENNUNGenynes) still remain very scarce. This is remarkable consider-
ing that polydiacetylenes (PDAs) figure prominently in cur-
rent research on electronically conducting polymers (>1500
publications since 1990[31]) and are of interest as nonlinear
optical materials.[31,32] Such PDA molecular wires can act as
a channel to transfer charges between sites in a molecular
electronic device.[33,34] Moreover, PDAs are unique due to
their formation by topochemical polymerization from crys-
talline diacetylenes,[35] resulting in quasi one-dimensional or-
ganic quantum wires.[31,36, 37] During this process PDA chains
are formed in the presence of neighboring parallel conjugat-
ed backbones. Although this may give PDAs some of their
unique properties, it also blurs the distinction between intra-
chain and inter-chain effects. The synthesis of a systematic
series of monodisperse all-trans-oligodiacetylenes as model
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Laboratory of Organic Chemistry, Wageningen University
Dreijenplein 8, 6703 HB Wageningen (The Netherlands)
Fax: (+31)317-484-914
E-mail : Han.Zuilhof@wur.nl


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800241. It contains UV/Vis
data in n-hexane, extended comparisons of solution versus solid-state
absorption spectra, and characterization data for new compounds (1-
1 to 1-8): 1H and 13C NMR spectra, and HRMS data.


Abstract: A new series of pure and
highly soluble oligodiacetylenes
(ODAs) was synthesized in high yield
and on a multi-milligram scale by a se-
quence of Sonogashira reactions with a
strongly reduced level of homocou-
pling. The lmax and emax of these ODAs
show an increase with both chain elon-
gation and solvent polarity. A plot of
lmax absorption versus 1/CL (CL=con-
jugation length) was shown to be
linear. The lmax converges to 435 nm


for the longest members of the series
at micromolar concentration. This re-
veals that the longest wavelength ab-
sorption observed for PDA chains (lmax


up to 700 nm) is due to aggregation ef-
fects. The fluorescence quantum yield


increased from monomer to trimer and
decreased for longer ODAs. A similar
trend is found for the lifetime of fluo-
rescence with a maximum of 600 ps for
the trimer. The observed linearity of
the rotational correlation time with the
oligomer length implies that the ODA
chains in solution lack significant geo-
metrical changes. This implies that the
ODAs in solution are fully stretched
molecular rods of up to 4 nm in length.


Keywords: anisotropy · fluores-
cence spectroscopy · oligodiacety-
lenes · oligomerization · optical
properties · pi interactions
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compounds for isolated PDA chains is therefore needed to
clarify this distinction, as they can be studied both in isolat-
ed form (at micromolar concentrations in solution) and with
adjacent conjugated chains (in thin films of pure com-
pound). Therefore all-trans-oligodiacetylenes (ODAs) can
function as models for a more detailed understanding of the
effects of the conjugation length on the optoelectronic prop-
erties of PDAs.
The first syntheses of ODA series ran up to penta- and


heptamers,[38,39] but the low solubility of the higher ana-
logues prevented a proper spectroscopic characterization.
This was improved somewhat in the mid-1990 s, with the
synthesis of a series of ODAs with tert-butyl endgroups that
allowed a more detailed spectroscopic analysis.[40] However,
cis/trans isomerization of oligodiacetylenes during the syn-
thesis by means of a Peterson-olefination reaction again
hampered systematic investigations.[40, 41] Short trans-ODAs
bearing phenyl and trimethylsilyl endgroups have also been
synthesized as part of a p2-complex with cobalt and molyb-
denum but only UV spectroscopic measurements were per-
formed.[42]


Polhuis et al. used the Sonogashira coupling of terminal
acetylenes with trans-1,2-dichloroethene to prepare series of
ODAs ranging from monomer up to trimer with different
endgroups.[43] However, the instability of terminal acetyl-
ACHTUNGTRENNUNGenes, which resulted in polymerization or homocoupling re-
actions, prevented the formation of longer analogues. Yet,
sufficient amounts of oligomer were isolated up to the
trimer, to allow detailed photophysical studies of those ma-
terials.[44,45] Recently, Takayama et al. reported a synthetic
approach to produce a soluble series of ODAs up to a pen-
tamer.[46,47] The key step in this elongation method was the
Sonogashira coupling of 1-iodo-4-trimethylsilylbut-1-en-3-
yne with terminal acetylenes. The use of two equivalents of
the halogenated diacetylene was required to partially sup-
press the formation of the homocoupling product of the ter-
minal acetylenes. Nevertheless, even under these reaction
conditions, 10–20% of the homocoupling product was
always found in the reaction mixture along with the starting
material. Although synthetically this opened the door to-
wards further studies, the spectroscopic characterization of
these ODAs was limited to NMR, IR, and UV/Vis steady-
state absorption spectroscopic measurements.
In this study we present an optimized method to synthe-


size highly soluble ODAs 1-n, from monomer 1-1 to octa-
mer 1-8 (Scheme 1) in high yields (70–80%). This allows,
for the first time, the synthesis of significant amounts of
these oligomers and detailed photophysical studies. There-


fore, we can also report on the optical absorption and emis-
sion features of these materials by using both steady-state
and picosecond time-resolved techniques, which allows dis-
cussion of a long-standing issue in the literature regarding
PDAs, namely the origin of the visible light absorption of
those polymers.[31]


Results and Discussion


Synthesis of all-trans-Oligodiacetylenes: Our approach to
synthesize a series of ODAs 1-n (Scheme 2) required a
simple preparation of enyne 2 equipped with two different
alkyl side chains. Two complementary ways to enhance the
solubility and to retain the p-overlap between the subunits
of the oligodiacetylenes were applied: a) tert-methoxy and
trimethylsilyl groups at both ends of the conjugated chain,
and b) short alkyl chains with different sizes on the repeat-
ing units.


The building block enyne 2 was synthesized by using the
multistep method shown in Scheme 2. The regioselective
coupling[48,49] between terminal acetylene 3 and internal
acetylene 4 followed by iodination of titanium complex 5
and subsequent elimination of iodine was performed on a
multi-gram scale to provide iododiacetylene 7 in a good
overall yield (60%).[46,47] Alkylation step (Scheme 2, d) is
performed by using nBuLi/nBuI to provide diacetylene 8 in
excellent yield (96%). We found that the use of the nBuLi
reagent instead of a tertiary lithium salt[46] improved the
yield of the desired product oligodiacetylenes by in situ for-
mation of the alkylating reagent, n-butyl iodide.[50] The for-Scheme 1. Retrosynthetic approach for ODAs 1-n under present study


Scheme 2. Synthesis of building block 2. Reagents: a) Ti ACHTUNGTRENNUNG(OiPr)4, iPrMgCl;
b) I2; c) pyrrolidine; d) nBuLi, nBuI; e) N-iodosuccinimide.
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mation of this compound close to the reaction site speeds up
the conversion, and prevents the occurrence of otherwise-
competing reactions. As a result, the formation of a proton-
ated analogue of 7 is completely suppressed, however, this is
not the case when tBuLi and nBuI are used.[51] Moreover,
other commercially available or easily prepared organolithi-
um salts may be utilized for this alkylation step, which pro-
vides a general route to variation in the side chain length.
For example, we used n-heptyllithium and n-heptyl bromide
to prepare diacetylene 8a with trans-propyl and heptyl side
chains in nearly identical yields (Scheme 3), but since fur-
ther development of this synthesis was beyond the scope of
this study we have consistently used building block 2. The
iodination step is performed with N-iodosuccinimide, which
provides enyne 2. The final purification of this apolar com-
pound requires the use of reversed-phase silica material to
remove any traces of the side products.


Enyne 2 is catalytically coupled with 2-methylbut-3-yn-2-
ol by a Sonogashira coupling,[52] which results in the forma-
tion of enediyne 9 bearing two different endgroups
(Scheme 4). To increase the stability of the radical cations of
these conjugated materials (studies to be published else-
where)[53] the tertiary hydroxy endgroup was transformed
into the redox-insensitive methoxy group. Direct methyl-
ACHTUNGTRENNUNGation of hydroxy trans-oligodiacetylenes with NaH and MeI
resulted in the almost quantitative formation of methoxy an-
alogues. These were subsequently subjected to protodesilyl-
ACHTUNGTRENNUNGation in an alkaline environment (Scheme 4). The difference
in reactivity against, for example, nucleophilic attack be-
tween these two endcaps made it possible to remove selec-
tively only the TMS group to prepare a terminal acetylene
(10-n), which could be subjected to the following chain-elon-
gation step by an iterative coupling with building block 2.
Moreover, the choice of the polar, methoxy-containing
endcap is highly useful as it increases the polarity of the
ODAs and longer analogues and allows easy purification.
The iterative elongation steps of the ODA chain, such as


the formation of dimers and trimers, are subsequently ach-
ieved by using the Sonogashira coupling reactions, and have
been optimized in our laboratory to achieve very good over-
all yields and suppression of the formation of the main side
product. It is known that the use of copper(I) salts as co-cat-
alysts in the Sonogashira coupling promotes the formation


of homocoupled ODA analogues 11-n (Scheme 5).[43,46,47]


This copper-catalyzed oxidative homocoupling reaction has
been widely applied in the synthesis of bisacetylenes.[54]


However, the homocoupling is very undesirable for ODA
synthesis because it consumes the terminal acetylene and re-
duces the yield of cross-coupled product dramatically. We
succeeded in suppressing this homocoupling to about 5
mol% by the use of a large excess of 2, up to 10 equivalents,


Scheme 3. Alkylation of iododiacetylene 7 with n-heptyllithium.


Scheme 4. Iterative synthesis of all-trans-oligodiacetylenes through Sono-
gashira coupling.


Scheme 5. Catalytic coupling of ODAs under Sonogashira conditions
yielding cross-coupled and homocoupled ODAs. Reagents: [Pd ACHTUNGTRENNUNG(PPh3)4],
CuI, Et2NH, THF.
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under a reductive atmosphere of a 1:1 mixture of H2/Ar. In
this reaction, iodoenyne 2 was recovered quantitatively after
each elongation step, which allowed the use of this large
excess. A similar procedure for the Sonogashira coupling,
which used a diluted atmosphere of hydrogen gas was re-
cently published by Elangoven et al.[55] Other methods, such
as the copper-free Sonogashira coupling published by Ur-
gaonkar et al.[56] proved to be unsuitable for the synthesis of
trans-oligodiacetylenes bearing TMS endgroups, as the insta-
bility of the TMS group against attack from a nucleophilic
base such as tetrabutylammonium acetate resulted in poly-
merization of the ODAs.


Steady-state optical absorption in solution: The excellent
solubility of the synthesized ODAs, which is largely a conse-
quence of the laterally appended alkyl chains, allowed us to
make an extended study of their optical properties. The
ground-state absorption of the 1-n series was measured in
solution and as a drop-casted thin film. The absorption of
the ODA series 1-n up to the octamer as a monodisperse so-
lution in 1,2-dichloroethane (DCE) is depicted in Figure 1.
Similar spectra were obtained in n-hexane and are given in
the Supporting Information.


The C2h symmetry of the conjugated system of the ODAs
under study implies that the absorption spectrum is associat-
ed with the S2 (11Bu)


!S0 (11 Ag) transition.[44,45,57] The
steady-state absorption spectra recorded in both solvents
show the expected redshift of the maximum absorption
peak (lmax) and an increase of the extinction coefficient
(emax) with an increasing number of repeating enynic units
analogous to literature data reported for shorter diacet-
ACHTUNGTRENNUNGylene-based series.[38,40, 44,46] The longest-wavelength absorp-
tion maximum shows that this bathochromic shift decreases
significantly for the longer oligomers: Dlmax decreases from


about 0.75 eV going from 1-1 to 1-2 to about 0.05 eV from
1-7 to 1-8 in both n-hexane and DCE. The solvent effect on
the shift of the electronic absorption is small for this series
of ODAs and is in agreement with previously reported data
for shorter all-trans-[31,44] and iso-PDA oligomers.[58] For ex-
ample, upon changing the solvent from n-hexane to DCE
the longest-wavelength absorption maximum for ODAs in-
creases from 0.02 eV (1 nm) for monomer 1-1 to 0.05 eV
(8 nm) for octamer 1-8 (Table 1). This indicates that the
dipole moment m of the excited state of ODAs is only some-
what larger than that of the ground state.


The extinction coefficient is also slightly affected by the
solvent polarity and this solvent effect depends on the
number of enynic units as well. For the shorter ODAs the
difference between emax in n-hexane and DCE is marginal
(7.5% in favor of the polar solvent for 1-1), but this increas-
es for the longer oligomers, up to 64%. Clearly, the S2 ! S0
transition is more probable in polarisable DCE than in n-
hexane. It is also known that for conjugated polyenes[59] the
S2 energy level decreases with solvent refractive index (n),
and this tendency is displayed for the series of ODAs, which
show lower values in DCE (n=1.445) than in n-hexane (n=


1.375).
The absorption maximum of the oligomers (expressed in


energy units) displays a linear relation to the reciprocal
number of conjugation length (1/CL) with CL=2n + 1 as
shown in Figure 2. An extrapolated lmax of 2.55 eV (487 nm)
is obtained for a polymer with n=8 in n-hexane, whereas in
DCE a value of 2.48 eV (500 nm) was measured. The ab-
sorption maximum of the longest ODA (1-8) in solution is
427 and 435 nm in n-hexane and DCE, respectively, and the
absorption spectrum of the ODA series does not exceed
500 nm for any of the compounds (see Figure 1). For plots
like these, it is known that for extended oligomers they start
to deviate from linearity, and curve horizontally.[60,61] In
other words: based on the data that can be provided up to
the octamer 1-8, it can be expected that the isolated poly-
mer should display its maximum absorption at energies
larger than 2.5 eV (�500 nm). From this observation we
conclude that the reported longer wavelength absorptions
(lmax up to 700 nm) for PDA chains[31] are due to aggrega-
tion effects. Such aggregation generally plays a role in con-


Figure 1. Electronic absorption spectra of methoxy-endcapped oligo-
ACHTUNGTRENNUNGdiacetylenes 1-n (n=1–8) in DCE.


Table 1. Absorption data of methoxy-endcapped oligodiacetylenes 1-n
(n=1–8) in n-hexane and DCE .


1-n (CL)[a] lmax [nm] ([eV]) emax [M 103 dm3mol�1 cm�1]
n-hexane DCE n-hexane DCE


1–1 (3) 274 (4.53) 275 (4.51) 24.0 25.8
1–2 (5) 327 (3.79) 330 (3.76) 33.4 39.9
1–3 (7) 361 (3.43) 366 (3.39) 45.7 59.6
1–4 (9) 388 (3.20) 395 (3.14) 51.9 85.3
1–5 (11) 401 (3.09) 410 (3.02) 63.1 100.5
1–6 (13) 414 (3.00) 422 (2.94) 72.7 112.6
1–7 (15) 422 (2.94) 430 (2.89) 85.5 123.2
1–8 (17) 427 (2.90) 435 (2.85) 99.7 133.4


[a] Conjugation length (CL)=number of double/triple bonds.
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jugated polymers, but is in our case negligible for these
oligo ACHTUNGTRENNUNGmers in dilute solution. Also at higher concentrations,
up to 5 mm, ODA solutions do not show any additional
high-wavelength absorption to suggest aggregation in solu-
tion. This was also the case when small amounts of meth-
ACHTUNGTRENNUNGanol or ethanol were added: up to the point that a stepwise
increase in the alcohol concentration starts to induce precip-
itation of the ODAs, no long-wavelength band could be ob-
served in the UV/Vis absorption spectrum. This indicates
that steric repulsion from the alkyl chains remains dominant
for ODAs in solution.
It is important to point out that the linear relationship of


the absorption maximum with 1/CL indicates that for the
longer ODAs elongation of the conjugation length is ob-
served (the curve does not yet flatten towards the y axis).
As a result, for these oligomers with up to 17 conjugated
double and triple bonds, the effective conjugation length
(ECL), in which the delocalization is predominantly present
in only part of the chain, is at least 17 and most likely >20.
This is in contrast with the estimated ECL of 12 for PDA by
Wenz et al. ,[62] and more in line with predictions of Giesa
and Schulz,[40] who suggest that saturation should not occur
below CL=20. In the present case, conjugation is not signif-
icantly reduced by kinks or torsions in the oligomeric
chains, which shows the importance of detailed studies of
extensive series of well-defined conjugated oligomers. Anal-
ogous data presented for polytriacetylenes by Martin et al.
show truncation effects for that type of oligomer only with
more than 24 conjugated bonds.[63] Finally, a recent study of
oligoenes with up to 15 conjugated C=C bonds by Czeaka-
lius et al.[11] is also in good agreement with the presented
linear correlation of lmax, the absorption maximum with 1/
CL.


Steady-state optical absorption in thin films : The optical ab-
sorption of the ODA series in the solid state was investigat-
ed in drop-casted thin films. The absorption spectrum was
taken 30 min after the evaporation of the solvent, and for 1-


8 also after 12, 24, and 48 h. Because the shorter oligomers
up to n=3 are liquids, we prepared a trimer 1-3 OH having
a �C ACHTUNGTRENNUNG(CH3)2CH2OH endcap rather than a �C-
ACHTUNGTRENNUNG(CH3)2CH2OCH3 endcap by a similar approach to that
shown in Scheme 4. This oligomer is a solid at room temper-
ature, thus readily allowing absorption measurements of its
drop-casted thin films. The absorption spectra are shown in
Figure 3 for all solid-state ODAs. A comparison between so-
lution and thin-film absorption is depicted in Figure 4 for 1-
3 and 1-8 ; other oligomers show similar effects and their ab-
sorption data are part of the Supporting Information.


The solid-state absorption spectra of the oligomers under
study consistently show two features that more or less devi-
ate from the data in solution (see Table 2). First, additional
higher-wavelength absorption occurs. Second, a clearly visi-
ble redshifted shoulder occurs that is already present for
shorter oligomers in solution, but not for longer oligomers.
The long-wavelength absorption feature is already detect-
ACHTUNGTRENNUNGable for the solid �OH end-capped 1-3 OH, in contrast to
the liquid �OCH3 end-capped 1-3 (Figure 4, top). Because
the end-cap modification has no significant effects on the p


system and thus on the nature of the electronic transitions,
any differences between the absorption spectra of 1-3 OH
and 1-3 are due to differences in the phase (solid or liquid).
We attribute this solid-state effect to forced aggregation of
the chains, which induces the overlap of p–p orbitals and
the redshift of the lmax. In other words: the absorption at
>425 nm is due to solid-state effects. (The increase in the
absorption of the left shoulder in the spectrum is attributed
to light scattering.) This effect leads to substantial long-
wavelength absorption for longer oligomers as well, and for
1-8 for example, the absorption at >550 nm is clearly not
due to properties of isolated oligomer chains. It should be
noted that this long-wavelength absorption feature (absorp-
tion at >550 nm) does not occur in concentrated solutions


Figure 2. lmax of the absorption of ODA series 1-n (n=1–8) in n-hexane
(&) and DCE (*) solution at micromolar concentrations (2M10�6m)
versus 1/CL.


Figure 3. Normalized absorption spectra of drop-casted thin films of
meth ACHTUNGTRENNUNGoxy end-capped ODAs 1-4 to 1-8, and hydroxy end-capped ODA
1-3 OH taken after 12 h.
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(up to 5 mm), indicating that the lateral alkyl chains provide
sufficient repulsion to prevent aggregation of the ODAs.
For longer oligomers, such as 1-8, the absorption spectrum


displays no features in solution, but in the solid-phase a
shoulder appears, which is already present for shorter oligo-
mers, such 1-3, in both phases (liquid or solid). We interpret


this to mean that for short oligomers, the completely flat oli-
gomer geometry (C2h-like) is dominant, as was confirmed
from detailed photophysical studies.[44, 45] For longer oligo-
mers, entropic reasons might also allow other geometries to
play a role (e.g. with slight rotations around the C�C
bonds), and the lowest energy transition may even be fully
suppressed in solution for these reasons. In the solid state,
interchain interactions may force planarity, and thus bring
back the shoulder.
For long oligomers, such as 1-8, an additional 20 nm red-


shift of lmax in the spectrum is detected after 12 h, together
with a significantly increased long-wavelength absorption
(>550 nm for 1-8). We assign this to increased p–p stacking,
for which there is apparently sufficient driving force; even
though the process is relatively slow (time scale of several
hours) due to the restrictions of the solid phase, and/or slow
evaporation of trace remnants of the solvent. No marked
changes in the spectra occur after 24 or 48 h, which indicates
that the stacking process for these materials is largely finish-
ed within 12 h. Similar irreversible chromatic changes have
also been observed for a variety of PDAs.[31] For the first
time this systematic study of the optical properties of this
series of oligomers thus enables us to clearly distinguish
intra- and intermolecular effects on the light absorption of
elongated enynic systems.


Steady-state fluorescence in solution : Emission spectra mea-
sured for near-equimolar (2M10�6m) homogeneous solutions
of ODA series were recorded in n-hexane and DCE. The
emission spectra recorded in DCE are shown in Figure 5.
This plot shows a redshift of lmax with an increasing chain
length n, whereas a maximum fluorescence quantum yield
(Ff) is observed for the trimer (Ff=0.325; see Table 3);
both shorter and longer oligomers display less fluorescence.
The obtained quantum yields for the methoxy-endcapped
ODAs up to the trimer are similar to those previously re-
ported for analogous ODAs of similar length.[44] Upon fur-


Figure 4. Normalized absorption spectra of ODAs 1-3, 1-3OH (top) and
1-8 (bottom) in n-hexane versus solid state (s).


Table 2. Solid-state absorption data of methoxy-endcapped oligodiacet-
ACHTUNGTRENNUNGylenes 1-n (n=4–8) and 1-3 OH with a tert-OH endcap.


1-n (CL)[a] lmax


[nm] ([eV])
lmax right shoulder


[nm] ([eV])


1-3 OH (7) 363 (3.42) 392 (3.16)
1-4 (9) 392 (3.16) 431 (2.88)
1-5 (11) 413 (3.00) 452 (2.74)
1-6 (13) 425 (2.92) 467 (2.66)
1-7 (15) 438 (2.83) 483 (2.57)
1-8 (17) 445 (2.79) 495 (2.51)


[a] Conjugation length (CL)=number of double/triple bonds.


Figure 5. Fluorescence spectra of methoxy-endcapped oligodiacetylenes
1-n (n=1–8) in DCE.
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ther extension of the conjugation the Ff becomes smaller
again. These values are in line with reported PDA polymer
data, which show marginal fluorescence quantum yields,
mostly lower than 0.001.[31,64] This can be explained by con-
sidering the electronic states involved in the light absorption
process and subsequent relaxation: after excitation to S2
(11Bu) (excitation to S1 (1


1Ag) is symmetry forbidden),[44, 65]


rapid internal conversion takes place to the S1 state with a
time constant of about 200 fs for trimer ODA.[45] This value
matches rather closely with the lifetime of the photoexcited
11Bu exciton in blue-phase PDAs, which was concluded to
relax to the 21Ag exciton.


[31,66] As a result, efficient popula-
tion of the S1 state through the S2 state is expected, irrespec-
tive of conjugation length. The marked dependence of Ff is
therefore related to a faster internal conversion from S1 to
S0 for longer ODAs, because longer conjugated chains pro-
vide an increasing density of states, which promotes internal
conversion. Similar correlations have been found for series
of polyenes.[67,68] However for larger ODAs the symmetry
restriction to C2h might be less strict than for shorter ones
due to increased conformational freedom, the increase of
the rate for internal conversion will be likely to be substan-
tially larger. The overall result is thus the remarkable de-
crease of the fluorescence quantum yield.
The fluorescence quantum yield recorded for the tetramer


1-4 up to the octamer 1-8 decreases more rapidly in n-
hexane than in the more polar solvent DCE, with the emis-
sion recorded in DCE on average more than twice as high
as in n-hexane. The 0–0 transition is only clearly visible for
the emission of dimer 1-2. The shoulder at the high energy
side of the fluorescence band is less visible for trimer 1-3
and cannot be resolved for monomer and longer ODAs with
more than three monomeric units. With the present data it
is therefore not possible to study the evolution of the Stokes
shift with increasing conjugation length. This would have
been interesting given the significant Stokes shifts of the
smaller ODAs.[44]


Fluorescence lifetimes and anisotropy: Picosecond time-re-
solved single photon counting at four different excitation
wavelengths (283, 304, 372, and 444 nm) was used to deter-
mine the fluorescence lifetimes of the oligomeric series 1-n.


The observed lifetimes in the ODA series measured in n-
hexane and DCE are listed in Table 4. The decay curves can
be fitted with a sum of two exponentials. The data in


Table 4 indicate that the excited-state lifetimes of oligomers
are positively affected by the solvent polarity: in DCE the
lifetimes are generally longer than in n-hexane. Moreover,
the longest lifetime, in both solvents, is recorded for trimer
1-3. The average fluorescence lifetime tAVG was calculated
according to:


tAVG ¼
A1


A1 þA2
t1 þ


A2


A1 þA2
t ð1Þ


where A1 and A2 are the contributions of the decays ob-
tained from the curve fitting. The average lifetimes are
<60 ps for monomer and dimer, with a maximum around
600 ps for the trimer. For oligomers longer than three
enynic units the lifetime t AVG in DCE decreases from
145 ps, recorded for 1-4, to 25 ps for 1-8. In n-hexane a simi-
lar trend is found, analogous to the trends shown for the
fluorescence quantum yields of the ODAs in Table 4.
Fluorescence depolarization (r) of the ODAs herein was


studied by picosecond time-resolved fluorescence anisotropy
measurements.[70] This technique can provide information re-
garding the transition dipole moment and molecular geome-
try, and has proven to be useful in recent investigations of
the conformational behavior of (water)-soluble polymers in
solution.[71,72] Since all-trans ODAs are roughly rod-shaped
in their most extended conformation, and possess a relative-
ly large axial ratio, the rotation of the molecules around the
longitudinal axis progresses evidently much faster than the
rotations around the two short, perpendicular axes, which
are not expected to differ significantly from each other. In
line with this, the observed anisotropy decay kinetics r(t) of
ODAs are mono-exponential, characterized by an initial ani-
sotropy value r0 and one rotation correlation time (tR):


[69]


fðtÞ ¼ r0 � expð�t=tRÞ ð2Þ


in which r0 is determined by the angle g between the absorp-
tion and emission transition moment:


Table 3. Emission data of methoxy-endcapped oligodiacet ACHTUNGTRENNUNGylenes 1-n (n=


1–8) in DCE and n-hexane.


1-n Emission lmax [nm] ([eV]) Quantum Yield Ff
[a,b]


n-hexane DCE n-hexane DCE


1–1 307 (4.04) 309 (4.01) 0.004 0.009
1-2 404 (3.07) 395 (3.14) 0.029 0.057
1-3 471 (2.63) 457 (2.71) 0.159 0.325
1-4 515 (2.41) 510 (2.43) 0.015 0.029
1-5 515 (2.41) 515 (2.41) 0.004 0.011
1-6 [c] 516 (2.40) [c] 0.011
1-7 [c] 518 (2.39) [c] 0.008
1-8 [c] 520 (2.38) [c] 0.008


[a] Quantum yield determined by comparison with quinine bisulfate in
0.1m H2SO4: Ff=0.535[69] . [b] Experimental error 	0.002. [c] Not avail-
able due to marginal emission.


Table 4. The rotation correlation time tR of 1-n (n=1–8).


1-n (CL)[a] tR [ps]
n-hexane DCE


1–1 (3) 65[b] 95[b]


1-2 (5) 106[b] 180[b]


1-3 (7) 155 321
1-4 (9) 204 395
1-5 (11) 263 468
1-6 (13) [c] 540
1-7 (15) [c] 577
1-8(17) [c] 631


[a] Conjugation length. [b] Values are relatively inaccurate due to low
emission. [c] Not available due to marginal emission.
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r0 ¼
ð3cos2g�1Þ


5
ð3Þ


The recorded initial anisotropy value r0 for all ODAs
under study was about 0.3, similar to that of trimeric ODAs
investigated previously.[31,44,45] This indicates a small angle
ACHTUNGTRENNUNG(�158) between absorption and emission transition mo-
ments.
The rotation correlation times of anisotropy tR for ODAs


recorded in n-hexane and DCE are listed in Table 5 for
those oligomers with sufficient fluorescence to determine
this (to 1-5 in n-hexane and to 1-8 in DCE).


The anisotropy lifetimes increase with the oligomer
length, which means that the rotation time around the per-
pendicular axis increases for longer oligomers. The overall
trend is illustrated in Figure 6, and shows a linear depen-
ACHTUNGTRENNUNGdence for tR and the length of the fully stretched oligomer.
Such linearity has recently also been observed for conforma-
tionally rigid species of similar sizes.[73] Under simplified
conditions,[72] tR=hV/RT, and the molecular volume V � lr2,
in which h=viscosity, l= length of the molecule, and r=mo-


lecular diameter. In other words: tR should be proportional
to the length of the molecule. Since the observed linear cor-
relation is with the length of the molecule in its fully extend-
ed shape, this provides clear evidence that there are no sig-
nificant geometrical changes of ODA structures within this
series. In other words: ODA oligomers in solution are
indeed largely fully stretched nm-sized molecular rods.


Conclusion


A Sonogashira reaction-based synthesis of a series of highly
soluble oligodiacetylenes (ODAs) was developed, with both
high yields in the chain elongation step (70–80%) and high
purity (>99%). The series ranges from monomers to octam-
ers, which contain up to 17 double and triple bonds
ACHTUNGTRENNUNG(�3.9 nm) and have different endcaps and alkyl side chains.
The oxidative homocoupling of terminal acetylenes, which is
an undesirable side reaction, has been strongly reduced by
the use of an H2/Ar atmosphere, which improves the yield
of the main product significantly.
Two effects were observed for the S2


!S0 transition of
ODAs:


1) The linearity of the plot of lmax versus 1/CL (conjugation
length (CL)=number of double/triple bonds) displays
the undiminished elongation of the conjugation length
for oligomers up to 3.9 nm;


2) Solid-state absorption measurements display an addition-
al band in the visible region. This extra band is attributed
to intermolecular p–p stacking, which is marginal for
oligomers at micromolar concentrations (lmax=435 nm
for all ODAs), but apparently dominant in PDAs for
which lmax up to 700 nm have been observed.


The rotation correlation time of the anisotropy increases
linearly with the oligomer length, which shows that the
oligo ACHTUNGTRENNUNGmers lack significant geometrical changes and kinks in
their conjugation. This provides evidence that the ODA
oligomers in solution are indeed fully stretched molecular
rods.


Experimental Section


Solvents and reagents : For all dry reactions performed under a steady
stream of argon (or reductive atmosphere of argon/hydrogen mixture
1:1), the equipment was dried in an oven at 150 8C for several hours and
allowed to cool down in an atmosphere of dry nitrogen or argon. Pure,
dry, and degassed ether and THF were obtained by distillation of the
commercial material over sodium particles. CH2Cl2 was distilled and
dried over calcium hydride or sodium hydride. Dry DMF was purchased
from Sigma-Aldrich and stored under argon. All other specified chemi-
cals were commercially purchased (Aldrich, Fluka or Riedel-de HaOn)
and used without further purification.


General workup and purification procedure : Reaction monitoring and re-
agent visualization were performed on silica gel or reversed-phase silica
gel plates with UV-light (254 and 366 nm) combined with GC/MS. Usual-
ly the reaction mixture was diluted with water and extracted (3M) with


Table 5. Fluorescence lifetimes tF (in ps), their relative weights A, and
average lifetimes tAVG (in ps).


1-n (CL)[a] n-hexane DCE
t1 (%A1) t2 (%A2) tAVG


[b] t1 (%A1) t2 (%A2) tAVG
[b]


1-1 (3) 24[c] (100) 24[c] (98) 647 (2) 37
1-2 (5) 29[c] (98) 843 (2) 45 47[c] (99) 850 (1) 55
1-3 (7) 278 (14) 647 (87) 596 237 (14) 663 (86) 603
1-4 (9) 76 (93) 697 (7) 120 67 (83) 523 (17) 145
1-5 (11) 15 (93) 563 (7) 53 31 (85) 678 (15) 128
1-6 (13) [d] [d] [d] 21 (96) 288 (4) 32
1-7 (15) [d] [d] [d] 24 (98) 284 (2) 29
1-8 (17) [d] [d] [d] 20 (98) 250 (2) 25


[a] Conjugation length. [b] Calculated by using Equation (1). [c] Values
not accurate, as instrument response time is 560 and 460 ps, respectively.
[d] Not available due to marginal emission.


Figure 6. Anisotropy lifetimes versus the length of a fully stretched ODA
molecule for 1-1 to 1-8 in DCE (*), and for 1-1 to 1-5 in n-hexane (&).
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an organic solvent (petroleum ether 40–60, hexane, or ethyl acetate). The
combined organic extracts were washed with brine and dried over anhy-
drous sodium sulfate prior to filtration and evaporation of the solvent
under reduced pressure.


Flash chromatography was performed on commercially available silica
gel (0.035–0.070 nm pore diameter) and mixtures of freshly distilled pe-
troleum ether 40–60 and ethyl acetate or reversed-phase silica gel (0.04–
0.06 nm pore diameter Screening Devices) with freshly distilled mixtures
of acetonitrile and ethyl acetate. Final purification was performed on Shi-
madzu preparative HPLC by using a C18 column (Alltech Alltima
250 mmM22 mm; 5m) with HPLC-grade water, acetonitrile, and ethyl ace-
tate mixture.


Nuclear magnetic resonance spectroscopy and mass spectrometry :
1H NMR and 13C NMR spectra were determined on a Bruker CXP 300
NMR spectrometer in CDCl3 solutions unless indicated otherwise. Chem-
ical shifts are reported in ppm downfield relative to tetramethylsilane
(d=0 ppm for 1H) or based on the solvent peak (CDCl3) (d=77.00 ppm
for 13C NMR) as an internal standard. HRMS was performed on a Finni-
gan Mat95 mass spectrometer.


Steady-state absorption and fluorescence : Absorption spectra of the oli-
godiacetylenes in n-hexane (spectrophotometric grade, Riedel-de HaOn)
and DCE (spectrophotometric grade, Sigma-Aldrich) were recorded by
using a Cary 100 UV/Vis spectrophotometer (scan range: 200–800 nm,
scan rate: 300 nmmin�1, date interval 0.5 nm) and steady-state fluores-
cence by using a FLS920P Spectrometer (slit exc.: 2 nm, slit em.: 2 nm,
step: 1.0, dwell : 0.2 s). Absorption spectra of oligodiacetylenes in a film
obtained by drop casting were recorded on a Cary 50 UV/Vis spectro-
photometer (scan range 200–800 nm, scan rate 300 nmmin�1, data inter-
val 0.5 nm).


Determination of fluorescence quantum yield in solution: To evaluate the
fluorescence quantum yield (FF) of an ODA solution in n-hexane or
DCE, the areas of the corrected emission spectra were compared to a
spectrum of a reference solution of quinine bisulfate in 0.1m H2SO4 mea-
sured at 366 nm having FF=0.535.[69] The fluorescence quantum yields of
the ODAs were determined by the relationship:


FF ¼ FR
I
IR


ODR


OD
n2


nR2
ð4Þ


In which I and IR are the integrated emission intensities of the ODA and
quinine bisulfate solutions, respectively, OD refers to the optical densities
of the respective solutions and n is the refractive index.


Lifetime of fluorescence and fluorescence anisotropy in solution : The
fluorescence lifetime and anisotropy were recorded by using a FLS920P
Spectrometer (Edinburgh Instruments) for time-correlated photon count-
ing (TCSP) (time set up: 5 or 10 ns, 4096 channels; measurements stop-
ped after 10000 counts were obtained, and for 1-8 in a separate experi-
ment also after 24 h of data collection to check the influence of photo-
chemistry occurring after prolonged irradiation). Pulsed diode lasers
(372 nm, FWHM: 54 ps; 444 nm, FWHM: 63 ps) and pulsed LEDs
(283 nm, FWHM <500 ps; 304 nm, FWHM: < 350 ps (FWHM= full
width at half-maximum)) from PicoQuant were used as light sources. The
anisotropy measurements were performed by using vertical and horizon-
tal polarizations. All spectroscopic measurements were carried out under
magic angle conditions to avoid the possible influence of rotational mo-
tions of the probe molecules.


((E)-4-Iodo-3-propyloct-3-en-1-ynyl)trimethylsilane (2): A brown,
500 mL, two-necked, round-bottomed flask containing a solution of (E)-
5-(trimethylsilyl)-4-(2-(trimethylsilyl)ethynyl)non-4-ene (8) (12.50 g,
42.5 mmol) and N-iodosuccinimide (20.0 g, 88.9 mmol) in CH2Cl2
(250 mL, distilled and degassed) was vigorously stirred for 3 h at room
temperature under an argon atmosphere. After addition of a saturated
aqueous solution of Na2S2O3, the reaction mixture was worked up ac-
cording to the general procedure and purified on reversed-phase silica
(CH3CN) to give a crude oil which was purified by reversed-phase chro-
matography (CH3CN/H2O, 90:10) to afford pure 2 (11.09 g, 31.9 mmol,
75%) as a colorless oil: 1H NMR (300 MHz, CDCl3): d =0.20 (s, 9H),
0.95 (t, J=7.5 Hz, 3H), 0.96 (t, J=7.7 Hz, 3H), 1.35 (t, J=7.4 Hz, 2H),


1.49–1.63 (m, 4H), 2.30 (t, J=7.7 Hz, 3H), 2.88 ppm (t, J=7.4 Hz, 3H);
13C NMR: d=0.0, 13.7, 14.1, 21.2, 21.5, 31.4, 43.3, 43.6, 99.4, 101.7, 119.2,
128.1 ppm; HRMS: m/z calcd 348.0770 found 348.0771;.


(Z)-3-(Iodo(trimethylsilyl)methylene)-1-(trimethylsilyl)hex-1-yne (7): A
brown, 2 L, two-necked, round-bottomed flask filled with diethyl ether
(1200 mL, dry and degassed) and equipped with four pressure-equalized
dropping funnels containing 4 (15.00 g, 106.9 mmol, 19.6 mL), Ti ACHTUNGTRENNUNG(OiPr)4
(39.51 g, 139,0 mmol, 41.0 mL), a solution of iPrMgCl in diethyl ether
(133.6 mL, 2.0m, 267.3 mmol), and 3 (7.35 g, 74.8 mmol, 10.6 mL) was
flushed with a constant flow of argon, stirred, and slowly cooled down to
�78 8C. At �78 8C, 4 and Ti ACHTUNGTRENNUNG(OiPr)4 were added dropwise along with the
2.0m solution of iPrMgCl. The solution was warmed up to �50 8C over
60 min and its color changed from pale yellow to brown. After the solu-
tion was stirred at �55 8C for 2 h, ethynyltrimethylsilane was added drop-
wise and the solution was stirred at �50 8C for a further 2 h. Iodine
(62.4 g, 245.9 mmol) was added as a powder at �60 8C and then the mix-
ture was slowly warmed up to room temperature and stirred for 2 h. The
resulting mixture was filtered through a pad of Celite and washed with
sodium thiosulfate solution and worked up according to the general pro-
cedure to give a crude oil of 6, which was subjected to the elimination re-
action. The crude oil was stirred at 0 8C in pyrrolidine (100 mL) during
1 h in a brown three-necked flask under an argon atmosphere. After dilu-
tion of the mixture with petroleum ether 40–60 (100 mL), ammonium
chloride was added at 0 8C. The reaction mixture was worked up accord-
ing to the general procedure, pre-purified on a silica gel column (5%
Et3N solution in petroleum ether 40–60) and finally purified on reversed-
phase silica (CH3CN/H2O, 80:20) to give pure 7 (16.45 g, 45.21 mmol,
60%) as a colorless oil; 1H NMR (300 MHz, CDCl3): d =0.24 (s, 9H),
0.31 (s, 9H), 0.93 (t, J=7.4 Hz, 3H), 1.54–1.69 (m, 2H), 2.29–2.34 ppm
(m, 2H); 13C NMR (75 MHz, CDCl3): d =0.0, 2.1, 13.7, 22.7, 39.2, 99.9,
109.6, 117.3, 142.1 ppm; HRMS: m/z calcd 364.0540 observed 364.0539.


(E)-5-(Trimethylsilyl)-4-(2-(trimethylsilyl)ethynyl)non-4-ene (8): A
brown, 1 L, three-necked, round-bottomed flask filled with 7 (16.45 g,
45.2 mmol) in THF (500 mL, dry and degassed) was equipped with two
pressure-equalized dropping funnels filled with 1.6m nBuLi solution in
hexane (57 mL, 91 mmol) and 1-iodobutane (8.89 g, 48.3 mmol, 5.5 mL).
The apparatus was kept under a continuous flow of argon. The solution
was stirred vigorously at �78 8C and nBuLi was added dropwise over
60 min. After an additional 30 min, the 1-iodobutane was added to com-
plete the reaction. The mixture was warmed up to room temperature,
quenched with a saturated solution of NH4Cl at 0 8C, and worked up ac-
cording to the general procedure. The residue was purified on reversed-
phase silica (CH3CN) to give pure 8 (12.71 g, 43.2 mmol, 96%) as a color-
less oil; 1H NMR (300 MHz, CDCl3): d=0.24 (s, 9H), 0.31 (s, 9H), 0.92
(t, J=7.4 Hz, 3H), 0.93 (t, J=7.4 Hz, 3H), 1.35 (t, J=7.3 Hz, 2H), 1.49–
1.63 (m, 4H), 2.34 (t, J=7.5 Hz, 3H), 2.41 ppm (t, J=7.4 Hz, 3H);
13C NMR (75 MHz, CDCl3): d=0.0, 0.3, 13.6, 14.0, 21.3, 21.5, 31.1, 43.5,
43.6, 99.4, 101.7, 119.2, 129.6 ppm; HRMS: calcd 294.2200; found
294.2199.


(E)-5-(Trimethylsilyl)-4-(2-(trimethylsilyl)ethynyl)dodec-4-ene (8a): A
few drops of 1-bromoheptane (1.00 g, 5.58 mmol, 1.14 mL) were added to
a stirred suspension of lithium (6.94 g, 100 mmol) in dry and degassed di-
ethyl ether (50 mL) at room temperature under an argon atmosphere
until the reaction mixture became cloudy. Then, the reaction mixture was
cooled to �20 0C and the remaining 1-bromoheptane (16.91 g, 94.4 mmol,
14.8 mL) was added dropwise. This mixture was allowed to warm to
room temperature and was stirred for 1 h. The solution was stored under
argon and used without further purification. A brown 50 mL, three-
necked, round-bottomed flask filled with 7 (450 mg, 1.24 mmol) in THF
(25 mL, dry and degassed) was equipped with two pressure-equalized
dropping funnels filled with �2.0m n-HepLi solution in ether (5 mL,
2.5 mmol) and 1-bromoheptane (223.9 mg, 1.25 mmol, 0.20 mL). The ap-
paratus was kept under a continuous flow of argon. The solution was
stirred vigorously at �78 8C and n-HepLi was added dropwise over
30 min. After an additional 30 min, 1-bromoheptane was added to com-
plete the reaction. The mixture was warmed up to room temperature,
quenched with a saturated solution of NH4Cl at 0 8C, and worked up ac-
cording to the general procedure. The residue was purified on reversed-
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phase silica (CH3CN) to give 8a (381 mg, 1.10 mmol, 88%) as a colorless
oil. 1H NMR (300 MHz, CDCl3): d=0.24 (s, 9H), 0.31 (s, 9H), 0.91 (t,
J=7.4 Hz, 3H), 0.92 (t, J=7.4 Hz, 3H), 1.35 (t, J=7.3 Hz, 2H), 1.48–1.64
(m, 10H), 2.34 (t, J=7.5 Hz, 3H), 2.41 ppm (t, J=7.4 Hz, 3H);
13C NMR: d=0.0, 0.4, 13.4, 14.1, 21.3, 21.50, 31.1, 33.4, 34.2, 34.5, 43.4,
43.5, 99.3, 101.6, 119.0, 129.4 ppm; HRMS m/z : calcd: 336.2669 observed
336.2666.


(E)-5-Butyl-2-methyl-6-(2-(trimethylsilyl)ethynyl)non-5-en-3-yn-2-ol (9):
A mixture of 2 (10.0 g, 28.7 mmol), 2-methylbut-3-yn-2-ol (4.83 g,
57.7 mmol, 5.6 mL), [Pd ACHTUNGTRENNUNG(PPh3)4] (1.62 g, 1.4 mmol), CuI (133 mg,
0.7 mmol), and dry, degassed diethylamine (70 mL) in THF (180 mL) was
placed anaerobically in a dried 500 mL two-necked round-bottomed
flask, equipped with a magnetic stirrer, an argon in- and outlet, and a
pressure-equalized dropping funnel. The mixture was stirred for 4 h at
30 8C, concentrated, and filtered over a short silica gel column (5% Et3N
solution in petroleum ether 40–60). The residue was purified on re-
versed-phase silica (CH3CN/EtOAc 8.5:1.5) to give pure 9 (6.98 g,
23.0 mmol, 80%) as a pale yellow oil: 1H NMR (300 MHz, CDCl3): d=


0.20 (s, 9H), 0.92 (t, J=7.4 Hz, 3H), 0.93 (t, J=7.4 Hz, 3H), 1.35 (t, J=


7.3 Hz, 2H), 1.49 (s, 6H), 1.49–1.63 (m, 4H), 2.35 (t, J=7.5 Hz, 3H),
2.42 ppm (t, J=7.4 Hz, 3H); 13C NMR: d=0.0, 13.6, 13.9, 21.6, 22.0, 31.5,
32.4, 34.6, 36.8, 68.7, 81.6, 101.3, 102.8, 104.4, 129.0, 130.7 ppm; HRMS:
calcd 304.2222; found 304.2235.


((E)-4-Butyl-7-methoxy-7-methyl-3-propylocta-3-en-1,5-diynyl)trimethyl-
silane (1-1): A solution of 9 (6.50 g, 21.4 mmol) in dry, degassed THF
(125 mL) was placed anaerobically in a dried 250 mL two-necked round-
bottomed flask, equipped with a magnetic stirrer and an argon in-and
outlet. Sodium hydride (1.0 g, 25.0 mmol, 60% dispersion in mineral oil)
was added in small portions. After hydrogen evolution had ceased, MeI
(4.26 g, 30 mmol, 1.87 mL) was added slowly and the mixture was
warmed gently. After about 30 min NaI precipitated from the solution.
The reaction was then quenched with H2O (30 mL), and petroleum ether
40–60 (75 mL) was added followed by workup according to the general
procedure. After purification on reversed-phase silica (CH3CN/EtOAc
8.0:2.0) pure 1-1 (6.24 g, 19.6 mmol, 92%) was obtained as a pale yellow
oil: 1H NMR (300 MHz, CDCl3): d=0.20 (s, 9H), 0.92 (t, J=7.4 Hz, 3H),
0.93 (t, J=7.4 Hz, 3H), 1.35 (t, J=7.3 Hz, 2H), 1.49 (s, 6H), 1.49–1.63
(m, 4H), 2.35 (t, J=7.5 Hz, 3H), 2.42 (t, J=7.4 Hz, 3H), 3.37 ppm (s,
3H); 13C NMR (75 MHz, CDCl3): d=0.0, 13.6, 13.9, 21.6, 22.0, 28.4, 30.4,
34.6, 36.8, 51.7, 71.2, 83.6, 100.3, 103.1, 104.4, 129.1, 130.5 ppm; HRMS:
calcd: 318.2379; found: 318.2381.


General method for protodesilylation of oligodiacetylene series (1-n) fol-
lowed by catalytic Sonogashira coupling with iododiacetylene (2) illus-
trated in Scheme 5 : i) A solution of (1-n) (1 equiv) in THF/MeOH (1:1,
5 mL/mmol) was stirred in a round-bottomed flask. H2O (3 drops/mmol)
and K2CO3 (2 equiv) were added to the solution and it was stirred for
3 h. After following the general workup procedure, the terminal acety-
lene (10-n) was submitted to the catalytic chain elongation step (ii). ii) A
mixture of 2 (10 equiv), [Pd ACHTUNGTRENNUNG(PPh3)4] (5 mol%), CuI (2 mol%), and dry,
degassed diethylamine (2 mL/mmol) and THF (5 mL/mmol) was placed
anaerobically in a dried, brown two-necked round-bottomed flask,
equipped with a magnetic stirrer, an argon/hydrogen in- and outlet, and a
pressure-equalized dropping funnel containing terminal acetylene (10-n)
(1 equiv). The terminal acetylene was added slowly (over 6 h) to the
stirred mixture under a constant flow of argon/hydrogen (1:1). The mix-
ture was further stirred overnight at 25 8C, concentrated, and filtered
over a short silica gel column (5% Et3N solution in petroleum ether 40–
60). The residue was pre-purified on reversed-phase silica (CH3CN/
EtOAc) and finally purified on preparative HPLC to give pure (99.5%)
diacetylene (1-n) and a quantitive recovery of iododiacetylene (2).


ACHTUNGTRENNUNG((3E,7E)-4,8-Dibutyl-11-methoxy-11-methyl-3,7-dipropyldodeca-3,7-dien-
1,5,9-triynyl) trimethyl- silane (1-2): Pale yellow oil (2.22 g, 4.76 mmol,
82%) from 1-1 (1.85 g, 5.81 mmol); 1H NMR (300 MHz, CDCl3): d=0.20
(s, 9H), 0.89–0.95 (m, 12H), 1.28–1.41 (m, 4H), 1.46 (s, 6H), 1.46–1.62
(m, 8H), 2.32–2.49 (m, 6H), 3.38 ppm (s, 3H); 13C NMR (75 MHz,
CDCl3): d =0.0, 13.6, 13.6, 13.9, 14.0, 21.7, 22.1, 22.2, 28.4, 30.5, 30.7, 34.7,
34.9, 36.9, 37.1, 51.7, 71.2, 84.0, 97.9, 98.5, 100.2, 103.7, 104.8, 128.8, 128.9,
129.4, 131.2 ppm; HRMS m/z : calcd: 466.3631; found 466.3634.


(3E,7E,11E)-4,8,12-Tributyl-15-methoxy-15-methyl-3,7,11-tripropylhexa-
deca-3,7,11-trien-1,5,9,13-tetraynyl) trimethylsilane (1-3): Yellow oil
(1.08 g, 1.76 mmol, 78%) from 1-2 (1.05 g, 2.25 mmol); 1H NMR
(300 MHz, CDCl3): d=0.21 (s, 9H), 0.90–0.96 (m, 18H), 1.30–1.42 (m,
6H), 1.51 (s, 6H), 1.51–1.66 (m, 12H), 2.36–2.50 (m, 12H), 3.39 ppm (s,
3H); 13C NMR (75 MHz, CDCl3): d=0.0, 13.6, 13.6, 13.6, 13.9, 14.0, 14.0,
21.8, 21.9, 22.1, 22.2, 22.3, 28.4, 30.5, 30.7, 30.8, 34.7, 34.9, 35.0, 37.0, 37.1,
37.3, 51.7, 71.2, 84.0, 98.4, 98.6, 98.6, 99.0, 100.30, 103.8, 104.8, 128.8,
128.9, 129.1, 129.5, 129.7, 131.3 ppm; HRMS: m/z calcd: 614.4883; found:
614.4888.


(5E,9E,13E)-5,9,13-Tributyl-2-methyl-14-(2-(trimethylsilyl) ethynyl)-6,10-
dipropylheptadeca-5,9,13-trien-3,7,11-triyn-2-ol (1-3 OH): Pale yellow
solid (300 mg, 0.50 mmol, 80%). 1H NMR (300 MHz, CDCl3): d=0.20 (s,
9H), 0.90–0.96 (m, 18H), 1.30–1.42 (m, 6H), 1.51 (s, 6H), 1.51–1.66 (m,
12H), 2.36–2.50 ppm (m, 12H); 13C NMR (75 MHz, CDCl3): d=0.0, 13.6,
13.6, 13.6, 13.9, 14.0, 14.0, 21.8, 21.9, 22.1, 22.2, 22.3, 28.4, 30.5, 30.7, 30.8,
34.7, 34.9, 35.0, 37.0, 37.1, 37.3, 71.2, 84.0, 98.4, 98.6, 98.6, 99.1, 100.3,
103.8, 104.8, 128.8, 128.9, 129.1, 129.5, 129.7, 131.3 ppm; HRMS m/z :
calcd: 600.4726; found: 600.4719.


((3E,7E,11E,15E)-4,8,12,16-Tetrabutyl-19-methoxy-19-methyl-3,7,11,15-
tetrapropylicosa-3,7,11,15-tetraen-1,5,9,13,17-pentaynyl)trimethylsilane
(1-4): Yellow solid (1.31 g, 1.72 mmol, 75%) from 1-3 (1.41 g,
2.29 mmol); 1H NMR (300 MHz, CDCl3): d=0.21 (s, 9H), 0.91–0.97 (m,
24H), 1.30–1.42 (m, 8H), 1.51 (s, 6H), 1.51–1.67 (m, 16H), 2.36–2.52 (m,
16H), 3.39 ppm (s, 3H); 13C NMR: d=0.0, 13.6, 13.6, 13.7, 13.9, 14.0,
21.8, 21.9, 22.1, 22.2, 22.3, 28.4, 30.5, 30.7, 30.8, 34.7, 34.9, 35.1, 35.1, 37.0,
37.1, 37.3, 51.7, 71.2, 84.0, 98.5, 98.7, 98.8, 99.2, 100.3, 103.8, 104.8, 128.8,
128.9, 129.2, 129.5, 129.6, 129.7, 131.3 ppm; HRMS m/z : calcd: 762.6135;
found: 762.6131.


((3E,7E,11E,15E,19E)-4,8,12,16,20-Pentabutyl-23-methoxy-23-methyl-
3,7,11,15,19-pentapropyltetracosa-3,7,11,15,19-pentaen-1,5,9,13,17,21-
hexaynyl)trimethylsilane (1-5): Yellow solid (0.82 g, 0.90 mmol, 70%)
from 1-4 (0.98 g, 1.29 mmol); 1H NMR (300 MHz, CDCl3): d=0.21 (s,
9H), 0.90–0.97 (m, 30H), 1.30–1.43 (m, 10H), 1.51 (s, 6H), 1.51–1.68 (m,
20H), 2.37–2.52 (m, 20H), 3.39 ppm (s, 3H); 13C NMR (75 ppm, CDCl3):
d=0.0, 13.6, 13.6, 13.7, 13.9, 14.0, 21.8, 21.9, 22.1, 22.2, 22.3, 28.4, 30.6,
30.7, 30.9, 34.8, 34.9, 35.1, 37.0, 37.1, 37.3, 51.7, 71.2, 84.0, 98.5, 98.7, 98.8,
99.2, 99.3, 99.3, 100.3, 103.8, 104.9, 128.8, 128.9, 129.2, 129.2, 129.5, 129.6,
129.7, 129.7, 131.3 ppm; HRMS m/z : calcd: 910.7387 found: 910.7406.


((3E,7E,11E,15E,19E,23E)-4,8,12,16,20,24-Hexabutyl-27-meth ACHTUNGTRENNUNGoxy-27-
methyl-3,7,11,15,19,23-hexapropyloctacosa-3,7,11,15,19,23-hexaen-
1,5,9,13,17,21,25-heptaynyl)trimethylsilane (1-6): Yellow solid (450 mg,
0.42 mmol, 72%) from 1-5 (528 mg, 0.58 mmol); 1H NMR: (300 MHz,
CDCl3): d=0.21 (s, 9H), 0.91–0.98 (m, 36H), 1.30–1.43 (m, 12H), 1.51 (s,
6H), 1.51–1.68 (m, 24H), 2.37–2.53 (m, 24H), 3.39 ppm (s, 3H);
13C NMR: d=0.0, 13.6, 13.6, 13.9, 14.0, 21.8, 21.9, 21.9, 22.1, 22.2, 22.3,
28.4, 30.6, 30.7, 30.9, 30.9, 34.8, 34.9, 35.1, 37.0, 37.1, 37.3, 51.7, 71.2, 84.0,
98.5, 98.7, 98.8, 99.2, 99.3, 99.3, 99.4, 99.4, 100.4, 103.8, 104.7, 128.8, 128.9,
129.2, 129.3, 129.5, 129.6, 129.7, 129.7, 131.3 ppm; HRMS: calcd:
1058.8639; found: 1058.8632.


((3E,7E,11E,15E,19E,23E,27E)-4,8,12,16,20,24,28-Heptabutyl-31-meth-
ACHTUNGTRENNUNGoxy-31-methyl-3,7,11,15,19,23,27-heptapropyldotriaconta-3,7,11,15,-
ACHTUNGTRENNUNG19,23,27-heptaen-1,5,9,13,17,21,25,29-octaynyl)trimethylsilane (1-7):
Yellow-orange solid (140 mg, 1.16 mmol, 68%) from 1-6 (180 mg,
1.70 mmol); 1H NMR (300 MHz, CDCl3): d=0.21 (s, 9H), 0.91–0.98 (m,
42H), 1.30–1.44 (m, 14H), 1.51 (s, 6H), 1.51–1.68 (m, 28H), 2.37–2.53
(m, 28H), 3.39 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=0.0, 13.6,
13.6, 13.9, 14.0, 21.8, 21.9, 22.1, 22.2, 22.3, 28.4, 30.6, 30.7, 30.9, 30.9, 34.8,
34.9, 35.1, 37.0, 37.1, 37.3, 51.7, 71.2, 84.0, 98.5, 98.7, 98.8, 99.2, 99.3, 99.3,
99.4, 99.4, 99.5, 100.4, 103.9, 104.9, 128.8, 128.9, 129.2, 129.3, 129.5, 129.6,
129.7, 129.7, 131.3 ppm; HRMS: calcd: 1206.9891; found: 1206.9886.


((3E,7E,11E,15E,19E,23E,27E,31E)-4,8,12,16,20,24,28,32-Octabutyl-35-
methoxy-35-methyl-3,7,11,15,19,23,27,31-octapropylhexatriaconta-
3,7,11,15,19,23,27,31-octaen-1,5,9,13,17,21,25,29,33-nonaynyl)trimethylsi-
lane (1-8): Orange solid (80 mg, 0.06 mmol, 69%) from 1-7 (109 mg,
0.09 mmol); 1H NMR(300 MHz, CDCl3): d=0.21 (s, 9H), 0.91–0.98 (m,
48H), 1.30–1.44 (m, 16H), 1.51 (s, 6H), 1.51–1.69 (m, 32H), 2.37–2.53
(m, 32H), 3.39 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=0.0, 13.6,
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13.6, 13.9, 14.0, 21.8, 21.9, 21.9, 22.1, 22.2, 22.3, 28.4, 30.6, 30.7, 30.9, 30.9,
34.8, 34.9, 35.1, 37.0, 37.1, 37.3, 51.7, 71.2, 84.0, 98.5, 98.7, 98.8, 99.2, 99.3,
99.3, 99.4, 99.4, 100.4, 103.9, 104.9, 128.8, 128.9, 129.2, 129.3, 129.5, 129.6,
129.7, 129.7, 131.3 ppm; HRMS m/z : calcd: 1355.1143; found: 1355.1156.
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Introduction


In cyclization reactions between two sp3 carbon centers the
stereoselectivity of the ring closure is of particular interest
because up to two new stereogenic centers can be generat-
ed. In contrast to intermolecular coupling reactions, two
principles of diastereoselectivities can be distinguished:[1]


The non-induced “simple” diastereoselectivity is associated
with the relative arrangement of the two newly formed ste-
reogenic centers. In the case of facial diastereoselectivity the
main focus is on the relative configuration between a newly
formed stereogenic center and an “old” chiral moiety local-
ized in the substrate and controlling the stereoselectivity of
the ring closure (asymmetric induction via substrate or aux-
iliary control).
A novel strategy for asymmetric synthesis is based on a


phenomenon called “memory of chirality” or “chiral


memory effect”.[2] This term was introduced in 1991 by
Fuji[3] and describes the conservation of the chiral informa-
tion in the course of a reaction where a chiral sp3 center is
transformed into a new sp3 center via an achiral sp2 center
in the absence of an additional permanent chiral moiety.
The Norrish–Yang cyclization,[4,5] an intramolecular C�C


bond forming reaction, which results from intramolecular
hydrogen abstraction by a photoexcited carbonyl compound,
is an useful preparative tool to synthesize different homo-
and heterocyclic compounds. Many diastereoselective exam-
ples of this photocyclization reaction are known, which can
be classified according to the principles above men-
tioned.[6–9] Enantioselective variants of the Norrish–Yang
cyclization have been successfully performed in the solid
state,[10] but until quite recently no significant enantioselec-
tivities (>10% ee) have been recorded for a Norrish–Yang
cyclization in solution. No more than seven years ago, Bach
and co-workers achieved an essential breakthrough by using
chiral complexing agents capable of binding the prostereo-
genic Norrish–Yang substrate through hydrogen bonds.[11]


Based on the Norrish–Yang reaction, we developed the
concept of spin center shift[12] which allows a completely
new access to cyclopropanes.[13,14] In contrast to the classical
Norrish–Yang reaction, phenyl alkyl ketones 1 with a suita-
ble leaving group X in a-position (e.g. X=�OSO2R) are
used. At the stage of triplet 1,4-diradicals 2 the b-elimina-
tion of HX occurs faster than the “classical” Norrish–Yang
reaction pathways (type II cleavage, cyclization). The result-
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ing oxoallyl 1,3-diradicals 3 cyclize with often complete dia-
stereoselectivity and good to excellent yields to give cyclo-
propanes 4 (Scheme 1).


Herein, we report about an entirely new concept concern-
ing the synthesis of enantiomerically enriched cyclopropanes
based on a photochemically induced intramolecular 1,2-chir-
ality transfer.[15] In the case of an asymmetric induction the
chiral information is copied from a stereogenic to a proster-
eogenic moiety, that is, the chiral information is located
both at source and destination. During a chirality transfer
the prostereogenic moiety incorporates the chiral informa-
tion of a stereogenic moiety which simultaneously loses this
information. A distinguishing feature in the intramolecular
transfer of central chirality is the distance between the
source and the target of the chiral information (1,n-chirality
transfer). The term “chirality transfer” or “transfer of chiral-
ity” is mainly associated with stereoselective reactions
where the substrate loses a stereogenic center during the mi-
gration of one or more adjacent double bonds while a new
stereogenic center arises elsewhere in the molecule.[16] In
this context, concerted sigmatropic rearrangements are of
great interest because their mostly highly ordered transition
states assure an efficient generation of new stereogenic cen-
ters.[17] Consequently, relatively many examples of 1,3-chiral-
ity transfer exist but only a few examples of 1,2-chirality
transfer.[18]


Results and Discussion


The concept—A simple selectivity model : By extensive
quantum chemical calculations we could elucidate details of
the mechanism and found that the leaving group X already
has a significant impact on the first reaction step, the photo-
chemical hydrogen shift (1 ! 2, Scheme 1).[13] Due to hyper-
conjugation between the s* orbital of the C�X bond and
the p system of the excited carbonyl group, X prefers a
pseudoaxial arrangement with respect to the approximately
chair-like six-membered transition state (Figure 1).[13b]


If we consider enantiopure ketones of type 5 (e.g. (R)-5)
with two identical substituents in b-position (Scheme 2), we
can formulate two different transition states for the g-H ab-


straction (TS-A and TS-B) which differ in the arrangement
of the leaving group X (axial or equatorial). Based on quan-
tum chemical calculations,[13b] TS-A with X in the axial posi-
tion should be favored over TS-B. In TS-A the g1-methylene
group is attacked, whereas in TS-B the attack takes place at
the g2-methylene group. In other words, the carbonyl oxygen
atom has to distinguish between the two diastereotopic
methylene groups. During the photochemically induced hy-
drogen transfer and the following elimination of HX the en-
antiomeric diradicals DR-A and DR-B are formed, and the
chiral information of the a-C atom has been transferred to
the adjacent prostereogenic b-C atom (1,2-chirality trans-
fer). Consequently, after cyclization the enantiomeric cyclo-
propyl ketones (R)-6 and (S)-6 are obtained. For given rea-
sons the formation of (R)-6 should be favored over (S)-6.
Thus, during such a process a desymmetrization regarding to
the methylene groups (g1 and g2) takes place.


The concept shown in Scheme 2 should be applicable to
all enantiopure ketones of type 5 carrying two identical sub-
stituents in b-position. It can be expected that bridging be-
tween the substituents R, in other words a conformational
constraint in flexibility, creates the best situation for an effi-
cient 1,2-chirality transfer. Therefore, we chose systems in
which the atoms b, g1, and g2 (Scheme 2) are part of a five-
or six-membered ring.


Synthesis of the enantiopure photochemical precursors : To
verify the concept shown in Scheme 2 we first of all needed
an efficient method for the synthesis of enantiopure precur-
sors of type 5. As sulfonates were found to be suitable leav-


Scheme 1. Photochemical synthesis of cyclopropanes 4.


Figure 1. Axial vs equatorial arrangement of the leaving group X.


Scheme 2. The concept of 1,2-chirality transfer in the synthesis of cyclo-
propanes (simplified representation). [a] The configuration corresponds
to C-b.
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ing groups (X = -OSO2R),
[13] a retrosynthetic analysis of 5


led to 2-hydroxy ketones. Various methods for the synthesis
of enantiomerically enriched 2-hydroxy ketones are known.
Oxidative methods starting from the ketones or their enol
ethers are the most common.[19] Based on the results of
Sharpless et al.[20] and Kirschning et al. ,[21] we developed a
very efficient sequence for the synthesis of enantiomerically
enriched 2-hydroxy ketones (Scheme 3). This four-step syn-


thesis started with alcohols 7 which were easily accessible
from the corresponding carboxylic acids.[13b] Dess–Martin
oxidation[22] or PCC oxidation[23] to aldehydes 8 and subse-
quent Horner–Wadsworth–Emmons coupling with phospho-
nate 9[24] gave the enol ethers 10. All enol ethers were isolat-
ed as E/Z mixtures (Z mostly predominating), a fact which
had almost no effect on the stereochemical outcome of the
following asymmetric dihydroxylation (AD, 10 ! (R)-11).
The configuration of the product is determined primarily by
the choice of the ligand during the AD. In accordance with
the results of Sharpless[20] application of AD-mix-a led to
the S configured, AD-mix-b to the R-configured product in
high enantiomeric excesses and generally unaffected by R.
Because AD-mix-b[25] had yielded better results with respect
to the enantiomeric excess, we chose the R configured 2-hy-
droxy ketone (R)-11 as starting material of our investiga-
tions. Finally, tosylation of (R)-11 with tosyl anhydride
(Ts2O) gave the photo precursors (R)-12. The results are
shown in Table 1.


Photochemical investigations : The results of the irradiation
studies (25 8C, solvent: dichloromethane or methanol) are
summarized in Table 2. In addition to the relative configura-
tion of the bicylic products 13 (exo or endo), the absolute
configuration at C-b of the preferred product enantiomer (R
or S), and the enantiomeric excess (ee), a fourth stereo-
chemical term is given: The chirality transfer (CT, [%])
which is calculated according to the equation CT= (ee [13]/
ee[12])*100.[17f] The term CT is independent from the optical
purity of the photochemical precursor 12 and therefore an
expression for the efficiency of the 1,2-chirality transfer.
From some bicyclic products 13 the absolute configuration


of the excess enantiomer was determined using VCD spec-
troscopy.
The photochemical precursors (R)-12 delivered the bicy-


clic cyclopropyl ketones 13 in good yields and in part with
considerable enantiomeric excess. With one exception [(R)-
12 f] the photochemical cyclization occurred with complete
diastereoselectivity to the exo product due to an asymmetric
induction of the chirality center in b position of diradicals
DR-A and DR-B, respectively on the adjacent radical cen-


Scheme 3. Synthesis of the enantiopure precursors (R)-12. a) Dess–
Martin periodinane (1,1,1-triacetoxy-1,1-dihydro-1,2-benziodoxol-3 ACHTUNGTRENNUNG(1H)-
one) (7a–c,e,f) or pyridinium chlorochromate (PCC) (7d), dichlorome-
thane, 0 8C ! room temperature (RT). b) THF, �78 8C, nBuLi, + 9, 16–
24 h at RT. c) tBuOH/H2O 1:1, AD-Mix-b, MsNH2, 6–24 h at RT. d)
Ts2O, pyridine, cat. dimethylamino pyridine (DMAP), 0.5–6 h at RT.


Table 1. Synthesis of the enantiopure photo precursors (R)-12.


Alcohol R Yield [%][c]


10
(E/Z)[d]


Yield [%]
(R)-11
(ee [%])[e]


Yield [%]
(R)-12


7a -CH2-CH ACHTUNGTRENNUNG(tBu)-CH2-
[a] 69


ACHTUNGTRENNUNG(25:75)
81
(95)


87


7b -CH2-CH ACHTUNGTRENNUNG(tBu)-CH2-
[b] 79


(25:75)
86
(55)


87


7c -CH2-O-CH2- 64
(37:63)


92
(91)


84


7d -CH2-N(Ts)-CH2- 61
(53:47)


87
(99)


81


7e -CH2-N ACHTUNGTRENNUNG(Boc)-CH2- 72
(22:78)


91
(93)


87


7 f -C6H4- 75
(31:69)


98
(97)


82


[a] The tBu substituent is trans with respect to C-b. [b] The tBu substitu-
ent is cis with respect to C-b. [c] Yield over two steps (7 ! 8 ! 10).
[d] The E/Z ratio was determined by 1H NMR. [e] The enantiomeric
excess (ee) was determined by HPLC (Chiralcel-OD, Chiralpak-AD-H).


Table 2. Results of irradiation at 25 8C.


(R)-12
ACHTUNGTRENNUNG(ee [%])


Solvent[a] Yield 13
[%][b]


Rel.
conf.
13


C-b
conf.
13[c]


ee [%][f]


ACHTUNGTRENNUNG(CT [%])[g]


a (95) CH2Cl2 79 exo R 52 (55)
a (95) MeOH n.d. exo R 45 (47)
b (55) CH2Cl2 72 exo n.d.[d] 10 (18)
c (91) CH2Cl2 74 exo S 28 (31)
c (91) MeOH n.d. exo S 50 (55)
d (99) CH2Cl2 78 exo S 38 (38)
d (99) MeOH n.d. exo S 48 (48)
e (93) CH2Cl2 69 exo R[e] 23 (25)
e (93) MeOH n.d. exo – rac.
f (97) CH2Cl2 78 80% exo 20% endo n.d.[d] 49 (51)


[a] Irradiation at 25 8C in dichloromethane in the presence of N-methyli-
midazole as acid scavenger or in methanol without acid scavenger. For
details see ref. [13b]. [b] Yield after conversion of the racemic precursors
12a,c–f. For details see ref. [13b]. Irradiations in MeOH were not per-
formed on a preparative scale. Therefore, the yield in MeOH was not de-
termined. [c] C-b Configuration of the excess enantiomer at 25 8C, as-
signed by VCD spectroscopy. [d] Not determined. [e] A complete assign-
ment with VCD spectroscopy was not possible. [f] The enantiomeric
excess (ee) was determined by HPLC (Chiralcel-OD, Chiralpak-AD-H).
[g] Chirality transfer according to ref. [17f]: CT= (ee [13]/ee [12])O100.
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ters (Scheme 2).[13] Thus, the stereoselectivity obtained in
the formation of 13 exclusively reflects the efficiency of the
1,2-chirality transfer.
Compound 13 f contains a p-electronic system in conjuga-


tion with the cyclopropyl moiety. It is well known that upon
irradiation benzoyl cyclopropanes of such type undergo an
efficient cis/trans- and exo/endo-photoisomerization, respec-
tively, until a photostationary state is reached.[26] This iso-
merization proceeds with no loss of the chirality information
in b position because after photochemical excitation bond a)
is cleaved exclusively (Scheme 4).


The selectivity model depicted in Scheme 2 predicts the
preferred formation of (R)-13 from (R)-12. However, no
consistent picture emerges from our irradiation studies at
25 8C (Table 2): Irradiation of (R)-12a delivers predominant-
ly the expected R-configured exo-13a, whereas from (R)-
12c and (R)-12d the product enantiomer with S configura-
tion at C-b is mainly generated. To clarify this contradiction,
systematic examinations were carried out to investigate the
effect of temperature on the stereoselectivity.


The roles of enthalpy and entropy on stereoselectivity : For
the first time, Scharf investigated in detail the temperature
dependence of the selectivity of photochemical processes by
means of the Paterno–BEchi reaction.[27] He found that the
reaction temperature has no uniform influence on the ste-
reoselectivity of the product formation. In contrast to the
prevalent opinion—the lower the reaction temperature, the
higher the stereoselectivity—a constant behavior or even a
decrease can also be observed. This appears contra-intuitive
at first but can be easily explained bearing in mind the rules
for temperature-dependent selectivity processes.
In a kinetically controlled unimolecular reaction leading


to two enantiomers A and B, the selectivity S is expressed
by S = lnACHTUNGTRENNUNG(kA/kB) where kA and kB are the overall rate con-
stants for the formation of A and B, respectively. Then, the
temperature dependence of the stereoselectivity for the two
reaction channels can be analyzed according to the Eyring
formalism[28] S = lnACHTUNGTRENNUNG(kA/kB) = �DDG�/RT. Thus, the pre-
ferred formation of one enantiomer (A or B) is based on
the difference between the free activation energies DDG�


of both reaction paths which in turn consists of an enthalpic
and an entropic term (DDG� = DDH��TDDS�, Gibbs–
Helmholtz equation): S = lnACHTUNGTRENNUNG(kA/kB) = �DDH�/RT +


DDS�/R. A special situation arises if enthalpy and entropy
promote the formation of opposite enantiomers leading to


an inversion of selectivity by temperature. In this case, we
obtain an excess of one enantiomer at low temperature and
of the other one at high temperature. Figure 2 schematically


shows the corresponding linear Eyring plots. Plot a crosses
the x axis (S=DDG� = 0) at a special temperature T0 =


DDH�/DDS�[29] where enantiomers A and B are formed as
a racemic mixture. Since the absolute temperature is always
greater than zero, an inversion of product configuration can
only be observed if DDH� and DDS� have the same sign.
Otherwise, enthalpy and entropy play in favor of the same
enantiomer (e.g. A, plot b, Figure 2) and a reversal of selec-
tivity by variation of the temperature cannot occur. At T0
the enthalpic and entropic contributions compensate each
other (DDH� = TDDS�) affording no stereodifferentiation.
Below T0 the enthalpy difference DDH� controls the selec-
tivity process (DDH� > TDDS�), while the entropic term
TDDS� is dominant at temperatures higher than T0 (DDH�


< TDDS�).
A couple of thermal[30] and photochemical[31] reactions ac-


companied by a reversal of selectivity at T0 are reported in
literature.[32] One of the best investigated photochemical re-
actions of this type is the enantiodifferentiating Z/E photoi-
somerization of (Z)-cyclooctene in the presence of a chiral
sensitizer (Scheme 5). By variation of temperature,[33] pres-


sure[34] or solvent[35] it is possible to control which E enantio-
mer is formed preferentially.[36]


By means of (R)-12a,c–e the effect of temperature (and
solvent) on the stereoselectivity of the reaction (R)-12 ! 13
was investigated in detail. The corresponding Eyring plots
are given in Figure 3. The activation parameters calculated
from the Eyring plots are summarized in Table 3.
With one exception (Table 3, entry 2) DDH� and DDS�


have the same sign leading to a temperature T0 where the


Scheme 4. exo/endo Photoisomerization of 13 f with no loss of the chirali-
ty information in b position.


Figure 2. Eyring Plots a) with and b) without selectivity reversal at T0
(according to ref. [29b]).


Scheme 5. Enantiodifferentiating Z/E photoisomerization of cyclooctene.
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respective photo product exo-13 results as a racemic mix-
ture. In four of eight cases (Table 3, entries 3–6) T0 lies
below room temperature and at 25 8C the S enantiomer is
formed preferentially due to entropy control (positive
DDG� values). In contrast, photolysis of (R)-12a always
gives the enthalpic-favored exo-(R)-13a in excess (negative
DDG� values) and independently of the used solvent be-
cause T0 either is far above the
boiling point of the solvent (di-
chloromethane) or does not
exist (methanol). For similar
reasons, irradiation of (R)-12e
in dichloromethane yields pre-
dominantly the R enantiomer
within the investigated temper-
ature range. However, in meth-
anol selectivity reversal occurs
near room temperature (T0 =


25�3 8C) and exo-13e is
formed as racemic mixture.


Moreover, the solvent has a uniform influence on the ste-
reochemical outcome of the investigated reactions. A
change of the solvent from dichloromethane to methanol
causes a decrease of the difference of DH� and DS� (abso-
lute values) between both reaction channels and a shift of
T0 to lower temperatures [(R)-12c–e]. In the case of (R)-
12a photolysis in methanol induces a change of sign in


Figure 3. Eyring plots of (R)-12 ! exo-13 : * = CH2Cl2, * = MeOH.


Table 3. Activation parameters (DDH�, DDS�, DDG�, T0) calculated from the Eyring plots.


Entry 12 Solvent[a] DDH� [b] DDS� [c] DDG� [d] C-b conf. exo-13[e] T0 [8C]


1
a


CH2Cl2 �1.89�0.08 �3.94�0.28 �0.72�0.08 R 207�18
2 MeOH �0.49�0.03 0.40�0.10 �0.60�0.03 R –
3


c
CH2Cl2 �1.92�0.06 �7.71�0.23 0.38�0.06 S �24�2


4 MeOH �1.02�0.05 �5.89�0.16 0.74�0.05 S �100�6
5


d
CH2Cl2 �2.67�0.12 �10.58�0.45 0.48�0.12 S �20�2


6 MeOH �1.33�0.08 �6.53�0.27 0.62�0.08 S �70�6
7


e
CH2Cl2 �2.64�0.13 �7.90�0.50 �0.29�0.13 (R)[f] 61�5


8 MeOH �1.19�0.08 �4.01�0.29 0.00�0.08 rac. 25�3


[a] Irradiation at 25 8C in dichloromethane in the presence of N-methylimidazole as acid scavenger or in meth-
anol without acid scavenger. [b] kcalmol�1. [c] calmol�1 K�1. [d] 25 8C, kcalmol�1. [e] C-b configuration of the
excess enantiomer at 25 8C, assigned by VCD spectroscopy. [f] A complete assignment with VCD spectroscopy
was not possible.
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DDS�. Consequentially, enthalpy and entropy play in favor
of the same enantiomer and a reversal of selectivity cannot
occur.


Determination of the absolute configuration via VCD spec-
troscopy : A couple of methods has been developed over the
years to determine the absolute configuration in chiral mol-
ecules, for example, anomalous X-ray scattering,[37] different
chiroptical methods (electronic circular dichroism [CD],[38]


vibrational circular dichroism (VCD),[39] optical rotation dis-
persion [ORD][40]) and nuclear resonance spectroscopy
(NMR) in combination with chiral derivatizing agents
(CDAs).[41]


Particularly predestined for conformationally rigid mole-
cules of type 13 is vibrational circular dichroism (VCD).[39]


VCD is the extension of electronic CD[38] into (near-)infra-
red regions of the spectrum, namely the difference in the IR
absorption between left and right circularly polarized radia-
tion during a vibrational transition. Only chiral molecules
can display this difference. Pairs of enantiomers have VCD
spectra of identical magnitude but opposite sign at all fre-
quencies. Analogous to the comparison of UV/Vis and IR
spectra, VCD spectra are much richer in spectral features
than electronic CD spectra. The widths of vibrational transi-
tions are much narrower leading to more highly resolved
spectra.
VCD studies for absolute configuration determination


consist of a combination of spectral measurement and quan-
tum mechanical calculations. In this context, it is highly ad-
visable to calculate both IR and VCD spectrum. Only a
good agreement between observed and calculated IR spec-
trum allows a comparison of the respective VCD spectra.
For IR/VCD calculations the best compromise between ac-
curacy and computational cost is currently offered by using
density functional theory (DFT) with a hybrid functional
like B3LYP or B3PW91 and a 6-31G* basis set as a mini-
mum. All IR/VCD calculations were carried out at the DFT
level with the Gaussian 98 program package[42] using the
hybrid functional B3LYP[43] and the 6-31G* basis set. Based
on the optimized geometries, single point calculations were
accomplished with the same DFT method and a higher 6-
311++G** basis set. For comparison with experimental
spectra, the calculated frequencies were uniformly scaled
with the factor 0.9614 and the IR and VCD intensities were
represented as Pseudo-Voigt bands with 8 cm�1 half width.
The calculation has been started with the selection of a spe-
cific absolute configuration of the particular photo product
exo-13 followed by an analysis of the conformational flexi-
bility to determine which conformers are significantly popu-
lated under the experimental measurement conditions.
Here, it was advantageous that the bicyclic products exo-13
are comparatively rigid molecules and so only few conform-
ers have to be taken into account. Afterwards, the exact rel-
ative energies of the remaining low-energy conformers were
determined to calculate the IR/VCD spectrum as a linear
combination of the computed spectral data. Figure 4. Optimized geometries (B3LYP/6-311++G**//B3LYP/6-31G*).
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In close collaboration with Bruker Optics (Ettlingen, Ger-
many) we succeeded in unambiguously determining the ab-
solute configuration of exo-13a,c,d. The optimized geome-
tries (B3LYP/6-311++G**//B3LYP/6-31G*) of all relevant
conformers are given in Figure 4. The resulting relative en-


ergies and fractional Boltzmann populations are summar-
ized in Table 4. The experimental and calculated IR and
VCD spectra, respectively, are shown in Figure 5.
The approach is illustrated


firstly by means of compound
exo-13c. A conformational
analysis of the enantiomer exo-
(S)-13c showed that the benzo-
yl group adopts a nearly bisect-
ed conformation with respect to
the cyclopropane ring due to a
stereoelectronic interaction be-
tween the carbonyl moiety and
the cyclopropane ring.[44] In
terms of the tetrahydropyrane
ring two half-chair conforma-
tions[45] (exo-(S)-13c-A and
exo-(S)-13c-B) have to be dis-
tinguished. In consequence of a
1,4-transannular interaction
conformer A is 1.9 kcalmol�1


less favored compared with B.
This correlates with a fractional
Boltzmann population of PA-
ACHTUNGTRENNUNG(25 8C)=3.9% under IR/VCD
measurement conditions. Thus,
conformer A will not contribute
significantly to the IR/VCD
spectrum and has not to be con-
sidered. This conclusion was
impressively confirmed by a
very good agreement with the
experimental IR and VCD
spectra, respectively (Figure 5).
The VCD study thus estab-
lished the configuration of the
excess enantiomer of exo-13c
as (1R,6S,7R) (~exo-(S)-13c).


For exo-13a only one of two ring conformers has to be
taken into account as well. The tert-butyl moiety in 3-posi-
tion acts as a conformational anchor and a pseudo equatori-
al arrangement (B) is highly favored (DErel=3.9 kcalmol�1,
PA ACHTUNGTRENNUNG(25 8C)=0.1%, PBACHTUNGTRENNUNG(25 8C)=99.9%). As a result, the IR/
VCD calculation of exo-(R)-13a-B (1R,3R,6R,7S) gave a
very good correlation with the corresponding experimental
spectra.
The IR/VCD calculations of the 3-azabicyclo-


ACHTUNGTRENNUNG[4.1.0]heptanes exo-13d,e turned out to be slightly more
complicated. In both cases four conformers (A–D) were
found because an additional degree of freedom, namely the
N-substituent (Ts or Boc), is involved. However, the respec-
tive conformers C and D are at least 1.0 kcalmol�1 higher
than the corresponding lowest energy conformation. Conse-
quently, conformers C and D were not considered because
only a small contribution to the IR/VCD spectra was ex-
pected. Conformer A can be transformed into B by rotation
around the N,S- and N,C(=O)-bond, respectively. In rotamer
exo-(S)-13d-A the p-tolyl group of the angular tosyl moiety
is sticking out into the endo half space of the bicyclus.
Therefore, A is around 0.2 kcalmol�1 less favored than B


Table 4. Relative energies and fractional Boltzmann populations for con-
formers of exo-13a,c,d (B3LYP/6-311++G**//B3LYP/6-31G*).


Conformer Erel [kcalmol
�1] P ACHTUNGTRENNUNG(25 8C) [%]


exo-(R)-13a-A 1.9 3.9
exo-(R)-13a-B 0.0 96.1
exo-(S)-13c-A 3.9 0.1
exo-(S)-13c-B 0.0 99.9
exo-(S)-13d-A 0.2 36.0
exo-(S)-13d-B 0.0 50.5
exo-(S)-13d-C 1.3 5.6
exo-(S)-13d-D 1.1 7.9


Figure 5. Comparison of experimental and calculated IR and VCD spectra.
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corresponding to fractional Boltzmann populations of PA-
ACHTUNGTRENNUNG(25 8C)=42% and PBACHTUNGTRENNUNG(25 8C)=58%. The resulting compo-
site spectra exo-(S)-13d-A and exo-(S)-13d-B are in quite
good agreement with the experimental data. Thus, the VCD
analysis identified the configuration of the excess enantio-
mer of exo-13d as (1R,6S,7R) (~exo-(S)-13d).
However, in exo-13e the analogous conformers A and B


are of nearly equal energy. The hybrid spectra of 54% A
and 46% B have shown an inadequate correlation with the
observed spectra, and so no conclusion about the absolute
configuration of exo-13e could be made (see Supporting In-
formation).


Conclusion


In summary, we reported on a completely novel concept of
stereoselectivity based on a 1,2-chirality transfer. In the ini-
tial step of a photochemical cyclopropane synthesis,[13] which
is a special application of the concept of spin center shift,[12]


an electronically excited carbonyl group can interact with a
s* orbital of an adjacent C�X bond causing a preferred ge-
ometry of the corresponding cyclohexane-like transition
state for the hydrogen abstraction (Scheme 2). In the conse-
quence of this interaction, the carbonyl group can distin-
guish between two diastereotopic methylene groups in g po-
sition. Because the initial chirality information is destroyed
in the next step by elimination of acid HX, an 1,2-chirality
transfer takes place. To our surprise, we found after careful
determination of the absolute configuration of the resulting
bicyclic cyclopropane derivatives 13 by VCD spectroscopy
that the stereochemical outcome of the reaction is not uni-
formly for different derivatives. An extensive investigation
of the temperature dependence of the stereoselectivity re-
vealed that contrary enthalpic and entropic contributions
are responsible for this unexpected behavior. In most cases,
we could determine a temperature T0


[29] at which these con-
tributions compensate each other and the stereoselectivity
vanishes. With these findings in hand we could obtain the
products 13 with partly impressive stereoselectivities by
proper choice of the irradiation temperature (e.g. ee 83%
for 13a at �56 8C). We hope that our results will inspire fur-
ther interesting stereoselective photochemical as well as
thermal reactions.
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Synthesis, Surface Modifications, and Size-Sorting of Mixed Nickel–Zinc
Ferrite Colloidal Magnetic ACHTUNGTRENNUNGNanoparticles


P. Majewski and P. Krysiński*[a]


Introduction


Magnetic ferrite nanoparticles are a recent key topic in
modern science and biotechnology, due to their unique
properties, which give them a variety of possible applica-
tions. These include both technological[1–4] and biological
and medical applications, such as contrast increase of MRI
and targeted drug delivery.[5–10] Our previous work on the
covalent attachment of molecular adlayers to a variety of
surfaces has shown that simple displacement reactions can
be used on essentially any surface where hydroxy groups are
present. We have attached molecular layers covalently to
silica, indium tin oxide (ITO), boron-doped diamond, and
electrochemically generated gold oxide surfaces by allowing
the surface hydroxy groups to react with acid chlorides.[11–13]


Here we report on the covalent attachment of monomo-
lecular adlayers to mixed nickel–zinc nanoferrite surfaces.


Synthesized nanoparticles were subjected to surface modifi-
cation by means of acid chloride chemistry, leading to the
formation of covalent bonds between the hydroxy groups on
the nanoparticle surface and the acid chloride molecules. In
this paper we have used adipoyl and sebacoyl chlorides to
functionalize the surfaces of nanoferrites. This procedure
can be easily tailored to allow for the formation of adlayers
containing both hydrophobic and hydrophilic regions
stacked at predetermined distances from the magnetic core,
also providing the colloidal nanoferrites with functional car-
boxy groups capable of further modifications with, for ex-
ample, drug molecules. Here, fluorophore aminopyrene mol-
ecules were bound to such modified nanoferrites through
amide bonds, and their steady-state fluorescence spectra
were recorded, verifying the fluorophore attachment.


We also used the same chemistry to modify the surfaces
with covalently bound long-chain palmitoyl moieties, and
for comparison we also modified the nanoferrite surface by
simple adsorption of oleic acid. Both procedures made the
surfaces highly hydrophobic. These hydrophobic, sterically
stabilized colloids were subsequently spread on aqueous sur-
faces to form Langmuir monolayers with totally different
characteristics.


Abstract: We report on the spontane-
ous covalent growth of monomolecular
adlayers on mixed nickel–zinc nanofer-
rite colloidal suspensions (ferrofluids).
Synthesized nanoparticles were subject-
ed to surface modification by means of
acid chloride chemistry, leading to the
formation of covalent bonds between
the hydroxy groups at the nanoparticle
surface and the acid chloride mole-
cules. This procedure can be easily tail-
ored to allow for the formation of
adlayers containing both hydrophobic
and hydrophilic regions stacked at pre-
determined distances from the magnet-
ic core, and also providing the nanofer-


rites with functional carboxy groups ca-
pable of further modifications with, for
example, drug molecules. Here, fluoro-
phore aminopyrene molecules were
bound to such modified nanoferrites
through amide bonds. We also used the
same chemistry to modify the surface
with covalently bound long-chain palm-
itoyl moieties, and for comparison we
also modified the nanoferrite surface
by simple adsorption of oleic acid.


Both procedures made the surface
highly hydrophobic. These hydrophobic
colloids were subsequently spread on
an aqueous surface to form Langmuir
monolayers with different characteris-
tics. Moreover, since uniformity of size
is crucial in a number of applications,
we propose an efficient way of sorting
the magnetic nanoparticles by size in
their colloidal suspension. The suspen-
sion is centrifuged at increasing rota-
tional speed and the fractions are col-
lected after each run. The mean size of
nanoferrite in each fraction was mea-
sured by the powder X-ray diffraction
(PXRD) technique.
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Colloidal ferrites are usually synthesized in a relatively
simple aqueous precipitation reaction,[14,15] which can be
easily adapted for large-scale preparations. However, the
main disadvantage of this route is the relatively high poly-
dispersity of the resultant product, which is unsatisfactory
for a number of practical applications, particularly where
high electromagnetic permeability and low energy losses are
required.[19] Therefore, in this work we also propose an effi-
cient way of sorting nanoferrite particles by size. A colloidal
suspension of nanoparticles is centrifuged at increasing rota-
tional speed, and the fraction sedimented on the bottom of
the centrifuge tube is collected after each run. Quantitative-
ly, the mean size of nanoferrites in each fraction is measured
by the powder X-ray diffraction (PXRD) technique.


Results and discussion


Crystallography of mixed Ni0.5Zn0.5Fe2O4 ferrites : In order
to verify the mixed nature of Ni0.5Zn0.5Fe2O4 ferrofluid we
performed PXRD experiments with unsorted, dry solid sam-
ples of obtained product. The diffraction patterns are shown
in Figure 1.


Analysis of the indexed pattern confirmed the crystallo-
graphic regular (space group 227—Fd3m) structure of
nickel–zinc ferrite. Full width at half maximum (FWMH)
values of six reflections shown on the PXRD pattern were
used to evaluate the mean diameters of unsorted nanoparti-
cles, according to the Scherrer equation,[16] with the assump-
tion of spherical shapes for the ferrite nanoparticles. This
procedure yielded (14�1) nm as a mean particle radius, a
value in good agreement with results obtained in the
ACHTUNGTRENNUNGliterature.[17,18]


To address the chemical compositions of obtained ferro-
fluids we performed PXRD experiments for ferrites of
known Ni/Zn ratios, obtained by thermal (1100 8C, 2 h) de-
composition of precursor mixtures of appropriate metal ni-
trates. For the series of ferrite nanoparticles differing in Ni/
Zn ratio we observed a shift of X-ray reflections towards
larger angles with increasing zinc content, as shown in
Figure 2.


This effect is due to the increase in the crystallographic
cell dimensions with decreasing Zn content.[19] Fitting the re-
flection shift by linear regression (Figure 2b) yielded the
stoichiometry of the obtained mixed ferrite nanoparticles as
Ni0.465Zn0.535Fe2O4; this is slightly different from expectations,
yet within the experimental error both of the synthesis and
of the diffraction experiments. Finally, a control experiment
was carried out with two types of ferrite nanoparticles—
NiFe2O4 and ZnFe2O4—mixed in 1:1 molar ratio. The


Figure 1. PXRD reflection patterns (indexed) of mixed nickel–zinc nano-
ferrites.


Figure 2. a) The effect of the Ni/Zn ratio on PXRD patterns. b) Shift of
the reflection (311) and its linear dependence upon the amount of nickel
in the ferrite core.
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PXRD pattern (not shown) exhibits a set of double reflec-
tions, corresponding to the presence of the two separate
phases in this mixture, in contrast with a single set of reflec-
tions (Figure 1) characterizing a single phase of mixed,
nickel–zinc ferrite nanoparticles.


Nanoparticle sorting and sizing : Stock unsorted ferrofluid
was diluted with aqueous TMAH solution (0.25%) to a
final volume of 100 mL and a concentration of 24 mgmL�1.
Equivolume samples of this solution were centrifuged at
2500g for 1 h, sediment was collected, and the supernatant
was centrifuged again at 5000g. The supernatant was soni-
cated for 10 min prior to each centrifuge run. This stepwise
procedure was repeated at 7500g, 10000g, 13500g, and fi-
nally at 18500g, the latter for 2 h. The resultant pellets were
washed several times with acetone and dried at 90 8C. The
last clear supernatant, denoted from now on as SN>18500g
for simplicity, was also precipitated and washed with ace-
tone, and then dried at 90 8C. All samples were analyzed
with a D8 Discover diffractometer (Bruker) with CuKa radi-
ation. The resulting PXRD patterns are shown in Figure 3a.
The data were then analyzed with the aid of Topas3 soft-
ware to determine the average crystallite size in each frac-
tion. Before analysis of peak broadening due to the nano-
crystalline structures of the samples, the instrument broad-
ening functions were determined by fitting the diffractogram
of a silicon standard (NIST 640c). These parameters were
fixed, and peak broadening for seven ferrite peaks in the
20–708 2q range was analyzed by the same routine.


The results of peak-profile fitting procedure are shown in
Figure 3b. These data show that the relatively simple sorting
method can be used to separate fractions containing nano-
ferrites of different diameters. However, it should be noted
that these fractions are not monodisperse. Additionally, the
diameters obtained with the Scherrer equation show only
the crystalline cores of nanoparticles, which can have some
amorphous shell increasing their real size. It should also be
noted here that comparison of various fitting routines (e.g.,
FWMH and integral breadth (IB)) shows that FWMH
yields slightly higher average particle radius values than the
IB procedure. The average nanoparticle size data shown in
this work are for the FWMH routine.


Surface modification of mixed nanoferrites : The resulting
FTIR spectra of nanoferrites grafted with oleic acid are
shown in Figure 4a. This Figure also shows the spectra of
free oleic acid (Figure 4b) and unmodified particles
ACHTUNGTRENNUNG(Figure 4c).


There are several diagnostic regions that confirm the sur-
face grafting. The first region shows two peaks at 2920 cm�1


and 2850 cm�1 corresponding to stretching vibrations of
methylene groups: asymmetric and symmetric, respectively.
The band at 2960 cm�1 corresponds to the asymmetric
stretching vibration of the methyl group. The strong band at
ca. 1710 cm�1, related to the stretching vibration of carbonyl
groups of free oleic acid, is greatly diminished upon grafting
and shifted towards lower wavenumbers. The presence of


Figure 3. a) PXRD patterns of fractioned nanoferrites. b) Peak profile fit-
ting and the resultant mean diameters of nanoparticles in each fraction.
S.D.= standard deviation.
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several overlapping bands between 1500 cm�1 and
1650 cm�1, as well as at 1300–1450 cm�1, suggests the forma-
tion of a condensation product of the reaction between the
hydroxylated nanoferrite surface and the oleic acid.[25, 30] The
broad band in the 3000–3500 cm�1 range is due to the pres-
ence of surface-bound �OH functionalities on the nanopar-
ticle surface.


FTIR spectra for the nanoferrites modified with adipoyl
chloride or sebacoyl chloride are shown in Figure 5.


Analysis of the diagnostic regions confirms the formation
of an adlayer on the hydroxylated nanoparticle surface.
There are no observable methyl group vibrations; only
methylene group stretching vibrations at 2850 cm�1 and
2930 cm�1 are visible. The acid chloride C=O peak charac-


teristic for an unbound mole-
cule around 1810 cm�1 decreas-
es coincidently with the appear-
ance of ester C=O resonances
at 1748 cm�1. The presence of
several bands between
1400 cm�1 and 1650 cm�1 is also
associated with the symmetric
and asymmetric stretches of a
terminal carboxylate. These
data indicate the hydrolysis of
the terminal acid chloride
moiety. The FTIR spectrum
also contains ester-like stretches
at 1046 cm�1 (widening of this
band is most probably due to
overlapping with the C�H
bending stretch at 1020 cm�1)
and 1260 cm�1. The correspond-
ence of these bands to those of
esters demonstrates the forma-


tion of adipoyl or sebacoyl adlayers on the nanoferrite parti-
cles through ester-type C�O covalent bonds with the hy-
droxy functionalities present in abundance on the surfa-
ces.[20]


Similarly to the adipoyl and sebacoyl spectra, the spec-
trum of nanoferrites modified with a palmitoyl adlayer
(spectrum not shown) displays characteristics that can be as-
cribed to the formation of ester-type C�O bonds with hy-
droxy groups present on the particle surfaces.[20] The notice-
able difference is in the 2800 cm�1–3050 cm�1 range, where�
CH3 vibrations due to the methyl terminal groups of this
particular adlayer are present. Moreover, there are no vibra-
tions attributable to carboxylate groups.


Importantly, modification with adipoyl or sebacoyl adlay-
ers makes the surfaces of mixed
nanoferrites available for fur-
ther synthetic tailoring by, for
example, amide or ester bond-
ing of desired chemicals. We
therefore tested this availability
by attaching aminopyrene mol-
ecules to the particles through
amide bonds between the ter-
minal acid chloride moieties of
the adlayer and aminopyrene.


Figure 6 presents the result-
ing steady-state fluorescence
spectra both of a suspension of
nanoparticles in water (Fig-
ure 6a) and of dry nanoparti-
cles deposited on quartz (Fig-
ure 6b). The emission spectra
of modified nanoparticles are
qualitatively similar to those re-
ported for 1-amidopyrene hexa-
noate bound to ITO and silica


Figure 4. FTIR spectra (diagnostic regions) of a) nanoferrites grafted with oleic acid, b) free oleic acid, and
c) unmodified nanoparticles.


Figure 5. FTIR spectra (diagnostic regions) of a) free sebacoyl chloride, and b) nanoferrites grafted with seba-
coyl chloride adlayer.
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surfaces,[11,21] indicating that the nanoferrites are now deco-
rated with this fluorophore. Steady-state spectroscopy on
this system reveals the presence of excimers in the adlayer
bound to the nanoferrite surface. The emission spectra
(though most probably quenched[22]) of the chromophores
bound to nanoferrites, both deposited on quartz and in the
aqueous suspension, each show two small maxima, centered
near 384 nm and near 405 nm. These maxima are each tailed
with a broad shoulder to the red (particularly evident for
dry nanoferrites deposited on quartz), in a spectral region
where pyrene aggregates are known to emit. The presence
of this shoulder and the absence of well-resolved spectral
features in the vicinity of the emission maxima for both sys-
tems is consistent with excimer formation. We make this
statement on the basis of our earlier work and of literature
data.[11,12,23, 24]


Monolayers of mixed nickel–zinc ferrite nanoparticles : A
sample of organic ferrofluid grafted with oleic acid was di-
luted with the more volatile n-pentane to a final concentra-
tion of 5 mgmL�1, as evaluated by VIS spectroscopy. This
sample was used for Langmuir film formation, either on
aqueous or aqueous ammonia (0.1m) subphases.


The results, in the form of pressure/area (P/A) isotherms,
are shown in Figure 7. The insert shows control isotherms of
oleic acid under the same experimental conditions.


This control experiment shows that the free oleic acid
molecules do not form a monolayer on an NH3 (0.1m) sub-
phase, being soluble in this alkaline subphase. In contrast,
ferrite nanoparticles grafted with oleic acid can easily form
Langmuir-type films both on aqueous and on aqueous am-
monia (0.1m) subphases. It has been reported in several
works[25,26] that oleic acid adsorbs very strongly on magnetite


Figure 6. Steady-state emission fluorescence spectra of nanoferrites deco-
rated with aminopyrene by acid chloride chemistry a) in aqueous suspen-
sion, and b) as a solid deposit on quartz in air. Excitation wavelength
320 nm.


Figure 7. Langmuir isotherms of nickel–zinc nanoferrites grafted with
oleic acid on water (curve a) and aqueous ammonia (0.1m, curve b). The
insert shows the Langmuir isotherms of oleic acid on these subphases,
without nanoparticles.
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and maghemite nanoparticles. Similar Langmuir isotherms
of maghemite nanoparticles covered with lauric acid on an
aqueous subphase have been reported.[27] There are, howev-
er, essential differences between the isotherms recorded on
water and on NH3 (0.1m). The compression/decompression
isotherm cycles on water are reproducible, while the same
experiments carried out on ammonia (0.1m) yield gradual
shifts of subsequent compression isotherms towards lower
areas of the trough until reproducible isotherms are ob-
tained (Figure 7b, curves III and IV). This shift is due to de-
sorption and dissolution of traces of unbound oleic acid.
The reproducible isotherms were subsequently used to eval-
uate the diameters of the grafted nanoferrites, with the as-
sumption of a densely packed 2D lattice of spherical parti-
cles and knowledge of the amount of nanoferrites (84 mg)
and particle density (5.27 gcm�1�3, from PXRD data). These
evaluations yielded a value of mean particle diameter equal
to (21�3) nm. Subtraction of the doubled thickness of an
oleic acid shell (in the all-trans hydrocarbon chain configu-
ration) gives a value of (18�3) nm, a value comparable to
the mean diameter of unsorted particles obtained from
PXRD data described above.


The same procedure was carried out for the organic ferro-
fluid covalently modified with palmitoyl monolayer. The re-
sulting Langmuir isotherm (compression/decompression
cycle) is shown in Figure 8.


This isotherm is qualitatively different from that obtained
for oleic acid-grafted nanoferrites. It shows evidence of a
liquid–solid phase transition at about 15 mNm�1 with large
hysteresis between the compression and decompression iso-
therms. This is because palmitoyl chains bound to nanoparti-
cles are saturated, and therefore solid at the experimental
temperature (21 8C). It is interesting to note that there is no
collapse pressure recorded up to 50 mNm�1, only a hump on
the isotherm around 25 mNm�1. We think that this might
correspond to the overlapping of densely packed monolayer
lattices one upon another, forming bilayer/multilayer struc-


tures of nanoferrites on the aqueous subphase. This observa-
tion is currently undergoing experimental verification. The
part of the compression isotherm corresponding to the solid-
like monolayer was used to evaluate the diameters of the
palmitoyl-functionalized nanoferrites, as described above.
These evaluations gave a value of mean grafted particle di-
ameter equal to (13�3) nm, corresponding to (10�3) nm
for the nanoferrite core—a value within the experimental
error of the PXRD data.


Conclusions


The synthesis, functionalization, and properties of magnetic
nanoparticles have already attracted considerable interest in
modern materials science. In this work we report on the co-
valent attachment of monomolecular adlayers to mixed
nickel–zinc nanoferrite surfaces. Nanoferrites were subject-
ed to surface modification by means of acid chloride chemis-
try, leading to the formation of covalent bonds between the
hydroxy groups at the nanoparticle surfaces and acid chlo-
ride molecules. Herein we have used adipoyl and sebacoyl
chlorides to functionalize the surfaces of nanoferrites. This
procedure can be easily tailored to allow for the formation
of adlayers containing both hydrophobic and hydrophilic re-
gions stacked at predetermined distances from the magnetic
core, and also providing the colloidal nanoferrites with func-
tional carboxy groups capable of further modifications with,
for example, drug molecules. Here, the fluorophore mole-
cules of aminopyrene have been bound to such modified
nanoferrites through amide bonds, and the steady-state fluo-
rescence spectra have been recorded, confirming the fluoro-
phore attachment.


We also used the same chemistry to modify the surfaces
with covalently bound long-chain palmitoyl moieties, and
for comparison we also modified the nanoferrite surfaces by
simple adsorption of oleic acid. Both procedures made the
surfaces highly hydrophobic. These hydrophobic, sterically
stabilized colloids were subsequently spread on an aqueous
surfaces to form Langmuir monolayers with totally different
characteristics.


Since uniformity of size distribution is crucial in a number
of practical applications, in this work we therefore also pro-
pose an efficient way of sorting nanoferrite particles by size.
The colloidal suspension of nanoparticles is centrifuged at
increasing rotational speed, and the fraction sedimented on
the bottom of the centrifuge tube is collected after each run.
Quantitatively, the mean size of nanoferrites in each fraction
is measured by the powder X-ray diffraction (PXRD)
technique.


Experimental Section


Materials : All chemicals were of the highest quality available commer-
cially: Fe ACHTUNGTRENNUNG(NO3)3·9H2O (p.a. Sigma), Ni ACHTUNGTRENNUNG(NO3)2·6H2O (p.a., POCH,
Poland), Zn ACHTUNGTRENNUNG(NO3)2·6H2O (p.a., POCH, Poland), NaOH (p.a., POCH,


Figure 8. Compression/decompression cycle of mixed nanoferrites with
covalently bound palmitoyl adlayer.
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Poland), HNO3 (p.a., POCH, Poland), tetramethylammonium hydroxide
(TMAH, p.a., Sigma), oleic acid (pure, POCH, Poland), adipoyl chloride
(Aldrich, 98%.), sebacoyl chloride (Aldrich, 99%), palmitoyl chloride
(Aldrich, 98%), acetonitrile (dry, Aldrich, 99.8%), chloroform (p.a.,
Chempur), 4-methylmorpholine (Aldrich, 99%), sym.-collidine (Fluka,
�98%), and n-hexane (p.a., Merck). All solutions were prepared with
milliQ


O


water.


Methods: synthesis and surface modification


Synthesis of mixed ferrite Ni0.5Zn0.5Fe2O4 : In this work we describe nano-
particles of mixed nickel–zinc ferrite of general formula Ni0.5Zn0.5Fe2O4.
To verify the mixed behavior of such ferrites (as opposed to mixtures of
nickel and zinc ferrites), we performed PXRD experiments with con-
trolled samples of nickel, zinc, and mixed ferrite.


Mixed nickel–zinc ferrites were prepared by the “bottom-up” technique
by co-precipitation of nanoferrites from a solution of their precursors
with strong base. The method used is derived from that originally pro-
posed by Massart[28] and theoretically described by LaMer.[29] This theory
predicts that large, local oversaturation is required to obtain small nano-
particles.


The synthesis was carried out by mixing a heated aqueous solution of
nickel, zinc, and iron salt with a hot aqueous solution of sodium hydrox-
ide. Generally, in ionic form, this can be written as given in Equation (1):


Ni2þþZn2þþ4 Fe3þþ16OH� ! 2Ni0:5Zn0:5Fe2O4 # þ8H2O ð1Þ


It is crucial to maintain the reaction temperature above 80 8C since below
this temperature the resultant hydroxides do not undergo dehydration to
form mixed ferrite oxides.


The crude precipitate consists of highly coagulated, roughly spherical
nanoparticles of diameter dependent on the reaction conditions. In this
work, the reaction mixture contained: FeIII (0.6667m), NiII (0.1667m), and
ZnII (0.1667m), prepared from their respective precursor salts.


The precursor solution (40 mL), acidified with HNO3 (2m, 8 mL) and
water (152 mL), was heated to 95 8C under reflux with continuous stir-
ring. An aqueous solution of NaOH (3m, 100 mL), diluted with water
(300 mL), was preheated to 95 8C in a separate container. The amount of
NaOH was adjusted such as to obtain a final concentration of 0.3m after
precipitation of mixed ferrites and neutralization of HNO3. The NaOH
solution was then poured rapidly into the reaction vessel, with vigorous
stirring. The resultant dark brownish precipitate was left heated for the
next 12–16 h with stirring. Then, after the system had cooled to room
temperature, the obtained coagulated nanoparticles (NPs) were precipi-
tated with the aid of a magnet and clear supernatant was decanted. The
precipitate was washed three times with deionized water (200 mL) with
sedimentation in the field of a magnet and decantation. Total desorption
of adsorbed, screening sodium ions was effected by addition of HNO3


(2m, 100 mL) and brief stirring. The precipitate was separated as above
and washed twice with deionized water (100 mL). The resultant colloidal
suspension was subsequently coagulated by increasing the pH to 6.5–7.5
with small amounts of tetramethylammonium hydroxide (TMAH) solu-
tion. Further TMAH solution (25%, 0.5 mL) was then added to the
brown precipitate, and the system was thoroughly mixed to yield a
deeply dark brown dense fluid (20 mL, 150 mgmL�1 of mixed nickel–zinc
ferrite, pH 12.5) that could be attracted by a magnet without phase sepa-
ration. The ferrofluid concentration was evaluated by visible absorbance
at 500 nm. A calibration curve of absorbance versus a known amount of
dry mixed ferrites per unit volume was used. A linear relationship (R2=


0.998) of absorbance versus concentration was obtained within the range
of 0.05 mgmL�1 to 0.5 mgmL�1 of dry ferrites.


Grafting with oleic acid : Surface modification of ferrite nanoparticles was
carried out by adapting the procedure described in the literature.[30]


Briefly, ferrofluid solution containing nanoparticles (200 mg) was diluted
with water (20 mL), with subsequent addition (with stirring) of nitric acid
(2m) to pH 2.2. Nanoparticles were flocculated with NH3 aq. (0.5m) to
pH 6.5–7.0. The precipitate was washed several times with water, facili-
tating phase separation with a magnet. The nanoparticles were then re-


suspended in water (20 mL) in contact with oleic acid (1 mL). After vigo-
rous shaking (5 min) all magnetic material had been transferred to the or-
ganic phase. The aqueous phase was discarded, and the organic phase
was extracted twice with a methanol/water mixture (3:1 v/v, 10 mL) to
remove the excess of oleic acid. Finally, to remove the unbound oleic
acid, the organic ferrofluid was washed with NH3 aq. (0.1m, 10 mL) in a
methanol/water mixture to form the ammonium salt of unbound oleic
acid. This was extracted with a methanol/water mixture (3:1 v/v, 10 mL).
The procedure yielded a intensively colored dark brown organic ferro-
fluid in n-hexane, resembling the starting aqueous sample. A sample of
this ferrofluid was dried, washed with acetone, dried again, and mixed
with dry KBr. A tablet was formed, and FTIR spectra were recorded.


Grafting with alkyl acid chlorides : While several methods to endow nano-
particles with various functionalities suitable for—for example—biologi-
cal applications have been proposed,[5,9,15] here we propose a simple acid
chloride chemistry strategy for the modification of nanoferrite surfaces.
Such chemistry can be used on different surfaces, both metallic and non-
metallic, with the proviso of the presence of a hydroxide layer on such
surfaces.[12,20] Moreover, the adlayer moiety formed can be tailored with
respect to structure and thickness by use of appropriate chemistry. The
presence of the reactive acid chloride terminal functionality provides an
efficient and robust means for binding a variety of species. In this work,
a sample of ferrofluid (20 mg nanoparticles) was flocculated and washed
several times with acetone, separated, and dried. This dried sample was
suspended in dry acetonitrile (10 mL) under nitrogen. Adipoyl, sebacoyl,
or palmitoyl chloride (depending on the desired modification) was added
to this sample, together with 4-methylmorpholine (collidine in the case of
palmitoyl chloride) as a Lewis base (final volume ratio 50:1:1, v/v/v). The
resulting mixture with suspended ferrites was stirred under nitrogen for
about 1 h. The ferrite particles were then precipitated with the aid of a
magnet, and the reaction mixture was discarded. The precipitate was
washed several times with an abundance of acetonitrile and then with
acetone, and was then dried. Subsequently it was mixed with dry KBr, a
tablet was formed, and FTIR spectra were recorded. The sample of nano-
ferrites modified with palmitoyl chloride was resuspended in chloroform
to a final concentration of 11.3 mgmL�1, yielding an organic ferrofluid
stabilized sterically by the palmitoyl adlayer covalently bound to the sur-
face of nanoparticles.


Surface modification with fluorophore : Surface modification with fluoro-
phore was adapted from the procedure described elsewhere.[11,12] Ferrite
particles freshly modified with sebacoyl chloride, after the reaction mix-
ture had been discarded, were washed in the reaction vessel (while under
nitrogen) several times with an abundance of dry acetonitrile and resus-
pended in this solvent (10 mL). A dry acetonitrile solution of aminopyr-
ene (1 mm) was added to this suspension by cannula, followed by
4-methylmorpholine as a Lewis base (final volume ratio 50:1:1, v/v/v).
The resultant mixture was stirred under nitrogen for about 2 h. The fer-
rite particles were then precipitated with the aid of a magnet, and the re-
action mixture was discarded. The precipitate was washed several times
with an abundance of acetonitrile and then with acetone, and was then
dried. Steady-state fluorescence spectra were recorded after the nanopar-
ticles were suspended in water. Additionally, the fluorescence spectra
were recorded for the supernatant for traces of unbound aminopyrene.


Characterization methods : Powder X-Ray Diffraction (PXRD) experi-
ments were carried out on a D8 Discover powder diffractometer
(Bruker) with use of CuKa radiation. Diffractograms were recorded for
2q from 208 to 708 at a scan rate of 18min�1 in 0.0128 steps. The results
were analyzed and fitted with the aid of pseudo-Voight functions and the
Topas program (Bruker) and compared against the ICDD database.[31]


The PXRD instrument was situated at the Surface Research Laboratory,
Department of Chemistry, University of Warsaw. Langmuir and Lang-
muir–Blodgett experiments were carried out in a NIMA 611M trough
(NIMA Techn., UK). Steady-state emission spectra were recorded with a
Jobin–Yvon Fluorolog 3 (with TCSPC option) spectrometer with use of a
5 nm band-pass for excitation and a 5 nm band-pass for emission collec-
tion. FTIR spectra were recorded with a Shimadzu FTIR 8400/SSU 8000
spectrometer, with 2 cm�1 resolution.
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[13] P. Krysiński, Y. Show, J. Stotter, G. J. Blanchard, J. Am. Chem. Soc.


2003, 125, 12726.
[14] L. Machala, R. Zboril, A. Gedanken, J. Phys. Chem. B 2007, 111,


4003.


[15] K. R. Reddy, K.-P. Lee, A.-G. Iyengar, J. Appl. Polym. Sci. 2007,
104, 4127.


[16] E. A. Souza, J. G. S. Duque, L. Kubota, C. T. Meneses, J. Phys.
Chem. Solids 2007, 68, 594.


[17] R. C. Woodward, J. Heeris, T. G. St. Pierre, M. Saunders, E. P. Gil-
bert, M. Rutnakornpituk, Q. Zhang, J. S. Riffle, J. Appl. Crystallogr.
2007, 40, s495.


[18] S. Lefebure, E. Dubois, V. Cabuil, S. Neveu, R. Massart, J. Mater.
Res. 1998, 13, 2975.


[19] S. Morrison, C. L. Cahill, E. E. Carpenter, S. Calvin, R. Swamina-
than, M. E. McHenry, V. G. Harris, J. Appl. Phys. 2004, 95, 6392.
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Rationally Designed Pincer-Type Heck Catalysts Bearing Aminophosphine
Substituents: PdIV Intermediates and Palladium Nanoparticles
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Introduction


The palladium-catalyzed arylation of alkenes has proven to
be one of the most important methods for carbon–carbon
bond formation in organic chemistry.[1] Various types of pal-
ladium complexes have been employed to promote the
Heck reaction, but even though some efficiently couple ster-
ically hindered substrates or occasionally even aryl chlor-
ides, their syntheses are often time-consuming, difficult, and/
or require the use of expensive starting materials. In addi-
tion, many catalytically active systems suffer from their poor
thermal stability, as well as poor stability towards air and
moisture.[2–5]


Although recent developments have achieved a considera-
ble increase in the activity of Heck catalysts, a typical proto-
col for this reaction still requires prolonged reaction times
and relatively high catalyst loadings, and there is still a clear
need for more efficient systems. Pincer complexes of palladi-
um are among the most efficient Heck catalysts and contin-
uously attract attention because of their unique balance be-
tween stability and reactivity. Seemingly slight electronic
and steric modifications of the pincer core and/or the phos-
phine substituents have been demonstrated to dramatically
influence their catalytic activities.[2a,d,6,7] Although nowadays
pincer complexes are in most cases considered as depot
forms of palladium nanoparticles, the involvement of PdIV


intermediates in the catalytic cycle still cannot be excluded
completely.[8–10]


We report herein the catalytic activity of aminophos-
phine-based pincer complexes of palladium with the general
formula [(C6H3-2,6-{XP(piperidinyl)2}2Pd(Cl)] (X=NH 1;
X=O 2) in the arylation of olefins. Aminophosphine-based
systems were chosen because of their high s-donor strength
and the possibility to facilitate the accessibility of PdIV inter-


Abstract: The aminophosphine-based
pincer complexes [C6H3-2,6-{XP(piperi-
dinyl)2}2Pd(Cl)] (X=NH 1; X=O 2)
are readily prepared from cheap start-
ing materials by sequential addition of
1,1’,1’’-phosphinetriyltripiperidine and
1,3-diaminobenzene or resorcinol to
solutions of [Pd ACHTUNGTRENNUNG(cod)(Cl)2] (cod=cy-
clooctadiene) in toluene under N2 in
“one pot”. Compounds 1 and 2 proved
to be excellent Heck catalysts and
allow the quantitative coupling of sev-
eral electronically deactivated and ster-
ically hindered aryl bromides with vari-
ous olefins as coupling partners at
140 8C within very short reaction times
and low catalyst loadings. Increased re-
action temperatures also enable the ef-


ficient coupling of olefins with elec-
tronically deactivated and sterically
hindered aryl chlorides in the presence
of only 0.01 mol% of catalyst. The
mechanistic studies performed rule out
that homogeneous Pd0 complexes are
the catalytically active forms of 1 and
2. On the other hand, the involvement
of palladium nanoparticles in the cata-
lytic cycle received strong experimental
support. Even though pincer-type PdIV


intermediates derived from 1 (and 2)
are not involved in the catalytic cycle


of the Heck reaction, their general ex-
istence as reactive intermediates (for
example, in other reactions) cannot be
excluded. On the contrary, they were
shown to be thermally accessible. Com-
pounds 1 and 2 show a smooth halide
exchange with bromobenzene to yield
their bromo derivatives in DMF at
100 8C. Experimental observations re-
vealed that the halide exchange most
probably proceeded via pincer-type
PdIV intermediates. DFT calculations
support this hypothesis and indicated
that aminophosphine-based pincer-type
PdIV intermediates are generally to be
considered as reactive intermediates in
reactions with aryl halides performed
at elevated temperatures.


Keywords: aminophosphines · C–C
coupling · nanoparticles · palladi-
um · pincer reagents
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mediates by additional electron donation through the nitro-
gen lone pairs. On the other hand, if pincer complexes are
stable and clean sources of palladium nanoparticles, the ami-
nophosphines should promote their formation and lead to
enhanced catalytic activities when compared with their
phosphine and phosphite analogues. Our results indicate
that homogeneous Pd0 species derived from 1 (and 2) are
not the active forms of the catalysts, whereas the involve-
ment of palladium nanoparticles in the catalytic cycle re-
ceived strong experimental support. Although pincer-type
PdIV intermediates are not involved in Heck reactions cata-
lyzed by 1 (and 2) and also never have been detectable with
other pincer-type complexes, their general accessibility
cannot be excluded in reactions with aryl halides performed
at elevated temperatures. In contrast, our experimental find-
ings clearly indicate that pincer-type PdIV intermediates (de-
rived from 1 and 2) are accessible and thus, should be con-
sidered as intermediates in reactions involving aryl halides
at elevated temperatures.


Results and Discussion


The aminophosphine-based pincer complexes 1 and 2 were
readily prepared by the sequential addition of 1,1’,1’’-phos-
phinetriyltripiperidine and 1,3-diaminobenzene or resorcinol
to solutions of [Pd ACHTUNGTRENNUNG(cod)(Cl)2] (cod=cyclooctadiene) in tolu-
ene under N2 in “one pot”.


[11] Removal of the volatiles
under reduced pressure and subsequent extractions with di-
ethyl ether gave pure 1 and 2 in high yields.[7]


Both complexes show exceptional high activity in the cat-
alytic arylation of olefins with aryl bromides, leading to very
high conversion rates and quantitative yields in short reac-
tion times using low catalyst loadings, even for the use of
electronically deactivated and sterically hindered substrates
(Table 1). In Heck reactions performed with aryl bromides,
catalyst 2 is generally less active than 1.[12] For example, bro-
mobenzene and styrene underwent complete C�C coupling
in the presence of only 0.002 mol% of 1 and K2CO3 within
2.5 h in DMF at 140 8C, whereas a reaction time of 10 h was
necessary with catalyst 2 (Table 1, entries 1 and 2). Com-
plete conversion of 1,3-dibromobenzene and styrene into 1-
[2-phenylvinyl]-3-[2-phenylvinyl]benzene was achieved after
3.5 h (Table 1, entry 4). The same level of activity was ob-
served with the electronically deactivated 4-bromoanisole
and 4-methoxystyrene, as well as the sterically hindered 2-


bromotoluene (Table 1, entries 5–8). A decrease in activity
was observed by using 2-bromo-m-xylene as substrate, for
which 95% conversion was obtained after 8 h (Table 1,
entry 9). Heck reactions performed with N,N-dimethyl acryl-
amide exhibit very similar conversion rates and yields to
those with styrene (Table 1, entries 10–16). Complete prod-
uct formation and excellent selectivities but slightly retarded
conversion rates were observed with n-butyl acrylate as cou-
pling partner (Table 1, entries 17–21). For instance, using de-
activated 4-bromoanisole or sterically hindered 2-bromoto-
luene as substrate led to quantitative (�97%) product for-
mation within 4.5 h in the presence of only 0.005 mol% of
1. A conversion of 65% was observed after 12 h when 2-
bromo-m-xylene was coupled with n-butyl acrylate (Table 1,
entry 22). Quantitative product formation but further retar-
dation of the conversion rates accompanied by low selectivi-
ty was observed after 5–8 h with 0.005 mol% of 1 with the
electronically deactivated n-butyl vinyl ether (Table 1, en-
tries 23–28). Even the sterically hindered 2-bromo-m-xylene
was converted to 72% of product after only 8 h (Table 1,
entry 28). When the amount of catalyst was increased to
0.02 mol%, 4-vinylpyridine undergoes quantitative coupling
with bromobenzene, electronically deactivated 4-bromoani-
sole, and sterically hindered 2-bromotoluene within 8–12 h
(Table 1, entries 29–31). An 85% yield was obtained within
44 h when 2-bromo-m-xylene was used as coupling partner
(Table 1, entry 32). Heck reactions performed with 4-vinyl-
pyridine are slower due to the ligating property of the sub-
strate, as shown by reactions between [(C6H3-
ACHTUNGTRENNUNG{NHP(piperidinyl)2}2Pd] ACHTUNGTRENNUNG[BF4] (3) and pyridine, which result-
ed in its stable adduct 4.[13] Further retardation was noticed
with 2-vinylpyridine (Table 1, entry 33), most probably due
to chelation.
The exceptional high catalytic activity of 1 was demon-


strated further in an exemplary “large-scale” reaction, in
which bromobenzene (210 mL; 2.0 mol) and styrene
(250 mL; 2.4 mol) were coupled in the presence of only
0.00002 mol% of catalyst. Quantitative conversion was ach-
ieved after 36 h (Table 1, entry 3). When the reaction tem-
perature was raised to 160 8C, 1,1’,1’’-ethene-1,1,2-triyltriben-
zene was quantitatively formed within 20 h on addition of
1.1 equivalents of bromobenzene to solutions of (E)-stilbene
in DMF (Table 1, entry 34). Notably, the same product was
formed quantitatively within 24 h under identical reaction
conditions by either using 1,1-diphenylethene as substrate,
or by adding 2.2 equivalents of bromobenzene to solutions
of styrene in DMF.
Remarkably, in contrast to Heck reactions performed


with aryl bromides, catalysts 1 and 2 show the same level of
activity with aryl chlorides as substrates.[14] For instance,
when in the presence of 0.01 mol% of catalyst and about
15% of tetrabutylammonium bromide in 1-methyl-2-pyrroli-
done (NMP) at 160 8C, the electronically activated 4-chloro-
ACHTUNGTRENNUNGacetophenone and N,N-dimethyl acrylamide or styrene were
coupled almost quantitatively to (2E)-3-(4-acetylphenyl)-
N,N-dimethylprop-2-enamide and 1-{4-[(E)-2-phenylethe-
nyl]phenyl}ethanone, respectively, within 2.5 h (Table 2, en-
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tries 1–4). When the reaction temperature was raised to
200 8C, even nonactivated, deactivated, and ortho-substitut-
ed aryl chlorides were successfully coupled with olefins. For
example, reactions performed with chlorobenzene and N,N-
dimethyl acrylamide afforded the coupling product in 77%
yield in the presence of catalyst 1 and in 91% yield with cat-
alyst 2 after 16 h (Table 2, entries 5 and 6). Remarkably,
even the sterically hindered 2-chloro-m-xylene was convert-
ed to about 60% of the product after 28 h in the presence
of 1 with N,N-dimethyl acrylamide as coupling partner
(Table 2, entry 7). A prolonged reaction time was required
with the electronically deactivated 4-chloroanisole as sub-
strate (Table 2, entry 8). A conversion of 80% was achieved
within 12 h when chlorobenzene was coupled with 4-methyl-
styrene (Table 2, entry 9). Even higher conversions were ob-
served after 18 h when chlorobenzene or 4-chlorotoluene
were allowed to react with 4-methylstyrene or 4-methoxy-
styrene as coupling partners (Table 2, entries 10–13).
Overall, 1 and 2 belong to the most active and most con-


venient Heck catalysts reported up to date, since their cata-


lyst solutions are readily prepared from very cheap starting
materials in “one pot”, whose solutions in toluene can be
used directly for catalytic reactions without purification. The
catalyst solutions remain stable for several months at room
temperature, affording the coupling products at essentially
the same conversion rates and yields as freshly prepared cat-
alyst solutions from pure 1 and 2, respectively. In addition, 1
(and to a minor extent 2) are more efficient in the majority
of the coupling reactions performed with aryl bromides than
the reference systems [(PCNHCP)Pd(Cl)]Cl (PCNHCP=1,3-
bis[2-(diphenylphosphanyl)ethyl]-1H-imidazol-3-ium-2-
ide),[15] [Pd ACHTUNGTRENNUNG(OAc)2],


[16] [C6H3-2,6-(CH2PiPr2)2Pd ACHTUNGTRENNUNG(TFA)],
[2a]


(TFA= trifluoroacetate) cationic [(C5H3N-2,6-
(NHCMe)Pd(Br)]+ (NHCMe =3,3’-(pyridine-2,6-diyldimetha-
nediyl)bis(1-methyl-1H-imidazol-3-ium-2-ide)[17] and also
HerrmannRs systems such as [(NHCMe)2Pd], [(C6H4-2-{CH2P-
ACHTUNGTRENNUNG(tBu)2}Pd ACHTUNGTRENNUNG(OAc)] and [(C7H6) ACHTUNGTRENNUNG(PPh3)Pd(Cl)2].


[18] Comparisons
with the highly active [Pd2ACHTUNGTRENNUNG(dba)3]/P ACHTUNGTRENNUNG(tBu)3 (dba=dibenzyl-
ideneactone)[3b,4] are difficult, since the Heck reactions were
generally performed at room temperature. Similarly, Heck


Table 1. Heck coupling of aryl bromides with various olefins catalyzed by [C6H3-2,6-{XP(piperidinyl)2}2Pd(Cl)] (X=NH 1; X=O 2).[a]


Entry Aryl halide Olefin Cat. (ppm) Conv. [%][b]


(cis/trans/gem)
t [h] TOF[c] TON[d]


1 bromobenzene styrene 1 (20) >99 (0/10/1) 2.5 19880 49700
2 bromobenzene styrene 2 (20) 96 (0/10/1) 10 4800 48000
3[e] bromobenzene styrene 1 (0.2) >99 (0/10/1) 36 138333 4980000
4 1,3-dibromobenzene styrene 1 (20) >99 (1/7/0)[f] 3.5 14157 49550
5 4-bromoanisole styrene 1 (20) 99 (0/10/1) 2.5 19800 49500
6 4-bromoanisole styrene 2 (20) 97 (0/10/1) 11 4409 48500
7 bromobenzene 4-methoxystyrene 1 (20) 97 (0/10/1) 2.5 19400 48500
8 2-bromotoluene styrene 1 (20) 98 (0/20/1) 2.5 19600 49000
9[g] 2-bromo-m-xylene styrene 1 (50) 95 (2/80/1) 8 2375 19000
10 bromobenzene N,N-dimethyl acrylamide 1 (20) 100 (1/20/0) 2 25000 50000
11 bromobenzene N,N-dimethyl acrylamide 2 (20) 100 (1/25/0) 10 5000 50000
12 1,3-dibromobenzene N,N-dimethyl acrylamide 1 (20) >99 (1/10/0)[f] 2.5 19872 49680
13 4-bromoanisole N,N-dimethyl acrylamide 1 (20) 99 (1/20/0) 2.5 19800 49500
14 4-bromoanisole N,N-dimethyl acrylamide 2 (20) 95 (2/80/1) 12 3958 47500
15 2-bromotoluene N,N-dimethyl acrylamide 1 (20) 100 (1/40/0) 4 12500 50000
16[g] 2-bromo-m-xylene N,N-dimethyl acrylamide 1 (50) 79 (0/1/0) 8 1975 15800
17 bromobenzene n-butyl acrylate 1 (50) 100 (1/100/1) 4.5 4444 20000
18 bromobenzene n-butyl acrylate 2 (50) 93 (1/100/0) 12 775 9300
19 1,3-dibromobenzene n-butyl acrylate 1 (50) >99 (1/20/0)[f] 4.5 4436 19960
20 4-bromoanisole n-butyl acrylate 1 (50) 99 (1/100/0) 4.5 4400 19800
21 2-bromotoluene n-butyl acrylate 1 (50) 97 (1/200/0) 4.5 4311 19400
22[g] 2-bromo-m-xylene n-butyl acrylate 1 (50) 65 (1/100/0) 12 1083 13000
23 bromobenzene n-butyl vinyl ether 1 (50) 100 (2/4/3) 5 4000 20000
24 bromobenzene n-butyl vinyl ether 2 (50) 99 (2/4/3) 16 1238 19800
25 1,3-dibromobenzene n-butyl vinyl ether 1 (50) >99[h] 8 2493 19940
26 4-bromoanisole n-butyl vinyl ether 1 (50) 96 (1/2/3) 5 3840 19200
27 2-bromotoluene n-butyl vinyl ether 1 (50) 98 (2/4/3) 6 3267 19600
28[g] 2-bromo-m-xylene n-butyl vinyl ether 1 (50) 72 (5/3/5) 8 1800 14400
29[g] bromobenzene 4-vinylpyridine 1 (200) 100 (2/50/0) 8.5 589 5000
30[g] 4-bromoanisole 4-vinylpyridine 1 (200) >99 (1/20/0) 8.5 585 4972
31[g] 2-bromotoluene 4-vinylpyridine 1 (200) 100 (1/20/0) 12 417 5000
32[g] 2-bromo-m-xylene 4-vinylpyridine 1 (200) 85 (1/40/0) 44 97 4250
33[g] bromobenzene 2-vinylpyridine 1 (200) 53 (1/10/0) 60 44 2650
34[i] bromobenzene (E)-stilbene 1 (50) 98 20 980 19600


[a] Reaction conditions: 4.0 mmol aryl halide, 4.4 mmol olefin, 4.4 mmolK2CO3, 5 mL DMF, catalyst (synthesized in one pot and used without purifica-
tion) added in solution (toluene), reaction performed at 140 8C under N2 atmosphere. [b] Determined by GC/MS, based on aryl halide. [c] Defined as
mol product per mol of catalyst per hour. [d] Defined as mol product per mol of catalyst. [e] 2.0 mol aryl halide, 2.4 mol olefin, 2.4 mol K2CO3, 1 L DMF.
[f] Product distribution refers to (cis–trans/trans–trans/gem–trans). [g] Reactions performed in NMP. [h] All possible isomers with similar yields were ob-
tained. [i] Reaction performed at 160 8C.
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reactions performed with aryl chlorides are difficult to com-
pare because most of the reference systems, such as [C6H3-
2,6-(OPiPr2)2Pd(Cl)],


[2d] [Pd2ACHTUNGTRENNUNG(dba)3]/PACHTUNGTRENNUNG(tBu)3
[3b] and [Pd(Cl)2]/


PR3
[19] perform the Heck reaction at different reaction tem-


peratures.
The change of base or solvent strongly influences the con-


version rates and yields: best results were observed with
K2CO3 or K3PO4 as base, whereas sodium acetate, sodium
hydroxide, or potassium tert-butoxide were not appropriate,
since they lead to fast deposition of inactive palladium
black. Also the use of amines, such as NEt3, is not practical
due to their ligating properties and inhibits catalysis effi-
ciently. Similarly, while comparable activities were found in
DMF and NMP, replacement of these solvents by p-xylene
or DMSO led to a dramatic drop in activity.[20] Lowering the
reaction temperature has the same effect: reactions per-
formed with bromobenzene and styrene in DMF in the pres-
ence of 0.002 mol% of catalyst 1 only led to about 7% con-
version after 3 h at 100 8C. Almost no catalytic activity was
observed below 80 8C. Catalyst concentrations of
>0.1 mol% are also not appropriate and led to fast deposi-
tion of inactive palladium black.
Accordingly, experiments were carried out to gain mecha-


nistic insights. The addition of mercury to reaction mixtures
of aryl bromides, olefins, and 1 (or 2) efficiently inhibit cata-
lysis.[8f–h,21,22] Sigmoidal-shaped kinetics with induction peri-
ods between 30 and 45 min were observed in all the cou-
pling reactions performed with aryl bromides (Figure 1).
The same observations were made with [C6H3-2,6-
{NHP(piperidinyl)2}2Pd] ACHTUNGTRENNUNG[BF4] (3). The addition of 2–3 drops
of water to the reaction mixtures (to promote the formation
of palladium nanoparticles) leads to significantly decreased
induction periods.[23] Whereas the induction period remains
unchanged when tetrabutylammonium bromide (ca. 15
mol% relative to the aryl halide) was added to catalytic re-
actions performed with aryl bromides, retarded conversion
rates were noticed.[24,25] This is in sharp contrast to the ob-
servations made at 200 8C in NMP with aryl chlorides as


coupling partners: whereas only low conversions were ob-
served in the absence of tetrabutylammonium bromide (fast
deposition of inactive palladium black was observed), signif-
icantly improved conversion rates and yields were found
when about 15 mol% of tetrabutylammonium bromide was
present in the reaction mixtures. The presence of 0.3 equiva-
lents of thiophene or 0.05 equivalents of PPh3 relative to the
catalyst neither had an influence on the conversion rate nor
on the yield.[26, 27] This is in sharp contrast to CS2, which ef-
fectively stopped catalysis when 0.5 equivalents (relative to
catalyst) were present. The effect of CS2 on the performance
in the Heck reaction catalyzed by 1 (and 2) is due to catalyst
degradation involving P�N bond cleavage and (partial) for-
mation of the bis(piperidine-1-carbodithioato)palladium
complex [Pd(S2CNpiperidyl)2] (5), which shows no catalytic
activity in the Heck reaction. Indeed, reactions of 1 (and 2)
with an excess (ca. 20 equiv) of CS2 at room temperature
yielded complex 5 in almost quantitative yield. The identity


Table 2. Heck coupling of aryl chlorides with various olefins catalyzed by [C6H3-2,6-{XP(piperidinyl)2}2Pd(Cl)] (X=NH 1; X=O 2).[a]


Entry Aryl halide Olefin Cat. Conv. [%][b]


(cis/trans/gem)
t [h] TOF[c] TON[d]


1[e] 4-chloroacetophenone styrene 1 100 (5/100/1) 2.5 4000 10000
2[e] 4-chloroacetophenone styrene 2 95 (0/1/0) 2.5 3800 9500
3[e] 4-chloroacetophenone N,N-dimethyl acrylamide 1 99 (0/1/0) 2.5 3960 9900
4[e] 4-chloroacetophenone N,N-dimethyl acrylamide 2 96 (0/20/1) 2.5 3840 9600
5 chlorobenzene N,N-dimethyl acrylamide 1 77 (3/100/1) 16 583 7000
6 chlorobenzene N,N-dimethyl acrylamide 2 91 (0/60/1) 16 683 8200
7 2-chloro-m-xylene N,N-dimethyl acrylamide 1 57 (0/1/0) 28 204 5700
8 4-chloroanisole N,N-dimethyl acrylamide 1 66 (0/1/0) 72 92 6600
9 chlorobenzene 4-methylstyrene 1 82 (1/80/10) 12 683 8200
10 4-chlorotoluene 4-methylstyrene 1 80 (1/7/0) 18 444 8000
11 chlorobenzene 4-methoxystyrene 1 90 (1/100/10) 18 500 9000
12 chlorobenzene 4-methoxystyrene 2 100 (1/100/10) 18 556 10000
13 4-chlorotoluene 4-methoxystyrene 2 98 (0/8/1) 18 544 9800


[a] Reaction conditions: 4.0 mmol aryl halide, 6.0 mmol olefin, 4.4 mmolK2CO3, 0.6 mmol tetrabutylammonium bromide, 5 mL NMP, 0.01 mol% of cata-
lyst (synthesized in one pot and used without purification) added in solution (toluene), reaction performed at 200 8C under N2 atmosphere. [b] Deter-
mined by GC/MS, based on aryl halide. [c] Defined as mol product per mol of catalyst per hour. [d] Defined as mol product per mol of catalyst. [e] Re-
action performed at 160 8C.


Figure 1. Kinetics of the coupling reaction of 4-bromoanisole with styrene
in the presence and in the absence of additives, catalyzed by 0.002 mol%
of 1 at 140 8C in DMF (Table 1, entry 5).
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of 5 was confirmed by 1H and 13C{1H} NMR spectroscopy as
well as by X-ray diffraction crystallographic analysis.[13, 28]


Under catalytic reaction conditions, piperidine-1-carbodi-
thioate probably dissociates from 5, and blocks the active
centers of the palladium nanoparticles, if formed. Overall, 1,
2, (and 3) most probably are pre-catalysts and palladium
nanoparticles are their active form. This would be in line
with the fact that neither 1 nor 2 (nor their bromo deriva-
tives) were detectable in the reaction mixtures after catalysis
(different catalyst concentrations were tested) and the ob-
servation that the turnover frequency (TOF) increases with
increasing substrate/catalyst ratios.[29]


To test if transformations of 1 (or 2) into homogeneous
Pd0 complexes are involved in the catalytic cycle, the follow-
ing new method to trace such species under catalytic reaction
conditions was developed. Benzyl chloride is known to
induce clean and fast electron transfers from Pd0 complexes,
thereby forming dibenzyl. For instance, [C6H3-2,6-
(CH2PiPr2)2Pd(Cl)] (6) undergoes collapse of the pincer
framework to form a binuclear Pd0/PdII complex [Pd{C6H3-
2,6-ACHTUNGTRENNUNG(CH2PiPr2)2}Pd] (7) incorporating a 14-electron linear
Pd0 center and a “butterfly”-type PdII 16-electron center
under strongly reducing reaction conditions. Subsequent ad-
dition of an excess (5.0 equiv) of benzyl chloride to solutions
of 7 in DMF (or NMP) instantly induced an electron trans-
fer, regenerating the pincer complex 6 accompanied by the
formation of a corresponding amount of dibenzyl.[31] Similar-
ly, reactions between benzyl chloride and [Pd ACHTUNGTRENNUNG(PPh3)4] (8),
[Pd(C6H5CH2PiPr2)2]


[32] (9) or [Pd{P(piperidinyl)3}2]
[13] (10),


which was prepared in high yields (93%) by direct reduction
of [Pd{P(piperidinyl)3}2(Cl)2] (11) with sodium metal over-
night, cleanly gave their PdII chloro derivatives and a corre-
sponding amount of dibenzyl, as detected by GC/MS. An X-
ray structure analysis of 10 is shown in Figure 2. Compound
11 and a corresponding amount of dibenzyl were detected
when benzyl chloride was added to pre-heated (140 8C) reac-
tion mixtures of 10, bromobenzene, styrene, and K2CO3. Im-
portantly, in the reference reactions (solutions of 1 (or 2) in


DMF containing either an excess of benzyl chloride or reac-
tion mixtures of benzyl chloride, bromobenzene, styrene,
and K2CO3) no dibenzyl was detectable after 4 h at 140 8C,
offering the possibility to trace homogeneous Pd0 complexes
by dibenzyl detection under catalytic reaction conditions.[34]


Since in the Heck reactions catalyzed by 1 (or 2) no diben-
zyl was detectable,[35] the involvement of complexes with Pd0


centers as the active form of the catalysts were excluded.
The same results were obtained with 6 (and 14), which
thereby rules out that homogeneous Pd0 complexes are the
catalytically active form of phosphine- and phosphite-based
pincer complexes. This is in line with previous investigations
performed on 6 and 14.[2a,b,h]


Although PdIV intermediates derived from 1 (and 2) are
not involved in the catalytic cycle in the Heck reaction, it is
important to mention that their thermal accessibility re-
ceived strong experimental and computational (see below)
support. Reaction mixtures of 1 (and 2) and bromobenzene
show a halide exchange in DMF (or NMP) at 100 8C, lead-
ing to their bromo derivatives [C6H3-2,6-{XP(piperidi-
nyl)2}2Pd(Br)] (X=NH 12 ; X=O 13) and phenyl chloride,
as detected by GC/MS.[36,37] In analogy to the catalytic aryla-
tion of olefins, lowering the reaction temperatures reduces
the conversion rates. Similarly, the halide exchange is
strongly solvent dependent and exhibits the highest conver-
sion rates in DMF and NMP, whereas the lowest rates are
observed in p-xylene and DMSO.[39] This observation could
be interpreted by the formation of ion pairs, such as [C6H3-
2,6-{XP(piperidinyl)2}2Pd]Cl or [C6H3-2,6-{XP(piperidi-
nyl)2}2Pd(Br)(Ph)]Cl (X=NH or O). This anticipation got
experimental support from the addition of equimolar
amounts (relative to bromobenzene) of pyridine to solutions
of 1 (or 2) and bromobenzene in DMF, which significantly
retarded the halide exchange due to adduct formation. The
oxidative addition of bromobenzene to 1 (and to 2) became
evident from the observation that no halide exchange at all
was observed when 6 or [C6H3-2,6-(OPiPr2)2Pd(Cl)] (14)
were treated with bromobenzene under identical reaction
conditions.[2h] Steric parameters of these complexes are
almost identical and hence, should have no effect. Appa-
rently, the electron density on the metal centers is not rele-
vant either: whereas the electron density of 6 is comparable
to that of 1, the one of 14 is the lowest.[40] Thus, reaction
paths involving a nucleophilic attack of chloride on the Cipso
atom of coordinated bromobenzene can be excluded. The
nitrogen lone pairs of the aminophosphines, which apparent-
ly facilitate the formation of PdIV intermediates, provide the
only explanation for the striking difference in the reactivity
of 1 and 2 when compared with that of the pincer complexes
6 and 14, respectively.[37] To gain more mechanistic insights
into the halide-exchange reaction of 1 (and 2) with bromo-
benzene, DFT calculations were performed using the experi-
mental system with the sterically demanding P(piperidinyl)2
groups. The potential energy surface is simulated in DMF as
solvent and is shown in Figure 3 along with a schematic il-
lustration of the local minima and transition states.[42] Disso-
ciation of the chloride ligand from 1 to form ion pair A (+


Figure 2. ORTEP diagram of a molecule of 10, showing the atom labeling
scheme (50% probability).[33] Hydrogen atoms are omitted for clarity. Se-
lected bond lengths [S] and angles [8]: Pd1�P1 2.2590(11), Pd1�P2
2.2567(12), P1�N1 1.716(4), P1�N2 1.673(4), P1�N3 1.684(4), P2�N4
1.659(5), P2�N5 1.691(4), P2�N6 1.722(4); P1-Pd1-P2 174.88(4).
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23.8 kcalmol�1) is anticipated to initiate the reaction se-
quence.[43] Oxidative addition of bromobenzene to A+ re-
sults in the cationic PdIV intermediate B+ (+28.8 kcal
mol�1), which is only 5.0 kcalmol�1 higher in energy than
A+ . The energetic barrier, that is, the energy difference be-
tween A+ and the transition state TS1+ , is only +19.9 kcal
mol�1. Re-coordination of the chloride generates C, which
has a computed energy of +25.6 kcalmol�1. The reductive
elimination of chlorobenzene from C to yield complex 12 is
exothermic (the energy difference between 1 and 12 is
�5.3 kcalmol�1) and accompanied by a calculated barrier
(TS2) of +27.8 kcalmol�1.
In conclusion, the halide exchange demonstrated that


pincer-type PdIV intermediates (derived from 1 and 2) are
principally accessible at elevated reaction temperatures (in
particular when polar solvents, such as DMF or NMP, or
pincer complexes containing labile anionic ligands are used)
in reactions with aryl halides.[44] Although palladium nano-
particles are the active form in the Heck reaction catalyzed
by aminophosphine- (and phosphite-) based pincer complex-
es,[2h] this is not necessarily the case for phosphine-based
pincer complexes, where PdIV species might indeed be the
key intermediates in the catalytic cycle.[2a,45]


Conclusion


The aminophosphine-based pincer complex 1 is nowadays
one of the most efficient and convenient Heck catalysts, pro-
moting quantitative C�C coupling of deactivated and steri-
cally hindered aryl bromides with various olefins in very
short reaction times and with low catalyst loadings. In-
creased reaction temperatures offer the possibilities to
either quantitatively prepare trisubstituted olefins or to per-
form coupling reactions even with deactivated and sterically
hindered aryl chlorides with various olefins as coupling part-
ner. Mechanistic investigations indicate that homogeneous
Pd0 complexes are not the active form of pincer-type palla-
dium catalysts (a new method to test this possibility was de-
veloped), which is in line with previous investigations. On
the other hand, the involvement of palladium nanoparticles
in the Heck reactions catalyzed by 1 (and 2) received strong
experimental evidence (sigmoidal-shaped kinetics, of which
the induction periods were significantly shortened, for ex-
ample, by the addition of few drops of water). Although our
results indicate that palladium nanoparticles are the active
form of aminophosphine-based pincer complexes, the acces-
sibility of aminophosphine-based PdIV intermediates, howev-
er, was experimentally and computationally shown. This im-
plies that its PdIV intermediates are generally to be consid-


Figure 3. Calculated reaction pathway of the reaction of 1 with bromobenzene in DMF.
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ered as reactive intermediates in reactions (such as the
Suzuki–Miyaura cross-coupling) catalyzed by pincer com-
plexes of palladium with aryl halides performed at elevated
temperatures. Detailed computational studies addressing
this issue in the Heck reaction catalyzed by pincer com-
plexes are currently in progress.


Experimental Section


General procedures : All synthetic operations were carried out in oven-
dried glassware using a combination of glovebox (M. Braun 150B-G-II)
and Schlenk techniques under a dinitrogen atmosphere. Solvents were re-
agent grade or better, freshly distilled under a N2 atmosphere by standard
procedures, and degassed by freeze–thaw cycles before use. Deuterated
solvents were purchased from Armar, stored in a Schlenk tube (Teflon
tap) over CaH2, distilled, and degassed prior to use. All the chemicals
were purchased from Aldrich Chemical Co., Acros Organics, or Fluka,
and used without further purification.


Analysis : 1H, 13C{1H}, and 31P{1H} NMR data were recorded at 500.13,
125.76, and 202.46 MHz, respectively, on a Bruker DRX-500 spectrome-
ter. Chemical shifts (d) are expressed in parts per million (ppm), coupling
constants (J) are in Hz. The 1H and 13C NMR chemical shifts are report-
ed relative to tetramethylsilane; the resonance of the residual protons of
the solvent was used as an internal standard for 1H (d=5.32 ppm di-
chloromethane) and all-D solvent signals for 13C (d=53.5 ppm dichloro-
methane). 31P{1H} NMR data are reported downfield relative to external
85% H3PO4 in D2O at d=0.0 ppm. All measurements were carried out
at 298 K. Abbreviations used in the description of NMR data are as fol-
lows: s, singlet; d, doublet; t, triplet; dist q, distinct quartet; m, multiplet;
v, virtual. IR spectra were obtained by ATR methods with a Bio-Rad
FTS-45 FTIR spectrometer. Elemental analyses were performed on a
Leco CHNS-932 analysator at the University of Zurich, Switzerland.


Preparation of [C6H3 ACHTUNGTRENNUNG{NHP(piperidinyl)2}2PdACHTUNGTRENNUNG(NC5H5)]ACHTUNGTRENNUNG[BF4] (4): AgBF4
(14.5 mg, 0.07 mmol) was added to a solution of 1 (48.0 mg, 0.07 mmol)
in dichloromethane (10 mL). The reaction mixture was stirred for 15 min
under rigorous exclusion of light and then filtered through celite. Subse-
quent addition of two drops of pyridine yielded complex 4. After removal
of the solvent and residual pyridine under reduced pressure, the solid
was washed with diethyl ether (2T5 mL). The residue was dried in vacuo
to 4 as a white solid (53.7 mg, 0.07 mmol; 93%).
31P{1H} NMR (CD2Cl2, TMS): d=117.5 (s, P{CH ACHTUNGTRENNUNG(CH3)2}2);


1H NMR
(CD2Cl2, TMS): d=8.56 (dt, 4JH,H=1.8 Hz, 3JH,H=1.5 Hz, 2H; Ar’ortho),
8.04 (tt, 3JH,H=6.3 Hz, 4JH,H=1.8 Hz, 1H, Ar’para), 7.64 (dt,


3JH,H=6.3 Hz,
3JH,H=1.5 Hz, 2H; Ar’meta), 6.87 (tt,


3JH,H=7.8 Hz, 4JP,H=2.1 Hz, 1H;
Arpara), 6.21 (d,


3JH,H=7.8 Hz, 2H; Armeta), 4.93 (s, 2H; NH), 3.01 (broad
s, 16H; NCH2), 1.56 (m, 8H; NCH2CH2CH2), 1.47 ppm (m, 16H;
NCH2CH2):


13C{1H} NMR (CD2Cl2, TMS); 152.3 (s, Ar’ortho), 151.1 (vt,
JP,C=63.5 Hz, ArNHP), 146.1 (s, Ar’para), 129.9 (s, Arpara), 127.0 (s, Ar’meta),
120.0 (unresolved t, Aripso), 103.5 (vt, JP,C=39.0 Hz, Armeta), 47.4 (vt, JP,C=


13.2 Hz, PNCH2), 26.9 (vt, JP,C=11.9 Hz, PNCH2CH2), 25.2 ppm (s,
PNCH2CH2CH2); elemental analysis calcd (%) for C31H50BF4N7P2Pd: C
47.99, H 6.49, N 12.64; found: C 48.31, H 6.65, N 12.42.


Preparation of [Pd(S2CNpiperidyl)2] (5): An excess (ca. 20 equiv) of CS2
was added to a solution of 1 (28.0 mg, 0.04 mmol) in dichloromethane
(2 mL). Degradation of complex 1 was noticed within a few minutes, as
shown by 31P{1H} NMR spectroscopy. Large crystals of 5 (17.9 mg,
0.04 mmol; 97%) were grown within two weeks from the reaction mix-
ture. The crystals were isolated, washed with small portions of cold pen-
tane, dried, and analyzed by various NMR techniques and X-ray diffrac-
tion.[21]


Preparation of [Pd{P(piperidinyl)3}2] (10): A solution of
[Pd(Cl)2{P(piperidinyl)3}2] (230 mg, 0.310 mmol) in THF (20 mL) and a
large excess of sodium metal (ca. 100 equiv) was stirred at room tempera-
ture overnight. After filtration of the reaction mixture through celite, the
solvent was removed under reduced pressure. Compound 10 was extract-


ed with pentane (3T10 mL), filtered, and dried again. The product was
obtained in 93% yield (194 mg, 0.288 mmol).
31P{1H} NMR (CD2Cl2, TMS): d=105.8 ppm (s, P(CH ACHTUNGTRENNUNG(CH3)2)2);


1H NMR
(CD2Cl2, TMS): d=3.17 (br. s, 24H; NCH2), 1.57 (br. s, 12H;
NCH2CH2CH2), 1.51 ppm (br. s, 24H; NCH2CH2);


13C{1H} NMR
(CD2Cl2): d=48.5 (vt, JP,C=13.6 Hz; NCH2), 27.2 (vt, JP,C=8.3 Hz;
NCH2CH2), 25.7 (s, NCH2CH2CH2); elemental analysis calcd (%) for
C30H60N6P2Pd: C 53.53, H 8.98, N 12.48; found: C 53.26, H 8.98, N 12.38.


Preparation of [C6H3-2,6-(OPiPr2)2Pd(CO)] ACHTUNGTRENNUNG[BF4]: AgBF4 (13.0 mg,
0.07 mmol) was added to a solution of [C6H3-2,6-(OPiPr2)2Pd(Cl)]
(32.2 mg, 0.07 mmol) in dichloromethane (10 mL). The reaction mixture
was stirred for 15 min under rigorous exclusion of light. The reaction
mixture was filtered through celite. The solvent was removed under re-
duced pressure. Treating a solution of [C6H3-2,6-(OPiPr2)2Pd]ACHTUNGTRENNUNG[BF4] in
CD2Cl2 with an excess (ca. 50 equiv) of CO gas yielded its carbonyl
adduct. CO release was observed under reduced pressure, hence an ele-
mental analysis was not obtained.
31P{1H} NMR (CD2Cl2, TMS): d=186.4 ppm (s, P(CH ACHTUNGTRENNUNG(CH3)2)2);


1H NMR
(CD2Cl2, TMS): d =7.26 (t, 3JH,H=8.3 Hz, 1H; ArH), 6.78 (d, 3JH,H=


8.3 Hz, 2H; ArH), 2.61 (m, 4H; CH ACHTUNGTRENNUNG(CH3)2), 1.31 (dist q, J=7.8 Hz, 12H;
CH ACHTUNGTRENNUNG(CH3)2), 1.22 ppm (dist q, J=7.8 Hz, 12H; CHACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR
(CD2Cl2, TMS): d =180.8 (t, 2JP,C=11.1 Hz, CO), 167.4 (vt, JP,C=6.2 Hz,
Ar), 134.8 (s, Ar), 133.2 (s, Ar), 107.6 (t, 2JP,C=7.1 Hz, Ar), 30.6 (vt, JP,C=


11.6 Hz, CHACHTUNGTRENNUNG(CH3)2), 17.8 (s, CH ACHTUNGTRENNUNG(CH3)2), 17.1 ppm (s, CH ACHTUNGTRENNUNG(CH3)2); IR
(ATR): ñ=2141 cm�1 (s, CO).


Reactions with benzyl chloride : Benzyl chloride (3.0 equiv) was added to
solutions of 8, 9, and 10 (30 mg), respectively, in dichloromethane, and
stirred for about 15 min. Samples taken from the reaction mixtures were
diluted with dichloromethane and analyzed by GC/MS. After evapora-
tion of the solvent the reaction mixtures were washed with small portions
of cold pentane (3T2 mL), which gave the pure dichloropalladium com-
plexes with the general formula [Pd ACHTUNGTRENNUNG(PR3)2(Cl)2] (PR3=PPh3,
C6H5CH2PiPr2 or P(piperidinyl)3) as shown by various NMR techniques.


Procedure for the “one-pot” synthesis of catalyst solutions of 1 and 2 : In
a Young Schlenk [Pd ACHTUNGTRENNUNG(cod)Cl2] (100 mg, 0.35 mmol) was suspended in tol-
uene (50 mL). After the addition of solutions containing two equivalents
of 1,1’,1’’-phosphinetriyltripiperidine (198.5 mg, 0.70 mmol) in toluene
(20 mL), the reaction mixture was stirred for 10 min. Subsequently, an
equimolar amount of resorcinol or 1,3-diaminobenzene, was added to
these solutions. The reaction mixtures were heated up to 100 8C and
stirred until decoloration occurred. After the mixtures had been cooled
to room temperature and the insoluble reaction products had been pre-
cipitated, the concentrations of the catalyst solutions were determined.
Appropriate amounts from these solutions were used for catalysis.


General procedure for Heck reactions : In a Young Schlenk (10 mL) were
placed appropriate amounts of the olefin, aryl halide, K2CO3, tetrabuty-
lammonium bromide (in reactions performed with aryl chlorides), and
the solvent. Then the correct amount of catalyst was added by syringe as
a solution in toluene. The mixture was vigorously stirred and heated up
to the reaction temperature. Samples, taken from the reaction mixture,
were diluted with dichloromethane and analyzed by GC/MS. At the end
of catalysis the reaction mixtures were allowed to cool to room tempera-
ture, quenched with aqueous HCl (2m, 40 mL), extracted with dichloro-
methane (3T40 mL), and the combined extracts were dried (MgSO4) and
evaporated to dryness. The crude material was purified by flash chroma-
tography on silica gel.


Acknowledgement


This work was supported by the University of Zurich and the Swiss Na-
tional Science Foundation (SNSF).


[1] For reviews of palladium-catalyzed Heck reaction, see: a) R. F.
Heck in Palladium Reagents in Organic Syntheses (Eds.: A. R. Ka-
tritzky, O. Meth-Cohn, C. W. Rees), Academic Press, London, 1985,


Chem. Eur. J. 2008, 14, 7969 – 7977 K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7975


FULL PAPERPincer-Type Heck Catalysts



www.chemeurj.org





p. 2; b) R. F. Heck, “Vinyl Substitution with Organopalladium Inter-
mediates” in Comprehensive Organic Synthesis, Vol. 4 (Eds.: B. M.
Trost, I. Fleming), Pergamon, Oxford, 1991; c) J.-L. Malleron, J.-C.
Fiaud, J.-Y. Legros in Handbook of Palladium-Catalysed Organic
Reactions, Academic Press, London, 1997; d) M. T. Reetz in Transi-
tion Metal Catalysed Reactions, (Eds.: S. G. Davies, S.-I. Murahashi),
Blackwell, Oxford, 1999 ; e) J. T. Link, L. E. Overman in Metal-Cata-
lyzed Cross-Coupling Reactions (Eds.: F. Diederich, P. J. Stang),
Wiley-VCH, Weinheim, 1998, Chapter 6; f) S. BrVse, A. de Meijere
in Metal-Catalyzed Cross-Coupling Reactions (Eds.: F. Diederich,
P. J. Stang), Wiley-VCH, Weinheim, 1998, Chapter 3.6; g) K. C. Nic-
olaou, E. J. Sorensen in Classics in Total Synthesis, Wiley-VCH,
Weinheim, 1996, Chapter 31; h) R. A. de Vries, P. C. Vosejpka,
M. L. Ash in Catalysis of Organic Reactions (Ed.: F. E. Herkes), M.
Dekker, New York, 1998, Chapter 37; i) L. F. Tietze, G. Kettschau,
U. Heuschert, G. Nordmann, Chem. Eur. J. 2001, 7, 368.


[2] a) M. Ohff, A. Ohff, M. E. van der Boom, D. Milstein, J. Am. Chem.
Soc. 1997, 119, 11687; b) K. Kiewel, Y. Liu, D. E. Bergbreiter, G. A.
Sulikowski, Tetrahedron Lett. 1999, 40, 8945; c) F. Miyazaki, K. Ya-
maguchi, M. Shibasaki, Tetrahedron Lett. 1999, 40, 7379; d) D. Mo-
rales-Morales, R. Redon, C. Yung, C. M. Jensen, Chem. Commun.
2000, 1619; e) D. Morales-Morales, C. Grause, K. Kasaoka, R.
Redon, R. Cramer, C. M. Jensen, Inorg. Chim. Acta 2000, 300–302,
958; f) S. Sjovall, O. P. Wendt, C. J. Anderson, Chem. Soc. Dalton
Trans. 2002, 1396; g) D. Morales-Morales, R. E. Cramer, C. M.
Jensen, J. Organomet. Chem. 2002, 654, 44; h) M. R. Eberhard, Org.
Lett. , 2004, 2125; i) N. Withcombe, K. K. Hii (Mimi) S. Gibson, Tet-
rahedron 2001, 57, 7449.


[3] a) W. A. Herrmann, C. Brossmer, K. Wfele, C. Reisinger, T. Rierme-
ier, M. Beller, H. Fisher, Angew. Chem. 1995, 107, 1989; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1844; b) A. Littke, G. C. Fu, J. Org.
Chem. 1999, 64, 10; c) X. Gai, R. Grigg, I. Ramzan, V. Sridharan, S.
Collard, J. Muir, Chem. Commun. 2000, 2053; d) S. Gibson, D.
Foster, D. Eastham, R. Tooze, D. Cole-Hamilton, Chem. Commun.
2001, 779; e) M. Albrecht, G. van Koten, Angew. Chem. 2001, 113,
3866; Angew. Chem. Int. Ed. 2001, 40, 3750; f) M. E. van der Boom,
D. Milstein, Chem. Rev. 2003, 103, 1759.


[4] A. F. Littke, G. C. Fu, J. Am. Chem. Soc. 2001, 123, 6989.
[5] J. P. Stambuli, S. R. Stauffer, K. H. Shaughnessy, J. F. Hartwig, J.


Am. Chem. Soc. 2001, 123, 2677.
[6] a) E. Peris, J. A. Loch, J. Mata, R. H. Crabtree, Chem. Commun.


2001, 201; b) S. GrGndemann, M. Albrecht, J. A. Loch, J. W. Faller,
R. H. Crabtree, Organometallics 2001, 20, 5485; c) J. A. Loch, M.
Albrecht, E. Peris, J. Mata, J. W. Faller, R. H. Crabtree, Organome-
tallics 2002, 21, 700; d) D. J. Nielsen, K. J. Cavell, B. W. Skelton,
A. H. White, Inorg. Chim. Acta 2002, 327, 116; e) W. A. Herrmann,
V. P. W. Bçhm, C. W. K. Gstçttmayr, M. Grosche, C.-P. Reisinger, T.
Weskamp, J. Organomet. Chem. 2001, 617, 616; f) C. Yang, H. M.
Lee, S. P. Nolan, Org. Lett. 2001, 3, 1511; g) N. Tsoureas, A. A. Da-
nopoulos, A. A. D. Tulloch, M. E. Light, Organometallics 2003, 22,
4750.


[7] J. L. Bolliger, O. Blacque, C. M. Frech, Angew. Chem. 2007, 119,
6634; Angew. Chem. Int. Ed. 2007, 46, 6514.


[8] Reviews that include catalysis of the Heck reaction by palladacycles:
a) see refs [2a,b]; b) P. L. Beletskaya, A. V. Cheprakov, Chem. Rev.
2000, 100, 3009; c) M. Dupont, M. Pfeffer, J. Spencer, Eur. J. Inorg.
Chem. 2001, 1917; d) R. B. Bedford, Chem. Commun. 2003, 1787;
e) G. J. de Vries, Dalton Trans. 2006, 421; f) D. E. Bergbreiter, P. L.
Osburn, J. D. Frels, Adv. Synth. Catal. 2005, 347, 172; g) K. Yu, W.
Sommer, J. M. Richardson, M. Weck, C. W. Jones, Adv. Synth. Catal.
2005, 347, 161; h) K. Yu, W. Sommer, M. Weck, C. W. Jones, J.
Catal. 2005, 226, 101.


[9] a) W. A. Herrmann, V. P. W. Bçhm, C.-P. Reisinger, J. Organomet.
Chem. 1999, 576, 23; b) B. L. Shaw, S. D. Perera, E. A. Staley, Chem.
Commun. 1998, 1362.


[10] Palladium nanoparticles are proposed to be involved when phos-
phinite PCP-type Heck catalysts are utilized (see ref. [2f, h]). While
PCP phosphinite systems might decompose at elevated temperatures
and prolonged reaction times under the basic Heck conditions


(probably by P�O cleavage), this is not necessarily the case for a
phosphine-based PCP system.


[11] The resulting catalyst solutions were used for catalytic reactions
without purification and remain stable in solution for several
months at room temperature, affording the coupling products at es-
sentially the same conversion rates and yields as freshly prepared
catalyst solutions from pure 1 and 2, respectively. The concentra-
tions of the catalyst solutions were determined prior to use.


[12] Since the steric bulk of 1 and 2 is almost identical, the higher cata-
lytic activity of 1 can be attributed to electronic factors (the metal
center of 1 being more electron-rich than 2)[7] if PdIV intermediates
are involved in the catalytic cycle. The higher stability of 2 com-
pared with 1 could provide an explanation for its lower catalytic ac-
tivity if palladium nanoparticles are the active form.


[13] See Experimental Section.
[14] The higher reaction temperature could provide an explanation for


the leveled out catalytic activity of catalysts 1 and 2, if palladium
nanoparticles are the catalytically active form of the catalysts.


[15] H. M. Lee, J. Y. Zeng, C.-H. Hu, M.-T. Lee, Inorg. Chem. 2004, 43,
6822.


[16] A. H. M. de Vries, J. M. C. A. Mulders, J. H. M. Mommers, H. J. W.
Henderickx, J. G. de Vries, Org. Lett. 2003, 5, 3285.


[17] S. GrGndemann, M. Albrecht, J. A. Loch, J. W. Faller, R. H. Crab-
tree, Organometallics 2001, 20, 5485.


[18] a) W. A. Herrmann, M. Elison, J. Fischer, C. Kçcher, G. R. J. Artus,
Angew. Chem. 1995, 107, 2602; Angew. Chem. Int. Ed. Engl. 1995,
34, 2371; b) G. D. Frey, C. Reisinger, E. Herdtweck, W. A. Herr-
mann, J. Organomet. Chem. 2005, 690, 3193; c) W. A. Herrmann, K.
Wfele, S. K. Schneider, E. Herdtweck, S. D. Hoffmann, Angew.
Chem. 2006, 118, 3943; Angew. Chem. Int. Ed. 2006, 45, 3859.


[19] A. Schnyder, T. Aemmer, A. F. Indolese, U. Pittelkow, M. Studer,
Adv. Synth. Catal. 2002, 344, 495.


[20] The low conversion rates observed in these solvents can be ex-
plained by both, ion pair and palladium nanoparticle formation.
Whilst their formation is not promoted in p-xylene, the ligating
properties of DMSO could either suppress the coordination of sub-
strate molecules at the metal centers or stabilize the catalysts,
which, in turn, would retard the formation of palladium nanoparti-
cles.


[21] a) J. A. Widegren, R. G. Finke, J. Mol. Catal. A 2003, 198, 317; e) C.
Rocaboy, J. A. Gladysz, Org. Lett. 2002, 4, 1993; b) G. M. White-
sides, M. Hackett, R. L. Brainard, J.-P. P. M. Lavalleye, A. F. Sowin-
ski, A. N. Izumi, S. S. Moore, D. W. Brown, E. M. Staudt, Organome-
tallics 1985, 4, 1819; c) P. Foley, R. Di Cosimo, G. M. Whitesides, J.
Am. Chem. Soc. 1980, 102, 6713; d) D. R. Anton, R. H. Crabtree,
Organometallics 1983, 2, 855.


[22] It is important to note that the mercury drop test is not applicable
here, since halide-exchange reactions of 1 (and 2) with bromoben-
zene at 100 8C in DMF to form chlorobenzene and their bromo de-
rivatives 11 (and 12) also were inhibited in the presence of mercury
(for more details regarding the halide exchange, see below).


[23] The reason for the effect of water on the induction period could be
explained by decomposition of the pincer core to form the active
catalyst (i.e. palladium nanoparticles). However, it should be men-
tioned that Shaw et al. envisioned a possible pathway in which the
olefin first coordinates to the Pd center and a nucleophile then at-
tacks the olefin, forming a palladium alkyl complex, which could fa-
cilitate the oxidative addition of the aryl halide.[9b] Water could
serve as a nucleophile, thereby explaining the shortened induction
period in the presence of water. To test this possibility tetrabutylam-
monium bromide (ca. 15 mol%) was added to the reaction mixtures.
If the mechanism would proceed according to ShawRs mechanism,
the added bromide should greatly reduce the induction period. The
induction period remained unchanged in the presence of added bro-
mide, which is inconsistent with ShawRs mechanism.


[24] Tetrabutylammonium bromide is known to stabilize palladium nano-
particles. See for instance: a) T. Jeffery in Advances in Metal-Organ-
ic Chemistry, Vol. 5 (Ed.: L. S. Liebeskind), JAI Press, Greenwich,
1996, p. 153; b) M. T. Reetz, E. Westermann, Angew. Chem. 2000,


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7969 – 79777976


C. M. Frech et al.



http://dx.doi.org/10.1002/1521-3765(20010119)7:2%3C368::AID-CHEM368%3E3.0.CO;2-2

http://dx.doi.org/10.1021/ja9729692

http://dx.doi.org/10.1021/ja9729692

http://dx.doi.org/10.1016/S0040-4039(99)01938-3

http://dx.doi.org/10.1016/S0040-4039(99)01514-2

http://dx.doi.org/10.1039/b004412l

http://dx.doi.org/10.1039/b004412l

http://dx.doi.org/10.1016/S0020-1693(99)00616-7

http://dx.doi.org/10.1016/S0020-1693(99)00616-7

http://dx.doi.org/10.1016/S0022-328X(02)01371-2

http://dx.doi.org/10.1002/ange.19951071708

http://dx.doi.org/10.1002/anie.199518441

http://dx.doi.org/10.1002/anie.199518441

http://dx.doi.org/10.1021/jo9820059

http://dx.doi.org/10.1021/jo9820059

http://dx.doi.org/10.1039/b005452f

http://dx.doi.org/10.1039/b100328n

http://dx.doi.org/10.1039/b100328n

http://dx.doi.org/10.1002/1521-3757(20011015)113:20%3C3866::AID-ANGE3866%3E3.0.CO;2-J

http://dx.doi.org/10.1002/1521-3757(20011015)113:20%3C3866::AID-ANGE3866%3E3.0.CO;2-J

http://dx.doi.org/10.1002/1521-3773(20011015)40:20%3C3750::AID-ANIE3750%3E3.0.CO;2-6

http://dx.doi.org/10.1021/ja010988c

http://dx.doi.org/10.1021/ja0058435

http://dx.doi.org/10.1021/ja0058435

http://dx.doi.org/10.1039/b008038l

http://dx.doi.org/10.1039/b008038l

http://dx.doi.org/10.1021/om010852n

http://dx.doi.org/10.1021/om010852n

http://dx.doi.org/10.1016/S0020-1693(01)00677-6

http://dx.doi.org/10.1016/S0022-328X(00)00722-1

http://dx.doi.org/10.1021/ol015827s

http://dx.doi.org/10.1021/om034061s

http://dx.doi.org/10.1021/om034061s

http://dx.doi.org/10.1002/ange.200701804

http://dx.doi.org/10.1002/ange.200701804

http://dx.doi.org/10.1002/anie.200701804

http://dx.doi.org/10.1021/cr9903048

http://dx.doi.org/10.1021/cr9903048

http://dx.doi.org/10.1002/1099-0682(200108)2001:8%3C1917::AID-EJIC1917%3E3.0.CO;2-M

http://dx.doi.org/10.1002/1099-0682(200108)2001:8%3C1917::AID-EJIC1917%3E3.0.CO;2-M

http://dx.doi.org/10.1039/b211298c

http://dx.doi.org/10.1039/b506276b

http://dx.doi.org/10.1002/adsc.200404270

http://dx.doi.org/10.1002/adsc.200404264

http://dx.doi.org/10.1002/adsc.200404264

http://dx.doi.org/10.1016/S0022-328X(98)01050-X

http://dx.doi.org/10.1016/S0022-328X(98)01050-X

http://dx.doi.org/10.1021/ic049492x

http://dx.doi.org/10.1021/ic049492x

http://dx.doi.org/10.1002/ange.19951072124

http://dx.doi.org/10.1002/anie.199523711

http://dx.doi.org/10.1002/anie.199523711

http://dx.doi.org/10.1016/j.jorganchem.2005.03.052

http://dx.doi.org/10.1002/ange.200503589

http://dx.doi.org/10.1002/ange.200503589

http://dx.doi.org/10.1002/anie.200503589

http://dx.doi.org/10.1002/1615-4169(200207)344:5%3C495::AID-ADSC495%3E3.0.CO;2-6

http://dx.doi.org/10.1021/ol025790r

http://dx.doi.org/10.1021/om00129a023

http://dx.doi.org/10.1021/om00129a023

http://dx.doi.org/10.1021/ja00542a009

http://dx.doi.org/10.1021/ja00542a009

http://dx.doi.org/10.1021/om50001a013

http://dx.doi.org/10.1002/(SICI)1521-3757(20000103)112:1%3C170::AID-ANGE170%3E3.0.CO;2-A

www.chemeurj.org





112, 170; Angew. Chem. Int. Ed. 2000, 39, 165; c) A. Zapf, M.
Beller, Chem. Eur. J. 2001, 7, 2908.


[25] The presence of tetrabutylammonium bromide is anticipated to
retard the conversion rates if PdIV intermediates are involved in the
catalytic cycle; the bromide anions suppress the coordination of the
substrate molecules at the metal center. On the other hand, the low
concentration of palladium nanoparticles (if formed) may not need
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sorcinol-derived pincer complexes of palladium were effectively
stopped after addition of the corresponding amounts of CS2, thio-
phene, or PPh3.
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chi, L. Sindellari, A. Furlani, A. Papaioannou, V. Scarcia, Eur. J.
Med. Chem. 1993, 28, 347; d) C. G. Sceney, R. Magee, J. Inorg. Nucl.
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[29] Increasing TOF with increasing substrate/catalyst ratios is believed
to be caused by the palladium which is present in the form of nano-
particles.[16a,30] At higher substrate/catalyst ratios more palladium
will be in the catalytic cycle. In addition, the size of the nanoparti-
cles will be smaller at higher substrate/catalyst ratios, making the
ratio between palladium on the outer rim and palladium on the
inside of the particles more favorable.


[30] M. T. Reetz, J. G. de Vries, Chem. Commun. 2004, 1559.
[31] C. M. Frech, L. J. W. Shimon, D. Milstein, Angew. Chem. 2005, 117,
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[33] CCDC-671437 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


[34] Dibenzyl formation was not observed when [Pd ACHTUNGTRENNUNG(OAc)2]—a system
known to form palladium nanoparticles—was used as catalyst.


[35] Various catalyst concentrations were tested: 0.05, 0.02, 0.002, and
0.0005 mol% of 1 and 2, respectively.


[36] A 60% conversion of 1 into 11 and a 32% conversion of 2 into 12
was observed after 5 h.


[37] The aminophosphines provide an explanation for the striking differ-
ence in the reactivity of 1 and 2 in the halide exchange when com-
pared with that of 6 and 14, if PdIV intermediates are traversed.
Apart from the high s-donor strength of the P atom of aminophos-
phines, which is similar to those of its phosphine analogues, the ni-
trogen lone pairs may donate additional electron density towards
the phosphorus atom and hence, towards the metal center.[38] Al-
though the following mechanisms would not provide an explanation
for the striking difference in the reactivity of 1 (and 2) towards bro-


mobenzene when compared with that of 6 and 14, they cannot be
excluded completely: Decomposition of a minor amount of 1 (or 2)
to form the anionic complexes [ArPdBr2]


� or its dimer via Pd0 inter-
mediates may occur to promote the halide exchange with the pincer
complexes. Alternatively, a bromide ligand could dissociate from
[ArPdBr2]


� or its dimer (possibly as a dimethylammonium salt from
DMF) and exchange with the pincer complexes directly.


[38] a) M. L. Clarke, D. J. Cole-Hamilton, M. Z. Slawin, J. D. Woollins,
Chem. Commun. 2000, 2065; b) K. G. Moloy, J. L. Peterson, J. Am.
Chem. Soc. 1995, 117, 7696.


[39] For example, only 10% conversion was observed in p-xylene at
100 8C over night.


[40] The CO stretching frequency of the cationic carbonyl derivatives
[C6H3-2,6-(CH2PCy2)2Pd(CO)] ACHTUNGTRENNUNG[OTf] (nCO=2105 cm�1),[41] [C6H3-2,6-
(OPiPr2)2Pd(CO)]ACHTUNGTRENNUNG[BF4] (nCO=2141 cm�1) and
[C6H3{XP(piperidinyl)2}2Pd(CO)] ACHTUNGTRENNUNG[BF4] (X=NH, nCO=2106 cm�1;
X=O, nCO=2133 cm�1) are indicative of the electron density at the
metal centers.[7,13]


[41] Y. Jong Gook, S. Jung Min, L. Kap Duk, K. Sangha, P. Soonheum,
Bull. Korean Chem. Soc. 1996, 17, 311.


[42] Full geometry optimizations were performed with the Gaussian03
program package using the mPW1PW91 functional. Computational
details and a complete scheme with all calculated intermediates and
transition states, simulated in different solvents is given in the Sup-
porting Information.


[43] Oxidative addition of bromobenzene on 1 is not possible, since the
calculated energy barrier is 71.8 kcalmol�1.[42]


[44] According to our findings it seems indeed to be the case that PdIV


intermediates are the key intermediates in the Suzuki–Miyaura
cross-coupling reaction mediated by 1 (and 2), as it was recently
suggested.[7]


[45] This anticipation got experimental support from Heck reactions per-
formed with bromobenzene and n-butyl acrylate in NMP at 140 8C
with 0.01 mol% of catalyst and K2CO3 as base. Whereas dramatical-
ly retarded conversion rates were observed with the phosphine-
based pincer complex 6 in the presence of 1-methyl-1,4-cyclohexa-
diene,[2b] only a marginal effect was noticed under identical reaction
conditions with catalyst 1 (as well as with 14). These results rule out
that the catalytically active species derived from 1 (or 14) and from
6 are of the same type, and in turn imply that different reaction
mechanisms are operative in Heck reactions catalyzed by amino-
phosphine- (or phosphite-) and phosphine-based pincer complexes.
The addition of 1-methyl-1,4-cyclohexadiene also had a negligible
influence on the conversion rate of [Pd ACHTUNGTRENNUNG(OAc)2]-catalyzed Heck reac-
tions, adding further support to the fact that palladium nanoparticles
probably are not the active form of phosphine-based pincer com-
plexes. This, however, would indicate that pincer-type PdIV inter-
mediates are involved in the catalytic cycle of phosphine-based
pincer complexes, since the formation of homogeneous Pd0 com-
plexes was already excluded. Nevertheless, it is important to note
that when styrene was used as coupling partner, a dramatic retarda-
tion in the conversion rate was observed in all cases when 1-methyl-
1,4-cyclohexadiene was present, implying that this test is not defini-
tive.
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Steric Effects in RNA Interference: Probing the Influence of Nucleobase Size
and Shape


Alvaro Somoza, Adam P. Silverman, Rand M. Miller, Jijumon Chelliserrykattil, and
Eric T. Kool*[a]


Introduction


RNA interference (RNAi) has become an essential tool for
studying gene function in biological and biomedical research
by specifically silencing a targeted gene.[1] This process is
commonly triggered by double-stranded RNA of 21–23 nu-
cleotides with two nucleotides overhanging (DT),[2] although
different length and structures, such as hairpins[3] or blunt-
end duplexes,[4] can be employed as well. These short RNA
duplexes are known as small-interfering RNAs (siRNAs).
The two strands of the duplexes have different significance:
one is responsible for recognizing the target mRNA se-
quence (the guide strand), while the complementary strand
has no key role in the recognition and is known as the pas-
senger strand.


The RNAi pathway is initiated when a siRNA reaches the
cytoplasm and a protein complex known as RISC (RNA-in-
duced silencing complex) binds the siRNA duplex.[5] The
RISC complex selects the strand 5’ end with lowest thermal
stability in the duplex by using the RD2D2 protein.[6] In this


way, the guide strand is incorporated into the active RISC
complex; meanwhile the passenger is cleaved and released
to the cytoplasm.[7] The guide strand in the RISC complex
serves as template to localize the complementary mRNA in
the cytoplasm. Once the guide strand binds the targeted
mRNA, the target is cleaved due to the RNAse activity
present on the PIWI domain of the RISC complex.[8] The
mRNA fragments are released to the cytoplasm and the
RISC complex repeats this process, cleaving more target
mRNAs.


The catalytic mechanism involved and the high specificity
achieved by sequence complementarity make this process a
powerful tool for the control of gene expression. For these
reasons it has been considered a potential strategy for tar-
geted therapy, since the expression of proteins involved in
diseases can be selectively inhibited. However, there are still
several drawbacks to overcome, such as off-target effects,[9]


stability in serum,[10] and biodistribution.[11] In this context, a
variety of chemically modified siRNAs has been studied in
an effort to address these limitations.[12] Most of the modifi-
cations have been incorporated or attached on the passenger
strand, since this strand is degraded during RISC activation
and does not interfere in the process. These modifications
are intended to provide higher stability in serum and better
biodistribution, such as the use of cholesterol on the 3’ end
reported by Soutschek et al.[13] Modifications on the guide
strand are more problematic, since they may directly inhibit
the RNAi activity. However, selected modifications at spe-
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cific positions of the guide strand can have interesting ef-
fects. Modifications on the sugar moiety, particularly on the
2’-hydroxyl groups, provide enhanced resistance to nucle-
ACHTUNGTRENNUNGases[14] and can reduce off-target effects.[12c,15] Moreover, the
use of chemically modified nucleotides has been essential
for the study of the mechanism of RNAi,[16] providing funda-
mental knowledge for the efficient design of siRNAs.[17]


Despite the significant contributions focused on under-
standing the RNAi process and developing therapies based
on RNAi, the RISC-mediated siRNA-target interaction is
not completely understood yet, and simple nucleic acid hy-
bridization does not explain target recognition.[18] The inter-
actions that take place inside the RISC complex (protein–
siRNA–mRNA) are key in target recognition, and better
understanding of these interactions is required for optimal
design of siRNAs.


In connection with our program devoted to studying the
role of electrostatics and sterics in biological systems,[19] and
due to the significance of the RNA interactions inside the
RISC complex, we have undertaken studies to evaluate the
roles of these molecular properties on the RNAi process. In
an early study we previously reported the effect on RNAi
activity of uracil replacement by its nonpolar isostere 2,4-di-
fluorobenzene (rF).[20] In that case, the gene supression ac-
tivity was retained in several modified siRNAs despite the
lack of hydrogen bonding stabilization. In particular, posi-
tion 7 of the guide strand was surprisingly insensitive to this
substitution, yielding significant RNAi activity despite low
thermal stability compared with the wild-type duplex. Simul-
taneous studies by Manoharan also found a similar effect.[21]


In our study, selectivity studies at this position employing
singly mutated target mRNAs showed that the nonpolar iso-
stere retained the selectivity of uracil. This led to the hy-
pothesis that sequence selectivity might arise from protein-
enforced steric effects.


In this new work, we test this hypothesis by studying non-
polar nucleobase analogues of varied size and shape. We
report the synthesis of modified phosphoramidites and their
use in RNAi experiments, evaluating biological activity and
sequence specificity. In addition we have tested effects in a
second target mRNA sequence to evaluate generality. The
results provide new insights on the influences of sterics and
hydrogen bonding stabilization on RNAi, and they confirm
that nucleobase shape and size can play strong roles in the
sequence specificity of RNAi.


Results and Discussion


Synthesis of modified nucleosides and RNAs : The halogen-
ated nucleosides (rF, rL, rZ, and 2,3-rL) were prepared by
addition of the corresponding aryllithium species to the
benzyl-protected ribonolactone 1. Stereoselective reduction
was performed with triethylsilyl hydride in the presence of
BF3·OEt2, giving rise to the corresponding b-anomer deriva-
tives (2–4). Deprotection of the benzyl groups by using BBr3
at �78 8C afforded the free nucleosides (Scheme 1).


The free nucleosides 5–7 were then functionalized for
RNA synthesis on an automated synthesizer. The 5’-hydrox-
yl group of the nonpolar nucleosides was protected as a di-
methoxytrityl ether (DMTr) under the standard conditions.
Further protection of the 2’-hydroxyl groups was carried out
using the [(triisopropylsilyl)oxy]methyl group (TOM) in a
standard two-step process.[22] As is commonly observed, ad-
dition of the protecting reagent TOMCl gave rise to a mix-
ture of 2’- and 3’-TOM derivatives, in which the desired 2’-
O-TOM was the major compound (Scheme 2).


The 4-methylbenzimidazole free ribonucleoside 8 was ob-
tained as reported[23] and functionalized in the same way as
the halogenated analogues. In this case the TOM protection
gave rise to a 1:1 mixture of 2’- and 3’-derivatives.


In the case of the dichloro analogues, the 2’-O-TOM de-
rivative was easily isolated by silica column chromatography.
In contrast, the difluoro analogue required further manipu-
lations to obtain the 2’-TOM-protected nucleoside in a pure
form. The previously obtained mixture was treated with
acetic anhydride and triethylamine, leading to the corre-
sponding mixture of acetylated derivatives. In this case, the
mixture could be easily purified by silica chromatography.
The desired 2’-TOM nucleoside was finally obtained by de-


Scheme 1. Synthesis of nonpolar C-ribonucleosides. Bn=benzyl.
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protection of the acetyl group by using ammonia in metha-
nol. The isolation of the 2’-TOM-protected benzimidazole
derivative was also difficult, but in this case the derivatiza-
tion of the remaining hydroxyl groups to acetyl or isobutyl
groups did not provide significant improvement in the pu-
rification. The desired isomer was ultimately obtained by re-
peated silica column chromatography.


The final step was the activation of the 3’-hydroxyl group
as the cyanoethylphosphoramidite, required for the forma-
tion of the phosphodiester internucleotide bond during the
RNA synthesis. The addition of 2-cyanoethyl-N,N-diisoprop-
yl-phosphonamidic chloride and diisopropylethylamine af-
forded the corresponding phosphoramidite derivatives,
which were utilized on an automated synthesizer for their
incorporation into RNA (Scheme 3).


The modified nucleosides rF, rL, 2,3-rL, and rZ were suc-
cessfully incorporated at position 7 of a 21 mer RNA guide
strand of the siRNA duplex utilized in our early report
(Figure 1) and characterized by MALDI-TOF mass spec-
trometry after PAGE purification. The siRNAs were de-


signed to target the fragment 501–519 of Renilla luciferase,
which was efficiently inhibited by an unsubstituted
siRNA.[24]


Duplex stability : First we investigated the effect of altered
nucleobase shapes and sizes on siRNA duplex stability. The
three halogenated benzenes were evaluated as a closely re-
lated set. The thermal stability of the duplexes was mea-
sured by using the wild-type and singly mismatched passen-
ger strands, allowing selectivity to be evaluated. The adenine
at position 13 (opposite the modified bases) was replaced by
C, G, and U in the mismatched strands. The results of the
studies are graphically depicted in Figure 2.


Overall, the nonpolar analogues at position 7 were desta-
bilizing and showed little if any selectivity, in contrast to
natural uracil. The wild-type guide strand (U at position 7)
showed strong destabilization for the C:U and U:U mis-
matches, but in the case of the G:U mismatch the thermal
stability was close to that of the canonical base pair A:U, as
expected from wobble pairing.[25] In the modified duplexes
(rF, rL, and 2,3-rL) the thermal stability dropped compared
with the A–U paired case, reflecting the loss hydrogen
bonding groups at position 7. Among the modified duplexes,
the four cases modified with 2,3-rL showed similar thermal
stabilities (63–64 8C), but the duplexes modified with rF and
rL showed some differences, giving a weak preference for
pairing opposite A and G. This small difference in stability
could be due to nucleobase stacking stabilization, since
purine nucleobases contribute more than pyrimidines.[26]


Similar effects have been seen in DNA with dihalogenated
deoxyribosides,[27] and Egli and co-workers have reported
analogous behavior in RNA utilizing the related 2,4-
difluoro ACHTUNGTRENNUNGtoluene analogue.[28] In summary, the steric differen-


Scheme 2. Protection of free nucleosides. DMTr=4,4’-dimethoxytrityl;
Py=pyridine; DIPEA=diisopropylethylamine; DCE=1,2-dichloro-
ethane; TOM= [(triisopropylsilyl)oxy] methyl.


Scheme 3. Synthesis of nonpolar nucleoside phosphoramidites. Ac=


acetyl, DMTr=4,4’-dimethoxytrityl; DIPEA=diisopropylethylamine;
TOM= [(triisopropylsilyl)oxy] methyl.


Figure 2. Thermal stability of matched and mismatched duplexes. The
mismatches are at position 13 on the passenger strand. The guide strands
are natural (“U”) and modified at position 7 with nonpolar derivatives
(“rF”, “rL” and “2,3-rL”). WT=wild-type.


Figure 1. Wild-type siRNA duplex used to target the Renilla luciferase
mRNA. Positions 7 (guide) and 13 (passenger) (at which substitutions
were made) are numbered.
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ces in the halogenated compounds yielded only small
changes in selectivity in the absence of the biological RISC
complex.


Shape effects on RNAi activity : For the RNAi experiments
at this initial target site we employed a commercial wild-
type Renilla luciferase plasmid, and to evaluate sequence se-
lectivity, three mutant targets were generated by site-direct-
ed mutagenesis of the plasmid. These mutants encode luci-
ferase mRNA with C, G, and U mutations at the position
corresponding to position 13 of the passenger RNA (and
positioned to be paired opposite position 7 of the modified
guide RNAs). The mutations are genetically silent in the Re-
nilla luciferase mRNA, as they occur in the third position of
the gly171 codon. Thus the reporter protein is unchanged.


We carried out the RNAi experiments employing the
wild-type and mutated plasmids to express the desired
RNAs in HeLa cells. The results, showing Renilla luciferase
activity normalized to nontargeted firefly luciferase, are rep-
resented in Figure 3. The wild-type guide strand (U at posi-


tion 7) showed the highest activity when no mismatches
were present in the target (WT, with A at the target posi-
tion). When G and U mutants were targeted, the inhibition
of the gene was also strong, as observed previously.[20] Of
the three mismatches, only a U:C mismatch at position 7
showed a significant decrease of RNAi activity (C mutant).
This relatively low sequence specificity for single mismatch-
es has been observed earlier in a broad study of mutant
RNA targets.[29]


Importantly, two of the modified siRNAs displayed activi-
ty nearly the same as the natural siRNA, and most showed
sequence selectivity that was better than the wild-type
RNA. The siRNAs modified with rF and rL showed strong
gene suppression activity against the wild-type Renilla luci-
ferase mRNA despite the absence of hydrogen-bonding sta-
bilization at this position. In contrast, the analogues 2,3-rL
and rZ showed relatively poor activity. We explain these


contrasting effects by the varying shapes of the modified nu-
cleobases. The two highly active analogues retain the shape
of uracil, and are thus complementary in shape to the ade-
nine target. However, the poorly active ones do not have
the shape of uracil : 2,3-rL has a steric projection (chlorine)
at position 7, which is expected to clash sterically with ade-
nine. Analogue rZ is a nucleobase analogue shaped similarly
to adenine, and thus would also clash with an adenine part-
ner. Interestingly, a subtle change in size (from rF to rL,
which represents a 0.3 M increase in bond lengths at the hal-
ogens) had no strong effect on activity.


The changes in nucleobase shapes at position 7 had sub-
stantial effects on sequence selectivity of gene suppression.
The two uracil-shaped analogues (rF and rL) showed a simi-
lar selectivity profile as U, but with greater selectivity
against mismatches. Both analogues showed a preference
for the A target, with a secondary preference for a U mis-
match, thus behaving similarly to natural uracil. However,
both showed a strong selectivity against activity at the G
and C mismatches, while the uracil-containing RNA showed
only moderate selectivity against C. Thus the two analogues
displayed greater sequence selectivity than the natural base.
We tentatively attribute the selectivity of the analogues as
reflecting a similar shape selectivity of the natural base, but
with the addition of stronger destabilization against the
most polar partners (C and G), due to the cost of desolva-
tion. We note that this selectivity profile in RNAi activity is
markedly different from the pairing selectivity of the RNAs
alone (Figure 2). This suggests a pronounced role of the
RISC-associated protein(s) in enforcing steric effects that
appear to be modest with the RNAs alone. Moreover, it ap-
pears that the RISC complex reduces the importance of hy-
drogen bonding at position 7 that strongly affects the RNAs
in the absence of protein.


The nucleobase shape differences also had a substantial
effect on the selectivity of the analogues that were not
shaped like uracil. Significantly, both of these analogues
showed a preference for activity when paired opposite uracil
in the target gene, thus reversing the selectivity of the
uracil-shaped analogues, which preferred adenine. For the
analogue rZ, this can be explained by its steric resemblance
to adenine, thus being complementary to uracil in forming a
Watson–Crick base-pair shape. Even more interesting is 2,3-
rL, which also preferred uracil as a partner in the RISC
complex, and showed large differences in activity with dif-
ferent partners even though on its own it shows essentially
no pairing selectivity (see Figure 2). A simple steric compar-
ison of 2,3-rL with the four natural nucleobases shows that
it most resembles adenine in size and steric projection
toward the opposite strand (see Supporting Information).
Also significant is the fact that a close analogue of 2,3-rL is
paired selectively with thymine by polymerases.[30] Thus the
selectivity of analogues rZ and 2,3-rL in cellular RNA inter-
ference can also be explained by steric effects that are en-
forced inside the RISC protein-RNA complex.


Figure 3. Luciferase suppression activity of natural (WT) and modified
(rF, rL, 2,3-rL, rZ) siRNAs at position 7 of the guide strands for singly
mismatched mRNA targets. Data were normalized by internal control of
a noncomplementary firefly luciferase gene. Data are for the 21 ng RNA
amount and are the average of three replicates; error bars reflect stan-
dard deviations.
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Evaluating target generality of size and shape effects : The
preceding results provide evidence that the protein/guide
RNA/mRNA complex enhances steric effects in RNA–RNA
recognition and lowers the importance of hydrogen-bond-
ing-dependent stabilization at some positions. However,
these effects were only observed at a single site in an
mRNA target. Since RNA forms varied secondary and terti-
ary structure in different sequence contexts, one may well
ask whether such effects would be general (i.e. , arising
chiefly from the generic RISC structure) or variable with
each new RNA target.


To begin to test this we evaluated hydrogen bonding and
steric effects at a second target sequence in the Renilla luci-
ferase gene, employing the rF and rZ nucleoside analogues
as probes in the guide and passenger strands. The siRNAs in
this case targeted the site 690–708 of the luciferase gene,
189 nucleotides distant from the previous target (see
Figure 4). We substituted uracil residues of the siRNA with
rF, and adenine monomers with rZ; in all, ten of the nine-
teen guide-strand pairing positions were replaced in sepa-
rate experiments, and two passenger-strand bases were also
replaced.


First we measured the effects of single nonpolar analogue
substitutions on thermal stability of the siRNA duplex. The
results are given in Figure 5. The data show that nonpolar
modification at inner positions of the duplex resulted in
lower thermal stability, while modifications near the ends
had only small effects. This is essentially the same as was ob-
served for the 501–519 target site, as probed with rF in the
previous report.[20] The destabilization near the center was


similar to that of a mismatch (entry 7A in Figure 5). Similar
position-dependent destabilizations were seen for rF and rZ
substitutions in the passenger strand as well. Overall, the
strongest destabilizations were seen at positions 7–16, while
positions 1–4 and 19 were little affected.


The RNAi activity of the modified siRNAs in this second
context was evaluated targeting the luciferase gene in HeLa
cells as before. This provides a test of the importance of hy-
drogen-bonded stabilization at ten positions along the
siRNA duplex in this new sequence context. The results are
shown in Figure 6. The duplexes modified on the guide


strand at position 1 and 19 with rZ and rF, respectively,
showed a gene inhibition activity close to wild-type siRNA
(WT). The modified duplexes substituted at positions 3–7
presented moderate activity, while the duplexes substituted
at positions 8–16 had no activity in suppressing the lucifer-
ase gene. A comparison with the duplex stabilities
(Figure 5) shows a general correlation of higher stability
with greater RNAi activity. However, position 7 is anoma-
lous, showing stronger activity than expected from its ther-
mal stability. These results are in agreement with our previ-
ously reported findings, that is, the nonpolar isostere modifi-
cations at the end of the duplexes do not affect the RNAi
activity, but near the middle of the strand have significant
negative effect. Moreover, the new data are also in agree-
ment with our earlier observation that the position 7 substi-
tution shows higher-than-expected activity despite its inner
position in the guide strand and its low thermal stability.
This position 7 effect was also observed by Manoharan at an
entirely different gene target;[21] thus we believe it to be
general to the human RISC complex at many if not all
mRNA targets.


The mismatched siRNA 7A has an adenosine at position 7
of the guide strand and shows very low RNAi activity de-
spite its moderate thermal stability. The activity is substan-
tially lower than the 7F nonpolar uracil analogue case. This
result further underscores the importance of steric effects at


Figure 5. Thermal stability of modified siRNA duplexes targeted to the
Renilla luciferase 690–708 site. Modifications at the guide strand are de-
noted with the position number and the modification. F stands for the rF,
Z for rZ and A for adenosine. Modifications at the passenger strand are
denoted as PS. WT=wild-type.


Figure 6. Gene suppression activity of modified siRNAs. Modifications at
the guide strand are denoted with the position number and the modifica-
tion. Modifications at the passenger strand are denoted as PS. Data were
normalized by internal control of a noncomplementary firefly luciferase
gene. Data are for the 21 ng RNA amount and are the average of three
replicates � standard deviation. WT=wild-type.


Figure 4. Wild-type siRNA duplex targeted to the 690–708 segment of
the Renilla luciferase gene.
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that position, as the adenine–adenine mismatch may not fit
as well as the difluorobenzene–adenine pair inside the
active RISC complex.


Modifications to nucleobases might have indirect effects
on biological activity of siRNAs; for example, they may sta-
bilize the siRNA duplex against degradation, or enhance its
entry into the RISC complex. However, our data suggest
that is not the case for the rF and rZ substitutions. The
siRNA PS13Z has an rZ modification at position 13 of the
passenger strand, pairing it opposite natural rU at position 7
of the guide strand. This duplex has a thermal stability simi-
lar to the 7F duplex, but the RNAi activity is close to wild-
type. This result supports the idea that the RNAi activity
shown by the siRNA 7F is only due to the interaction of the
guide strand inside the RISC complex with the messenger
RNA.


Finally, we carried out selectivity studies at position 7, em-
ploying the wild-type and rF-modified siRNAs. This allowed
a second test of whether the selectivity of uracil arises from
its hydrogen-bonding ability or its shape. Once again we
prepared plasmids encoding three mutated target mRNAs
at the complementary position. Similarly to the previous
target, the nucleotide required for mutation in the Renilla
luciferase mRNA is the third one of the val234 codon,
which is universally variable without changing the composi-
tion of the Renilla luciferase protein.


Figure 7 shows the results of the selectivity experiments.
As expected, the unmodified siRNA (wt) showed strongest
activity against the complementary target mRNA. The U:C
and U:G mismatches at position 7 were less well tolerated
than the corresponding U:U mismatch, showing a selectivity
profile quite similar to that in the previous target site
(Figure 3). In the case of the modified siRNA (rF) the selec-
tivity pattern was the same as the wt siRNA, but with de-
creased activity. The best activity was achieved against the
wild-type mRNA and conversely, the C and G mutants
showed the lowest RNAi activity. Finally, as in previous ex-


amples, the rF:U mismatch was again the best tolerated.
Thus in this second target site, the selectivity of a natural
nucleobase is well mimicked by an analogue that copies its
shape accurately.


Our data at position 7 show that steric effects may be
largely if not entirely responsible for base selectivity of the
RISC complex. Moreover, some of the analogues yield im-
proved selectivity over natural nucleobases, which may be
useful in practical application for avoiding “off-target” ef-
fects. In the future it would be of interest to determine
steric versus hydrogen-bonding contributions to selectivity
at other positions in the complex. Although nonpolar ana-
logues are not well tolerated at some of the other central
positions, work is underway to develop new compounds that
may be able to contribute information about these other
positions.


Conclusion


A set of nonpolar ribonucleotides, of varied shapes and
sizes, has been incorporated into synthetic RNAs for RNAi
experiments. The results have shown that hydrogen-bonding
stabilization is most important generally at positions 10–16
of the guide RNA, but that hydrogen-bonding deficient nu-
cleobases are well tolerated at positions 1–4, 7, and 19. We
find that RNAi activity generally correlates with thermal
stability of these substitutions. However, position 7 substitu-
tion shows good activity at multiple targets despite its low
thermal stability. Further experiments at this position with
mutant target mRNAs have pointed out the importance of
steric effects on selectivity. Wild-type selectivity for adenine
can be achieved or improved utilizing nonpolar nucleosides
of similar size and shape to rU, and selectivity for uracil can
be evinced by nonpolar adenine shape mimics. Such ana-
logues may be generally useful both as tools for evaluating
electrostatic and steric effects in RNA biology.


Experimental Section


General experimental methods : Reagents were purchased from Aldrich
and used without further purification. All water-sensitive reactions were
carried out in oven-dried glassware with a stirring bar under argon at-
mosphere. Pyridine and CH2Cl2 were dried using a Solvent Purification
System (Innovative Technology, USA). All other anhydrous solvents
were used directly without further distillation. Thin-layer chromatogra-
phy was carried out by using Silica Gel 60 F254 plates. Column chroma-
tography was performed with Silica Gel (60 M, 230N400 mesh). All
NMR spectra were recorded on 400 or 500 MHz instruments as solutions
in the deuterated solvent indicated, and the chemical shifts are reported
in ppm. Coupling constants are reported in Hz.


Synthesis of C-aryl substituted ribonucleosides (Procedure A): nBuLi
(1,6m in hexanes, 3 equiv) was added dropwise to a solution of the corre-
sponding bromo benzene derivative (3 equiv) in Et2O (0.2m) at �78 8C
under Ar atmosphere. After 30 min a solution of ribonolactone in Et2O
(0.2m) was added and the resulting solution was stirred for 2 h at �78 8C.
The mixture was quenched by addition of NH4Cl solution, extracted with
AcOEt, washed with brine, and dried over MgSO4. The evaporation of
the organic solvent afforded a yellowish oil that was used in the next


Figure 7. RNAi activity of natural (“WT”) and modified (“rF”) siRNAs
at position 7 of the guide strands for singly mismatched RNA targets.
The mismatch is opposite position 7 of the guide strand and involves mu-
tating the corresponding nucleotide in the complementary RNA. Data
were normalized by internal control of a noncomplementary firefly luci-
ferase gene. Data are for the 21 ng RNA amount and are the average of
three replicates � standard deviation. WT=wild-type.
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step. It was dissolved in CH2Cl2 (0.2m) and cooled at �78 8C, then
Et3SiH (3 equiv) and BF3OEt2 (3 equiv) were added. The mixture was
stirred for 12 h at the same temperature and quenched with a saturated
solution of NaHCO3. The aqueous layer was extracted with CH2Cl2, and
the organic fractions were combined and dried over MgSO4. The residue
obtained after evaporation of the solvent was purified by silica chroma-
tography (hexanes/AcOEt 4:1).


2’,3’,5’-Tri-O-benzyl-1’-deoxy-b-1’-(2,4-difluorophenyl)-d-ribofuranose
(2):[31] Compound 2 was obtained as a white solid in 69% yield by follow-
ing Procedure A. 1H NMR (400 MHz, CDCl3): d =7.61 (dd, J=15.2,
8.5 Hz, 1H), 7.40–7.27 (m, 15H), 6.79 (dd, J=8.8, 2.4 Hz 1H), 6.70 (dt,
J=8.4, 2.4 Hz, 1H), 5.39 (d, J=3.8 Hz, 1H), 4.71 and 4.47 (AB system,
J=12.2 Hz, 2H), 4.65–4.55 (m, 4H), 4.39 (td, J=6.6, 3.3 Hz, 1H), 4.07
(dd, J=6.5, 5.0 Hz, 1H), 3.96 (t, J=4.4 Hz, 1H), 3.86 (dd, J=10.7,
3.1 Hz, 1H), 3.70 ppm (dd, J=10.7, 3.5 Hz, 1H).


2’,3’,5’-Tri-O-benzyl-1’-deoxy-b-1’-(2,3-dichlorophenyl)-d-ribofuranose
(3): Compound 3 was obtained as a white solid in 41% yield by following
Procedure A. 1H NMR (400 MHz, CDCl3): d=7.74 (dd, J=7.9, 1.5 Hz,
1H), 7.36–7.26 (m, 16H), 6.97 (t, J=7.9 Hz, 1H), 5.49 (d, J=2.5 Hz,
1H), 4.76 (AB system, J=11.8 Hz, 2H), 4.62 (d, J=11.8 Hz, 1H), 4.56
(dd, J=13.5, 11.8 Hz, 2H), 4.42 (d, J=11.8, 1H), 4.39 (dt, J=7.9, 2.8 Hz,
2H), 4.08 (dd, J=7.9, 4.4 Hz, 1H), 3.95 (ddd, J=13.3, 7.6, 2.5 Hz, 2H),
3.72 ppm (dd, J=10.8, 3.2 Hz, 1H). 13C NMR (126 MHz, CDCl3): d=


140.6, 138.2, 138.0, 137.7, 132.7, 129.4, 128.34, 128.33, 128.30, 127.83,
127.78, 127.73, 127.67, 127.60, 127.58, 127.3, 126.5, 81.8, 81.5, 80.0, 77.2,
73.3, 72.4, 72.3, 68.9 ppm. HRMS: m/z calcd for C26H26NaO5 [M+Na]+ :
571.1413; found: 571.1435.


2’,3’,5’-Tri-O-benzyl-1’-deoxy-b-1’-(2,4-dichlorophenyl)-d-ribofuranose
(4): Compound 4 was obtained as a white solid in 58% yield by following
Procedure A. 1H NMR (500 MHz, CDCl3): d=7.72 (dd, J=8.5, 0.4 Hz,
1H; ArH), 7.27–7.37 (m, 18H; ArH), 6.99 (ddd, J=5.8, 2.1 Hz, 0.5, 1H;
ArH), 5.44 (d, J=3.0 Hz, 1H; H1’), 4.72 (dd, J=24.2, 11.9 Hz, 2H;
CH2OPh), 4.57 (dd, J=37.8, 11.7 Hz, 2H; CH2OPh), 4.50 (dd, J=71.9,
11.9 Hz, 2H; CH2OPh), 4.36 (dt, J=7.5, 2.8 Hz, 1H; H4’), 4.03 (dd, J=


7.5, 4.6 Hz, 1H; H3’), 3.88–3.92 (m, 2H; H2’, H5’a), 3.70 ppm (dd, J=


10.8, 3.7 Hz, 1H; H5’b); 13C NMR (126 MHz, CDCl3): d=133.8, 132.5,
130.5, 129.6, 129.0, 128.55, 128.52, 128.47, 128.44, 128.39, 127.9, 127.88,
127.85, 127.77, 127.69, 127.35, 127.32, 81.9, 80.6, 80.2, 77.7, 73.4, 72.4,
72.3, 69.1 ppm; HRMS: m/z calcd for C26H26NaO5 [M+Na]+ : 571.1413;
found: 571.1422.


Removal of the benzyl protecting groups (Procedure B): BBr3 was added
(1m in dichloromethane, 3.5 equiv) to a solution of tribenzylated nucleo-
side in dichloromethane (0.1m) at �78 8C. The mixture was stirred for
3 h, then quenched with methanol at �78 8C and allowed to reach room
temperature. After concentration in vacuo, the resulting oil was purified
by silica column chromatography (CH2Cl2/MeOH 20:1).


1’-Deoxy-b-1’-(2,4-difluorophenyl)-d-ribofuranose (rF nucleoside; 5):
Compound 5 was obtained as a white solid in 74% yield by following
Procedure B. 1H NMR (400 MHz, CDCl3): d=7.72 (dd, J=15.3, 8.2 Hz,
1H), 6.98 (t, J=8.8 Hz, 2H), 4.98 (d, J=5.8 Hz, 1H), 4.28 (AB system,
1H), 4.13 (dd, J=10.2, 5.1 Hz, 1H), 4.01 (td, J=11.3, 5.7 Hz, 1H), 3.94
(dd, J=8.3, 4.1 Hz, 1H), 3.85–3.70 ppm (m, 2H).


1’-Deoxy-b-1’-(2,3-dichlorophenyl)-d-ribofuranose (2,3-rL nucleoside; 6):
Compound 6 was obtained as a white solid in 63% yield by following
Procedure B. 1H NMR (400 MHz, CDCl3): d=7.70 (dd, J=7.8, 1.0 Hz,
1H), 7.52 (dd, J=7.9, 1.4 Hz, 1H), 7.35 ppm (t, J=7.9 Hz, 1H); 13C
RMN (101 MHz, CDCl3): d=141.3, 132.7, 130.4, 130.0, 128.4, 126.9, 87.3,
85.7, 83.1, 81.7, 62.1 ppm; HRMS: m/z calcd for C11H12Cl2NaO4


[M+Na]+ : 301.0011; found: 301.0014.


1’-Deoxy-b-1’-(2,4-dichlorophenyl)-d-ribofuranose (rL nucleoside; 7):
Compound 7 was obtained as a white solid in 56% yield by following
Procedure B. 1H NMR (500 MHz, CD3OD): d =7.74 (d, J=8.5 Hz, 1H;
H3), 7.44 (d, J=2.1 Hz, 1H; H5), 7.32 (dd, J=8.4, 2.0 Hz, 1H; H6), 5.18
(d, J=3.9 Hz, 1H; H1’), 3.93–3.98 (m, 2H; H3’, H4’), 3.88–3.91 (m, 1H;
H5’a), 3.75–3.78 ppm (m,1H; H5’b); 13C NMR (126 MHz, CD3OD): d=


138.9, 134.9, 134.3, 130.8, 129.9, 128.5, 97.0, 85.2, 82.9, 79.0, 71.8,
62.8 ppm; HRMS: m/z calcd for C11H12Cl2NaO4 [M+Na]+ : 301.0005;
found: 301.0006.


DMT and TOM protection of nucleosides (Procedure C): The corre-
sponding nucleoside was co-evaporated with anhydrous pyridine (2N)
then dissolved in anhydrous pyridine (0.1m). Diisopropylethylamine
(2 equiv) and 4,4’-dimethoxytrityl chloride (DMT-CL; 2 equiv) were
added and the mixture was stirred for 4 h at room temperature. The reac-
tion was quenched with methanol and concentrated in vacuo to yield a
yellow oil, which was eluted down a short silica gel column (pretreated
with 2% NEt3, run with CH2Cl2 then 20:1 CH2Cl2/MeOH) to remove the
excess of DMT-Cl. The crude 5’-O-DMT-protected material was dis-
solved in 1,2-dichloroethane (0.26m) and diisopropylethylamine
(3.5 equiv) and Bu2SnCl2 (1.1 equiv) were added. The reaction was stirred
under Ar at room temperature for 1 h, then at 85 8C for 20 min. (Triiso-
propylsiloxy)methyl chloride (TOMCl; 1.3 equiv) was added. After
20 min at the same temperature, the reaction was quenched by addition
of 5% NaHCO3 and cooled to room temperature. The mixture was
stirred for 1 h and then extracted with dichloromethane. The organic
layers were dried over MgSO4, filtered, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel pretreated
with 2% NEt3, hexanes/ethyl acetate 20:1!10:1). The faster eluting 2’-
TOM isomers were isolated as foams.


1’-Deoxy-b-1’-(2,4-difluorophenyl)-5-O-(4,4’-dimethoxytrityl)-2’-O-{[(tri-
ACHTUNGTRENNUNGisopropylsilyl)oxy]methyl}-d-ribofuranose (9): The isolation of this deriv-
ative was more easily achieved by using the additional manipulations ex-
plained below. 1H NMR (400 MHz, CDCl3): d=7.64 (q, J=8.4 Hz, 1H),
7.50 (d, J=7.1 Hz, 2H), 7.39 (dd, J=8.9, 1.3 Hz, 4H), 7.28 (t, J=7.1 Hz,
2H), 7.21 (tt, J=7.3, 1.2 Hz, 1H), 6.82 (d, J=8.9 Hz, 4H), 6.79 (q, J=


8.5 Hz, 2H), 5.23 (d, J=5.3 Hz, 1H; C1-H,), 5.04 (AB system, J=4.7 Hz,
2H; O-CH2-O), 4.28 (q, J=5.1 Hz, 1H; C4-H), 4.15 (m, 1H; C3-H)),
4.11 (t, J=5.3 Hz, 1H; C2-H), 3.79 (s, 6H; 2CH3O), 3.48 (dd, J=10.3
and 2.9 Hz, 1H), 3.35 (dd, J=10.3, 4.2 Hz, 1H), 3.14 (d, J=4.8 Hz, 1H;
OH), 1.07–1.03 ppm (m, 21H; Si ACHTUNGTRENNUNG(iPr)3);


13C NMR (101 MHz, CDCl3): d=


162.5 (dd, J=227.4, 11.9 Hz), 160.0 (dd, J=228.8, 11.9 Hz), 158.3 (2C),
144.8, 136.0, 135.9, 130.0 (4C), 129.2 (dd, J=9.6, 5.7 Hz), 128.2 (2C),
127.7 (2C), 126.7, 123.2 (dd, J=12.9, 3.6 Hz), 113.0 (4C), 111.2 (dd, J=


21.0, 3.5 Hz), 103.6 (t, J=25.4 Hz), 90.5, 86.1, 85.3, 83.2, 71.1, 63.5, 55.1
(2C), 46.1, 17.7 (6), 11.7 ppm (3C); 19F NMR (376 MHz, CDCl3):
�111.93 (td, J=15.1, 7.3 Hz), �114.87 ppm (16.9, 8.4 Hz); HRMS
(MALDI): m/z calcd for C42H52O7F2NaSi [M+Na+]: 757.3343; found:
757.3307.


1’-Deoxy-b-1’-(2,3-dichlorophenyl)-5-O-(4,4’-dimethoxytrityl)-2’-O-{[(tri-
ACHTUNGTRENNUNGisopropylsilyl)oxy]methyl}-d-ribofuranose (10): Compound 10 was ob-
tained as a white foam in 33% yield by following Procedure C. 1H NMR
(400 MHz, CDCl3): d=7.80 (d, J=7.8 Hz, 1H), 7.52 (d, J=7.1 Hz, 2H),
7.41 (d, J=8.9 Hz, 4H), 7.40–7.36 (m, 1H) 7.29 (t, J=7.1 Hz, 2H), 7.22
(t, J=7.2 Hz, 1H), 7.06 (t, J=7.9 Hz, 1H), 6.83 (d, J=8.9 Hz, 4H), 5.43
(d, J=2.9 Hz, 1H), 5.26 (d, J=4.8 Hz, 1H), 4.98 (d, J=4.9 Hz, 1H),
4.25–4.18 (m, 1H), 4.17–4.12 (m, 1H), 4.10–4.06 (m, 1H), 3.79 (s, 6H),
3.49 (ddd , J=14.8, 10.5, 3.3 Hz, 2.), 3.48 (d, J=6.6 Hz, 1H), 1.06 ppm (
s, 21H); 13C RMN (101 MHz, CDCl3): d =158.4 (2C), 144.9, 140.5, 136.1,
135.9, 132.8, 130.2 (4C), 130.1, 129.4, 128.3 (2C), 127.8 (2C), 127.5, 126.7,
126.3, 113.1 (4C), 90.8, 86.6, 86.2, 82.4, 81.4, 70.1, 63.1, 55.2 (2C), 17.8
(4C), 17.7 (2C), 12.2, 11.8 ppm (2C); HRMS: m/z calcd for
C42H52Cl2O7NaSi [M+Na]+ : 789.2757; found: 789.2747.


1’-Deoxy-b-1’-(2,4-dichlorophenyl)-5-O-(4,4’-dimethoxytrityl)-2’-O-{[(tri-
ACHTUNGTRENNUNGisopropylsilyl)oxy]methyl}-d-ribofuranose (11): Compound 11 was ob-
tained as a white foam in 43% yield by following Procedure C. 1H NMR
(500 MHz, CDCl3): d=7.79 (d, J=8.5 Hz, 1H; ArH), 7.52 (d, J=7.3 Hz,
1H; ArH), 7.39–7.42 (m, 5H; ArH), 7.29–7.32 (m, 3H; ArH), 7.25 (t, J=


7.3 Hz, 1H; ArH), 7.10 (dd, J=8.5, 2.0 Hz, 1H; ArH), 6.85 (d, J=8.8 Hz,
4H; ArH), 5.37 (d, J=3.4 Hz, 1H; H1’), 5.11 (dd, J=134, 4.8 Hz, 2H;
CH2OSi), 4.24 (app dd, J=11.9, 6.5 Hz, 1H; H4’), 4.13–4.16 (m, 1H;
H3’), 4.08 (app t, J=4.1 Hz, 1H; H2’), 3.82 (s, 6H; OCH3), 3.54 (dd, J=


10.5, 2.3 Hz, 1H; H5’a), 3.42 (dd, J=10.5, 4.3 Hz, 1H; H5’b), 3.40 (d, J=


3.4 Hz, 1H; 3’-OH), 1.06–1.15 ppm (m, 21H; 3CH ACHTUNGTRENNUNG(CH3)2);
13C NMR


(126 MHz, CDCl3): d=158.7, 136.9, 136.2, 136.0, 133.9, 132.8, 130.4,
130.31, 130.27, 129.3, 129.1, 128.4, 127.9, 127.4, 126.8, 113.2, 90.8, 86.6,
82.8, 80.4, 70.5, 63.2, 55.1, 17.9, 11.9 ppm; HRMS: m/z calcd for
C42H52Cl2O7NaSi ACHTUNGTRENNUNG[M+Na]+ : 789.2752; found: 789.2743.
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Procedure for 2’-O-TOM-rF purification : The crude product from the
TOM protection reaction was dissolved in dichloromethane (0.2m), and
diisopropylethylamine (4 equiv), Ac2O (2 equiv) and DMAP (cat) were
added at 0 8C. After 15 min the mixture was allowed to reach room tem-
perature and stirred for 2 h. The reaction was quenched with NaHCO3,
extracted with CH2Cl2, dried over MgSO4, and concentrated. Alter flash
chromatography purification (hexanes/EtOAc 12:1), the 2’- and 3’-TOM-
protected isomers were isolated in 51 and 28% yield, respectively.


3’-O-Acetyl-1-deoxy-1-(2,4-difluorophenyl)-5’-O-(4,4’-dimethoxytrityl)-2’-
O-{[(triisopropylsilyl)oxy]methyl}-b-d-ribofuranose : 1H NMR (400 MHz,
CDCl3): d =7.68 (q, J=14.7, 8.0 Hz, 1H), 7.54 (d, J=7.3 Hz, 2H), 7.43
(dd, J=8.6, 1.6 Hz, 4H), 7.32 (t, J=7.7 Hz, 2H), 7.25 (t, J=7.4 Hz, 1H),
6.87 (d, J=8.8 Hz,4H), 6.90–6.80 (m, 2H), 5.40 (dd, J=5.0, 4.0 Hz, 1H),
5.27 (d, J=7.2 Hz, 1H), 4.93 (s, 2H), 4.54 (dd, J=7.1, 5.4 Hz, 1H), 4.30
(q, J=3.5 Hz, 1H), 3.79 (s, 6H), 3.54 (dd, J=10.4, 3.3 Hz, 1H), 3.41 (dd,
J=10.4, 3.7 Hz, 1H), 2.14 (s, 3H), 1.01 ppm (s, 21H); 13C NMR
(100 MHz, CDCl3): d=170.1 (C=O), 162.9 (C�F, dd, J=182.9, 12.0 Hz),
160.4 (C�F, dd, J=184.5, 11.9 Hz), 158.4 (2C, C�OMe), 144.6, 135.8,
135.7, 130.0 (2C), 129.9 (2C), 129.5 (dd, J=9.7, 5.2 Hz), 128.1 (2C), 127.7
(2C), 126.7, 122.3 (dd, J=12.7, 3.7 Hz) 113.0 (4C), 111.2 (dd, J=20.9,
3.4 Hz), 103.5 (t, J=25.6 Hz), 88.9, 86.3, 81.8, 79.4, 76.0, 75.9, 72.4, 63.2,
54.9 (2C), 20.8, 17.6 (6C), 11.6 ppm (3C); 19F NMR (376 MHz, CDCl3):
�111.74 (td, J=15.6, 8.0 Hz), �114.65 ppm (dd, J=15.6, 7.9 Hz); HRMS
(MALDI + ): m/z calcd for C44H54O8F2NaSi [M+Na+]: 799.3448; found:
799.3461.


2’-O-Acetyl-1-deoxy-1-(2,4-difluorophenyl)-5’-O-(4,4’-dimethoxytrityl)-3’-
O-{[(triisopropylsilyl)oxy] methyl}-b-d-ribofuranose : 1H NMR (400 MHz,
CDCl3): d=7.57 (dd, J=15.5, 7.5 Hz, 1H), 7.50 (d, J=8.0 Hz, 2H), 7.38
(d, J=8.8 Hz, 4H), 7.28 (t, J=8.0 Hz, 2H), 7.21 (t, J=7.5H; 1H), 6.82
(d, J=8.8 Hz, 4H), 6.81–6.35 (m, 2H), 5.29 (d, J=5.4 Hz, 1H), 5.21 (t,
J=5.4 Hz, 1H), 4.89 (d, J=4.8 Hz, 1H), 4.76 (d, J=4.8 Hz, 1H), 4.42–
4.37 (m, 1H), 4.36–4.32 (m, 1H), 3.79 (s, 6H), 3.54 (d, J=10.7 Hz, 1H),
3.35 (dd, J=10.4, 4.8 Hz, 1H), 2.12 (s, 3H), 1.15 (s, 3H), 0.96 ppm (s,
18H); 13C NMR (100 MHz, CDCl3): d=169.9, 162.6 (dd, J=238.3,
11.8 Hz), 160.2 (dd, J=240.4, 12.1 Hz), 158.4 (2C), 144.7, 135.9, 135.8,
130.2 (4C), 128.9 (dd, J=10.7, 6.7 Hz), 128.3 (2C), 127.7 (2C), 126.7,
122.5 (dd, J=13.1, 3.7 Hz), 113.0 (4C), 111.3 (dd, J=20.9, 3.5 Hz), 103.7
(t, J=25.4 Hz), 89.4, 86.2, 81.9, 76.6, 76.3, 74.7, 63.4, 54.1 (2C), 20.8, 17.7
(6C), 11.7 ppm (3C); 19F NMR (376 MHz, CDCl3) : �111.54 (td, J=15.3,
7. 7 Hz), �114.59 (dd, J=17.6, 8.2 Hz); HRMS (MALDI+ ): m/z calcd
for C44H54O8F2NaSi [M+Na]+ : 799.3448; found: 799.3450.


The 2’-TOM-protected isomer was dissolved in CH2Cl2 (0.6m) and a solu-
tion of NH3 (in MeOH 7m) was added to make a 0.04m solution. The
mixture was stirred for 10 h at room temperature, then it was concentrat-
ed in vacuo and purified by silica column chromatography (hexanes/
EtOAc 10:1) affording the alcohol 9 as a white foam in 86% yield.


Synthesis of phosphoramidites (Procedure D): Diisopropylethylamine
(3 equiv) and 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite
(1.5 equiv) were added to a solution of the corresponding 5’-O-DMT-2’-
O-TOM-protected nucleoside in dichloromethane (0.2m) at 0 8C. The re-
action mixture was stirred at room temperature for 3 h, then the mixture
was loaded directly onto a silica gel column for purification (hexanes/
ethyl acetate 6:1, +2% NEt3).


1’-Deoxy-b-1’-(2,4-difluorophenyl)-5-O-(4,4’-dimethoxytrityl)-2’-O-{[tri-
ACHTUNGTRENNUNGisopropylsilyl)oxy]methyl}-d-ribofuranose-3’-O-cyanoethyl-N,N-diisopro-
pylphosphoramidite (13): Compound 13 was obtained as white foam in
91% yield by following Procedure D. 1H NMR (400 MHz, CDCl3): d=


7.67–7.55 (m, 1H), 7.48 (t, J=6.9 Hz, 2H), 7.37 (dt, J=8.9, 1.1 Hz, 4H),
7.31–7.18 (m, 3H), 6.81 (t, J=8.4 Hz, 4H), 6.78–6.71 (m, 2H), 5.23 (d,
J=6.3 Hz, 1H), 4.96 (d, J=5.1 Hz, 1H), 4.92 (dd, J=7.8, 5.9 Hz, 2H),
5.89 (d, J=5.1 Hz, 1H), 4.37 (ddd, J=14.1, 4.4, 4.4 Hz, 1H), 4.28 (m,
1H), 3.97–3.80 (m, 1H), 3.78 and 3.77 (2 s, 6H), 3.62–3.47 (m, 2H), 3.44
(dd, J=10.3, 3.3 Hz, 1H), 3.26 (ddd, J=10.6, 6.6, 4.3 Hz, 1H), 2.64 (dd,
J=12.6, 6.4 Hz, 1H), 2.30 (t, J=6.7 Hz, 1H), 1.14 (d, J=6.7 Hz, 12H),
0.95 ppm (s, 21H); 13C NMR (126 MHz, CDCl3): d=163.5, 161.5 and
169.7 (3m), 158.4, 144.8, 144.7, 136.0, 135.9, 135.9, 135.8, 130.2, 130.1,
129.5 (m), 128.4, 128.3, 127.7, 126.8, 126.7, 124.8, 123.2 (dd, J=12.9,
3.7 Hz), 123.0 (dd, J=12.9, 3.0 Hz), 117.7, 117.4, 113.0, 111.2 (dd, J=9.3,


3.0 Hz), 111.0 (dd, J=9.9, 2.8 Hz), 103.6 (dt, J=25.5, 5.7 Hz), 90.0, 88.9,
88.7, 86.3, 86.2, 83.2 (m), 80.5, 79.8, 79.7, 76.2, 72.2, 72.1, 71.8, 71.7, 63.6,
63.1, 58.9, 58.8, 57.9, 57.8, 55.2, 55.1, 43.3, 43.2, 43.0, 42.9, 24.5 (m), 20.6,
20.3, 20.2, 20.0, 19.9, 17.7, 11.8 ppm; 19F NMR (376 MHz, CDCl3): d=


�112.19 (td, J=15.4, 7.7 Hz; major isomer), �114.10 (td, J=15.6, 7.9 Hz;
minor isomer), �114.38 ppm (dd, J=17.7, 8.0 Hz); 31P NMR (162 MHz,
CDCl3): d =148.34 (s; major isomer), 148.11 ppm (s; minor isomer);
HRMS (MALDI): m/z calcd for C51H69N2O8F2NaSiP [M+Na]+ :
957.4421; found: 957.4389.


1’-Deoxy-b-1’-(2,3-dichlorophenyl)-5-O-(4,4’-dimethoxytrityl)-2’-O-{[tri-
ACHTUNGTRENNUNGisopropylsilyl)oxy]methyl}-d-ribofuranose-3’-O-cyanoethyl-N,N-diisopro-
pylphosphoramidite (14): Compound 14 was obtained as white foam in
70% yield by following Procedure D. 1H NMR (400 MHz, CDCl3): 7.79
and 7.72 (dd, J=7.8, 1.5 Hz, 1H), 7.49 (t, J=7.0 Hz, 2H), 7.38 (dt, J=


8.9, 2.4 Hz, 5H), 7.32–7.18 (m, 3H), 7.08–7.00 (m, 1H), 6.82 (t, J=


8.4 Hz, 4H), 5.52–5.59 (m, 1H), 5.05–5.92 (AB systems, 2H), 4.41–4.18
(m, 2H), 3.79 and 3.78 (2 s, 6H), 3.71–3.46 (m, 5H), 3.31 (dt, J=8.9,
3.9 Hz, 1H), 2.71–2.56 (m, 2H), 2.30 (t, J=6.7 Hz, 1H), 1.17–1.07 (m,
12H), 0.98 and 0.97 ppm (2s, 21H); 13C NMR (126 MHz, CDCl3): 158.4,
144.6, 140.4, 140.2, 135.9–135.8, 132.8, 132.8, 131.3, 131.0, 130.2, 130.1,
129.5, 129.4, 128.4, 128.3, 127.8, 127.3, 127.3, 126.8, 126.7, 126.5, 126.4,
117.6, 117.4, 113.0, 89.2, 86.3, 82.7, 81.6, 80.3, 79.7, 71.8, 71.5, 63.2, 62.7,
58.8, 58.7, 57.9, 57.8, 57.2, 56.9, 55.2, 43.3, 42.2, 29.7, 24.5, 20.3, 20.0, 17.7,
12.6, 11.9 ppm; 31P NMR (162 MHz, CDCl3): d =150.75 (s; major
isomer), 150.58 ppm (s; minor isomer).


1’-Deoxy-b-1’-(2,4-dichlorophenyl)-5-O-(4,4’-dimethoxytrityl)-2’-O-{[tri-
ACHTUNGTRENNUNGisopropylsilyl)oxy]methyl}-d-ribofuranose-3’-O-cyanoethyl-N,N-diisopro-
pylphosphoramidite (15): Compound 15 was obtained as white foam in
90% yield by following Procedure D. 1H NMR (500 MHz, CDCl3): d=


7.76 (d, J=8.4 Hz, 1H; ArH), 7.52–7.46 (m, 2H; ArH), 7.39–7.20 (m,
8H; ArH), 7.09–7.05 (m, 1H; ArH), 6.83 (d, J=8.9 Hz, 4H; ArH), 5.42
(d, J=5.16 Hz, 1H; H1’), 5.02–4.92 (m, 2H; OCH2OSi), 4.40–4.38 (m,
3H; H2’, H3’, H4’), 3.80 (s, 6H; OCH3), 3.55 (m, 2H; CH2CN), 2.31 (t,
J=6.62 Hz, 2H; OCH2), 1.13 (m, 14H; CHACHTUNGTRENNUNG(CH3)2), 0.97 ppm (s, 21H;
SiCH ACHTUNGTRENNUNG(CH3)2).


13C NMR (100 MHz, CDCl3): d =158.6, 149.5, 136.1–133.7,
130.5–126.8, 113.1, 86.5, 80.8, 63.0, 58.2, 55.2, 43.3, 24.7, 17.7, 11.8 ppm;
31P NMR (126 MHz, CDCl3): d=150.80, 150.75 ppm; HRMS: m/z calcd
for C51H70N2O8SiPCl2 [M+H]+ : 967.4016; found: 967.4037.


1-[5-O-(4,4’-Dimethoxytriphenylmethyl)-b-d-erythropentofuranosyl]-4-
methyl-1H-benzimidazole : Diisopropylethylamine (1.9 mL, 10.9 mMol)
and 4,4’-dimethoxytrityl chloride (3.6 g, 10.6 mMol) were added to a solu-
tion of benzimidazole free nucleoside (1.4 g, 5.30 mmol) in pyridine
(50 mL) at 0 8C. The mixture was stirred at room temperature for 4 h,
then it was quenched with methanol, concentrated in vacuo and purified
by silica column chromatography (CH2Cl2/MeOH, 20:1; NEt3 2%) to
yield a white foam (50%). 1H NMR (400 MHz, CDCl3): d =7.68 (d, J=


2.1 Hz, 1H), 7.50 (d, J=8.0 Hz, 1H), 7.43 (dd, J=8.1, 1.3 Hz, 2H), 7.31
(dd, J=8.9, 2.1 Hz, 4H), 7.25–7.16 (m, 3H), 6.86 (d, J=7.3 Hz, 1H), 6.81
(d, J=7.8 Hz, 1H), 6.76 (dd, J=8.9, 5.5 Hz, 4H), 5.81 (d, J=6.4 Hz, 1H),
4.72 (t, J=6.1 Hz, 1H), 4.50 (dd, J=5.8, 3.1 Hz, 1H), 4.27 (q, J=3.2 Hz,
1H), 3.76 and 3.75 (2 s, 6H), 3.46 (d, J=3.3 Hz, 2H), 2.43 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d=158.5 (2C), 144.5, 142.1, 140.6, 135.6,
135.4, 131.7, 130.1 (4C), 129.1, 128.1 (2C), 127.9 (2C), 126.9, 123.5, 123.4,
113.1 (4C), 109.7, 90.1, 86.6, 84.0, 72.8, 71.1, 63.5, 55.2 (2C), 16.6 ppm;
HRMS: m/z calcd for C34H35N2O6 [M+H]+ : 567.2495; found: 567.2508.


1-Deoxy-5-O-(4,4’-dimethoxytrityl)-1’-(4-methyl-1H-benzimidazolyl)-2’-
O-{[(triisopropylsilyl)oxy]methyl}-b-d-erythropentofuranose (12): Diiso-
propylethylamine (1 mL, 5.74 mMol) and Bu2SnCl2 (550 mg, 1.81 mMol)
were added to a solution of the DMT-protected benzimidazole derivative
(927 mg, 1.64 mMol) in dichloromethane (6.6 mL). The mixture was
stirred at room temperature for 2 h. Then it was heated to 85 8C for
20 min and (Triisopropylsiloxy)methyl chloride (494 mL, 2.13 mMol) was
added. The mixture was stirred at the same temperature for 20 min,
quenched by addition of 5% NaHCO3 and cooled to room temperature.
The mixture was stirred for 1 h, then extracted with dichloromethane.
The organic layers were dried over MgSO4, filtered and concentrated in
vacuo. The residue was purified by column chromatography (silica gel
pretreated with 2% NEt3, hexanes/ethyl acetate 2:1). The faster eluting
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2’-TOM isomer was isolated as foam (9%). 1H NMR (400 MHz,
[D6]acetone): d=8.25 (s, 1H), 7.54 (d, J=6.8 Hz, 1H), 7.49 (d, J=8.2 Hz,
2H), 7.37 (d, J=8.4 Hz, 4H), 7.29 (tt, J=8.3, 1.7 Hz, 2H), 7.22 (tt, J=


6.2, 1.3 Hz, 1H), 7.05–6.99 (m, 2H), 6.85 (dd, J=9.0, 1.2 Hz, 4H), 6.13
(d, J=5.9 Hz, 1H), 5.09 (AB system, J=5.2 Hz, 2H), 4.82 (t, J=5.6 Hz,
1H), 4.61 (dd, J=9.3, 4.7 Hz, 1H), 4.27 (q, J=3.8 Hz, 1H), 4.14 (d, J=


4.6 Hz, 1H), 3.77 and 3.76 (2 s, 6H), 3.44 (d, J=3.6 Hz, 2H), 2.58 (s,
3H), 1.03–0.95 ppm (m, 21H); 13C NMR (100 MHz, [D6]acetone): d=


160.6 (2C), 146.9, 145.7, 142.6, 137.6, 137.5, 134.6, 132.0 (2C), 131.9 (2C),
131.6, 129.9 (2C), 129.6 (2C), 128.6, 124.5, 124.2, 114.9 (4C) 110.9, 91.8,
89.6, 88.2, 85.8, 81.6, 71.9, 65.4, 56.4 (2C), 19.1 (6C), 17.7, 13.5 ppm (3C);
HRMS: m/z calcd for C44H57N2O7Si [M+H]+: 753.3935; found: 753.3941.


1-Deoxy-5-O-(4,4’-dimethoxytrityl)-1’-(4-methyl-1H-benzimidazolyl)-2’-
O-{[(triisopropylsilyl)oxy]methyl}-b-d-erythropentofuranose-3’-O-cyano-
ACHTUNGTRENNUNGethyl-N,N-diisopropylphosphoramidite (16): Diisopropylethylamine
(82 mL), methylimidazole (9.3 mL) and N,N-diisopropylchlorophosphor-
ACHTUNGTRENNUNGamidite (79 mL) were added to a solution of 12 (108 mg) in CH2Cl2
(15 mL) at 0 8C. The mixture was stirred for 2 h at room temperature, the
solvent was evaporated, and the crude reaction was purified by silica
column chromatography (hexanes/AcOEt 2:1, Et3N 2%). The corre-
sponding phosphoramidite was isolated as a white foam (76%). 1H NMR
(400 MHz, CDCl3): d=8.14 and 8.12 (2 s, 1H), 7.51–7.46 (m, 3H), 7.34 (t,
J=8.9 Hz, 4H), 7.30–7.17 (m, 3H), 7.07–6.98 (m, 2H), 6.81 (t, J=8.7 Hz,
4H), 6.09 and 6.05 (d, J=6.0 Hz, 1H), 4.96–4.88 (m, 2H), 4.76 and 4.72
(t, J=5.6 Hz, 1H), 4.58–4.48 (m, 1H), 4.39 and 4.35 (q, J=3.4 Hz, 1H),
3.96–3.80 (m, 2H), 3.78, 3.77, 3.76 and 3.75 (4 s, 6H), 3.66–3.52 (m, 3H),
3.49 and 3.46 (d, J=3.1 Hz, 1H), 3.40–3.44 (m, 1H), 2.66 (s, 3H), 2.65–
2.60 (m, 1H), 2.31 (dt, J=6.5, 1.8 Hz, 1H), 1.18 (t, J=6.0, 8H), 1.03 (d,
J=6.7 Hz, 4H), 0.92 and 0.89 ppm (2s, 20H); 13C NMR (100 MHz,
CDCl3): d =158.4, 144.4, 144.3, 143.5, 143.4, 140.2, 140.1, 135.6, 135.5,
135.4, 132.4, 132.4, 132.3, 130.1, 130.0, 128.2, 128.1, 127.8, 126.9, 126.8,
123.0, 122.9, 122.8, 122.7, 117.5, 117.2, 113.1, 108.9, 108.7, 89.6, 89.5, 89.2,
89.1, 88.1, 87.9, 86.6, 86.5, 83.7, 83.6, 83.3, 83.3, 78.1, 78.0, 77.3, 77.2, 71.4,
71.3, 71.1, 70.9, 63.2, 62.8, 58.9, 58.7, 57.9, 57.7, 55.1, 43.4, 43.2, 43.1, 43.0,
24.6, 24.5, 24.4, 17.6, 17.5, 16.6, 11.7 ppm; 31P NMR (126 MHz, CDCl3):
d=151.98, 151.35 ppm; HRMS: m/z calcd for C53H74N4O9SiP
[M+H+O]+ (oxidized): 969.4963; found: 969.4970.


RNA synthesis and purification methods : RNA oligonucleotides were
synthesized BY using 2’-TOM phosphoramidites. Acetonitrile (synthesis
grade), the standard 2’-TOM phosphoramidites for A, C, G, and U, 5-eth-
ylthio-1H-tetrazole, and other standard solutions were obtained from
commercial suppliers. RNA oligonucleotides were synthesized on the
1 mmol scale. The standard coupling time of 6 min was used for the four
standard phosphoramidites, and an increased coupling time of 10 min
was used for the modified phosphoramidites. After the solid-phase syn-
thesis, the solid support was transferred to a screw-cap glass vial and in-
cubated at room temperature for 16 h with 1.5 mL of methylamine solu-
tion, prepared by mixing equal volumes of 40% aqueous methylamine
and 33% methylamine in ethanol. After the vial was cooled briefly on
ice, the supernatant was transferred by pipette into 2 mL Eppendorf
tubes; the solid support and vial were rinsed with 50% ethanol (2N
0.25 mL). The combined solutions were evaporated to dryness using an
evaporating centrifuge. The residue was dissolved in a total volume of
1.0 mL of TBAF (1m) in THF and rocked at 37 8C for 12 h. Tris·HCl
(1 mL, 1m), pH 7.5, was added to the solution, and the oligonucleotide
was desalted on a NAP-10 column by using water as the eluent and
evaporated to dryness. The oligonucleotides were purified by 20% dena-
turing PAGE, isolated by the crush and soak method and quantitated by
absorbance at 260 nm. Mutated passenger strands (C, G and U) were
synthesized by Integrated DNA Technologies (Coralville, IA).


Thermal denaturation methods : Oligonucleotides (0.5 mm each) were dis-
solved in buffer (50 mm potassium acetate, 1 mm magnesium acetate,
15 mm HEPES-KOH at pH 7.4). Experiments were performed in Teflon-
stoppered 1 cm path length quartz cells on a Varian Cary 1 UV/Vis spec-
trophotometer equipped with thermoprogrammer. The samples were
heated to 90 8C, allowed to slowly cool to 25 8C, and then warmed during
the denaturation experiments at a rate of 1 8Cmin�1 to 80 8C, monitoring
absorbance at 260 nm. In all cases the complexes displayed sharp, appa-


rently two-state transitions. The data were analyzed by the denaturation
curve-processing program, MeltWin v. 3.0. Melting temperatures (Tm)
were determined by computer-fit of the first derivative of absorbance
with respect to 1/T.


Preparation of mutant luciferase plasmid vectors : The luciferase gene in
the pRL CMV vector (Promega, Madison, WI) was mutated at position
1580 and 1769 to create three different mutant constructs at both posi-
tions that differ from the wild type by single nucleotide substitutions.
These substitutions do not create a corresponding change in amino acid
residue in the luciferase gene, but retain the same amino acid residue,
glycine, as in the wild-type construct. By using three pairs of designed
primers (Supplementary), one pair for each mutant (A to T, A to C, and
A to G), mutant gene constructs were made with the site-directed muta-
genesis kit, (Stratagene, La Jolla, CA) following the protocol provided by
the manufacturer. The resulting constructs were sequenced to confirm
the required mutations in the gene (Supporting Information).


RNA interference methods : Hela cells were grown at 37 8C, 5% CO2 in
DulbeccoQs modified EaglesQs medium (DMEM, GIBCO) supplemented
with 10% fetal bovine serum (FBS), 100 UmL�1 penicillin and
100 mgmL�1 streptomycin. The cells were maintained in exponential
growth. The cells were plated in 24-well plates (0.5 mL medium per well)
to reach about 50% confluence at transfection. The cells were grown for
24 h and the culture medium was changed to OPTIMEM 1 (GIBCO),
0.5 mL per well. Two luciferase plasmids, Renilla luciferase (pRL-CMV)
and firefly luciferase (pGL3) from Promega, were used as reporter and
control, respectively. Co-transfection of plasmids and siRNAs was carried
out with GeneSilencer (GTS) as described by the manufacturer for ad-
herent cell lines. Per well, 0.17 mg pGL3, 0.017 mg pRL-CMV and 2.1 ng
siRNAs, formulated into liposomes, were applied. The final volume was
500 mL per well. The cells were harvested 22 h after transfection, and
lysed by using passive lysis buffer (PLB), 100 mL per well, according to
the instructions of the Dual-Luciferase Reporter Assay System (Prom-
ega, USA). The luciferase activities of the samples were measured using
a Fluoroskan Ascent FL Luminometer (Thermo Electron Corporation,
USA) with a delay time of 2 s and an integrate time of 10 s. The volumes
used were: 20 mL of sample and 30 mL of each reagent (luciferase assay
reagent II and Stop & Glo Reagent). The inhibitory effects generated by
siRNAs were expressed as normalized ratios between the activities of the
reporter (Renilla) luciferase gene and the control (firefly) luciferase
gene.
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Introduction


Epoxidation of alkenes is an industrially important reaction
because epoxides are valuable chemicals widely used as in-
termediates in organic syntheses and as raw materials in the
manufacture of commodity products such as epoxy resins,
paints and surfactants.[1,2] Thus, there is a continuous motiva-
tion to develop new catalytic systems for the production of
epoxides with high yield and selectivity in a cost-effective
manner.[3] Transition-metal-catalysed epoxidation is one of
the most effective approaches for this transformation.[4]


Among the various transition-metal catalysts for epoxida-
tion, manganese stands out as the most efficient, economical
and environmentally benign. Various manganese complexes
ligated with salens,[5] porphyrins[6] and aromatic N-donor li-
gands[7] are known to be efficient catalysts for the epoxida-
tion of a wide range of alkenes. The ligands can often pro-
vide selectivity in the epoxidation process (e.g. the chiral


salen ligand in Jacobsen+s catalyst for asymmetric epoxida-
tion of alkenes). However, cost effectiveness and robustness
are the major obstacles associated with the application of
these metal complexes in industrial processes. Although
manganese(II) sulfate in combination with bicarbonate and
hydrogen peroxide is known to be an effective catalytic
system for epoxidation of certain alkenes,[4c,8] this system
can only be applied to electron-rich and substituted alkenes,
and is inactive towards electron-deficient and aliphatic ter-
minal alkenes. There remains a need to develop an effective
method based on inexpensive and non-toxic catalysts for the
epoxidation of aliphatic terminal alkenes under mild condi-
tions. Herein, we report a simple and highly efficient catalyt-
ic system, which uses commercially available manganese(II)
perchlorate (MnACHTUNGTRENNUNG(ClO4)2) as the catalyst and peracetic acid
(CH3CO3H) as the oxidant for the epoxidation of aliphatic
terminal alkenes with high selectivity at ambient tempera-
ture (Scheme 1).


Results and Discussion


Screening of oxidants and metal salts : The reactivity and se-
lectivity of catalytic epoxidation reactions usually show a
strong dependence on the reaction conditions and are par-
ticularly sensitive to the nature of the metal catalysts and
oxidants. In the trial experiments for screening possible re-


Abstract: A simple catalytic system
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ganese(II) perchlorate as the catalyst
and peracetic acid as the oxidant is
found to be very effective in the epoxi-
dation of aliphatic terminal alkenes
with high product selectivity at ambient
temperature. Many terminal alkenes
are epoxidised efficiently on a gram
scale in less than an hour to give excel-
lent yields of isolated product (>90%)


of epoxides in high purity. Kinetic stud-
ies with some C9-alkenes show that the
catalytic system is more efficient in ep-
oxidising terminal alkenes than internal
alkenes, which is contrary to most com-
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Keywords: alkenes · epoxidation ·
homogeneous catalysis · manga-
nese · oxidation


[a] Dr. K.-P. Ho, Dr. W.-L. Wong, K.-M. Lam, C.-P. Lai,
Prof. T. H. Chan, Prof. K.-Y. Wong
Department of Applied Biology and Chemical Technology
The Hong Kong Polytechnic University
Hung Hom Kowloon (Hong Kong SAR)
Fax: (+852)236-499-32
E-mail : bckywong@polyu.edu.hk


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800759.


E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7988 – 79967988







agents, a number of inexpensive oxidants and transition-
metal salts were studied systematically with 1-decene as the
substrate. Amongst the five commercial oxidants, only per-
acetic acid shows excellent reactivity (>99% conversion)
and epoxide yield (93%) with Mn ACHTUNGTRENNUNG(ClO4)2 as the catalyst in
acetonitrile/water (Figure 1). No epoxidation was observed
with other oxidants such as hydrogen peroxide, tert-butyl hy-
droperoxide and cumene hydroperoxide. In general, good
yields of epoxides and high selectivity were obtained by
using 2.4 equivalents of peracetic acid with respect to alkene
substrates (Figure 1, insert).


Control experiments indicate that the presence of the
MnII catalyst is crucial in the epoxidation because there is
no background reaction observed. To compare the catalytic
abilities of other metal salts in the epoxidation of the termi-
nal alkenes, some metal salts were screened under similar
reaction conditions (Figure 2). Along the first row of transi-
tion-metal salts (i.e. ScIII, TiIV, VIV, CrIII, MnII, MnIII, FeIII,
CoII, NiII, CuII and ZnII), all metal salts except those of Mn
were inactive towards 1-decene as they all gave epoxide
yields of less than 10%. The MnII salt, which gave excellent
selectivity and a 93% yield of the epoxide in 30 min at
room temperature, was unique in that it catalysed this reac-
tion effectively. In addition, a similar epoxidation reactivity
with a comparable yield (91%) was observed by using a
manganese ACHTUNGTRENNUNG(III) salt. These results indicate that manganese


salts are the only candidates suitable for the epoxidation of
aliphatic terminal alkenes under such simple oxidation con-
ditions with peracetic acid as the oxidant. After optimisa-
tion, only 0.4 mol% of Mn ACHTUNGTRENNUNG(ClO4)2 with respect to alkene
substrates was found to be sufficient to obtain good epoxide
yields (see Figure S1 in Supporting Information).


Optimisation of epoxidation conditions with Mn ACHTUNGTRENNUNG(ClO4)2 as
the catalyst : The excellent reactivity and selectivity results
of the Mn-catalysed epoxidation in the preliminary studies
prompted us to investigate the system in detail by focusing
on the effects of buffer additives, solvent and water content
in the reaction mixture. With respect to the reported stud-
ACHTUNGTRENNUNGies,[8a,b] the manganese/bicarbonate catalytic system is strong-
ly influenced by pH and buffer additives because the epoxi-
dation reaction involves the formation of pH-sensitive per-
oxymonocarbonate as the key intermediate. In our system,
the additives are interestingly found not to participate in the
catalytic process; they intrinsically only act as pH buffers to
maintain slightly alkaline conditions in the reaction media.
As shown in Figure 3, several commercial buffer additives
were examined in the epoxidation of 1-decene. Acidic and
neutral buffer additives such as acetic acid, dihydrogen
phosphate and hexametaphosphate all gave almost no epox-
ide in comparison with the background level of epoxidation.
On the other hand, dramatically enhanced catalytic activities
in the epoxide production (85–93% epoxide yields) were
observed when alkaline buffers such as acetates, tartrates,
formates, carbonates, bicarbonates and hydroxides were
used in the epoxidation reaction. Among them, the best ad-
ditive was ammonium bicarbonate, which gave the highest
yield of 1,2-epoxydecane (93%). This is probably related to
its better solubility in the acetonitrile/water.
The optimal amounts of basic ammonium bicarbonate salt


used for the Mn-catalysed epoxidation were determined by


Scheme 1. Catalytic epoxidation of terminal alkenes.


Figure 1. Effects of oxidants on the epoxidation of 1-decene with
0.4 mol% of Mn ACHTUNGTRENNUNG(ClO4)2 salt in acetonitrile/water at room temperature;
epoxide yields determined by GC after 30 min. The insert shows the ep-
oxide yields as a function of peracetic acid loading with 1-decene as the
substrate; epoxide yields were determined by GC after reaction of
15 min.


Figure 2. Effects of transition metals on the epoxidation of 1-decene with
2.4 equivalents of CH3CO3H as the oxidant in acetonitrile/water at room
temperature. Epoxide yields were determined by GC after 30 min.
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kinetic studies (see Figure S2 in Supporting Information).
Experimentally, small amounts of the bicarbonate buffer
(0.13 equivalents with respect to peracetic acid) were
enough to attain maximum epoxide production with high se-
lectivity. The addition of excess buffer showed no detrimen-
tal effect on the catalytic reaction as the epoxide yields were
still maintained. By calculation, the minimum amount of the
bicarbonate salt that must be added to the reaction aliquot
is just sufficient to neutralise the H2SO4 (�4.2 mol%),
which acts as the stabiliser in the commercial peracetic acid
stock solution.
Analytically, the H2SO4 content was simply extrapolated


from the titration of the peracetic acid with 0.5m ammonium
bicarbonate standard solution (see Figure S3 in Supporting
Information). Upon titration, three inflection points are re-
markably observed at pH 2.6, 6.2 and 10.6 which correspond
to the titration endpoints of H2SO4, CH3CO2H and
CH3CO3H, respectively. As predicted from the titration
curve, when all the H2SO4 content in the peracetic acid was
neutralised, the pH of the Mn-catalysed epoxidation system
shifted to less acidic. Through destabilising the peracetic
acid, it is believed that the peroxo oxygen atom could be ac-
tively transferred to the MnII catalyst to form high-valent
Mn–oxo species for catalysis.[9]


The solvent resistance to oxidation, the ability of the sol-
vent to form a complex with the MnII catalyst and the versa-
tility of in situ generated MnII–solvent complexes all control
the effectiveness of the catalytic reaction. Hence, the nature
of the solvent is another critical factor in this Mn-catalysed
epoxidation system. As shown in Figure 4, a number of
common solvents were screened as possible epoxidation
media. Among them, acetonitrile gave the best reactivity


with an epoxide yield of 93%. Other solvents, regardless of
their protic or aprotic characters, afforded poor yields of
1,2-epoxydecane because they are susceptible to oxidation
under such conditions. For example, stable 2,2,2-trifluoro-
ACHTUNGTRENNUNGethanol gave a 63% yield of epoxide which was compara-
tively much higher than the other non-fluorinated alcohols.
On the other hand, strong chelating solvents (e.g. DMF and
DMSO (DMSO=dimethyl sulfoxide)) also retarded the cat-
alytic activity as their MnII-solvent complexes are intrinsical-
ly inactive in the catalysis.
Besides, the compatibility between solvents, substrates,


the Mn catalyst and the bicarbonate buffer seems to deter-
mine the success of the epoxidation reaction. A comparison
of acetonitrile with its analogues (i.e. propionitrile, butyroni-
trile and valeronitrile) indicates that acetonitrile was the
best choice as the reaction medium and the yields of 1,2-ep-
oxydecane dropped remarkably (from 93% to 19%) with
the chain length of alkyl nitrile under similar reaction condi-
tions (Figure 4). This can be attributed to the reduced solu-
bilities of the Mn catalyst and the bicarbonate buffer with
increasing hydrophobicity of the solvent. It is also consistent
with the experimental results, which show that the catalytic
activity was promoted significantly by addition of water
(10% (v/v)) to the acetonitrile mixture as the epoxide yields
were found to increase from 3% to 77% in the first 15 min
of the reaction (see Figure S4 in Supporting Information).


Epoxidation of different aliphatic terminal alkenes with the
Mn ACHTUNGTRENNUNG(ClO4)2/CH3CO3H/NH4HCO3 catalytic system in acetoni-
trile/water: The fruitful results of this simple Mn-catalysed
epoxidation system with 1-decene prompted us to investi-
gate its ability with other alkenes.[10] In Table 1, most ter-
minal aliphatic alkenes were epoxidised efficiently


Figure 3. Effects of buffer additives on the Mn-catalysed epoxidation of
1-decene. Epoxide yields were determined by GC after 30 min.


Figure 4. Effects of solvents on the Mn-catalysed epoxidation of 1-
decene. Epoxide yields were determined by GC after reaction of 30 min.
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(>99% conversion) with the MnII catalyst on a gram scale
within 40 min. No reaction was observed even if 10 equiva-
lents of peracetic acid were used under the MnII-free condi-
tions. The Mn-catalysed system generally demonstrates ex-
cellent epoxide selectivity between alkenes with different
alkyl chain lengths. For the C8–C13 terminal alkenes
(Table 1, entries 1–6), both GC yields and yields of isolated
epoxide were found on average to be above 90%. As the
chain length got longer (Table 1, entries 7, 8), the conversion
and epoxide yields obviously declined. This is attributed to
poor solubility of the alkenes with longer alkyl chains in the
acetonitrile/water medium.
The terminal dienes, illustrated in entries 9–11 (Table 1),


can also be transformed into the corresponding diepoxides
effectively in the same manner. In particular, the conver-
sions of all the dienes were found to be over 99%. Good
yields of epoxides were obtained for both 1,9-decadiene
(90% yield) and 1,8-nonadiene (88% yield); however, the
epoxidation reaction only gave a fair yield of 1,2,7,8-diepox-
yoctane (62% yield). Meanwhile, the attachment of bulky
functional groups to the terminal C=C double bond, such as
vinyl cyclohexane and allyl cyclohexane (Table 1, entries 12
and 13), has no influence on the effectiveness of this MnII


catalyst. Both the substrates can achieve high conversions
(>99%) with excellent epoxide selectivities (>90%). At-
tempts were made to epoxidise the electron-deficient fluori-
nated terminal alkenes (entries 14 and 15). However, only
1H,1H,2H-perfluoro-1-octene showed very limited reactivi-
ty in the catalytic process with a 36% yield of epoxide by
GC.


Kinetic and mechanistic studies of the Mn ACHTUNGTRENNUNG(ClO4)2/
CH3CO3H/NH4HCO3 catalytic system in epoxidation of ter-
minal alkenes : To have a better understanding of the reac-
tivity and regioselectivity of the Mn-catalysed system to-
wards terminal and internal alkenes, a number of kinetic ex-
periments were carried out with 4-vinyl-1-cyclohexene as
the model substrate. 4-Vinyl-1-cyclohexene was used be-
cause it is a non-conjugated alkadiene that bears one termi-
nal and one internal C=C double bond in the chemical
structure. As shown in Scheme 2, there are two possible


stepwise-reaction pathways (Paths A and B) for the epoxi-
dation of 4-vinyl-1-cyclohexene (1). These include the for-
mation of diepoxides 4-epoxyethyl-1-cyclohexene 1,2-epox-
ide (4) via intermediate 4-vinyl-1-cyclohexene 1,2-epoxide
(2) and via intermediate 4-epoxyethyl-1-cyclohexene (3).
With respect to the kinetic diagram (Figure 5), the initial
rate of the monoepoxide 2 formation (k1–2=10.1L10�5 m s�1)
is much faster than that of the monoepoxide 3 (k1–3=0 m s�1)
in the Mn-catalysed reaction. Over 60% of the monoepox-
ide 2 was produced but no monoepoxide 3 was observed in


Table 1. Epoxidation of terminal aliphatic alkenes with the Mn catalyst
and peracetic acid in acetonitrile/water at room temperature.[a]


Entry Substrate Conversion,
[%]


GC
Yield[b] ,[%]


Yield
[%]


1 1-octene >99 86 83
2 1-nonene >99 91 87
3 1-decene >99 93 90
4 1-undecene >99 94 87
5 1-dodecene >99 92 91
6 1-tridecene >99 93 90
7 1-tetradecene 90 85 –
8 1-pentadecene 75 63 –
9[c] 1,7-octadiene >99 78 62
10[c] 1,8-nonadiene >99 91 88
11[c] 1,9-decadiene >99 92 90
12 vinylcyclohexane >99 91 85
13 allycyclohexane >99 94 88
14[d] 1H,1H,2H-perfluoro-1-


octene
43 36 –


15[d] 1,1,2-trifluoro-1-octene 0 0 –


[a] Reaction conditions: alkenes (7 mmol), Mn ACHTUNGTRENNUNG(ClO4)2 salt (0.4 mol%),
NH4HCO3(aq) (0.5m, 4.2 mL), CH3CO3H (2.4 equiv, 3.4 mL), acetonitrile
(34 mL), 40 min reaction time. [b] GC yields were determined by GC
with tetradecane as the internal standard. [c] Small-scale reaction: alkene
(0.5 mmol), Mn ACHTUNGTRENNUNG(ClO4)2 salt (0.64 mol%), CH3CO3H (4.8 equiv),
NH4HCO3(aq) (0.5m, 0.6 mL), acetonitrile (4.8 mL); diepoxides were
formed as the products. [d] Small-scale reaction: alkene (0.5 mmol), Mn-
ACHTUNGTRENNUNG(ClO4)2 salt (0.4 mol%), CH3CO3H (2.4 equiv), NH4HCO3(aq) (0.5m,
0.3 mL), acetonitrile (2.4 mL).


Scheme 2. The regioselectivity of the Mn-catalysed epoxidation of 4-
vinyl-1-cyclohexene.


Figure 5. Kinetic study of 4-vinyl-1-cyclohexene epoxidation with the Mn
catalyst in acetonitrile/water at 25 8C. 4-Vinyl-1-cyclohexene (1: &); 4-
vinyl-1-cylclohexene 1,2-epoxide (2 ; !); 4-epoxyethyl-1-cyclohexene (3 ;
N); 4-epoxyethyl-1-cyclohexane 1,2-epoxide (4 ; *).
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the first 20 min. These results indicate that the Mn catalyst
preferentially epoxidises the electron-rich internal C=C
double bond even if it faces more steric hindrance in the
catalytic process. When the diene 1 content in the reaction
mixture dropped to 15% after 20 min, subsequent epoxida-
tion of the monoepoxide 2 got faster (k2–4=4.4L10�5 m s�1)
and eventually it was converted to diepoxide 4 as the final
product. A control experiment without the MnII catalyst
only showed the background epoxidation to form the mono-
epoxide 2 at a very slow reaction rate (kcontrol=1.3L
10�5 m s�1) (see Figure S5 in the Supporting Information).
A comparison of the initial rates of formation of the


mono ACHTUNGTRENNUNGepoxide 2 (k1–2=10.1L10�5 m s�1) and monoepoxide 3
(k1–3=0 m s�1) proved that the Mn-catalysed epoxidation re-
action highly preferred to go through Path A rather than
Path B to produce diepoxide 4. This is easily understood by
the involvement of active high-valent Mn–oxo species,
which are typically electrophilic and attack effectively the
electron-rich internal C=C double bond in the catalytic pro-
cess. However, when the same studies were carried out inde-
pendently with different analogues of 4-vinyl-1-cyclohexene
(i.e. cyclohexene and vinylcyclohexane), the reactivity was
an amusing contrast. As listed in Table 2, the rate of forma-
tion of 1,2-epoxycyclohexane (entry 2) was found to be 9.8L
10�5 m s�1 which is comparable to that of monoepoxide 2
(entry 1). Interestingly, the initial rate to produce the termi-
nal epoxide (k=20.8L10�5 m s�1) from vinylcyclohexane
(entry 3) is two times faster than the reaction to form 1,2-
epoxycyclohexane (entry 2). By considering these kinetic re-
sults (Table 2, entries 1–3), the active Mn–oxo species gener-
ated in situ in the reaction mixture show better catalytic ac-
tivity in the epoxidation of terminal C=C double bonds;
nevertheless, they attack the sterically hindered dialkyl-sub-
stituted position in the diene 1 readily in the intramolecular


competition reaction. The reactivity and regioselectivity are
unambiguously different from the general findings with in-
ternal electron-rich alkenes, which gives exclusive privileges
in catalytic epoxidation processes.[11]


A similar observation was also found in the epoxidation
of aliphatic 1-nonene and its geometric isomers by using the
MnII catalyst. As shown in entries 4–6 (Table 2), the initial
rate of terminal 1,2-epoxynonane formation was found to be
15.8L10�5 m s�1 without any background epoxidation
(entry 4). The catalytic rate is considerably faster than the
oxidation of cis-3-nonene (entry 5) as the peracetic acid
itself reacts with the cis-isomer readily under MnII-free con-
ditions (k=4.9L10�5 m s�1). This is in good agreement with
the results of the cyclohexene and vinylcyclohexane oxida-
tions (entries 2 and 3) reported above. Generally, there is no
significant catalytic effect observed for the Mn catalyst on
the trans isomer (entry 6) probably due to the steric hin-
drance.
In the 1-nonene/cis-3-nonene intermolecular competition


experiment, the rate of the Mn-catalysed cis-3-nonene epox-
idation (k=10.3L10�5 m s�1) was maintained at a compara-
ble level in the reaction mixture; however, a remarkable
drop (�8 times) of 1-nonene epoxidation rate (k=1.6L
10�5 m s�1) was observed (entry 7). As the active Mn catalyst
shows a higher preference to attack cis-type alkenes with
electron-rich C=C double bonds, the epoxidation rate for 1-
nonene always lags behind cis-3-nonene for the first 20 min
of the competition reaction, according to the kinetic dia-
gram (Figure 6). A remarkable turning point appeared after
20 min, at which the rate of 1,2-epoxynonane formation
drastically increased five times to k=7.9L10�5 m s�1 (com-
pared with its initial rate k=1.6L10�5 m s�1), when almost
all the cis-3-nonene was consumed. This unpredictable ki-
netic behaviour in the competition experiment is consistent


Table 2. The kinetic studies of the Mn-catalysed epoxidation of alkenes
with peracetic acid as the oxidant in acetonitrile/water at 25 8C.[a]


Rate constant k,L10�5 m s�1


Entry Substrate with Mn catalyst No cata-
lyst


1[b] 4-vinyl-1-cyclohexene 10.1 (0.5[c] , 4.4[d]) 1.3
2 cyclohexene 9.8 2.7
3 vinylcyclohexane 20.8 0
4 1-nonene 15.8 0
5 cis-3-nonene 14.2 4.9
6 trans-3-nonene 2.8 2.3
7[e] 1-nonene versus cis-3-nonene 1.6 (7.9[f]), 10.3 0, 4.1
8[e] 1-nonene versus trans-3-nonene 1.9 (5.4[g]), 2.6 0, 1.7
9[e] cis-3-nonene versus trans-3-


nonene
13.5, 2.4 2.0, 1.5


[a] Reaction conditions for the kinetic studies: alkene substrates
(1 mmol) in of acetonitrile (4.8 mL), Mn ACHTUNGTRENNUNG(ClO4)2 salt (0.4 mol%),
NH4HCO3(aq) (600 mL, 0.5m), and peracetic acid (500 mL) at 25 8C; the in-
itial rates (k) were determined from the reaction profiles at low conver-
sion of substrates (<20%). [b] The initial rates of monoepoxide 2 forma-
tion were determined by using 0.5 mmol of substrate. [c] The rate of
diepoxide 4 formation before all diene 1 was completely converted.
[d] The rate of diepoxide 4 formation after all diene 1 was completely
converted. [e] Intermolecular competition experiments. [f] Reaction rate
after 20 min. [g] Reaction rate after 140 min.


Figure 6. The competition study of 1-nonene versus cis-3-nonene in the
Mn-catalysed epoxidation reactions in acetonitrile/water at 25 8C. 1-
Nonene (&), 1-nonene oxide (!), cis-3-nonene (N), and cis-3-nonene
oxide (*).
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with that observed in the intramolecular competition with 4-
vinyl-1-cyclohexene as the substrate (Figure 5). In both
cases, the epoxidation rates of terminal alkenes were found
to be much faster in the independent kinetic studies (en-
tries 2–5) even though the internal C=C double bonds
behave more competitively with the Mn catalyst (entries 1
and 7). Based on these kinetic results, the internal alkenes
seem not only to be competitors, but also to block the active
sites of the Mn catalyst for the attachment to the C=C
double bond of the terminal alkenes.
To account for this unusual reactivity of the Mn-catalysed


system, we postulate that the active species for the epoxida-
tion are high-valent Mn–oxo complexes with oxidation
states of +5 or even higher because most MnIV–oxo com-
plexes reported in the literature are generally not active in
the epoxidation of aliphatic terminal alkenes.[12] During the
competition reaction, the Mn–oxo oxygen atom transfers to
the alkenes through electrophilic attack of the C=C double
bond in which the effectiveness depends on the density of
the p electrons. As the dialkyl-substituted internal alkenes
(e.g. cis-3-nonene) donate more electrons to the C=C
double bond compared with the terminal alkenes (e.g. 1-
nonene), they are more susceptible to attack with the active
Mn–oxo species (Table 2, entries 1 and 7). However, the re-
activity showed an opposite trend in that the C=C double
bonds in the terminal alkenes were epoxidised faster in the
independent experiments (Table 2, entries 2–5). These find-
ings possibly indicate that the reaction rate is dependent on
the oxygen atom-transfer process.
In the kinetic studies of 1-nonene/cis-3-nonene intermo-


lecular competition (Figure 6), the catalytic epoxidation of
cis-3-nonene was dominant in the first 20 min with a net re-
action rate of 6.2L10�5 m s�1 due to its structural superiority
in competing for the Mn–oxo active sites. When over 85%
of the cis-3-nonene was consumed after 20 min, the epoxida-
tion rate of 1-nonene was getting faster remarkably with k=


7.9L10�5 m s�1 as the unusual competition from cis-3-nonene
decreased. In a rough estimation, the epoxidation rate of 1-
nonene was five times faster than its initial rate as well as
that of cis-3-nonene even if the peracetic acid concentration
was supposed to be much lower. When the reaction profiles
of 1-nonene epoxidation were followed in this competition
reaction, it was found, interestingly that the terminal al-
kenes were intrinsically less effective than the internal al-
kenes at coordination with the Mn–oxo species. However,
once the active sites were available, an enhanced epoxida-
tion rate was obtained. These results confirm that the
oxygen atom-transfer process is the rate-determining step
rather than the preference in binding to the Mn–oxo spe-
cies.
To get further justification, the 1-nonene/trans-3-nonene


intermolecular competition reaction was carried out under
similar conditions. trans-3-Nonene was used as a competitor
because it is a geometric isomer of 1-nonene with an inter-
nal C=C double bond and this trans-type double bond is
inert in the Mn-catalysed epoxidation system (Table 2,
entry 6). In Figure 7, the kinetic diagram indicates that 1-


nonene took almost 3 h for complete conversion, which is
almost four times longer than the reaction time used in the
1-nonene/cis-3-nonene system. Furthermore, it is noteworthy
that the turning point for the dramatic increment in the ep-
oxidation rate observed in the 1-nonene/cis-3-nonene com-
petition reaction at 20 min did not occur. This is attributed
to the suppression of trans-3-nonone by blocking the active
Mn–oxo from the coordination to 1-nonene because over
50% of the trans-alkene still remained in the reaction mix-
ture. It is also in good agreement with the results obtained
in all of the kinetic studies. After 140 min, the turning point
of the reaction clearly appeared when over 95% of trans-3-
nonene was consumed by background oxidation and mean-
while, the Mn–oxo active sites became available.
Referring to the kinetic results listed in Table 2, the Mn-


catalysed epoxidation reaction is found to be controlled by
two key steps; that is, binding of the substrate onto the
active Mn–oxo and transfer of the Mn–oxo oxygen atom to
the C=C double bond. The binding affinity is mainly deter-
mined by the nucleophilicity of alkene C=C double bonds
towards the active Mn–oxo species. Hence, the internal al-
kenes (e.g. cis-2-nonene and cyclohexene) showed a high
preference to react faster in the competition reaction. The
rate-determining step in this Mn-catalysed reaction was
proven to be the process of Mn–oxo oxygen atom transfer
and therefore, the terminal alkenes (e.g. 1-nonene and vinyl-
cyclohexane) gave higher epoxidation rates in the indepen-
ACHTUNGTRENNUNGdent experiments. In terms of the structural geometry
(Table 2, entries 5, 6 and 9), it also indicates that the Mn cat-
alyst is highly sensitive to steric hindrance because only the
terminal alkenes and cis-isomers are readily epoxidised in
the catalytic manner (for the kinetic diagrams of these ex-
periments, see Figures S6 and S7 in the Supporting Informa-
tion). To compare, these experimental results apparently
contrast with the reported Mn-based systems[4–8] and give a
clue that the active species, generated in situ in the reaction


Figure 7. The competition study of 1-nonene versus trans-3-nonene in the
Mn-catalysed epoxidation reactions in acetonitrile/water at 25 8C. 1-
Nonene (&), 1-nonene oxide (!), trans-3-nonene (N), and trans-3-
nonene oxide (*).
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media, are not simply just the ligated or solvated Mn–oxo
complexes because these complexes generally show no such
regioselective properties. By combining these interesting re-
sults, it is suggested that the active Mn–oxo species in the
catalytic epoxidation could be some complicated polymetal-
lic Mn–oxo clusters rather than simple solvent–Mn–oxo
complexes.
To obtain more concise information to confirm the exis-


tence of the polymetallic Mn–oxo clusters during the cataly-
sis, ES-IMS measurements were conducted on the reaction
mixture to look for the possible species. As expected, a
number of high molecular mass species with manganese bi-
or oligonuclear structures were detected by using positive-
ion mode. In the control experiments without addition of
peracetic acid or by using acetic acid instead under similar
conditions, no such molecular ions were observed in the ES-
IMS analysis and hence, these could be the fragments or
molecules of the active species.[13]


The detectable fragment ions are summarised and as-
signed based on their major isotopic peaks (see Table S1 in
Supporting Information for detailed assignments). The as-
signment was attributed by comparing the isotopic ratios of
the chlorine atoms in the spectrum with the calculated
values because the isotopic contribution made by carbon,
hydrogen, oxygen and manganese atoms is insignificant in
the fragment ions. Undoubtedly, the mass series in the spec-
trum are dominated by the chlorine isotopes with a 2 amu
difference in the same mass range. In all cases, the assign-
ment of different fragment/molecule ions was found to be in
excellent agreement with the simulation on the isotopic
ratios. One of the fragment/molecule ions is selected and
shown in Figure 8 as an example (see the Supporting Infor-
mation for more detectable Mn–oxo cluster species).


Based on the ESI-MS information, the active species were
depicted as high-valent polymetallic Mn–oxo complexes or
clusters with rigid and giant structures formed in situ under
the reaction conditions.[14] Through simple calculations, the
possible oxidation states of the Mn in the spectrum are esti-
mated to be +4, +5 and +6. In addition, mixed valence sys-
tems[15] with +4/+5 and +5/+6 are also found in the bi-


and trinuclear Mn fragment ions as listed in Table S1 in the
Supporting Information. However, the exact structures and
conformations of the active Mn–oxo species are not yet
completely resolved.
The oxidation states of the Mn components were also


monitored by EPR spectroscopy during the epoxidation re-
action. As shown in Figure 9, the initial solution containing
peracetic acid and 1-decene in acetonitrile (without MnII


species) gave no visible signal (line a). After the MnII salt


was added, a remarkable signal appeared with a six-line pat-
tern centred at around g=2 (line b), which is consistent
with high-spin MnII (S=5/2) species. When NH4HCO3(aq)


was injected all at once in the reaction mixture, this signal
rapidly diminished in amplitude in the first 2 s (line c) and
no new EPR signal was observed. On the basis of these pre-
liminary results, we are speculating that the active species
for the catalytic reaction could be in low spin state because
the species are EPR silent in the measurements.[16]


Manganese clusters are the well-known catalysts in photo-
system II and behave as the water-oxidising complexes in
plants. However, to the best of our knowledge, there are no
literature reports of their applications in the epoxidation of
terminal alkenes. The structure of the Mn catalyst in its
active state during the catalysis is not clear yet. Neverthe-
less, we are speculating that it might be the polymetallic
manganese clusters (Mn3, Mn4 or higher nuclearity) with
high-valent MnV-oxo for oxygen atom transfer in the epoxi-
dation reaction.[17] The oxygen-transfer process in the cataly-
sis presumably follows the concerted mechanism because
the Mn catalyst gave epoxides with high stereospecificity.
This is also consistent with the observations that both mono-
alkyl- and cis-alkenes are epoxidised much more efficiently
than trans-alkenes in the kinetic studies.


Figure 8. The mass spectrum of the [Mn3 ACHTUNGTRENNUNG(ClO4)13(O) ACHTUNGTRENNUNG(H2O)4]
+ fragment


ion observed in the ESI-MS measurements. The insert is the simulated
isotopic distribution based on theoretical calculation.


Figure 9. EPR spectra of the Mn-catalysed reaction mixture: a) Control
experiment without Mn ACHTUNGTRENNUNG(ClO4)2; b) experiment with MnACHTUNGTRENNUNG(ClO4)2; c) mea-
surement at t=2 s after addition of NH4HCO3(aq) ; d) measurement at t=
5 min after addition of NH4HCO3(aq). Experimental conditions: Mn-
ACHTUNGTRENNUNG(ClO4)2 (1.3 mm), 1-decene (42.7 mm), NH4HCO3(aq) (50 mm) and perace-
tic acid (9.6 equiv, 32 wt.%) in acetonitrile/water (9:1 v/v). EPR spectra:
9.4 GHz with 2 mW microwave power at 77 K.
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Safety note : Manganese perchlorate salt is potentially explo-
sive and should always be handled with appropriate care al-
though we have not experienced any problems in these ex-
periments.


Conclusion


A simple catalytic system for the epoxidation of aliphatic
terminal alkenes has been successfully developed by using
commercially available manganese(II) perchlorate salt as
the catalyst and peracetic acid as the oxidant. Based on the
ESI-MS and EPR spectroscopy results, the active intermedi-
ate formed in situ is proposed to be the high-valent oligonu-
clear manganese species, which were first applied in the ep-
oxidation of terminal alkenes as effective catalysts. A
number of terminal alkenes were found to be epoxidised ef-
ficiently (<40 min) on a gram-scale with excellent yields of
the isolated products (>90%). The kinetic studies revealed
that the Mn-catalysed system shows higher catalytic activity
towards the terminal alkenes. The catalytic rate of epoxida-
tion was found to decrease in the order of 1-nonene>cis-3-
nonene> trans-3-nonene, which is a consequence of the
giant structure of the Mn–oxo species. To have a better un-
derstanding of the nature of the active catalyst in this
system, work is ongoing to isolate and obtain the structures
of the Mn–oxo clusters, which may lead to a new class of
catalysts for alkene epoxidation.


Experimental Section


Materials : All the solvents were of analytical reagent grade and were
used without further purification. Alkenes and epoxides were obtained
from Aldrich or Acros Organic and were used as received unless other-
wise noted. The standard compounds 1,2,7,8-diepoxyoctane, 1,2,8,9-di-
ACHTUNGTRENNUNGepoxynonane, 1,2,9,10-diepoxydecane, 1-cyclohexyl-2,3-epoxypropane
and epoxyethylcyclohexane were synthesised and characterised following
the literature methods.[18] Transition-metal salts, peracetic acid (32 wt%
in dilute acetic acid), H2O2 (35 wt% solution in water), tert-butyl hydro-
peroxide (70 wt% in water), cumene hydroperoxide (88% in cumene)
and meta-chloroperoxybenzoic acid (purity �77%) were purchased from
Aldrich. The double-deionised water was purified by filtration through
an ion-exchange resin purification train (Millipore).


Instrumentation : A Hewlett–Packard 8900 GCMS equipped with EC-1
or EC-WAX columns (Alltech Associates, Inc.) was used for yield deter-
mination and identification. 1H and 13C NMR spectra were recorded on a
Bruker DPX-400 MHz NMR spectrometer. Tetradecane was used as an
internal standard in the quantitative GCMS measurements. EPR spectra
(77 K) were recorded at the X-band (9.4 GHz microwave frequency),
2 mW power and 25G modulation amplitude on a Bruker EMX EPR
spectrometer. Samples were placed in a 5 mm quartz tube and frozen in
liquid N2 before spectral measurement. ESI-MS analysis was carried out
by using a VG Micromass 7070F Mass Spectrometer.


General procedures for gram-scale catalytic epoxidation of terminal al-
kenes : Alkene (7 mmol), acetonitrile (34 mL), NH4HCO3(aq) (4.2 mL,
0.5m in water) and Mn ACHTUNGTRENNUNG(ClO4)2 (1.4 mL, 0.4 mol%, 0.02m in acetonitrile)
were added to a 100 mL round-bottomed flask equipped with a magnetic
stirrer. After the flask was sealed with a rubber septum, peracetic acid
(3.4 mL, 32 wt.% in dilute acetic acid) was added dropwise by using a sy-
ringe over 5 minutes. The reaction mixture was then vigorously stirred
for another 45 min. CAUTION! The reaction is highly exothermic if per-


acetic acid is added too quickly. The epoxide product was extracted into
pentane (3L40 mL), washed with 1m NaHCO3(aq) and dried over sodium
sulfate. The organic solvent was removed under vacuum by rotary evapo-
rator. The crude product was purified by a silica gel column with di-
chloromethane as the eluent to give the desired epoxides as a colourless
liquid. The epoxides were characterised by GCMS and 1H NMR spec-
trum, and compared with the known compounds.


Epoxidation of 1,7-octadiene : Following the general procedure with 1,7-
octadiene (0.5 mmol), Mn ACHTUNGTRENNUNG(ClO4)2 salt (0.64 mol%, 100 mL, 0.02m in ace-
tonitrile), peracetic acid (500 mL, 4.8 equiv), NH4HCO3(aq) (600 mL, 0.5m


in water) in acetonitrile (4.8 mL) gave 1,2,7,8-diepoxyoctane (62%
yield). 1H NMR (400 MHz, CDCl3): d=2.84 (m, 2H), 2.68 (dd, 2H), 2.39
(dd, 2H), 1.52–1.37 ppm (m, 8H); GCMS: m/z : 142.


Epoxidation of 1,8-nonadiene : Following the general procedure with 1,8-
nonadiene (0.5 mmol), Mn ACHTUNGTRENNUNG(ClO4)2 salt (0.64 mol%, 100 mL of 0.02m ace-
tonitrile), peracetic acid (500 mL, 4.8 equiv), NH4HCO3(aq) (600 mL, 0.5m)
in acetonitrile (4.8 mL) gave 1,2,8,9-diepoxynonane (88% yield).
1H NMR (400 MHz, CDCl3): d=2.85 (m, 2H), 2.69 (dd, 2H), 2.41 (dd,
2H), 1.52–1.32 ppm (m, 10H); GCMS: m/z : 156.


Epoxidation of 1,9-decadiene : Following the general procedure with 1,9-
decadiene (0.5 mmol), MnACHTUNGTRENNUNG(ClO4)2 salt (0.64 mol%, 100 mL of 0.02m in
CH3CN), peracetic acid (500 mL, 4.8 equiv) and 0.5m NH4HCO3(aq)


(600 mL) in acetonitrile (4.8 mL) gave 1,2,9,10-di ACHTUNGTRENNUNGepoxydecane (90%
yield). 1H NMR (400 MHz, CDCl3): d=2.86 (m, 2H), 2.71 (dd, 2H), 2.41
(dd, 2H), 1.52–1.32 ppm (m, 8H); GCMS: m/z : 170.


Epoxidation of allylcyclohexane : Following the general procedure gave
1-cyclohexyl-2,3-epoxypropane (88% yield). 1H NMR (400 MHz,
CDCl3): d=2.92 (m, 1H), 2.73 (dd, 1H), 2.41 (dd, 1H), 1.75–1.66 (m,
6H), 1.42–1.22 (m, 5H), 1.12–0.83 ppm (m, 2H); GCMS: m/z : 140.


Epoxidation of vinylcyclohexane : Following the general procedure gave
epoxyethylcyclohexane (85% yield). 1H NMR (400 MHz, CDCl3): d=


2.69 (m, 2H), 2.49 (dd, 1H), 1.86 (d, 1H), 1.73–1.63 (m, 4H), 1.22–
1.07 ppm (m, 6H); GCMS: m/z : 126.


Conditions for kinetic and competition experiments : The activity and se-
lectivity of the catalytic system were determined by performing kinetic
experiments in a thermostatted bath at 25 8C. The experiments were typi-
cally conducted with the MnII salt (0.4 mol%) in a 10 mL round-bot-
tomed flask equipped with stirrer bar. Alkene substrates (1 mmol) in ace-
tonitrile (4.8 mL), Mn ACHTUNGTRENNUNG(ClO4)2 salt (0.32 mol%), NH4HCO3(aq) (600 mL,
0.5m) and peracetic acid (500 mL, 32 wt%) were added to the flask. The
reaction mixture was stirred vigorously. At regular time intervals, 50 mL
of the reaction mixture was withdrawn and diluted with pentane to 5 mL
in a volumetric flask. The sample was then analysed by GCMS with tetra-
decane as the internal standard.


Conditions for ESI-MS analysis of the Mn–oxo cluster : The sample for
ESI-MS analysis was prepared in an ice bath at 0 8C. In a 5 mL round-
bottomed flask, Mn ACHTUNGTRENNUNG(ClO4)2 (0.02m) acetonitrile (100 mL) was added into
acetonitrile (2.4 mL) containing 0.5m NH4HCO3(aq) (300 mL) and perace-
tic acid (250 mL). The resulting mixture was stirred for 1 min and then
kept in a freezer at �25 8C for another 12 h. The resulting solution was
directly examined by ESI-MS without further dilution.
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Introduction


Polyisobutenes (PIBs) have numerous industrial applica-
tions: for example, as a chewing gum base and as rubbers,
sealants, lubricants, and oil additives.
Lubricating oils and additives for lubricants, gasoline, and


diesel fuel are by far the largest end-use markets for PIB.
This segment represents 75–80% of the PIB market. All of


the PIB consumed in these mineral oil applications, howev-
er, is low molecular weight PIB (LM-PIB). The largest prod-
uct category in the lubricating oil additive sector is disper-
sants/detergents. Almost all dispersant products are based
on PIB polymers, their succinic anhydrides (PIBSAs) and
succinimides (PIBSIs), and other chemical derivatives. Dis-
persants made from PIB and its derivatives in engine oils
used for passenger cars and heavy-duty trucks protect the
engine in many ways: for suspension of oil contaminants
(by-products of combustion and debris from wear); to
reduce friction and hence increase fuel economy; to protect
from corrosion; and to emulsify water accumulating in the
oil phase.
When used as a gasoline and diesel additive, these prod-


ucts act as detergents and keep injection systems clean. In
addition to their application as intermediates for lubricating
oil and fuel additives, PIBs can be used as stand-alone lubri-
cants or predominantly as components of formulated lubri-
cant packages. Lubricating oils usually consist of base oils,
additives, and diluents, with PIBs added as a thickening
agent as well as to increase lubricity, to control deposits, to
reduce exhaust smoke, to control exhaust system blocking,
and to enhance anti-scuffing protection.
More fuel-efficient operation of cars and trucks is made


possible by using these products. Oil change intervals are
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longer and thus both the consumption of engine oil and the
repair cycles of engines are reduced. In addition, with the
increasing need to reduce exhaust gases (NOx) and fine dust
particles in the diesel fumes as well as to use a greater pro-
portion of biofuels, highly efficient additives with even
better performance become more essential. Whereas LM-
PIB-based materials are already being considered the most
suitable products for these applications in general, highly re-
active PIB (HR-PIB) is expected to gain a greater market
share at the expense of conventional LM-PIB worldwide.
Market prognoses clearly indicate that the production of
PIB and PIB derivatives will increase in the coming years
and higher quality products based on HR-PIB will be
needed. The highly reactive polyisobutenes have low molec-
ular weights (0.3–3 kgmol�1). This group of PIBs usually
contains over 60% of terminal (exo) C=C double bonds.[1–3]


So far the majority of LM-PIB is produced by the conven-
tional cationic polymerization process using a large excess
of AlCl3 as catalyst, which leads to huge amounts of chlorine
containing solid waste as well as thousands of tons of chlor-
ine containing wastewater. On the other hand, the low-tem-
perature HR-PIB process (at �20 8C) requires cooling, with
considerable energy consumption.
Manganese(II) complexes, namely [Mn ACHTUNGTRENNUNG(NCCH3)6]-


[BACHTUNGTRENNUNG(C6F5)4]2, [Mn ACHTUNGTRENNUNG(NCCH3)6]ACHTUNGTRENNUNG[(C6F5)3B�C3H3N2�B ACHTUNGTRENNUNG(C6F5)3]2,
and [Mn ACHTUNGTRENNUNG(NCCH3)6][B ACHTUNGTRENNUNG{C6H3ACHTUNGTRENNUNG(m-CF3)2}4]2, have recently been
applied successfully as catalysts for the ACHTUNGTRENNUNGhomopolymerization
of 2-methylpropene.[4,5] Howev-
er, we have found that use of
manganese(II) complexes in the
homopolymerization of isobu-
tene is not an isolated case of a
transition metal(II) complex
being active as a catalyst in 2-
methylpropene polymerization.
Our group has synthesized new catalytic copper(II) com-
plexes which can provide catalysts with a significantly better
performance and make it possible to use more environmen-
tally benign nonchlorinated solvents. The more active cop-
per(II) catalysts, allowing elimination of chlorinated solvents
and the possibility of room-temperature polymerizations,
seem in principle to be very promising alternatives for in-
dustrial applications. In this paper, which follows a prelimi-
nary communication,[6] we describe a detailed study of these
catalysts.


Results and Discussion


Synthesis and characterization : The general formula of the
copper(II) complexes synthesized is [Cu ACHTUNGTRENNUNG(NC�R)6][A]2, with
R=Me (1), benzyl (Bn) (2), or Et (3)
The three different weakly coordinating anions [A]� (a–c)


in compounds 1–3 are as shown. Due to the insolubility of
the compounds with anion c in all the solvents applied, only
compounds 2a,b and 3a,b were fully characterized and ex-
amined in this study.


Anions a and b were prepared according to Scheme 1;
anion c was synthesized by literature procedures[7] and then
transferred to the respective silver salt as in the case of the
anions a and b.


Compounds 1a–c were synthesized by reaction of water-
free copper(II) chloride with the silver salts of the corre-
sponding anions in acetonitrile (anion exchange). Com-
pounds 2a and 3a, 2b and 3b were synthesized according to
Equation (1), with R=Bn (2) and R=Et (3).


2 ½AgðNCCH3Þn�½A� þ CuCl2þ6NCR
CH2Cl2


RT
���!


½CuðNCRÞ6�½A�2 þ 2AgCl
ð1Þ


Complexes 1–3 were stored at �35 8C under an argon at-
mosphere to prevent decomposition and oxidation over long
storage periods. When exposed to air at room temperature
(25 8C), there was no detectable decomposition (elemental
analysis) after 30 min for 1 and 3. However, 2 was less
stable than the other two compounds (decomposition was
not detected for only about 5 min in the laboratory atmos-
phere) and more sensitive to trace amounts of water in the
solvent or moist air (laboratory atmosphere), which may
due to weaker coordination of the benzonitrile ligands to
the metal center.


Scheme 1. Preparation of anions a and b. 1) Et2O at �78 8C, 30 min; 2) BCl3, Et2O at �78 8C, 30 min; 3) satu-
rated KCl solution in water at RT, 2 h; 4) AgNO3, CH3CN/Et2O at RT in darkness, 1 h; R’=pentafluoroben-
zene bromide or 3,5-bis(trifluoromethyl)bromobenzene.
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Spectroscopic analysis : Compounds 1a–c, 2a,b, and 3a,b are
paramagnetic as their BF4


� congeners and were character-
ized by IR spectroscopy, EPR spectroscopy, thermogravime-
try, and elemental analysis. The infrared (IR) spectra of the
complexes, recorded in a KBr matrix, exhibited two sharp
ñ(CN) absorptions of medium intensity (assigned to the fun-
damental ñ2(CN) stretching mode and a combination mode
(ñ3+ ñ4))


[8] at 2317 and 2340 cm�1 (1a), 2303 and 2332 cm�1


(1b), and 2284 and 2313 cm�1 (1c). The higher energy of
both observed vibrations in comparison to those of free ace-
tonitrile (ñ(CN)=2253 and 2293 cm�1) is caused by s dona-
tion of electron density from the lone pair of the nitrogen,
which has some anti bonding character.[8,9] Furthermore, a
third, weaker absorption can be found for complexes 1a–c
at 2279, 2271, and 2263 cm�1 respectively. This three-peak
absorption pattern had also been observed for the complex
(Cr ACHTUNGTRENNUNG(NCCH3)6ACHTUNGTRENNUNG((tfpb(2


[8] (tfpb=tetrakis ACHTUNGTRENNUNG(3,5-bis[trifluorome-
thyl]phenyl)borate). This absorption has been assigned to
the presence of two slightly more weakly coordinating
“axial” CH3CN ligands (relative to the four other, “equato-
rial”, CH3CN molecules). This is consistent in principle with
a hexacoordinated metal center as found, for example, by
X-ray crystal analysis of compound 1a.[6]


Similar shifts of absorption bands are observed for the
complexes 2a and 2b ; the two sharp ñ(CN) peaks occurring
at 2287, 2255 cm�1 (2a) and 2285, 2254 cm�1 (2b) have a
higher energy level than the free benzonitrile (ñ(CN)=


2178, 2219 cm�1). For complexes 3a and 3b, the two sharp
ñ(CN) peaks are shifted to 2319, 2287 cm�1 and 2313,
2279 cm�1 respectively, as compared to the higher energy
levels for free propionitrile (ñ(CN)=2243, 2298 cm�1). No
other related peaks are observed for complexes 2a,b and
3a,b, however; either the absorption band signals might be
too weak for observation or the difference between “axial”
and “equatorial” ligands is less pronounced (see below).
The EPR spectra of the copper complexes [Cu ACHTUNGTRENNUNG(NC�R)6]


[A]2, 1–3, are typical of copper(II) systems (3d9, S=1/2) in
the distorted octahedral coordination (tetragonal elonga-
tion) expected because of the so-called Jahn–Teller effect.
The copper(II) compounds can be described by an axially
symmetric spin Hamiltonian in accordance with the symme-
try of the molecule (see the crystal structure). The 63,65Cu
hyperfine splitting (quartet of lines) due to the interaction
of the unpaired electron with the nuclear spins of 63Cu and
65Cu (I=3/2, natural abundance �69 and 31% respectively,
isotopic splitting not resolved) is resolved only for the paral-
lel part of the EPR spectra of frozen solutions. The g values
(see Table 1) and hyperfine coupling constants Ak ACHTUNGTRENNUNG(


63,65Cu)
are identical within experimental error for all counter
anions, but they vary for the three different nitrile ligands.
The spectral parameters, in particular the extraordinarily
large g anisotropy, reflect the strong tetragonal distortion
(elongation) of the pseudo-octahedral coordination environ-
ment. This tetragonal distortion is more pronounced for
complex 1 (acetonitrile), indicating that this complex is even
more distorted than the benzonitrile (2) and propionitrile


(3) systems. The clear relationship gk@g?>2.0 indicates a
dACHTUNGTRENNUNG(x2�y2) ground state for the unpaired electron.[10–12]


Thermogravimetric analysis : Complexes 1a–c, 2a,b, and
3a,b were subjected to thermogravimetric analysis with in-
creasing temperatures from room temperature to 800 8C at
10 8Cmin�1 (Figures 1 and 2). In general, they start to de-
compose above 100 8C, and at 800 8C only approximately
10–15% of their original weight remains.
The first onset of decomposition of 1a occurs at 167 8C,


associated with a mass loss of around 14%; this corresponds
to the loss of all six acetonitrile ligands, which comprise
14.7% of the total mass of 1a. The second and final decom-


Table 1. EPR parameters[a] of the copper complexes [Cu ACHTUNGTRENNUNG(NCR)6][A]2,
1a–3c, obtained by simulation of the spectra using an axially symmetric
spin Hamiltonian (second-order perturbation theory).


Complex gk g? gav Ak (
63,65Cu)


[S10�4 cm�1]


1a–c 2.405 2.085 2.192 146
2a,b 2.384 2.082 2.183 150
3a,b 2.365 2.088 2.180 149


[a] Experimental errors: g=�0.002, A=�3S10�4 cm�1;
gav= (2gk+g? )/3


Figure 1. TG curves of complexes 1a, 1b, and 1c, heated at 10 8C min�1.


Figure 2. TG curves of complexes 2a, 2b, 3a, and 3b, heated at
10 8C min�1.
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position step starts at 235 8C and corresponds to a loss of
about 65% of the original mass. Since K[B ACHTUNGTRENNUNG(C6F5)] shows a
mass loss of 50% starting at approximately the same tem-
perature, it can be argued that this decomposition step ac-
counts for anion fragmentation. Among 1a–c, 1b exhibits
the lowest thermal stability. The first decomposition step
occurs at 89 8C and accounts for a mass loss of approximate-
ly 38%, in accord with the loss of all acetonitrile ligands
(12%) and additional anion fragmentation. Complex 1c
shows the most complicated decomposition pattern among
the three, probably due to its much more sophisticated
counter anion. Its first decomposition step (18%) can also
be assigned to the loss of all acetonitriles (9.8%) and addi-
tional anion decomposition. More detailed information is
listed in Table 2.


The degradation patterns of 2a,b and 3a,b are similar to
those of 1a and 1b, except that 3a and 3b are less stable
than their benzonitrile congeners. However, the curves of
2a,b and 3a,b do not display very pronounced decomposi-
tion steps. More detailed information is listed in Table 3.


Polymerization of 2-methylpropene with CuII-based catalysts


Comparison of [Cu ACHTUNGTRENNUNG(NCCH3)6]
2+ and [MnACHTUNGTRENNUNG(NCCH3)6]


2+ com-
plexes : To elaborate on the performance of copper(II) com-
plexes in the polymerization of 2-methylpropene, compari-
son with the manganese(II) complexes[4,5] is necessary. In
general, significant enhancement by copper(II) complexes
of the rate of 2-methylpropene polymerization is associated
with better polydispersity index (PDI) values and lower mo-
lecular weights. The most active catalyst is 1b, which can
achieve 2-methylpropene conversion of up to 78% within
30 min (Table 4, entry 2). The low conversion obtained with
1c is most probably owed to its very low solubility in all the


solvents applied. The performance of the complexes 1a–c
and their Mn congeners is compared in detail in Table 4.


Performance in nonchlorinated
solvents : Dichloromethane/
hexane solvent mixtures were
used in 2-methylpropene poly-
merization with 1a–c as cata-
lysts. With 1a excellent conver-
sions (�80%) can still be ob-
tained when the proportion of
n-hexane reaches 80 vol% in
the mixture; but with 1b as the
catalyst, the conversion is al-


ready down to 35% when only 20 vol% of n-hexane is used
(Figure 3).
In dichloromethane/toluene solvent mixtures, 1a performs


even better (Figure 4): it is able to work in pure toluene and
the 2-methylpropene conversion obtained (�90%) is higher


than in dichloromethane; more-
over, the exo terminal double
bonds ratio is excellent (
�85%) and the PDI is 1.9,
which is impossible in the case
of conventional Lewis acid cat-
alysts.[11] The application of
nonchlorinated solvents at
room temperature has a signifi-


Table 2. TG analysis of complexes 1a–c.


Complex 1st


Tonset
[8C]


Wt.
loss
[%]


2nd


Tonset
[8C]


Wt.
loss
[%]


3rd


Tonset
[8C]


Wt.
loss
[%]


4th


Tonset
[8C]


Wt.
loss
[%]


5th


Tonset
[8C]


Wt.
loss
[%]


Total
loss
[%]


1a 167.8 13.9 235.3 65.2 – – – – – – 87.2
1b 88.9 37.8 165.2 48.1 – – – – – – 90.1
1c 106.6 18.4 161.4 17.5 179.1 7.4 257.2 9.1 344.8 14.8 83.5


Table 3. TG analysis of complexes 2a, 2b, 3a, and 3b.


Complex 1st Tonset
[8C]


Wt. loss
[%]


2nd Tonset
[8C]


Wt. loss
[%]


3rd Tonset
[8C]


Wt. loss
[%]


4th Tonset
[8C]


Wt. loss
[%]


Total
loss[%]


2a 160.9 12.5 196.9 35.5 246.0 34.4 383.5 5.0 85.5
2b 114.1 14.0 187.4 56.3 235.5 11.7 – – 85.8
3a 148.8 19.5 226.3 65.3 – – – – 92.0
3b 112.9 12.8 175.0 55.3 268.6 12.4 – – 85.0


Table 4. Influence of the central metal atom on 2-methylpropene poly-
merization in dichloromethane with [IB]=1.76 molL�1, T=30 8C.


Complex Time
[h]


Ccat


[10�4 molL�1]
Conversion
[%]


Mn


[gmol�1]
PDI


1a 0.5 1.0 40 1700 1.4
1b 0.5 1.0 78 1400 1.4
1c 0.5 6.0 3 2000 1.4
a[a] 16 2.5 6.8 7843 1.7
b[a] 9 2.5 16.9 9023 1.7
c[a] 16 2.5 17.5 6133 1.7


[a] Complexes a–c are the manganese congeners of complexes 1a–c.
Data from ref. [4]


Figure 3. Performance of compounds 1a (dark gray) and 1b (pale gray)
in a dichloromethane/n-hexane solvent. Water content 4 ppm; 2-methyl-
propene 1.76 molL�1; T=30 8C; polymerization time 28 h; ccat=
0.0001 molL�1.


www.chemeurj.org L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7997 – 80038000


F. E. KAhn, O. Nuyken et al.



www.chemeurj.org





cant advantage over the manganese(II) systems as a more
environmentally friendly process results.


Performance of benzonitrile-ligated complexes: In the search
for better catalyst performance, acetonitrile was replaced by
benzonitrile and propionitrile. The new complexes (2a,b–
3a,b) were also tested for the homopolymerization of 2-
methylpropene. It was observed that 2b, 3a, and 3b did not
produce any polymerization of 2-methylpropene in toluene
at room temperature. Although 0.5S10�4 molL�1 of each
complex and 1.78 molL�1 of 2-methylpropene were used,
the three complexes did not display any catalytic activity
even after 20 h of reaction.
However, with 0.5S


10�4 molL�1 of 2a, a conversion
of 80% and a PDI of 1.4 could
be obtained within 30 min
(Table 5, entry 2), which is su-
perior to even the best results
obtained previously from 1b in
dichloromethane (Table 4,
entry 2). This result might be
ascribed to the better solubility
of this complex in toluene and
the lower coordinating ability
of benzonitrile ligands than
those of its acetonitrile
ACHTUNGTRENNUNGcongeners.
Additionally, as shown in


Table 5, with 2a the polymeri-
zation conversion reached 73%
within 15min, with a reasonably
high ratio of exo terminal
double bonds (�76%). The
significant reduction in the
ratio of exo terminal double
bonds when the reaction time
increases (Table 5, entries 1–3)
might be attributed to a double


bond isomerization (Scheme 2) catalyzed by 2a. Interesting-
ly, the pace of the isomerization increases faster than that of
the catalytic polymerization. This observation was confirmed
when the ratio of terminal exo double bonds increased as
the concentration of the catalyst 2a decreased (Table 5,
ACHTUNGTRENNUNGentries 3–5).


Influence of water : When the water content of the solvent is
halved from �7 to 3.5 ppm, the reaction conversion is not
influenced significantly for 1b (the most active among the
compounds examined) under the given conditions (dichloro-
methane, 30 8C). However, the average molecular weight in-
creases from 1400 to 3800 gmol�1 and the PDI rises from 1.4
to 1.8, with the same catalyst concentration. As its content is
increased the effect of water on the conversions becomes
more pronounced, and when it is present in more than a 10-
fold excess with respect to the catalyst a significant negative
effect on the conversions can be observed. As the water


Figure 4. Performance of compounds 1a (dark gray) and 1b (pale gray)
in a dichloromethane/toluene solvent. Water content 4 ppm; 2-methyl-
propene 1.76 molL�1; T=30 8C; polymerization time 28 h; ccat=
0.0001 molL�1.


Table 5. Influence of polymerization time and catalyst concentrations on
conversion and terminal carbon double bond content with complex 2a.


Time
[h]


Ccat


[10�4 molL�1]
Conversion
[%]


Mn


[gmol�1]
PDI
ACHTUNGTRENNUNG[Mw/
Mn]


Exo C=C
content
[%]


0.25 0.5 73 600 1.3 76
0.5 0.5 80 600 1.4 52
1 0.5 81 600 1.5 47
1 0.25 78 500 1.4 69
1 0.0625 37 900 1.5 82


cisobutene=1.78 molL�1; solvent toluene; T=30 8C; for exo-double bond
calculations, see the Experimental Section and ref. [5a,c].


Scheme 2. Double bond isomerization of polyisobutene according to Puskas et al.[14]
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concentration rises higher the conversion diminishes further
until finally the polymerization process ceases completely.
A similar observation was made for 1a (Figure 5). The


effect on the conversion is minimal until a 10-fold excess of
water is present. The conversion decreases drastically to


30% when a 100-fold excess of water is added. This obser-
vation implies—as in the case of manganese(II) catalysts[4]—
that the copper(II) complexes can tolerate quite large
amounts of water, up to 10-fold excesses in comparison to
the amount of catalyst applied. For the manganese(II) com-
pounds it was found that two water molecules replace two
trans-acetonitrile ligands if a large excess of water (@10-
fold) is present; this new complex is catalytically inactive.[4]


It can be assumed that a similar reaction takes place in the
case of copper(II) catalysts.


Conclusion


ACHTUNGTRENNUNG[CuII ACHTUNGTRENNUNG(NCR)6]
2+ ions (R=Me, Bn, Et), associated with


weakly coordinating anions, are more active as catalysts
than the manganese(II) congeners for synthesis of highly re-
active polyisobutenes at room temperature. The best results
can be obtained with 1a and 1b, both of which can work in
pure toluene; the isobutene conversions obtained are be-
tween 73% to 92%, and the exo terminal double bond
ratios are excellent (�76–85%). With benzonitrile ligands,
1b can even reduce the reaction time from 28 h (needed for
Mn complexes) to 15 min. This is very advantageous com-
pared to the manganese(II) system applied previously. Only
very recently have we found that certain molybdenum ACHTUNGTRENNUNG(III)
complexes show a comparably high activity and solubility in
nonpolar solvents.[13] Further work on immobilization of the
most active catalysts, searching for more reactive metals,
and tailoring weakly coordinating anions for better solubility
and thermal stability is currently under way in our laborato-
ries, together with mechanistic studies.


Experimental Section


Synthesis and characterization : All preparations and manipulations were
carried out under an argon atmosphere using standard Schlenk tech-
niques and all the solvents were dried by standard procedures. Unless
otherwise stated, all the chemicals were used as received from Aldrich.
IR was recorded by using a Perkin–Elmer FT-IR spectrometer using KBr
pellets as matrix. EPR spectra were recorded by means of a JEOL JES-
RE2X at X-band frequency (n�9.05 GHz, microwave power 2 mW, mod-
ulation frequency 100 kHz). Elemental analyses were carried out at the
Mikroanalytisches Labor of TU MAnchen. Thermogravimetric analysis
(TGA) studies were performed by using a Mettler TA 3000 system at a
heating rate of 10 Kmin�1 under a static air atmosphere.


General procedure for the synthesis of 1a, 1b, and 1c : endo-CuCl2 (0.13–
1.3 mmol) was added to a dry solution of the silver salt (0.22–2.14 mmol)
in acetonitrile (20 mL). The resulting mixture was stirred for 2 h in dark-
ness. After filtration the solvent was removed under high vacuum, afford-
ing the crude product, which was redissolved in dry dichloromethane
(10 mL). The small amount of precipitate was removed by filtration and
the solvent was removed under high vacuum to afford the desired prod-
uct as a green solid.


[Cu ACHTUNGTRENNUNG(NCCH3)6][B ACHTUNGTRENNUNG(C6F5)4]2 (1a): Preparation as described above, with
CuCl2 (175.0 mg, 1.3 mmol), [Ag ACHTUNGTRENNUNG(NCCH3)4][BACHTUNGTRENNUNG(C6F5)4] (1.94 g,
2.14 mmol). Yield: 1.37 g (80%); selected IR (KBr): ñCN=2279,
2317 cm�1; elemental analysis calcd (%) for C60H18CuB2F40N6 (1667.974):
C 43.41, H 1.08, N 5.02; found: C 42.98, H 1.22, N 5.09.


[Cu ACHTUNGTRENNUNG(NCCH3)6][B ACHTUNGTRENNUNG{C6H3 ACHTUNGTRENNUNG(m-CF3)2}4]2 (1b): Preparation as described above,
with CuCl2 (115.0 mg, 0.85 mmol), [Ag ACHTUNGTRENNUNG(NCCH3)2][B ACHTUNGTRENNUNG{C6H3 ACHTUNGTRENNUNG(m-CF3)2}4]
(2.21 g, 2.14 mmol). Yield: 1.32 g (79%); selected IR (KBr): ñCN=2303,
2332 cm�1; elemental analysis calcd (%) for C76H42CuB2F48N6 (2036.326):
C 44.83, H 2.08, N 4.13; found: C 44.63, H 2.13, N 4.01.


[Cu ACHTUNGTRENNUNG(NCCH3)6] ACHTUNGTRENNUNG[(C6F5)3B�C3H3N2�B ACHTUNGTRENNUNG(C6F5)3]2 (1c): Preparation as de-
scribed above, with CuCl2 (17.8 mg, 0.13 mmol), [Ag ACHTUNGTRENNUNG(NCCH3)2] ACHTUNGTRENNUNG[(C6F5)3B-
C3H3N2-B ACHTUNGTRENNUNG(C6F5)3] (0.30 g, 0.22 mmol). Yield: 0.23 g (85%); selected IR
(KBr): ñCN=2284, 2313 cm�1; elemental analysis calcd (%) for
C90H24CuB4F60N10 (2491.982): C 43.38, H 0.97, N 5.62; found: C 43.35, H
1.26, N 6.11.


General procedure for the synthesis of 2a,b and 3a,b : endo-CuCl2 (0.13–
1.3 mmol) was added to a dry solution of the silver salt (0.22–2.14 mmol)
in dichloromethane (10 mL). Then dry benzonitrile or dry propionitrile
(30 equiv relative to the calculated amount of CuCl2) was added. The re-
sulting mixture was stirred for 8 h in darkness. After filtration the volatile
component was removed under high vacuum, affording the product as a
green solid.


[Cu ACHTUNGTRENNUNG(NCC6H5)6][B ACHTUNGTRENNUNG(C6F5)4]2 ACHTUNGTRENNUNG(2a): Preparation as described above, with
CuCl2 (17.8 mg, 0.132 mmol), [Ag ACHTUNGTRENNUNG(NCCH3)4][BACHTUNGTRENNUNG(C6F5)4] (200 mg,
0.22 mmol), benzonitrile (0.22 mL, 3.3 mmol). Yield: 167 mg (75%); se-
lected IR (KBr): ñ(CN)=2287, 2255 cm�1; elemental analysis calcd (%)
for CuC90H30N6B2F40 (2040.37): C 52.9, H 1.48, N 4.12; found C 51.80, H
1.58, N 4.28.


[Cu ACHTUNGTRENNUNG(NCC6H5)6][B ACHTUNGTRENNUNG{C6H3 ACHTUNGTRENNUNG(m-CF3)2}4]2 ACHTUNGTRENNUNG(2b): Preparation as described
above, with CuCl2 (15.7 mg, 0.116 mmol), [Ag ACHTUNGTRENNUNG(NCCH3)2][B ACHTUNGTRENNUNG{C6H3 ACHTUNGTRENNUNG(m-
CF3)2}4] (200 mg, 0.19 mmol), benzonitrile (0.19 mL, 2.9 mmol). Yield:
171 mg (73%); selected IR (KBr): ñ(CN)=2285, 2254 cm�1; elemental
analysis calcd (%) for CuC106H55N6B2F48 (2408.722): C 52.85, H 2.26, N
3.49; found C 51.63, H 2.71, N 4.02.


[Cu ACHTUNGTRENNUNG(NCC2H5)6][B ACHTUNGTRENNUNG(C6F5)4]2 ACHTUNGTRENNUNG(3a): Preparation as described above, with-
CuCl2 (17.8 mg, 0.132 mmol), [Ag ACHTUNGTRENNUNG(NCCH3)4][BACHTUNGTRENNUNG(C6F5)4] (200 mg,
0.22 mmol), propionitrile (0.24 mL, 3.3 mmol). Yield: 180 mg (82%); se-
lected IR (KBr): ñ(CN)=2319, 2287 cm�1; elemental analysis calcd (%)
for CuC66H30N6B2F40 (1752.13): C 45.24, H 1.72, N 4.29; found C 44.10, H
2.02, N 5.00.


[Cu ACHTUNGTRENNUNG(NCC2H5)6][B ACHTUNGTRENNUNG{C6H3 ACHTUNGTRENNUNG(m-CF3)2}4]2 (3b): CuCL2 (15.7 mg, 0.116 mmol),
[Ag ACHTUNGTRENNUNG(NCCH3)2][B ACHTUNGTRENNUNG{C6H3 ACHTUNGTRENNUNG(m-CF3)2}4] (200 mg, 0.19 mmol), propionitrile
(0.21 mL, 2.9 mmol); Yield 193 mg (84%). Selected IR (KBr) ñ(CN),
2313, 2279 cm�1; elemental analysis calcd (%) for CuC82H54N6B2F48
(2120.482) C 46.44, H 2.57, N 3.96; found C 45.70, H 2.60, N 4.36.


Figure 5. Effects of water on the conversion of isobutene to poly(isobu-
tene) (catalyst 1a ; solvent CH2Cl2; c2-methylbutene 1.76 molL


�1; T=30 8C; re-
action time 2 h; ccat=1.0S10


�4 molL�1).
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Polymerization reactions


Polymerization of 2-methylpropene : For higher screening efficiency, 2-
methylpropene was homopolymerized in pressure tubes using a dry box.
A maximum of 12 tubes were prepared at the same time. Each tube was
filled with dry dichloromethane (20 mL) at �40 8C and the catalyst was
added (ccat=0.5S10


�4 molL�1). Various amounts of 2-methylpropene,
which had been condensed into a separate tube previously, were added.
The pressure tubes were sealed and removed quickly from the dry box.
The polymerization was performed in a water bath mounted on a mag-
netic stirring plate; a temperature accuracy of �0.1 8C could be obtained.


The polymerization was stopped with methanol (5 mL) and 2,2’-methyl-
ACHTUNGTRENNUNGenebis(4-methyl-6-di-tert-butyl)phenol (0.2 g) was added to prevent oxi-
dation. The solvents were removed in an oil-pump vacuum and the re-
maining polymer was dried to constant weight in high vacuum at 30 8C.
The polymeric products were stored under an inert gas atmosphere. All
polymerization experiments were performed with a control experiment,
with dichloromethane (20 mL), complex 2a (0.5S10�4 molL�1), isobutene
(2 g), reaction time 2 h, reaction temperature 30 8C.


Exo double bond determination : Exo double bonds were calculated by
using 1H and 13C NMR spectroscopy as described previously.[5a, c] 1H and
13C NMR spectra were recorded on a Bruker Avance 500 spectrometer
operating at 500.13 MHz for 1H and at 125.23 MHz for 13C. CDCl3 was
used as solvent, lock, and internal standard (d(1H)=7.26 ppm, d ACHTUNGTRENNUNG(13C)=


77.00 ppm) for the standard measurements.


The end group structure and the ratio of internal to terminal end group
double bonds in the polyisobutene products were studied by 1H NMR
spectroscopy. As outlined previously, proton abstraction from the tertiary
cation of the growing polyisobutene chain normally leads to exo or endo
double bonds as end groups. By transfer reactions (isomerization) a vari-
ety of internal unsaturated bonds can be formed as well.[14, 15] NMR sig-
nals were assigned on the basis of 1D and 2D NMR methods and con-
firmed the data given by Puskas et al.[14] and Stadermann et al.[16]
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Novel Probes Showing Specific Fluorescence Enhancement on Binding to a
Hexahistidine Tag


Mie Kamoto, Naoki Umezawa,* Nobuki Kato, and Tsunehiko Higuchi*[a]


Introduction


For proteomics research, huge numbers of proteins must be
characterized. The fluorescent labeling of proteins has
proven to be a powerful approach for following the dynamic
processes of protein synthesis and degradation, identifying
localization, and studying protein–protein interactions, both
in vitro and in vivo.[1] Many labeling techniques have been
developed that are based on the reaction of fluorescent dyes
bearing functional groups, such as succinimidyl ester or male-
imide, that react with primary amines or thiols exposed on
the protein surface. However, these techniques are typically


nonspecific. The most commonly applied method for label-
ing a target protein selectively is by expressing the protein
as a fusion with a fluorescent protein, such as green fluores-
cent protein (GFP). This approach has been used to study
the dynamics of individual proteins in living cells.[2] Al-
though this technique offers absolute specificity, there
remain some limitations. The fluorescent protein requires a
period of up to several hours to mature into a soluble, fluo-
rescent protein, and this is too slow for some applications.
The folding of fluorescent proteins is known to be problem-
atic, especially at or above room temperature.[2] Also, the
fluorescence of GFP is sensitive to environmental factors,
such as pH, and can be difficult to distinguish from cellular
autofluorescence.[2] GFP variants have been produced
through protein engineering to overcome these limitations,
but the steric bulk of this protein (at least 220 aa) still has
the potential for significant perturbation of folding, traffick-
ing, and function of proteins to which it is fused.[3]


Alternative protein-labeling strategies have emerged that
address the steric bulk and stability problems, as well as the
limited range of fluorescence characteristics of GFP and its
variants. Representative techniques involve the introduction


Abstract: The introduction of hexahis-
tidine (His tag) is widely used as a tool
for affinity purification of recombinant
proteins, since the His tag binds selec-
tively to nickel–nitrilotriacetic acid
(Ni2+–NTA) complex. To develop effi-
cient “turn-on” fluorescent probes for
His-tagged proteins, we adopted a fluo-
rophore displacement strategy, that is,
we designed probes in which a hydroxy-
coumarin fluorophore is joined via a
linker to a metal–NTA moiety, with
which it forms a weak intramolecular
complex, thereby quenching the fluo-
rescence. In the presence of a His tag,
with which the metal–NTA moiety
binds strongly, the fluorophore is dis-


placed, which results in a dramatic en-
hancement of fluorescence. We synthe-
sized a series of hydroxycoumarins that
were modified by various linkers with
NTA (NTAC ligands), and investigated
the chemical and photophysical proper-
ties of the free ligands and their metal
complexes. From the viewpoint of fluo-
rescence quenching, Ni2+ and Co2+


were the best metals. Fluorescence
spectroscopy revealed a 1:1 binding
stoichiometry for the Ni2+ and Co2+


complexes of NTACs in pH 7.4 aque-
ous buffer. As anticipated, these com-
plexes showed weak intrinsic fluores-
cence, but addition of a His-tagged
peptide (H-(His)6-Tyr-NH2; Tyr was in-
cluded to allow convenient concentra-
tion measurement) in pH 7.4 aqueous
buffer resulted in up to a 22-fold in-
crease in the fluorescence quantum
yield. We found that the Co2+ com-
plexes showed superior properties. No
fluorescence enhancement was seen in
the presence of angiotensin I, which
contains two nonadjacent histidine resi-
dues; this suggests that the probes are
selective for the polyhistidine peptide.
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of a short peptide that is able to react/interact specifically
with a designed fluorescent molecule.[4,5] The combination
of a short peptide tag (a specific target for the fluorescent
probe) and a functional fluorescent molecule (a fluorescent
probe that recognizes the tag peptide) has great potential,
because technology is available for tagging proteins in a se-
lective, site-specific, and reversible manner.[6,7] This ap-
proach has several advantages, for example, it reduces per-
turbation that is caused by attachment of the fluorophore
and offers the possibility of using a wide variety of function-
al molecules, besides fluorophores, as labels.
Tsien and co-workers have developed a technique that


utilizes a tag peptide sequence containing four Cys residues
positioned to allow reaction with a biarsenical fluorogenic
compound.[6] The resulting biarsenical peptide adduct is
more fluorescent than the initial fluorogenic compound. The
tag peptide sequence necessary for reaction with the bi-
arsenical molecule is small (16 amino acid residues in a typi-
cal application); this implies minimal perturbation of the
target protein, and presents a minimal 4-Cys motif
(CCPGCC) that confers adequate specificity. The main dis-
advantage is the toxicity of the arsenic derivatives used. Al-
though Tsien has developed a protocol for the administra-
tion of antidotes that render the method broadly applicable,
alternative methods that do not rely on such toxic metals
would offer a distinct advantage.
Recently, several fluorescent derivatives of Ni2+–nitrilotri-


acetic acid complex (Ni2+–NTA), which targets the hexahis-
tidine tag ((His)6), have been reported.[8] The selective inter-
action between the His tag and Ni2+–NTA has been widely
used for the affinity purification of recombinant proteins,
and the His tag itself is thought to have little influence on
protein function.[9] However, most of the probes reported so
far show no significant change in fluorescence intensity
when the probe binds to the His tag, so detection requires
fluorescence anisotropy experiments,[8d,e] or the use of the
fluorescence resonance energy transfer technique with an-
other fluorophore, such as GFP.[8a] More accurate and sim-
pler monitoring of proteins would be possible if the probe
showed fluorescence enhancement upon binding to the
target protein. As far as we know, the only example of such
a probe so far is dansyl–NTA–Ni2+ complex,[10] which uses
the interaction between the field-sensitive dansyl group as a
fluorophore and an additional hydrophobic tritryptophan
motif coupled with the hexahistidine tag. This method is ele-
gantly designed, but the position of the hexahistidine tag is
limited to hydrophilic regions of the target protein and the
environment of the labeled protein affects the fluorescence.
In this paper, we describe the design and synthesis of a


series of His-tag-targeting fluorescent probes based on the
hydroxycoumarin fluorophore. The design employs a fluoro-
phore displacement strategy, that is, displacement of the flu-
orophore from a weak intramolecular complex with the His-
tag-targeting moiety in the presence of His tag results in a
large fluorescence enhancement. The tag sequence can be
incorporated at any position of the target protein. Here, we
describe the synthesis, chemical properties, and photophysi-


cal properties of a series of hydroxycoumarins modified by
various linkers with NTA. We confirmed that the Co2+ com-
plexes of these probes showed substantial fluorescence
enhancement upon binding to hexahistidine, as expected.


Results and Discussion


Strategy for protein labeling with fluorescence enhance-
ment : As a specific interaction between tag peptide and flu-
orescent probe, we focused on the interaction of a hexahisti-
dine sequence with a metal complex. It is well-known that
the Ni2+–NTA or Co2+–NTA complex interacts selectively
with the hexahistidine sequence in aqueous media, by
means of coordination of the imidazoles of the histidine side
chains to the metal ion. Our strategy is summarized in
Scheme 1. To control the fluorogenic properties, we adopted


an intramolecular fluorophore displacement strategy, as has
already been successfully applied to the fluorometric detec-
tion of nitric oxide,[11] pH,[12] and anions.[13] We hypothesized
that if an intramolecular fluorescent ligand coordinates to
the metal chelated by NTA with a relatively weak affinity, it
would be displaced in the presence of the hexahistidine pep-
tide sequence, resulting in enhanced fluorescence.


Design of fluorescent probes : The structures of “hemilabile”
ligands consist of the fluorophore, a linker, and the metal–
NTA complex as the His-tag recognition site (Figure 1).
Several linkers were employed because the nature of the


linker is expected to influence the affinity of the fluoro-
phore coordination to the metal–NTA complex. Hydroxy-
coumarin derivatives, such as calcein blue, are known indica-
tors of various metal ions.[14] The fluorescence of such a mol-
ecule is significantly reduced upon coordination with a
metal ion, and so we considered that hydroxycoumarin


Scheme 1. Schematic illustration of our strategy for protein labeling.
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would be a good candidate fluorophore for our purpose.
The hydroxyl group of coumarin and/or the secondary
amine may coordinate to the metal–NTA complex. To make
the probes switchable, metal–NTA should quench the fluo-
rescence of hydroxycoumarin efficiently. Therefore, we
screened various metal ions from the standpoint of fluores-
cence quenching, as described below.


Synthesis of ligand molecules with fluorophore : The de-
signed molecules were synthesized according to Scheme 2.
Commercially available 7-hydroxycoumarin (1) was formy-


lated selectively at the 8-position with paraformaldehyde
and triethylamine.[15] The NTA units were synthesized from
3a–c. Compound 3a was synthesized by a Curtius reaction
starting from N-a-tert-butoxycarbonyl-l-glutamic acid g-
benzyl ester according to the reported procedure.[16] Com-
pounds 3b and 3c were readily synthesized from N-d-benzyl-
oxycarbonyl-l-ornithine and N-e-benzyloxycarbonyl-l-
lysine, respectively.[16, 17] Bisalkylation of the a nitrogen of
3a–c with ethyl bromoacetate in the presence of potassium
carbonate provided the triesters 4a–c. Deprotection of the
benzyloxycarbonyl (Cbz) group by hydrogenolysis gave the
corresponding primary amines, and then condensation with
formylcoumarin 2, followed by reduction afforded 5a–c. Hy-
drolysis with lithium hydroxide provided the desired
NTACs, which were purified by reverse-phase HPLC. This
synthesis features reductive amination of an aldehyde and
amine, which may be compatible with various other fluoro-
phores and tag-peptide-recognizing motifs.


Screening of metal ions : To find the appropriate metal ions
for NTACs, the fluorescence change was investigated upon
addition of various metal ions. Metal ions that can efficient-
ly quench the fluorescence of the hydroxycoumarin fluoro-
phore are required to develop “turn-on” fluorescent probes.
All the NTACs were highly fluorescent in Tris buffer
(50 mm, pH 7.4). Although the majority of the 21 metal ions
examined did not exhibit efficient quenching of hydroxycou-
marin fluorescence, several showed concentration-depen-
dent quenching. Representative results are shown in
Figure 2. Among the metal ions that we used, Ni2+ and
Co2+ were found to be the best from the standpoint of fluo-
rescence quenching, and they were selected for further
study because both Ni2+–NTA and Co2+–NTA are known
to interact selectively with hexahistidine sequences.
A JobKs plot analysis was performed to determine the


complexation stoichiometry of NTACs with Ni2+ or Co2+ in
neutral aqueous buffer. Eleven solutions containing NTAC
and Ni2+ or Co2+ in different ratios were prepared, and the
total concentration was kept at 10 mm. Fluorescence changes
(excitation wavelength: 365 nm, emission wavelength:
455 nm) of these samples were plotted as a function of the
molar fraction of NTACs. The plots showed a peak at 0.5
(Figure 3), which indicated the formation of a 1:1 complex.
This is consistent with our hypothesis that hydroxycoumarin
coordinates intramolecularly to the metal, which is chelated
by NTA.


Fluorescence response of Co2+–NTAC and Ni2+–NTAC
with hexahistidine peptide : We investigated the fluorescence
change of NTAC–metal complexes upon addition of a
model tag peptide. We first prepared a solution of Ni2+–
NTAC or Co2+–NTAC complex by mixing NTAC solution
and NiCl2 or CoCl2 solution in Tris buffer (50 mm, pH 7.4).
A model hexahistidine tag peptide 6 (H-(His)6-Tyr-NH2; Tyr
was attached to allow convenient determination of concen-
tration) was added to the Ni2+–NTAC or Co2+–NTAC solu-
tion, and the fluorescence spectra were obtained. Represen-


Figure 1. Structure of the designed fluorescent probes; M2+ is a metal ion
that can be chelated stably by NTA. (n=1–3).


Scheme 2. Synthesis of NTACs: a) paraformaldehyde, Et3N, CH3CN,
reflux, 10 h; 13%; b) ethyl bromoacetate, K2CO3, CH3CN, reflux, 20 h;
56% (4a), 91% (4b), 76% (4c); c) 10% Pd/C, MeOH, RT, 12 h;
d) 1) AcOH, THF or dichloroethane, RT, 2–6 h; 2) NaBH3CN, THF, RT,
12 h; 37% (5a), 55% (5b), 43% (5c); e) LiOH (1n), 30% aq MeOH,
0 8C, 2 h; 26% (NTAC-2), 45% (NTAC-3), 31% (NTAC-4).
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tative results are shown in Figure 4a. The fluorescence in-
creased in a concentration-dependent manner. All NTAC–
metal complexes gave similar results. Most existing probes
that comprise a fluorophore and a metal-ion-chelating NTA
moiety contain Ni2+ as the metal ion;[8,10] however, Co2+


complexes showed larger fluorescence changes than Ni2+–
NTAC complexes in our case. In addition, Ni2+–NTAC com-
plexes needed a much longer time for equilibration (more
than 3 h) compared with Co2+–NTAC complexes (~10 min).


Figure 2. Relative fluorescence intensities of NTACs (5 mm) in the pres-
ence of various metal ions (Mn2+ , Co2+ , Ni2+ , Cu2+ , Ca2+ , Mg2+) in Tris
buffer (50 mm, pH 7.4). a) NTAC-2, b) NTAC-3, c) NTAC-4. Excitation:
365 nm, emission: 455 nm. *: Mn2+ , ~: Co2+ , &: Ni2+ , &: Cu2+ , *: Ca2+ ,
M : Mg2+ .


Figure 3. JobKs plot of the fluorescence changes upon complexation of
NTACs with Ni2+ or Co2+ in Tris buffer (50 mm, pH 7.4) at 25 8C.
a) NTAC-2, b) NTAC-3, c) NTAC-4. [NTAC]+[metal ion]=10 mm. Exci-
tation: 365 nm, emission: 455 nm. &: Ni2+ , ~: Co2+ .
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Thus, for our present purpose, Co2+–NTAC complexes
are superior. The fluorescence increase of Co2+–NTACs was
dependent on the peptide concentration, as shown in Fig-
ure 4b. The intrinsic fluorescence of the Co2+–NTAC com-
plex was very weak, whereas strong blue fluorescence was
observed in the presence of peptide 6, as shown in Figure S1
(see the Supporting Information). The final fluorescence re-
covery upon binding of Co2+–NTAC complex to the peptide
6 reached >90% of the fluorescence intensity of the corre-
sponding metal-free dye.
To determine the stoichiometry of the Co2+–NTAC and


hexahistidine peptide 6 complexes in solution, JobKs plot
analyses of the fluorometric changes were made. The Co2+–
NTAC complexes were generated in situ by combining
NTAC with CoCl2 in a 1:1 ratio in Tris buffer (50 mm,
pH 7.4). Eleven solutions that contained Co2+–NTAC and


peptide 6 in different ratios were prepared, and the total
concentration was kept at 10 mm. JobKs plots showed a maxi-
mum at the molar ratio of 0.5, which indicated the forma-
tion of a 1:1 complex (Figure 5). The JobKs plot for NTAC-4
at a lower ratio of peptide 6 showed nonlinearity. The
reason for this observation is currently unclear.


Fluorescence and chemical properties of Co2+–NTAC com-
plexes : The fluorescence and chemical properties of Co2+–
NTAC complexes are summarized in Table 1. The Co2+–
NTAC complexes were generated in situ by combining
NTAC with CoCl2 in a 1:10 ratio to suppress the NTAC
fluorescence completely. The fluorescence spectra were
measured in Tris buffer (50 mm, pH 7.4) in the absence or
presence of peptide 6. The fluorescence quantum yields
were 0.033–0.10 before addition of peptide 6, and were in-
creased 7.9–22-fold to 0.67–0.79 by the addition of peptide
6. Further, the binding affinity for peptide 6 was assessed
from the fluorescence intensity. In this case, Co2+–NTAC
complexes were generated by combining NTAC with CoCl2
in a 1:1 ratio, assuming that formation of NTAC–Co2+ com-
plex is complete, since the interaction of NTAC with Co2+ is
very strong. The apparent dissociation constants (Kd) of
Co2+–NTAC-2, Co2+–NTAC-3, and Co2+–NTAC-4 for pep-
tide 6 were calculated to be 2.2M10�6, 1.4M10�6, and 5.7M


Figure 4. a) Emission spectra of Co2+–NTAC-4 complexes in the presence
of peptide 6 (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 20 mm) in Tris buffer
(50 mm, pH 7.4). Co2+–NTAC complex was prepared in situ by mixing
NTAC and CoCl2 (NTAC-4: 5 mm, CoCl2: 10 mm). All spectra were ob-
tained with excitation at 365 nm. b) Fluorescence response of Co2+–
NTAC complex (5 mm) in the presence of peptide 6 in Tris buffer (50 mm,
pH 7.4). Co2+–NTAC complex was prepared by mixing equimolar
amounts of NTAC and CoCl2 (NTAC: 5 mm, CoCl2: 5 mm). Excitation:
365 nm, emission: 455 nm. ^: Co2+–NTAC-2, ~: Co2+–NTAC-3, *: Co2+–
NTAC-4.


Figure 5. JobKs plot of the fluorescence changes upon complexation of
Co2+–NTAC complexes with peptide 6 in 50 mm Tris buffer (pH 7.4) at
25 8C. [Co2+–NTAC complexes]+[peptide 6]=10 mm. Co2+–NTAC com-
plexes were prepared by mixing equimolar amounts of NTACs and
CoCl2. Excitation: 365 nm, emission: 455 nm. ^: Co2+–NTAC-2, ~: Co2+–
NTAC-3, *: Co2+–NTAC-4.


Table 1. Chemical properties of Co2+–NTAC.[a]


Compound Fluorescence quantum yield[b] Kd [m]
[c]


Co2+–NTAC Co2+–NTAC–peptide 6


NTAC-2 0.073 0.73 ACHTUNGTRENNUNG(2.2�0.4)M10�6
NTAC-3 0.033 0.67 ACHTUNGTRENNUNG(1.4�0.4)M10�6
NTAC-4 0.10 0.79 ACHTUNGTRENNUNG(5.7�2.7)M10�8


[a] All data were measured in Tris buffer (50 mm, pH 7.4). [b] Quantum
yields were calculated by using that of quinine sulfate in H2SO4 (1.0n) as
a standard.[19] [c] Dissociation constants of Co2+–NTAC complexes for
peptide 6.
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10�8m, respectively. These Kd values are comparable with
those of other Ni2+–NTA based probes (1-20 mm),[8a,b,d] and
suggest that Co2+–NTAC-4 would be the most efficient
among the molecules that we have developed. The long
spacer would favor easy displacement of the fluorophore by
the peptide.


Selectivity of Co2+–NTAC-4 : To confirm the selectivity of
the fluorescence response of Co2+–NTAC-4, the fluores-
cence spectra were measured in the presence of angioten-
sin I (H-Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu-OH). Al-
though this peptide contains two histidines, they are not se-
quential. As shown in Figure 6, no fluorescence change of


Co2+–NTAC-4 complex was observed upon addition of an-
giotensin I. On the other hand, an analogous peptide that in-
cluded the hexahistidine sequence, H6-angiotensin I (H-
(His)6-Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu-NH2),
showed strong fluorescence enhancement. These results sug-
gest that our molecules selectively recognize polyhisitidine
sequences.


Conclusions


We have developed novel “turn-on” fluorescent probes that
bind selectively to a hexahistidine tag peptide via a metal
ion–NTA moiety, with a substantial enhancement of their
fluorescence. The new probes consist of a hydroxycoumarin
fluorophore that is joined via a linker moiety to Co2+–NTA.
These complexes are intrinsically only weakly fluorescent,
probably due to the intramolecular coordination of the fluo-
rophore by the metal, but displacement of the fluorophore


with peptide 6 in pH 7.4 buffered aqueous solutions pro-
duced a selective increase in the fluorescence quantum yield
of up to 22-fold. No enhancement was observed upon addi-
tion of angiotensin I, which contains two nonadjacent histi-
dine residues. The strategy described here should be applica-
ble to various other fluorophores/functional compounds. Be-
cause the hexahistidine tag is the most frequently applied af-
finity tag in recombinant protein expression, numerous ap-
plications for selective fluorescent labeling or
functionalization of recombinant proteins can be envisioned.
Further work is in progress in our laboratory, especially on
protein labeling.


Experimental Section


General information : All reagents and solvents were of the highest com-
mercial quality and were used without further purification unless other-
wise noted. THF and diethyl ether (Et2O) were distilled from Na/benzo-
phenoneketyl immediately prior to use. CH2Cl2 was distilled from CaH2


immediately prior to use. MeOH and EtOH were distilled from Mg/I2.
TLC was performed on Merck precoated plates (silica gel 60 F254,
0.25 mm), and bands were visualized by fluorescence quenching. TLC
plates were also stained with potassium permanganate. 1H NMR spectra
were recorded on a JEOL GSX-400 or a JEOL JNM-LA 500 at 400 or
500 MHz, respectively. 13C NMR spectra were recorded on either a
JEOL JNM-LA 500 or a Bruker AVANCE 600 at 125 or 150 MHz, re-
spectively. Chemical shifts are expressed as parts per million (ppm) by
using solvent as an internal standard. IR spectra were recorded on a
JASCO FT/IR-680 FTIR spectrophotometer. Fast atom bombardment
mass spectra (FABMS) were measured with a JEOL JMS-LCMATE
mass spectrometer, by using 3-nitrobenzyl alcohol as the matrix. Matrix-
assisted laser desorption ionization time of flight mass spectrometry
(MALDI-TOF MS) was done with a Shimadzu AXIMA-CFR-NC by
using a-cyano-4-hydroxycinnamic acid as the matrix. HRMS data were
obtained with a JEOL JMS-SX102A or a Bruker Daltonics APEX-III
mass spectrometer. Column chromatography was performed on BW-200
or -300 (Fuji Silysia Chemical, Aichi, Japan). Optical rotations were mea-
sured on a JASCO DIP-1000 polarimeter at room temperature, by using
the sodium D line.


8-Formyl-7-hydroxycoumarin (2): Paraformaldehyde (448 mg, 14 mmol)
and Et3N (1.1 mL, 8.0 mmol) were added to a solution of 7-hydroxycou-
marin (1; 324 mg, 2.0 mmol) in CH3CN (10 mL). The mixture was re-
fluxed for 10 h. The solution was cooled to room temperature and neu-
tralized with HCl (1n). The mixture was extracted with CH2Cl2 (10 mLM
3), washed with brine (10 mLM3), and dried over MgSO4. Purification by
flash column chromatography on silica gel (EtOAc/n-hexane, 1:3) afford-
ed 2 (50.5 mg, 13%) as a colorless solid. 1H NMR (400 MHz, CDCl3):
d=12.24 (s, 1H), 10.61 (s, 1H), 7.67 (d, J=9.6 Hz, 1H), 7.61 (d, J=


8.8 Hz, 1H), 6.90 (d, J=8.8 Hz, 1H), 6.34 ppm (d, J=9.6 Hz, 1H); MS
(FAB): m/z : 191 [M+H]+ . These data were consistent with the literature
data for this compound.[15]


General procedure for N-alkylation : Ethyl bromoacetate (10 equiv), fol-
lowed by finely ground K2CO3 (10–20 equiv) were added to a solution of
an appropriate side-chain-protected amino acid methyl ester (1 equiv) in
CH3CN. The reaction was heated at reflux for 20 h, cooled to room tem-
perature, and concentrated under reduced pressure. The crude product
was purified by flash column chromatography on silica gel.


Methyl (2S)-4-N-Benzyloxycarbonyl-2-N-bis(2-ethoxy-2-oxoethyl)-2,4-di-
aminobutanoate (4a): According to the general procedure, a solution of
3a[16] (3.97 g, 14.9 mmol) in CH3CN (60 mL) was treated with ethyl bro-
moacetate (16.5 mL, 150 mmol) and K2CO3 (20.6 g, 150 mmol). The
crude product was purified by column chromatography on silica gel
(EtOAc/n-hexane 1:4) to afford 4a (3.63 g, 56%) as a pale-yellow oil.
Rf=0.48 (EtOAc/n-hexane 2:3); [a]20D =�41.6 (c=1.05 in EtOH);


Figure 6. Fluorescence response of Co2+–NTAC-4 complex (5 mm) in the
presence of angiotensin I (H-Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu-
OH) or H6-angiotensin I (H-(His)6-Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-
Leu-NH2) in Tris buffer (50 mm, pH 7.4). Co2+–NTAC complex was pre-
pared by mixing equimolar amounts of NTAC and CoCl2 (NTAC-4:
5 mm, CoCl2: 5 mm). Excitation: 365 nm, emission: 455 nm. *: H6-angio-
tensin I, *: angiotensin I.
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1H NMR (400 MHz, CDCl3): d=7.38–7.29 (m, 5H), 6.44 (br s, 1H), 5.10
(m, 2H), 4.13 (q, J=7.2 Hz, 4H), 3.68 (s, 3H), 3.57 (m, 4H), 3.58–3.54 (s,
1H), 3.45–3.39 (m, 2H), 2.02–1.95 (m, 1H), 1.82–1.74 (m, 1H), 1.22 ppm
(t, J=7.2 Hz, 6H); 13C NMR (125 MHz, CDCl3): d=172.5, 171.1, 156.5,
136.9, 128.1, 127.6, 127.5, 66.0, 61.9, 60.6, 52.5, 51.3, 37.5, 29.1, 13.9 ppm;
IR (film): ñ =3366, 2954, 1733, 1520 cm�1; HRMS (EI;70 eV): m/z : calcd
for C21H30N2O8: 438.2002 [M]+ ; found: 438.2002.


N-d-Benzyloxycarbonyl-N-a-bis(2-ethoxy-2-oxoethyl)-l-ornithine methyl
ester (4b): According to the general procedure, a solution of 3b[17]


(2.54 g, 9.08 mmol) in CH3CN (50 mL) was treated with ethyl bromoace-
tate (10.1 mL, 90.8 mmol) and K2CO3 (25.1 g, 181 mmol). The crude
product was purified by column chromatography on silica gel (EtOAc/n-
hexane 2:3) to afford 4b (3.72 g, 91%) as a pale-yellow oil. Rf=0.30
(EtOAc/n-hexane, 2:3); [a]20D =�21.3 (c=1.05 in EtOH); 1H NMR
(400 MHz, CDCl3): d=7.34–7.28 (m, 5H), 5.08 (br s, 2H), 4.12 (q, J=


7.3 Hz, 4H), 3.67 (s, 3H), 3.61 (m, 4H), 3.62 (s, 3H), 3.43 (m, 1H), 3.24–
3.23 (m, 2H), 1.74–1.68 (m, 4H), 1.33–1.22 ppm (m, 6H); 13C NMR
(125 MHz, CDCl3): d=172.3, 170.8, 156.0, 136.3, 127.9, 127.4, 127.4, 65.8,
63.9, 60.1, 52.2, 50.9, 40.1, 27.0, 25.7, 13.7 ppm; IR (film): ñ =3383, 2953,
1730, 1537 cm�1; HRMS (EI; 70 eV): m/z : calcd for C22H32N2O8: 452.2159
[M]+ ; found: 452.2151.


N-e-Benzyloxycarbonyl-N-a-bis(2-ethoxy-2-oxoethyl)-l-lysine methyl
ester (4c): This compound was synthesized according to the reported pro-
cedure (yield: 73%). The analytical data were consistent with the litera-
ture.[18]


General procedure for coupling to the hydroxycoumarin derivative: To a
solution of an appropriate triester (0.85–1.5 equiv) in CH3OH was added
10% Pd/C. This mixture was stirred vigorously under H2 (1 atm) for 12 h
at room temperature. The mixture was filtered through Celite, and the
filtrate was concentrated under reduced pressure. The resulting residue
was dissolved in THF or dichloroethane, and a solution of 2 (1 equiv)
and acetic acid (2 equiv) in THF or dichloroethane was added. The mix-
ture was stirred for 2–6 h at room temperature, then sodium cyanoboro-
hydride (1.5–2 equiv) was added. Stirring was continued for an additional
12 h at room temperature, the mixture was chilled to 0 8C, and water was
added with stirring. The solution was concentrated under reduced pres-
sure. The crude product was purified by flash column chromatography on
silica gel.


N-[3-(Bisethoxycarbonylmethylamino)-3-ethoxycarbonylpropyl]-7-hy-
droxy-8-aminomethylcoumarin (5a): According to the general procedure,
4a (137 mg, 0.45 mmol) was treated in CH3OH (10 mL) with 10% Pd/C
(15 mg) under H2. After work-up, the resulting residue 4a’ was dissolved
in THF (2.0 mL) and a solution of 2 (100 mg, 0.53 mmol) and acetic acid
(60.2 mL, 1.05 mmol) in THF (2.0 mL) was added. The mixture was
stirred for 6 h, then sodium cyanoborohydride (66.1 mg, 1.05 mmol) was
added. The crude product was purified by column chromatography on
silica gel (MeOH/CH2Cl2 1:19) to afford 5a (79.7 mg, 37%) as a pale-
yellow oil. Rf=0.23 (MeOH/CH2Cl2 1:9); [a]20D =�10.22 (c=1.05 in
EtOH); 1H NMR (500 MHz, CDCl3): d=7.65 (d, J=9.5 Hz, 1H), 7.38 (d,
J=8.6 Hz, 1H), 6.99 (d, J=8.6 Hz, 1H), 6.21 (d, J=9.5 Hz, 1H), 4.71 (d,
J=12.7 Hz, 1H), 4.39 (d, J=12.7 Hz, 1H), 4.11(q, J=7.1 Hz, 4H), 3.74 (s,
3H), 3.70–3.56 (m, 4H), 3.49–3.38 (m, 2H), 3.28–3.24 (m, 1H), 2.52–2.42
(m, 1H), 2.09–2.04 (m, 1H), 1.21 ppm (t, J=7.1 Hz, 6H); 13C NMR
(125 MHz, CDCl3): d=171.8, 170.5, 160.9, 160.8, 154.1, 144.1, 129.9,
116.6, 112.2, 112.1, 108.4, 64.0, 61.8, 52.2, 47.7, 40.7, 24.5, 13.9 ppm; IR
(film): ñ=2985, 1735, 1608, 1578 cm�1; MS (FAB): m/z : 479 [M+H]+ ;
HRMS (ESI): m/z : calcd for C21H31N2O8: 479.2024 [M+H]+ ; found:
479.2027.


8-N-[4-(Bisethoxycarbonylmethylamino)-4-ethoxycarbonylbutyl]amino-
methyl-7-hydroxycoumarin (5b): According to the general procedure, 4b
(2.16 g, 6.78 mmol) was treated in CH3OH (100 mL) with 10% Pd/C
(200 mg) under H2. After workup, the resulting residue 4b’ was dissolved
in dichloroethane (20 mL) and a solution of 2 (860 mg, 4.52 mmol) and
acetic acid (518 mL, 9.04 mmol) in dichloroethane (20 mL) was added.
The mixture was stirred for 6 h, then sodium cyanoborohydride (426 mg,
6.78 mmol) was added. The crude product was purified by flash column
chromatography on silica gel (MeOH/CH2Cl2 1:19) to afford 5b (1.23 g,
55%) as a pale-yellow oil. Rf=0.37 (MeOH/CH2Cl2 1:9); [a]20D =�18.3


(c=1.05 in EtOH); 1H NMR (400 MHz, CDCl3): d=7.69 (d, J=9.5 Hz,
1H), 7.38 (d, J=8.8 Hz, 1H), 6.99 (d, J=8.8 Hz, 1H), 6.16 (d, J=9.5 Hz,
1H), 4.54 (d, J=13.7 Hz, 1H), 4.44 (d, J=13.7 Hz, 1H), 4.15 (q, J=


7.1 Hz, 4H), 3.72 (s, 3H), 3.68–3.59 (m, 4H), 3.55–3.51 (m, 1H), 3.45–
3.14 (m, 2H), 2.06–2.00 (m, 3H), 1.77–1.75 (m, 1H), 1.25 ppm (t, J=


7.1 Hz, 6H); 13C NMR (100 MHz, CDCl3): d=171.8, 171.6, 161.9, 160.8,
153.7, 144.4, 130.0, 111.0, 110.9, 104.8, 64.5, 61.5, 53.8, 51.9, 47.2, 41.2,
27.7, 24.2, 14.0 ppm; IR (film): ñ =2983, 1738, 1610, 1582 cm�1; MS
(FAB): m/z : 493 [M+H]+ ; HRMS (ESI): m/z : calcd for C23H31N2O9:
493.2181 [M+H]+ ; found: 493.2180.


8-N-[5-(Bisethoxycarbonylmethylamino)-5-ethoxycarbonylpentyl]amino-
methyl-7-hydroxycoumarin (5c): According to the general procedure, 4c
(1.55 g, 4.65 mmol) was treated in CH3OH (500 mL) with 10% Pd/C
(150 mg) under H2. After workup, the resulting residue 4c’ was dissolved
in THF (10 mL) and a solution of 2 (590 mg, 3.10 mmol) and acetic acid
(355 mL, 6.20 mmol) in THF (10 mL) was added. The mixture was stirred
for 2 h, then sodium cyanoborohydride (214 mg, 4.65 mmol) was added.
The crude product was purified by flash column chromatography on
silica gel (MeOH/CH2Cl2 1:19) to afford 5c (667 mg, 43%) as a pale-
yellow oil. Rf=0.33 (MeOH/CH2Cl2 1:9); [a]20D =�25.3 (c=1.05 in
EtOH); 1H NMR (400 MHz, CDCl3): d=7.62 (d, J=9.5 Hz, 1H), 7.28 (d,
J=8.5 Hz, 1H), 6.80 (d, J=8.5 Hz, 1H), 6.16 (d, J=9.5 Hz, 1H), 4.35 (s,
2H), 4.14 (q, J=7.1 Hz, 4H), 3.69 (s, 3H), 3.63–3.59 (m, 4H), 3.46–3.36
(m, 1H), 2.84–2.79 (m, 2H), 1.76–1.45 (m, 6H), 1.25 ppm (t, J=7.1 Hz,
6H); 13C NMR (125 MHz, CDCl3): d=173.0, 172.1, 171.7, 163.6, 161.3,
153.2, 144.4, 128.5, 114.3, 111.1, 110.9, 107.6, 64.0, 60.9, 52.7, 52.6, 51.5,
48.3, 44.0, 29.6, 27.5, 22.9, 14.2 ppm; IR (film): ñ=2952, 1733, 1605,
1589 cm�1; MS (FAB): m/z : 507 [M+H]+ ; HRMS (ESI): m/z : calcd for
C25H35N2O8: 507.2337 [M+H]+ ; found: 507.2335.


General procedure for hydrolysis : A solution of LiOH (1n, 6 equiv) was
added to a solution of an appropriate coumarin-containing triester
(1 equiv) in 30% aqueous CH3OH at 0 8C. The reaction was allowed to
warm to room temperature, stirred for 2 h, neutralized with 30% acetic
acid, and concentrated under reduced pressure. The crude product was
purified by reverse-phase HPLC.


N-[3-(Biscarboxymethylamino)-3-carboxypropyl]-7-hydroxy-8-amino-
methylcoumarin (NTAC-2): According to the general procedure, LiOH
(1n, 1.4 mL, 1.4 mmol) was added to a solution of 5a (113 mg,
0.23 mmol) in 30% aqueous CH3OH (10 mL). The crude product was pu-
rified by reverse-phase HPLC by using a linear gradient system from
18:82 to 20:80 CH3CN/H2O (0.1% TFA) over 20 min, and the collected
fractions were lyophilized to afford NTAC-2 (32.6 mg, 26%) as a white
solid. The purity of this compound was determined as >97% by HPLC
analysis. 1H NMR (500 MHz, DMSO): d=7.90 (d, J=9.5 Hz, 1H), 7.51
(d, J=8.6 Hz, 1H), 6.91 (d, J=8.6 Hz, 1H), 6.26 (d, J=9.5 Hz, 1H), 4.96
(d, J=14.3 Hz, 1H), 4.83 (d, J=14.3 Hz, 1H), 4.11–4.07 (m, 1H), 4.04–
3.96 (m, 4H), 3.37–3.34 (m, 2H), 2.32–1.86 ppm (m, 2H); 13C NMR
(125 MHz, DMSO): d=173.0, 172.8, 160.0, 159.8, 153.9, 144.7, 129.0,
112.7, 111.3, 111.3, 108.8, 62.9, 53.2, 43.0, 34.8, 23.4 ppm; IR (KBr): ñ=


3092, 1721, 1688, 1612, 1579 cm�1; MS (MALDI): m/z : 409.5 [M+H]+ ;
HRMS (FAB): m/z : calcd for C18H17N2O8: 389.0985 [M�H2O�H]� ;
found: 389.0994.


8-N-[4-(Biscarboxymethylamino)-4-carboxylbutyl]aminomethyl-7-hydrox-
ycoumarin (NTAC-3): According to the general procedure, LiOH (1n


1.2 mL, 1.2 mmol) was added to a solution of 5b (100 mg, 0.20 mmol) in
30% aqueous CH3OH (10 mL). The crude product was purified by re-
verse-phase HPLC by using a linear gradient system from 15:85 to 17:83
CH3CN/H2O (0.1% TFA) over 20 min, and the collected fractions were
lyophilized to dryness to afford NTAC-3 (49.0 mg, 45%) as a white solid.
The purity of this compound was determined to be >96% by HPLC
analysis. 1H NMR (500 MHz, CD3OD): d=7.90 (d, J=9.5 Hz, 1H), 7.51
(d, J=8.6 Hz, 1H), 6.91 (d, J=8.6 Hz, 1H), 6.26 (d, J=9.5 Hz, 1H), 4.96
(d, J=14.3 Hz, 1H), 4.83 (d, J=14.3 Hz, 1H), 4.04–3.96 (m, 4H), 4.11–
4.07 (m, 1H), 3.37–3.34 (m, 2H), 2.32–1.86 ppm (m, 4H); 13C NMR
(125 MHz, CD3OD): d=162.9, 161.7, 155.7, 146.3, 130.5, 114.6, 113.3,
112.5, 110.6, 65.6, 55.4, 48.2, 40.8, 24.2, 21.8 ppm; IR (KBr): ñ =2952,
1717, 1651, 1608, 1578 cm�1; MS (MALDI): m/z : 423.2 [M+H]+ ; HRMS
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(FAB): m/z : calcd for C19H19N2O8: 403.1141 [M�H2O�H]� ; found:
403.1130.


8-N-[5-(Biscarboxymethylamino)-5-carboxylpentyl]aminomethyl-7-hy-
droxycoumarin (NTAC-4): According to the general procedure, LiOH
(1n, 1.2 mL, 1.2 mmol) was added to a solution of 5c (100 mg,
0.20 mmol) in 30% aqueous CH3OH (10 mL). The residue was purified
by reverse-phase HPLC by using a linear gradient system from 13:87 to
15:85 CH3CN/H2O (0.1% TFA) over 20 min, and the collected fractions
were lyophilized to afford NTAC-4 (33.8 mg, 31%) as a white solid. The
purity of this compound was determined as >92% by HPLC analysis.
1H NMR (400 MHz, CD3OD): d =7.69 (d, J=9.2 Hz, 1H), 7.26 (d, J=


8.6 Hz, 1H), 6.57 (d, J=8.6 Hz, 1H), 5.90 (d, J=9.2 Hz, 1H), 4.21 (s,
2H), 3.53 (s, 4H), 3.39–3.35 (m, 1H), 2.94–2.90 (m, 2H), 1.68–1.33 ppm
(m, 6H); 13C NMR (150 MHz, DMSO): d =174.2, 173.9, 160.3, 159.7,
153.9, 144.7, 130.4, 112.5, 111.4, 111.1, 105.5, 64.8, 54.6, 46.9, 38.4, 29.2,
24.9 ppm; IR (KBr): ñ =3030, 1717, 1684, 1612, 1580 cm�1; HRMS
(FAB): m/z : calcd for C20H23N2O9: 435.14033 [M�H]� ; found: 435.14127.


Synthesis of peptides : Angiotensin I was purchased from the Peptide In-
stitute (Osaka, Japan). H-His6-Tyr-NH2 (6) and H6-angiotensin I were
synthesized on TentaGel S RAM resin (0.36 mmolg,�1 Watanabe Chemi-
cal Industries, Hiroshima, Japan). Four equivalents of N-9-fluorenylme-
thyloxycarbonyl (Fmoc) amino acid, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tet-
ramethyluronium hexafluorophosphate (HBTU), N-hydroxybenzotri-
azole hydrate (HOBt), and diisopropylethylamine (DIPEA) (8 equiv)
were used for each coupling. DMF was the solvent. For deprotection
steps, 20% piperidine in DMF was used. The completion of amino acid
couplings was monitored with the Kaiser test. The peptide was cleaved
and deprotected by shaking with TFA/triisopropylsilane/H2O (95:2.5:2.5
v/v/v) for 2 h, followed by precipitation into cold diethyl ether. The pre-
cipitate was collected by centrifugation/decantation prior to purification.
The purification was performed by reverse-phase HPLC by using a linear
gradient system from 11:89 to 13:87 CH3CN/H2O (0.1% TFA) over
20 min (peptide 6) and 20:80 to 22:78 CH3CN/H2O (0.1% TFA) over
20 min (H6-angiotensin I), and the collected fractions were lyophilized to
afford a white solid. The molecular weights of the peptides were con-
firmed by mass spectrometry. MS (MALDI): m/z : calcd for C45H55O20N8:
1003.5 [M+H]+ ; found: 1003.5 (peptide 6); calcd for C98H133O36N19:
2118.1 [M+H]+ ; found: 2118.0 (H6-angiotensin I).


Fluorometric analysis : Fluorescence spectra were measured with a Hita-
chi F4500. The slit width was 5.0 nm for excitation and emission. The
photomultiplier voltage was 700 V. Relative quantum yields of fluores-
cence were obtained by comparing the area under the corrected emission
spectrum of the test sample at 366 nm excitation with that of a solution
of quinine sulfate in H2SO4 (1.0n) (quantum yield: 0.55).[19] CoCl2
(10 equiv to NTACs) and peptide 1 (50 equiv to NTACs) were used for
the determination of quantum yields.


Determination of apparent dissociation constants : Aliquots of a stock so-
lution of peptide 6 were added to a cuvette that contained a solution of
Co2+–NTAC complex (3.0 mL, 5 mm) in Tris buffer (50 mm, pH 7.4). To
determine the dissociation constant (Kd), the change of fluorescence in-
tensity with increasing peptide 6 concentration was measured. Excitation
and emission wavelengths were set at 355 and 455 nm, respectively. The
value of Kd was obtained by nonlinear least-squares fitting to Equa-
tion (1),[20] since a 1:1 complex is formed between Co2+–NTAC complex
and peptide 6 as shown from the results of a JobKs plot. The Kd value was
calculated by using a Kaleida Graph (Synergy Software, Reading, PA,
USA).


ðF�FminÞ


¼ ðFmax�FminÞ
½2MC�0


�
ð½MC�0þ½P�0þKdÞ�fð½MC�0þ½P�0þKdÞ2�4½MC�0½P�0g1=2


�


ð1Þ


in which F is the observed fluorescence intensity, Fmin is the minimum
fluorescence intensity (in the absence of peptide 6), and Fmax is the maxi-
mum fluorescence intensity. [MC]0 and [P]0 are the total concentrations
of Co2+–NTAC complex and peptide 6, respectively.
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Crystal-Packing-Induced Antiferromagnetic Interactions of Metallocenes:
Cyanonickelocenes, -cobaltocenes, and -ferrocenes


Sandra Altmannshofer,[a] Eberhardt Herdtweck,[b] Frank H. Kçhler,*[b] Robert Miller,[a]


R2diger Mçlle,[b] Ernst-Wilhelm Scheidt,[a] Wolfgang Scherer,[a] and Cyrille Train[c]


Introduction


Metallocenes, bis ACHTUNGTRENNUNG(arene) metal compounds, and similar mol-
ecules with different p ligands are appealing building blocks
for new magnetic materials, because various spin states
occur depending on the metal center and the substituent on
the ligands. Generally, new bulk magnetic properties result
from both ferromagnetic and antiferromagnetic interactions
between the building blocks depending on whether like and
unlike spin centers are fixed in proximity. The interactions
may be realized by linking, for example, metallocenes.
Though this approach usually requires tedious synthetic pro-
cedures, one can also think of intermolecular magnetic inter-
actions. But so far, these interactions are virtually negligible
owing to unfavorable next-neighbor orientations of the met-
allocenes in the lattice. Herein, we demonstrate that this ori-
entation can be changed to create new properties.


As long as the two p ligands of, for example, a neutral
metallocene are essentially parallel, the magnetism corre-
sponds closely to the spin-only value. Intermolecular inter-


Abstract: The cyano-substituted metal-
locenes [M ACHTUNGTRENNUNG(C5H4CN)2] (M=Fe, 1; Co,
2 ; Ni 3) and [M ACHTUNGTRENNUNG(C5Me5) ACHTUNGTRENNUNG(C5H4CN)]
(M=Fe, 4 ; Co, 5 ; Ni, 6) were synthe-
sized in yields up to 58% by treating
K ACHTUNGTRENNUNG(C5H4CN) or Tl ACHTUNGTRENNUNG(C5H4CN) with suita-
ble transition-metal precursors. Cyclic
voltammetry indicated that the oxida-
tion and reduction potentials of all the
cyanometallocenes were shifted to pos-
itive values by up to 0.8 V. Single-crys-
tal X-ray structure analysis showed
that 1 had eclipsed ligands, formed
planes in the lattice, and—unlike usual
metallocenes—lined up in stacks per-
pendicular to these planes. Powder X-
ray studies established that 1 and 2 are
isotypic. The 1H and 13C NMR spectra


were recorded for all the new com-
pounds. Signal shifts of up to d=


1500 ppm were recorded for the para-
magnetic molecules 2 and 3 and were,
at a given temperature, strikingly dif-
ferent for solution and solid-state spec-
tra. These results pointed to antiferro-
magnetic interactions as a consequence
of molecular ordering in the lattice, as
confirmed by magnetic measurements.
The temperature-dependent suscepti-
bilities were reproduced by Heisenberg


spin-chain models (H=�J
Pn�1


i¼1
SiSi+1),


thus yielding J=�28.3 and �10.3 cm�1


for 2 and 3, respectively, whereas J=


�11.8 cm�1 was obtained for 3 from
the Ising spin-chain model. In accord-
ance with molecular orbital (MO) con-
siderations, much spin density was
found to be delocalized not only on the
cyclopentadienyl ligand but also the
cyano substituents. The magnetic inter-
action was interpreted as a Heitler–
London spin exchange and was ana-
lyzed based on how the interaction de-
pends on the singly occupied MOs and
the shift of parallel metallocenes rela-
tive to each other.
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magnetic chains · metallocenes ·
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actions that could be exploited for designing special magnet-
ic behavior are negligible over a large temperature range.
This behavior applies to the most-thoroughly studied exam-
ples, such as the parent metallocenes,[1] some alkylated con-
geners,[2] and uranocene,[3] and the same can be safely as-
sumed for paramagnetic bis ACHTUNGTRENNUNG(arene) metal compounds[4] and
mixed-ligand sandwiches,[5] all of which show essentially
spin-only magnetism at ambient temperature. Occasionally,
orbital magnetism and spin crossover[6] must be considered
to properly describe sandwich compounds, but nevertheless,
these compounds are magnetically isolated, except for man-
ganocene[7] whose ligands are not parallel and are partly
bridging.


Intermolecular magnetic and other interactions depend
on the nature and number of close contacts between adja-
cent species, that is, on the crystal packing. Well-known ex-
amples are nitronyl nitroxide radicals that feature overall
ferromagnetic or antiferromagnetic behavior.[8] The crystal
packing of the parent sandwich compounds is dominated by
the shape of the organic ligands and may, therefore, be un-
derstood by looking at crystalline benzene. The mutual ori-
entation of neighboring benzene molecules (Figure 1, left) is


almost perfectly at right angles,[9] a packing that has been
studied for many years.[10] The metallocenes mentioned
above pack in much the same way (Figure 1, right) with
slight deviations from the perpendicular arrangement de-
pending on the crystal system,[11] and the same is true for
other sandwich compounds.[12] Braga and Grepioni[13]


showed that the packing principles described for arenes by
Kitaigorodsky[10a] are also valid for metallocenes. Consider-
ing the magnetic properties of sandwich molecules, it follows
that the arrangement at right angles minimizes, if not ex-
cludes, magnetic interactions and that p stacking, that is, the
face-to-face arrangement of sandwiches, would be desirable
to change this behavior. For pure organic radicals, p stacking
as illustrated in Figure 2a has been realized, and the experi-
mental and theoretical reports have been reviewed.[14] Sand-
wich molecules have also been forced into stacks, which was
only possible through an electron-transfer reaction with
disc-shaped acceptor molecules that slip into the stacks (Fig-
ure 2b).[15] Another option would be to assemble pure, mag-
netically interacting sandwich p stacks (Figure 2c) by intro-


ducing substituents with suitable directing properties. We
have now realized the latter option by synthesizing cyano-
metallocenes whose magnetic interactions are tied to the
solid state.


Another motivation for investigating paramagnetic cyano-
metallocenes is their potential use as spin-delivering nitrile
ligands of diamagnetic and paramagnetic transition-metal
ions. Whereas 1,1’-dicyanometallocenes would lead to coor-
dination polymers, the assembly of many unpaired electrons
in a discrete species may be envisaged with monocyanome-
tallocenes. Both types of compounds are discussed herein.


Results and Discussion


Syntheses of cyanoferrocenes, cobaltocenes, and nickelo-
cenes : A number of standard reactions are known to substi-
tute arenes with cyano groups, and, correspondingly, 1,1’-di-
cyanoferrocene has been synthesized from the acid [Fe-
ACHTUNGTRENNUNG(C5H4COOH)2].


[16] Because this reaction sequence would
not be tolerated by the analogous cobaltocenes and nickelo-
cenes without decomposition, we chose an alternative route
starting from the [C5H4CN]� ion. Some salts of [C5H4CN]�


have been obtained[17] either from dicyclopentadienedicar-
boxylic acid or [C5H5]


� and
ClCN, and we recently investi-
gated K ACHTUNGTRENNUNG(C5H4CN) and Cs-
ACHTUNGTRENNUNG(C5H4CN) in some detail.[18] As
the use of the cesium salt has
no advantages, Tl ACHTUNGTRENNUNG(C5H4CN)[17d]


and K ACHTUNGTRENNUNG(C5H4CN) were selected
and were treated with iron(II),
cobalt(II), and nickel(II) pre-
cursor compounds (Scheme 1).


The known 1,1’-dicyanoferro-
cene[19] (1) was needed as a ref-
erence compound for the study
of paramagnetic analogues 1,1’-
dicyanocobaltocene (2) and
1,1’-dicyanonickelocene (3). In
all cases, the reaction of the
transition-metal halides with K-
ACHTUNGTRENNUNG(C5H4CN) gave better yields


Figure 1. Organization of benzene[9] (left) and metallocene[11d] (right)
molecules in the crystal. [M(C5H5)2] M=V, Cr, Fe, Co, Ni.


Figure 2. Idealized stacking motives: a) organic p–radical stack, b) sand-
wich–donor p-acceptor stack, c) sandwich stack.


Scheme 1. Syntheses of cyano-
metallocenes. a) FeCl2·1.5THF,
CoBr2 or NiBr2·1.5THF;
b) [Fe(C5Me5)Cl(tmeda)],
[Co(C5Me5)(acac)], or
[Ni(C5Me5)(acac)]. M=Fe, Co,
or Ni.
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(49–58%) than with Tl ACHTUNGTRENNUNG(C5H4CN) (31–38%). Unlike the
parent metallocenes, the cyano derivatives 1–3 were poorly
soluble in hexane, toluene, diethyl ether, and ethanol,
whereas the solubility of these derivatives was much better
in dichloromethane, nitromethane, N-methyl-2-pyrrolidi-
none (NMP), and dimethyl sulfoxide (DMSO; 30–35 gL�1).
The resulting solutions of 1–3 were orange, dark brown, and
green, respectively. The yields of the 1-cyano-1’,2’,3’,4’,5’-
pentamethylmetallocenes 4 and 5 were superior (ca. 80%),
probably owing to the increased solubility of the compo-
nents. The synthesis of 1-cyano-1’,2’,3’,4’,5’-pentamethylnick-
elocene (6) was less successful because 6 and decamethyl-
nickelocene were formed in
about equal amounts. After re-
peated chromatographic runs, a
sample was obtained whose ele-
mental analysis was in reasona-
ble agreement with those calcu-
lated for 6, but the 1H NMR
spectrum revealed 4% decame-
thylnickelocene in the sample.
The difficulties of isolating 6
are a result of the ease of
ligand exchange of [C5H4CN]�


(see the NMR spectroscopic
studies below).


Redox properties : The new paramagnetic sandwiches 2, 3, 5,
and 6 proved to be very reactive, as expected from known
congeners. However, the solubility tests seemed to indicate
that 2 was not as air-sensitive as the parent cobaltocene. The
new compounds were investigated by cyclic voltammetry for
quantitative characterization of their stability.


A representative cyclic voltammogram (CV) is given for 2
in Figure 3, whereas other examples are available in the
Supporting Information (see Figures SI1–SI4). After com-
parison with the CV of pure 2, the main features in Figure 3
were assigned to cobaltocene, the internal standard, and to
the electron transfer (ET) processes of 2, thus resulting in


the corresponding ions 2+ and 2�. It turns out that 2 is
0.77 V less reducing than the parent cobaltocene, which sub-
stantiates its empirically higher stability. Similarly, the re-
duction of 2 occurs at �0.27 V relative to �1.11 V[20] for co-
baltocene. Under the conditions chosen, the reduction of 2
is chemically not reversible and the ET feature of a decom-
position product shows up at 0.65 V. However, given the
positive potential shift, a tetracyanocobaltocene anion might
be isolable. To compare the CV results with those of other
compounds, the data have been calculated relative to the
ferrocene/ferrocenium couple and summarized in Table 1.
Thus, with E1/2 values of 0, �1.33, and �0.44 V for [Fe-


ACHTUNGTRENNUNG(C5H5)2]/[Fe ACHTUNGTRENNUNG(C5H5)2]
+ , [CoACHTUNGTRENNUNG(C5H5)2]/[Co ACHTUNGTRENNUNG(C5H5)2]


+ , and [Ni-
ACHTUNGTRENNUNG(C5H5)2]/[NiACHTUNGTRENNUNG(C5H5)2]


+ in propionitrile,[21] respectively, it fol-
lows from the comparison with the E1/2 values of 4 (0.08 V),
5 (�1.25 V), and 6 (�0.48 V) that the positive potential shift
of one CN substituent is roughly compensated by that of
five methyl groups. An ET shift of 0.4 V per CN group is
calculated from the E1/2ACHTUNGTRENNUNG(0/1) values of 2 and 5. The same be-
havior holds for pairs 1 and 4 and 3 and 6, although these
data are less reliable because the oxidation to 1,1’-dicyano-
ferrocenium and 1,1’-dicyanonickelocenium ions is not re-
versible. Qualitatively, the ETs of the nickelocenes corre-
spond to those of the ferrocene compounds. Both the reduc-
tion and oxidation processes are irreversible with two cyano
groups, whereas the oxidation becomes reversible with one
cyano and five methyl groups. Based on the assumption that
the donor solvent propionitrile might facilitate the metal–
ligand cleavage, nickelocene 3 was also studied in 1,2-di-
fluorobenzene. However, this solvent had almost no effect
on the reversibility of the ETs.


Solid-state and solution NMR Studies : It has been outlined
previously that the NMR signal shifts of paramagnetic mole-
cules are a measure of the unpaired electron spin density at
the nucleus under study.[22] It should, therefore, be possible
to investigate for the cyanometallocenes how well the spin is
delocalized to the CN donor site and how the spin might be
further transmitted to a coordinated metal ion. When pass-
ing to the solid state, intermolecular interactions may be
studied as well.[23] The effect of unpaired electrons is associ-
ated with paramagnetic signal shifts (at the standard temper-


Figure 3. Cyclic voltammogram of a mixture of 1,1’-dicyanocobaltocene
(2) and cobaltocene in EtCN at 295 K and 200 mVs�1. The scale is rela-
tive to the couple [CoCp2]/[CoCp2]


+ . For the stability ranges of 2, see
text.


Table 1. Electrochemical data of cyanoferrocene compounds 1 and 4, cyanocobaltocenes 2 and 5, and cyano-
nickelocenes 3 and 6 in propionitrile.[a]


Compound
1 4 2 5 3 6


Epc(0/�1) �2.58 [b] �1.59 �2.36 �1.06 �2.33
E1/2(0/+1) – 0.08 �0.55 �1.25 – �0.48
DEp(0/+1) – 0.069 0.068 0.075 – 0.078
Ipa/Ipc – 1.05 1.08 1.02 – 1.07
Epa(0/+1) 0.80 – – – 0.50 –
Epa(+1/+2) [b] [b] [b] [b] [b] 0.51


[a] Given in volts; the potentials are relative to the couple [Fe(C5H5)2]/[Fe(C5H5)2]
+ ; supporting electrolyte:


0.1m n-Bu4NPF6, scan rate: 200 mVs�1, temperature: 295 K; Epc or Epa, respectively, are given for the cathodic
and anodic peak potentials of irreversible ETs. [b] Not observed.
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ature 298 K) dpara, which are obtained after subtracting the
respective signal shifts of an isostructural diamagnetic mole-
cule from the experimental shifts of the paramagnetic mole-
cule (see the Experimental Section). For this purpose, ferro-
cene compounds 1 and 4 were studied. The 13C NMR spec-
tra of 1 and 4 showed signals in shift ranges characteristic of
(methylated) cyclopentadienyl ligands and cyano substitu-
ents. The solid-state signals of the CN groups appeared as
two-signal patterns with a 2:1 intensity owing to the 14N
second-order quadrupolar effect on the cross-polarized
magic-angle spinning (MAS) spectra[24] (see Figures SI5 and
SI6 in the Supporting Information). The patterns were simu-
lated[25] by applying a quadrupolar coupling constant of J=


�3.87 MHz[26] to obtain the signal shifts given in the Experi-
mental Section. The solution- and solid-state 13C NMR
signal shifts differed by up to 3.5 ppm, and, therefore, they
were used as respective references for the solution- and
solid-state spectra of the paramagnetic compounds. Because
of the smaller proton shift range, only the signal shifts ob-
tained from the 1H NMR spectroscopic analysis of 1 and 4
in solution served as corresponding references.


The 13C NMR spectrum of 1,1’-dicyanonickelocene (3 ; S=


1) in solution (Figure 4) showed a 2:2:1 pattern beyond d=


1300 ppm for the cyclopentadienyl (Cp) carbon atoms and a
signal for the CN group at d=�1100 ppm. It follows that, as
in all nickelocenes, efficient direct delocalization of positive
spin occurs to the Cp carbon atoms.[27] The signal splitting
for C1–5 is comparatively small because the spin densities in
the two singly occupied molecular orbitals (SOMOs) add up
to similar values. Yet one MO dominates, which is the basis
of the signal assignment (see Figure SI7 in the Supporting
Information). Since the spin density at the cyano carbon
atom is negative, spin polarization is active in the CN group.
It must be concluded that the spin at the cyano nitrogen
atom is positive and that further spin transfer from there to


some potentially coordinated metal ion would induce nega-
tive spin density.


The replacement of one C5H4CN ligand for C5Me5 in the
mixed-ligand nickelocene 6 is associated with a redistribu-
tion of the spin density, as can be concluded from the
changes in the signal shifts (Table 2). The weighted-average


13C NMR shifts of the Cp carbon atoms dpara,av is d=1253
and 1343 ppm for 6 and 3, respectively. There is, hence, less
spin on the C5H4CN ligand of 6, in particular less at the CN
group (cf. d= j�1009 j versus j�1195 j ppm for 6 and 3, re-
spectively), and 3 would be a better source than 6 for the
spin transmission to a metal ion coordinated at the CN
donor. The spin density on the C5H4CN ligand of 6 decreas-
es at the expense of spin on the C5Me5 ligand, which follows
from the signal shifts of the methyl carbon atom of 6 and
[Ni ACHTUNGTRENNUNG(C5Me5)2] (cf. d= j�799 j versus j�653 j ppm,[28] respec-
tively).


The solid-state 13C NMR spectrum of 3 proved to be strik-
ingly different (Figure 4). The signal shifts were much small-
er than in solution, which was still true after converting the
data into dpara values at 298 K (Table 2). In addition, the se-
quence of the signals of C1–C5 was different from that in
solution. The signal shifts from the 1H NMR spectra showed
a correspondingly strong decrease on passing from the solu-
tion to the solid-state spectra (see Figure SI8 in the Support-
ing Information and Table 2). The signal intensities of the
MAS spectrum suggest that the signals of H2/5 and H3/4
merge. However, there are additional features (not seen in
the solution spectrum) that we attribute to the ends of the
sandwich chains (see below). It is worth noting that 3 under-
went facile ligand exchange with [NiCp2] to form monocya-
nonickelocene in solution, as established with 1H NMR
spectroscopic analysis (see Figure SI9 in the Supporting In-
formation). This behavior means that the nickel–ligand


Figure 4. 13C NMR spectra of compound 3. Top trace: Saturated solution
in [D8]toluene at 294 K, S= solvent signals (truncated). Bottom trace:
Solid-state spectrum at 335 K, spinning rate: 15 kHz, bg=background
signal of the probe head (truncated), nonassigned signals are spinning
sidebands. Center trace: Simulated solid-state spectrum.


Table 2. 1H and 13C NMR data of cyanocobaltocenes 2 and 5 and cyano-
nickelocenes 3 and 6.[a]


Compound
2 3 5 6


C1 C7D8 1239 1517 1208 1464
C1 MAS 798 886 [b] [b]
C2/5 C7D8 �164.6 1250 12.7 1175
C2/5 MAS �298 844 [b] [b]
C3/4 C7D8 693 1350 588 1226
C3/4 MAS 707 941 [b] [b]
CN C7D8 �669 �1195 �547 �1009
CN MAS �696 �973 [b] [b]
C5(CH3)5 C7D8 – – 525 [c]
C5(CH3)5 C7D8 – – �178.3 �799
H2/5 C7D8 7.5 �226.8 �6.6 �166.2
H2/5 MAS 27.4 �176.7 [b] [b]
H3/4 C7D8 �56.2 �249.8 �46.2 �183.4
H3/4 MAS �60.8 �176.7 [b] [b]
C5(CH3)5 C7D8 – – 41.3 276.4


[a] Paramagnetic signal shifts in ppm at 298 K; signal shifts from saturat-
ed solutions in [D8]toluene and isotropic signal shifts from MAS spectra
after Herzfeld–Berger analysis. [b] Not measured. [c] Not clear because
of an overlap of signals with C1–5.
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bond in 3 is rather ionic.[29] Consequently, the less ionic
[VCp2] was used instead of [NiCp2] as an internal tempera-
ture standard for recording the NMR spectra.


The analysis of the 1H and 13C NMR spectra of 1,1’-dicya-
nocobaltocene (2 ; S=1/2;) and 1-cyano-1’,2’,3’,4’,5’-penta-
ACHTUNGTRENNUNGmethylcobaltocene (5) is straightforward (Figure 5), whereas


the comparison of the spectra of 2 and 5 and the differences
between the solution and solid-state spectra of 2 are more
complex. The same type of MOs as for the nickel analogue
3 are relevant for the assignment of the signals from the
13C NMR spectra (see Figure SI7 in the Supporting Informa-
tion). Now there is only one SOMO, thus implying that the
spin-density sequence is C1>C3/4@C2/5. The population of
the next higher MO (with the inverse spin-density sequence
C2/5>C3/4@C1) has been taken into account by studying
the temperature dependence of the paramagnetic signal
shifts from the 1H NMR spectra (see Figure SI10 in the Sup-
porting Information). The fact that there is only a minor de-
viation from the Curie behavior means that the unpaired
electron is restricted essentially to the MO with the spin-
density sequence C1>C3/4@C2/5. Actually, C2/5 receives
so little positive spin density that polarization of the elec-
trons in the bonds between C2/5 and C1 and between C2/5
and C3/4 through spin at C1 and C3/4 leads to an overall
negative spin density at C2/5. This behavior is reflected in
the negative signal shift for C2/5, whereas the signal shifts
for C3/4 and C1 are positive, as expected. The 1H NMR
spectra of 2 (see Figure SI11 in the Supporting Information)
show signals with positive (H2/5) and negative shifts (H3/4;
see Table 2) and confirm the spin distribution in the ligand.
In the solid state (unlike in solution), the signal of H3/4


seems to be split. The origin of the splitting is unknown, but
one may speculate that this has to do with the ends of the
sandwich chains mentioned for the corresponding nickel de-
rivative (cf. the magnetic studies below).


When going from 2 to 5, a spin redistribution similar to
that described for 3 and 6 is expected. Indeed, the dicyano
derivative would again be a better spin-releasing nitrile
ligand than the monocyano derivative, as can be concluded
from the signal shifts of the CN groups of 2 and 5 (cf. d= ACHTUNGTRENNUNG j
�669 j versus j�547 j ppm, respectively). However, the
signal shifts for C1–C5 of the C5H4CN ligand change more
strikingly when passing from 2 to 5 (Table 2). This behavior
cannot be a result of different MO populations because the
temperature-dependent 1H NMR shifts of 5 and 2 (see
Figure SI12 in the Supporting Information) are very similar.
Rather the spin redistribution also affects the Cp moiety.


It is enlightening to describe the differences between the
solution and solid-state NMR spectra by the average shifts
of the NMR signals dpara,av of the Cp carbon ring and hydro-
gen atoms (see Table 3 and the Supporting Information). In
the solid state, all the average signal shifts are smaller,
which means that the spin density is decreased. This finding
in turn points to intermolecular magnetic interactions and
some special arrangement of the molecules in the crystal
ACHTUNGTRENNUNGlattice.


Crystal structure of 1,1’-dicyanometallocenes : Single crystals
of 1,1’-dicyanoferrocene (1) big enough for X-ray investiga-
tion were grown by cooling a solution of 1 in acetonitrile,
whereas numerous attempts to obtain crystals of the cobalt
and nickel derivatives 2 and 3 failed. The molecular struc-
ture of 1 (Figure 6) is surprising in that the conformation is
virtually eclipsed (torsion angle C1···D···D’···C1’: �2.28). Ac-
cordingly, the idealized symmetry is C2v with a D-Fe-D’
angle of 176.98 (D=centroid of the Cp ring) slightly open-
ing the sandwich at the cyanide positions. Note that metallo-
cenes have a low barrier to ring rotation so that in the aver-
age solution structure the CN groups would adopt trans po-
sitions (Scheme 1 and Figure 3). The distances between the
iron center and the carbon atoms of the Cp unit in 1 reflect
a significant slippage of the Cp ligands, such that the iron
atom is shifted toward the CN groups. The reason is that the
first antibonding MO of the [C5H4CN]� ligand has a large
coefficient not only at C1 but also at C6 and that its energy
is much lower than that of the next antibonding MO. There-
fore, the first MO mixes more strongly into the relevant
bonding MO of 1, and the iron atom moves toward C1 and
C1’ (for details see the Supporting Information).


Figure 5. 13C NMR spectra of compound 2. Top trace: Saturated solution
in CH3CN at 294 K, S= solvent signals (truncated). The signal intensity
for CN is low, because the emitter frequency was adjusted close to the
signal of C1. Bottom trace: Solid-state spectrum at 323 K, spinning rate:
13 kHz, bg=background signal of the probe head (truncated), non-
ACHTUNGTRENNUNGassigned signals are spinning sidebands. Center trace: Simulated solid-
state spectrum.


Table 3. Mean shifts of the 1H and 13C NMR signal [ppm] of the Cp ring
atoms for 2 and 3 in solution and as powders.


dpara,av (C ring) dpara,av (H ring)


2 C7D8 459 �35
2 MAS 323 �28
3 C7D8 1343 �246
3 MAS 891 �177
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The sandwiches in the crystal are arranged in parallel
planes with all the cyano groups pointing in the same direc-
tion (Figure 7). This behavior is in striking contrast to the


usual sandwich arrangement at
right angles mentioned in the
Introduction. The respective
cyano groups of 1 in adjacent
planes point in opposite direc-
tions. The distance between the
Cp rings of adjacent planes is
3.46 S, which would suggest an
intermolecular interaction little
less than between the carbon
planes of graphite (3.35 S).
However, the sandwiches do
not form perfect pillars as rep-
resented in Figure 2. Rather the
sandwiches are shifted relative
to each other, such that, after
projection in a common plane,
the iron atoms of adjacent
sandwiches are separated by
1.06 S, which would decrease
intermolecular interactions.
From the crystal structure of 1,


it follows that one way of achieving p-stacked packing of
sandwich molecules seems to require a stick-shaped sub-
stituent at each ring. With only one cyano substituent per
metallocene,[30] the packing corresponds to that of the
parent metallocenes (Figure 1).


The crystal structure of the analogous cobalt and nickel
derivatives 2 and 3 is expected to correspond to 1 because
the structures of metallocenes with the same substitution
patterns are usually isotypic, and the series [MCp2] (except
M=Mn) is a well-known example.[11] We have verified this
outcome for 1 and 2 by applying X-ray powder methods
(see the Supporting Information). Both molecules crystallize
in the space group C2/c, with the volume of the unit cell of
the cobalt derivative being about 2% larger than that of the
iron analogue. This corresponds to the increase of the
metal–ligand distances in the metallocene series M=Fe, Co,
Ni, which depends on the electron count.[31]


Magnetic studies : Since the p stacking of solid 1,1’-dicyano-
metallocenes was suspected to be responsible for the mag-
netic interactions evident from the NMR spectroscopic stud-
ies, cobalt and nickel derivatives 2 and 3 were subjected to
magnetic measurements. The magnetic behavior of 1,1’-di-
cyanocobaltocene (2) is strikingly different from its unsub-
stituted congener, which we measured for comparison (Fig-
ure 8a and b). Upon decreasing the temperature, the cmT
value (cm=molar magnetic susceptibility) of [CoCp2] de-
creases linearly from 0.37 cm3Kmol�1 at 300 K to
0.35 cm3Kmol�1 at 130 K in line with a spin-only value of
S=1/2. Below 100 K, cmT decreases somewhat faster and
saturates at 0.26 cm3Kmol�1 below 11 K, which is smaller
than the ideal spin-only value (0.376 cm3Kmol�1) of an S=


1/2 compound. Our measurements confirm those of Kçnig


Figure 6. Structure of compound 1 (ORTEP plot) in the solid state. Ther-
mal ellipsoids are drawn at the 50% probability level. The symmetry op-
eration to generate equivalent atom positions is 1�x, y, 1/2�z. Selected
bond lengths [S] and angles [8]: Fe�C1 2.038(2), Fe�C2 2.056(2), Fe�C3
2.064(2), Fe�C4 2.061(2), Fe�C5 2.055(2), C1�C6 1.429(2), N�C6
1.150(2); D-C1-C6 179.7, C1-C6-N 179.5(2), C2-C1-C6 125.8(2), C5-C1-
C6 125.5(2).


Figure 7. Packing of molecule 1 in the crystal.


Figure 8. Magnetic behavior of cobaltocene (left) and nickelocene (right) compounds. Temperature depen-
ACHTUNGTRENNUNGdence of cmT (in cm3Kmol�1) of 2 (trace b) relative to that of [CoCp2] (trace a). Temperature dependence of
cm (in cm3mol�1) of 2 with the theoretical curve (both trace c). Temperature dependence of cmT (in
cm3mol�1K) of 3 with the theoretical curve (both trace e) relative to that of [NiCp2] (trace d). Temperature
dependence of cm (in cm3mol�1) of 3 with the theoretical curve (both trace f).
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et al. who ascribed this behavior to ligand-field distortion.[32]


By contrast, the cmT value at room temperature for the di-
cyano derivative 2 (cmT=0.39 cm3Kmol�1) is slightly bigger
than expected and decreases more and more rapidly until it
reaches cmT=0.014 cm3Kmol�1 at 2 K.


A qualitatively very similar behavior was observed for the
corresponding pair of nickelocenes (Figure 8d and e). In the
case of [NiCp2], the product cmT increases from virtually the
spin-only value for an S=1 compound (cmT=


1.03 cm3Kmol�1 at 300 K) to 1.19 cm3Kmol�1 at 33 K and
then rapidly drops to 0.157 cm3Kmol�1 at 2 K. This behavior
confirms previous results that were interpreted to be a
result of zero-field splitting, thus causing the steep drop,[1d–f]


and competitive, weak intermolecular ferromagnetic and an-
tiferromagnetic interactions.[1f] As expected for intermolecu-
lar interactions, the ferromagnetic hump near 30 K disap-
pears when [NiCp2] is diluted in [MgCp2].


[33] By contrast,
the cmT value of 1,1’-dicyanonickelocene (3) at 300 K is only
0.81 cm3Kmol�1 and gradually decreases to
0.159 cm3Kmol�1 at 2 K.


For both 1,1’-dicyanometallocenes 2 and 3, the compari-
son of the cmT versus T curves with those observed for the
unsubstituted derivatives indicates that an antiferromagnetic
interaction is superimposed on the single-ion effects. Ac-
cording to the NMR spectroscopic results, the interaction
must be intermolecular. The p-stacked organization of the
molecules in the crystal suggested describing the interaction
with a one-dimensional model.[34] In the present case, the
maximum cm value expected at low temperature is partly
masked by other effects. Probably the most pronounced per-
turbation is a result of defects in the lattice, thus creating
chain ends that behave as an admixture of paramagnetic
monomers.[35] Actually, the 1H MAS NMR spectra of 2 and
3 (see Figures SI11 and SI8, respectively, in the Supporting
Information) show features that are not seen in solution and
that may be attributed to such chain ends.


To fit the susceptibility of 1,1’-dicyanometallocenes over
the whole temperature range, we assumed that the observed
temperature-dependent magnetic susceptibility cm is mainly
a result of the linear chains, but altogether consists of three
terms [Eq. (1)]:


cm ¼ cICð1�f Þ þ cCWf þ TIP ð1Þ


where cIC is the isotropic-chain susceptibility, cCW is a Curie–
Weiss component that arises from the terminal spins of
finite-length chains that are exchange coupled to the respec-
tive last-but-one chain member, and TIP is the Van Vleck
paramagnetism of the open-shell metal ions. The parameter
f represents the fraction of chain ends mentioned above. In
the case of 2, an approach based on S=1/2 infinite isotropic
Heisenberg chain (Bonner–Fisher susceptibility[36]) is appro-
priate. There are no analytical solutions for the magnetic
susceptibility of the Heisenberg chains, but a useful approxi-
mation has been suggested by Estes et al. [Eq. (2a)]:[35b]


cIC ¼
Ng2avm


2
B


kBT
0:25þ 0:14995 xþ 0:30094 x2


1þ 1:9862 xþ 0:68854 x2 þ 6:0626 x3
ð2aÞ


where x= jJ j /kBT, N is the Avogadro number, gav is the
mean g factor, mB is the Bohr magneton, kB is the Boltzmann
constant, J is the magnetic exchange coupling constant, and
T is the absolute temperature. A comparable expression has
been proposed in the case of S=1 infinite isotropic Heisen-
berg chains.[37] It is readily adapted for compound 3
[Eq. (2b)] :


cIC ¼
Ng2avm


2
B


kBT
2þ 0:0302 xþ 0:8997 x2


3þ 4:5452 xþ 2:7477 x2 þ 6:9038 x3
ð2bÞ


The Curie–Weiss-like contribution is given by
ACHTUNGTRENNUNGEquation (3).


cCW ¼
Ng2avm


2
BSðSþ 1Þ


3kBðT�qÞ ð3Þ


where S is the spin quantum number and q is the Weiss tem-
perature. The experimental data could be well reproduced
by using the fitting parameters J, gav, and f, supplemented by
q, and the TIP for 2 (cf. Figure 8, trace c) with the values
given in Table 4.


It is gratifying that the parameter of main interest, J,
proved to be robust during the fitting. When q and TIP
were neglected, J=�30.4 cm�1 was obtained (instead of
�28.3 cm�1), whereas the low-temperature part of the fitting
curve deviated somewhat from the experimental points, and
g=1.64 (instead of 1.94) was unusually small. Actually, the
final data fit was supported by the EPR spectrum (see
Figure SI17 in the Supporting Information), which reflects
the rhombic distortion expected from the low symmetry of
the molecule. The g factors of 2 (gx=2.068, gy=2.012, gz=
1.884[38]) are well within the range found for four other sub-
stituted cobaltocenes,[39] and the average value gav=1.98 is
close to g=1.94 obtained from the magnetic data fit.


For the nickel derivative 3 with S=1, Heisenberg and
Ising chain models are available.[36] These models differ
mainly in the susceptibility at and near T=0, at which the
Heisenberg model leads to a plateau of the cm curve, where-
as it drops to zero in the Ising model. Inspection of the ex-
perimental data (Figure 8) shows that these criteria are
masked by the low-temperature divergence of cm because of


Table 4. Parameters obtained from fitting the magnetic data of 2 and 3.


[Co(CpCN)2] (2) [Ni(CpCN)2] (3)
Chain model Heisenberg Heisenberg Ising


J [cm�1] �28.3 �10.3 �11.8
g 1.94 2.06 2.05
f 0.17 0.21 0.25
q [K] �11.4 – –
TIP [cm3mol�1] 229T10�6 – –
chain length 14 12 10
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the effect of the chain ends mentioned above. Therefore,
both models were applied and gave similar results (Table 4).
The robustness of the fits was ensured by simultaneous fit-
ting of the experimental cmT and cm data. It is worth noting
that the mean g factor of 2.05–2.06 corresponds to that of
[NiCp2].


[1d,f] A Haldane gap has not been considered in the
fits because the strong zero-field splitting known for nickelo-
cenes makes its appearance unlikely.[40] The composition of
the fitting curves is documented in the Supporting Informa-
tion (see Figures SI17 and SI18).


The J parameters derived from the fits do not only estab-
lish a rather strong antiferromagnetic coupling within solid 2
and 3 but also confirm that its origin is a pure molecular
crystal effect. Thus, the same chain model of p-stacked sand-
wiches applies in both cases. The fraction f of chain ends
(Table 4) is equivalent to an average chain length of 10–14
stacked molecules, which is close to the 11 spin centers
taken into account for the Heisenberg approximation used
herein.


Molecular orbital consideration : For a qualitative under-
standing of the face-to-face interaction of solid 1,1’-dicyano-
metallocenes, it is useful to discuss the relevant SOMOs. In
the case of nickelocenes, we start from [NiCp2], which has
two degenerate SOMOs. Generally, they split upon symme-
try lowering through substitution, in the present case with
two cyano ligands in 2 and 3. Herein, we limit the discussion
to 3. When two molecules are arranged in a stack to form
the model dimer 3···3, further orbital splitting yields four
SOMOs, that is, two 3···3 bonding combinations, MO70 and
MO72 shown in Figure 9, and their 3···3 antibonding coun-
terparts, MO69 and MO71 not shown. At a given 3···3 dis-
tance (assumption: 3.46 S as in 1), the intermolecular inter-
action, as reflected by the MO splitting, depends on the
shape of the respective MO and on the relative orientation
of the components 3. This behavior is illustrated in the
lower part of Figure 9, in which a relative shift of 0 S means
that the Cp�Ni axes are colinear. Upon shifting the lower
nickelocene between �9 and 4 S (perpendicular to the
chain direction), the energies of MO70 and MO72 behave
differently. The electron density of the ligand in MO70 is
concentrated at C2–C5 and just one broad energy minimum
is seen. By contrast, the electron density in MO72 is local-
ized at C3/4, C1, and the cyano group, thus giving rise to
four energy minima. As expected, the energy curves of anti-
bonding MO69 and MO71 are virtually mirror images of
MO70 and MO72, respectively. It follows that if the relative
shift of adjacent 1,1’-dicyanonickelocenes is similar to that
of 1 (dotted line in Figure 9), they are arranged for close to
maximal intermolecular interactions (see broken curve in
Figure 9).


The discussion of changes in spin density following from
intermolecular interactions must include the sign of the spin
density at the respective atoms, which is not obtained from
simple extended HAckel calculations. The signs of the spin
density follow, however, from the NMR spectra as the signal
shifts are a measure of the spin densities.[22] Previously, we


have shown that paramagnetic sandwich cations can trans-
mit spin density to neighboring counterions and that spin in
a p orbital of one species (tetracyanoethyl ACHTUNGTRENNUNGenide) can be
transmitted to the p orbitals of another species (decamethyl-
cobaltocenium ion).[23] A similar situation is met for two ad-
jacent cyanocyclopentadienyl ligands of two cobaltocenes
and nickelocenes arranged as 2···2 and 3···3, respectively,
whose spin distribution is represented in Figure 10. When
the sandwiches are shifted as found for the iron analogue 1,
it is obvious that the intermolecular interactions in 2···2
should be different from those in 3···3. For the analysis of
local spin interactions, it is helpful to recall that according
to the Heitler–London spin exchange antiferromagnetic in-


Figure 9. Top: Selected SOMOs of two stacked 1,1’-dicyanonickelocenes
3···3. Bottom: SOMO energy changes of 3···3 upon shifting one moiety 3
relative to the other (see text). The broken curve represents the total
energy change and the dotted line marks the relative shift of two adja-
cent stacked metallocenes found for the iron analogue 1.


Figure 10. Spin densities at the carbon atoms of the adjacent cyanocyclo-
pentadienyl ligands of two stacked cobaltocenes 2···2 and nickelocenes
3···3. The positive and negative spin densities are white and gray,
ACHTUNGTRENNUNGrespectively.
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teractions are expected when the spin at neighboring sites
has the same sign, whereas ferromagnetic interactions
should arise from different spin signs.[41] When this fact is
applied to 3···3 (Figure 10, right), the magnetic measure-
ments and the decrease of all the absolute NMR signal
shifts suggest that the antiferromagnetic interactions of posi-
tive spin on the adjacent Cp cores C1–C5 prevail. Things
are more complicated for the stacked cobalt derivative 2···2
because negative and positive spins alternate within the Cp
ring. Accordingly, on passing from solution to the solid
state, the absolute NMR signal shift of only the C1 atom de-
creases whereas the shifts for all the other atoms increase
(Table 2). Computations at a level that is higher than the ex-
tended HAckel approach used herein might clarify the local
interactions; however, these calculations are beyond the
scope of this report. On the other hand, the NMR spectro-
scopic data of paramagnetic metallocenes were reproduced
by applying DFT methods[42] and were related quantitatively
to spin densities.[43]


Conclusion


Cyanocyclopentadienide is a reliable reagent for the synthe-
sis of metallocenes, even if the products are very sensitive.
The cyano substituents efficiently modify the reactivity of
the metallocenes: nickelocenium and ferrocenium ions
become less stable, whereas the metallocene anion and neu-
tral cobaltocene become more stable.


The introduction of stick-shaped cyano substituents also
causes a change in the organization of the molecules in the
crystal lattice; the arrangement of next-neighbor sandwiches
switches from perpendicular to parallel. This behavior en-
tails intermolecular magnetic interactions that are mediated
by adjacent spin-containing ligand p orbitals. NMR spectro-
scopic analysis and magnetic measurements are complemen-
tary methods for the study of this sort of crystal packing.
The latter method probes the bulk magnetism which in the
present case appears as one-dimensional antiferromagnetic
interactions within chains of stacked sandwiches. Because of
lattice defects, an average chain consists of 10–14 1,1’-dicya-
nometallocene units. The NMR spectroscopic method
probes the local magnetism of an ensemble of equivalent
molecules. Hence, the comparison of spectra of dissolved
and solid samples constitutes a convenient check for inter-
molecular magnetic interactions. In addition, the spin trans-
mission to individual nuclei can be followed quantitatively.
It turns out that the cyano groups receive much spin density
so that paramagnetic cyanometallocenes can be regarded as
spin-delivering nitrile ligands.


The spin density on the Cp rings provides a clue to further
changes in the crystal packing. If areas of positive and nega-
tive spin density exist on a given Cp ligand, as in the case of
1,1’-dicyanocobaltocene, appropriate shifting of the stacked
sandwiches would place the negative spin of one sandwich
close to the positive spin density of the adjacent sandwich.
This scenario favors ferromagnetic interactions.[41] Likewise,


assembling stacks of, for example, alternating nickelocenes
and vanadocenes through co-crystallization would also lead
to ferromagnetic interactions because in the ligand p orbi-
tals of nickelocenes the spin is positive, whereas it is nega-
tive for vanadocenes.[27b]


Experimental Section


Procedures and characterization : The syntheses and investigations of the
compounds were performed in a purified, dry dinitrogen atmosphere by
using Schlenk-type glassware, which had been dried at 140 8C prior to
use.


Unless otherwise noted, the solution NMR spectra of the diamagnetic
compounds were recorded on a Jeol JNM GX 270 spectrometer, and the
solution NMR spectra of the paramagnetic compounds on a Bruker AV
300 spectrometer, which was equipped with MAS probeheads for solid-
state spectra, including those of the ferrocene compounds, and solenoid
probeheads for solution spectra. Tubes modified as described previous-
ly[44] were used for placing the solutions at right angles to the magnetic
field. ZrO2 and Si3N4 rotors (4 mm) packed in a glove box were used for
the MAS NMR spectroscopic experiments. All NMR signal shifts of the
solution spectra were measured relative to solvent signals and calculated
relative to trimethylsilane (TMS) by using d ACHTUNGTRENNUNG(CH3)=2.49 ppm and d-
ACHTUNGTRENNUNG(CH3)=39.5 ppm for [D6]DMSO and d ACHTUNGTRENNUNG(CH3)=2.03 ppm and dACHTUNGTRENNUNG(CH3)=


20.4 ppm for [D8]toluene. All signal shifts from solid-state NMR spectra
were measured relative to external adamantane and calculated relative
to TMS by using d(CH)=2.0 ppm and d(CH)=29.5 ppm. In the case of
the dissolved and solid paramagnetic compounds, this procedure gave ex-
perimental signal shifts at the measuring temperature dexp


T , which were
calculated relative to the corresponding signals of the analogous ferro-
cene compounds to give the paramagnetic signal shifts dparaT . The tempera-
ture was determined by adding 3–5 wt% of [Ni ACHTUNGTRENNUNG(C5H5)2] to the samples
and measuring the shift in the 1H NMR signals of Cp2N. The temperature
calibration has been reported for solid samples.[43,45] The temperature cal-
ibration for samples in solution is T=�77132/(dparaT =�1.04) (see the
Supporting Information). The cyanonickelocenes were studied by using
[V(C5H5)2] as an internal temperature standard.[45] The solid-state NMR
spectra were analyzed and simulated by using the programs HBA and
Wsolids, respectively.[46] The IR and mass spectra were obtained from
Perkin-Elmer 1600 FTIR and Varian MAT 50 spectrometers,
ACHTUNGTRENNUNGrespectively.


The magnetic measurements were obtained from Quantum Design
MPMS7 ([CoCp2] and 2) and MPMS5 ([NiCp2] and 3) SQUID magneto-
meters. The samples were measured in a helium atmosphere in the range
1.8–300 K and external magnetic fields of 1 and 0.3 T, respectively. The
obtained values (Figure 8) were corrected for the diamagnetic moment of
the empty sample holder and the core diamagnetism calculated from the
Pascal constants (cdia=�142T10�6 cm3mol�1 for [CoCp2], cdia=�158T
10�6 cm3mol�1 for 2, cdia=�140T10�6 cm3mol�1 for [NiCp2], and cdia=


�156T10�6 cm3mol�1 for 3).


The cyclic voltammograms (CVs) were recorded with a computer-con-
trolled potentiostat 173/276 from Princeton Applied Research, a home-
made cell with cooling jacket, a Ag/AgCl reference electrode, a com-
bined Pt counter and working electrode, and a device for drying the solu-
tion within the cell immediately before running the CV. The drying agent
was Al2O3 (Super I N, no. 04580; ICN, Essen, Germany). The compounds
were dissolved in a 0.1m nBu4NPF6 in propionitrile with concentrations
close to 1.3 mmolL�1 in all cases. The potentials were measured in sepa-
rate runs after the addition of ferrocene relative to the potential of
[Fe(C5H5)2]/[Fe(C5H5)2]


+ , except for 2 and 6, which were measured rela-
tive to [Co(C5H5)2]/[Co(C5H5)2]


+ and calculated relative to [Fe(C5H5)2]/
[Fe(C5H5)2]


+ with E1/2=�1.32 V for [Co(C5H5)2] in propionitrile at
295 K. All the potentials were reproducible within a range of 15 mV or
better, and mean values are reported. The elemental analyses were car-
ried out by the microanalytical laboratory of the Faculty of Chemistry,
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Garching. The extended HAckel calculations were carried out with the
program package CACAO, version 4.0.[47]


Materials : All reagents were commercially obtained except for the fol-
lowing, which were synthesized according to literature procedures:
Li(C5Me5),


[48] K(C5H4CN),[18] Tl(C5H4CN),[17d] FeCl2·1.5THF,[49]


NiBr2·1.5THF,[50] [FeCl(C5Me5)(tmeda)] (tmeda=N,N-tetramethylethyl-
enediamine),[51] [Co(C5Me5)(acac)] (acac=acetylacetonate),[52] and
[Ni(C5Me5)(acac)].


[53] The solvents were dried by standard methods and
freed from dioxygen by distilling under a stream of dinitrogen.


1,1’-Dicyanoferrocene (1): Tl(C5H4CN) (3.00 g, 10.2 mmol) was added to
a stirred suspension of FeCl2·1.5THF (1.49 g, 6.4 mmol) in THF
(100 mL). When the gray–brown reaction mixture was stirred and heated
to reflux for 24 h, the liquid phase became yellow after a few minutes
and finally orange. After the mixture had been cooled to room tempera-
ture, the liquid was filtered and the residue was washed with portions of
THF (20 mL) until the liquid was colorless. The combined solutions of
THF were evaporated under vacuum. The brown remainder was extract-
ed with toluene (3T50 mL), two thirds of the solvent was evaporated,
and the solution was kept at �20 8C until a powder had separated. After
filtration and removal of the residual solvent from the solid at 10�2 bar, 1
was obtained as a light orange microcrystalline compound (294 mg).
When the remaining solution was reduced to a volume of 15 mL and
cooled, a further aliquot of 1 was obtained (165 mg). The overall yield
was 38% relative to Tl(C5H4CN). Compound 1 was obtained in 58%
yield after starting from K(C5H4CN).[19c] M.p. 160–162 8C; 1H NMR
(270 MHz, [D6]DMSO, 305 K): d=5.03 (pseudo t, 2+4J(H,H)=3.8 Hz,
4H; H3/4 or H2/5), 4.69 (pseudo t, 2+4J(H,H)=3.8 Hz, 4H; H2/5 or H3/
4) ppm; 13C NMR (67.8 MHz, [D6]DMSO, 305 K): d=118.9 (CN), 74.3
and 73.8 (C3/4 and C2/5), 54.5 (C1) ppm; CP-MAS 13C NMR (75.5 MHz,
nrot=15 kHz, 335 K): d=117.1 (wQ=208 Hz, CN), 74.8 (C2–C5), 57.0
(C1) ppm; IR (KBr): ñ =2224 cm�1 (C�N); MS (CI, 150 eV): m/z (%):
236 (100) [M+], 209 (35) [M+�CNH], 149 (4) [M+�C5N4CN], the exper-
imental and theoretical isotope patterns of [M]+ were in agreement; ele-
mental analysis (%) calcd for C12H8N2Fe (236.05): C 61.06, H 3.42, N
11.87; found: C 61.07, H 3.31,N 11.74


1,1’-Dicyanocobaltocene (2): Procedure A : Anhydrous CoBr2 (1.50 g,
6.9 mmol) was suspended in THF (50 mL) and a solution of K(C5H4CN)
(1.42 g, 11.0 mmol) in THF (50 mL) was added under stirring. At room
temperature, the reaction mixture became green–brown after a few mi-
nutes and black after heating to reflux for 5 h. The reaction mixture was
cooled to room temperature and filtered. The remaining solid was
washed with portions of THF (20 mL) until the liquid was colorless, the
solvent was removed from the combined solutions under vacuum, and
the solid was extracted with toluene (100 mL) in a Soxhlet apparatus.
When the solution thus obtained was concentrated under reduced pres-
sure to 50 mL and cooled to �20 8C, a black solid precipitated slowly.
After filtration and drying under vacuum, 2 was obtained as a microcrys-
talline powder (393 mg). Further concentration of the remaining toluene
solution to 10 mL and cooling to �20 8C gave another aliquot of 2
(250 mg). The overall yield of 2 was 49% relative to K(C5H4CN).


Procedure B : The synthesis described above for 1,1’-dicyanoferrocene
was carried out with CoBr2 (1.90 g, 8.7 mmol) suspended in THF
(200 mL) and Tl(C5H4CN) (4.09 g, 13.9 mmol). The reaction mixture
changed from light blue to green–brown and finally to dark brown. The
two-step yield of 2 was 420 and 115 mg or 32% relative to Tl(C5H4CN).


M.p. 189–190 8C (decomp); 1H NMR (300 MHz, [D8]toluene, 301.6 K)
dexp [half width, Hz]=12.3 [230] (4H; H2/5), �50.7 [450] (4H; H3/
4) ppm; CP-MAS 1H NMR (300 MHz, nrot=14.9 kHz, 335.0 K): dexp [half
width, Hz]=29.2 [2160] (4H, H2/5), �49.2 [2210] (4H; H3/4) ppm;
13C NMR (75.5 MHz, CH3CN, 293.7 K) dexp [half width, Hz]=1311 [1830]
(2C; C1), 777 [2650], (4C; C3/4), �93.2 [820] (4C; C2/5), �560 [2210]
(2C; CN) ppm; CP-MAS 13C NMR (75.5 MHz, nrot=13 kHz, 323.3 K):
dexp [half width, Hz]=792 [1760] (2C; C1), 726 [1770] (4C; C3/4), �200
[2300] (4C; C2/5), �523 [1450] (2C; CN) ppm; IR (KBr): ñ=2210 cm�1


(C�N); MS (CI, 150 eV): m/z (%): 239 (100) [M+], 212 (22) [M+


�CNH], 149 (13) [M+�C5N4CN], the experimental and theoretical iso-
tope patterns of [M+] were in agreement; elemental analysis (%) calcd


for C12H8N2Co (239.14): C 60.27, H 3.37, N 11.71; found: C 60.34, H 3.30,
N 11.65


1,1’-Dicyanonickelocene (3): Procedure A : Procedure A described above
for 1,1’-dicyanocobaltocene was carried out with NiBr2·1.5THF (1.45 g,
4.5 mmol) suspended in THF (80 mL) and K(C5H4CN) (0.92 g,
7.12 mmol) in THF (80 mL). The reaction mixture changed from orange
to olive and finally to dark green. The two-step yield of 3 was 274 and
169 mg or 52% relative to K(C5H4CN).


Procedure B : Procedure B described above for 1,1’-dicyanocobaltocene
was carried out with NiBr2·1.5THF (1.44 g, 4.4 mmol) suspended in THF
(200 mL) and Tl(C5H4CN) (2.08 g, 7.06 mmol). The reaction mixture
changed in a similar manner to that of procedure A. The two-step yield
of 3 was 164 and 94 mg or 31% relative to Tl(C5H4CN).


M.p. 170–173 8C (decomp); 1H NMR (300 MHz, [D8]toluene, 301.6 K)
dexp [half width, Hz]=�219.2 [690] (4H; H2/5), �242.0 [660] (4H; H3/
4) ppm; CP-MAS 1H NMR (300 MHz, nrot=14.9 kHz, 335.0 K): dexp [half
width, Hz]=�152 [4230] (8H; H2–H5) ppm; 13C NMR (75.5 MHz,
CH3CN, 293.7 K) dexp [half width, Hz]=1594 [1250] (2C; C1), 1444
[2980] (4C; C3/4), 1342 [2140] (4C; C2/5), �1093 [1140] (2C; CN) ppm;
CP-MAS 13C NMR (75.5 MHz, nrot=15 kHz, 335.0 K): dexp [half width,
Hz]=845 [2230] (2C; C1), 911 [2000] (4C; C3/4), 825 [2000] (4C; C2/5),
�748 [1240] (2C; CN) ppm; IR (KBr): ñ=2217 cm�1 (C�N); MS (CI,
150 eV): m/z (%): 238 (100) [M+], 211 (91) [M+�CNH], 149 (52) [M+


�C5N4CN], the experimental and theoretical isotope patterns of [M+]
were in agreement; elemental analysis (%) calcd for C12H8N2Ni (238.90):
C 60.33, H 3.38, N 11.73; found: C 60.59, H 3.46, N 11.77.


1-Cyano-1’,2’,3’,4’,5’-pentamethylferrocene (4): A solution of K(C5H4CN)
(0.71 g, 5.5 mmol) in THF (20 mL) was added dropwise to a solution of
[Fe(C5Me5)Cl(tmeda)] (1.89 g, 5.5 mmol) in toluene (40 mL). Where the
drops hit the surface, the yellow-green mixture turned orange immediate-
ly and a microcrystalline solid formed. After the addition of the reagent,
the orange reaction mixture was stirred at ambient temperature for 1 h,
then the solvent was removed at 10�2 bar, and the solid remainder was
extracted with hexane (100 mL). The extraction was completed by wash-
ing the solid with portions of hexane (15 mL) until the liquid was color-
less. The solvent was evaporated from the combined solutions under
vacuum until a volume of 30 mL. When this solution was allowed to
stand at �20 8C, an orange microcrystalline solid formed. Filtration and
drying at 10�2 bar gave 4 (945 mg). After reducing the remaining solution
to a volume of 10 mL and cooling, another aliquot of 4 (305 mg) was ob-
tained. The overall yield of 4 was 81% relative to [Fe(C5Me5)Cl(tmeda)].
M.p. 76–78 8C; 1H NMR (270 MHz, [D8]toluene, 305 K): d=3.65 (pseudo
t, 2+4J(H,H)=3.8 Hz, 2H; H3/4 or H2/5), 3.42 (pseudo t, 2+4J(H,H)=


3.8 Hz, 2H; H2/5 or H3/4), 1.62 (s, 15H; CH3) ppm; 13C NMR
(67.8 MHz, [D8]toluene, 305 K): d=119.4 (CN), 81.9 (CCH3) 74.2 and
74.1 (C3/4 and C2/5), 55.2 (C1), 10.2 (CCH3) ppm; CP-MAS 13C NMR
(75.5 MHz, nrot=15 kHz, 335 K): d=117.6 (wQ=195 Hz, CN) 80.5
(CCH3), 74.5 and 72.9 (C2/5 and C3/4), 51.9 (C1), 10.2 (CCH3) ppm; IR
(KBr): ñ=2210 cm�1 (C�N); MS (CI, 150 eV): m/z (%): 281 (100) [M+],
266 (5) [M+�CH3], 191 (11) [M+�C5N4CN], the experimental and theo-
retical isotope patterns of [M+] were in agreement; elemental analysis
(%) calcd for C16H19NFe (281.18): C 68.35, H 6.81,N 4.98; found: C
68.00, H 6.77, N 4.95.


1-Cyano-1’,2’,3’,4’,5’-pentamethylcobaltocene (5): The procedure de-
scribed for 4 was carried out with [Co(C5Me5)(acac)] (2.91 g, 9.9 mmol)
and K(C5H4CN) (1.41 g, 10.9 mmol) in toluene (100 and 50 mL, respec-
tively) and by heating to reflux for 10 h. The reaction mixture changed
from yellow-red to red-brown, and the two-step yield of 5 was 1.35 and
0.89 g or 79% relative to [Co(C5Me5)(acac)]. M.p. 70–72 8C; 1H NMR
(300 MHz, [D8]toluene, 344.6 K) dexp [half width, Hz]=37.3 [90] (15H;
CH3), �2.3 [100] (2H; H2/5), �36.3 [140] (2H; H3/4) ppm; 13C NMR
(75.5 MHz, [D8]toluene, 327.2 K) dexp [half width, Hz]=1155 (noisy
signal) (1C; C1), 609.3 [790] (2C; C3/4), 560.2 [820] (5C; CCH3), 85.7
[340] (d, 1J(C,H)=153�14 Hz, 2C; C2/5), �152.2 [370] (q, 1J(C,H)=


111�14 Hz, 5C; CCH3), �378.3 [430] (1C; CN) ppm; IR (KBr): ñ=


2194 cm�1 (C�N); MS (CI, 150 eV): m/z (%): 284 (100) [M+], 194 (13)
[M+�C5H4CN], 133 (13) [C5Me5


+�2H], the experimental and theoretical
isotope patterns of [M+] were in agreement; elemental analysis (%)
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calcd for C16H19NCo (284.27): C 67.60, H 6.74, N 4.93; found: C 67.55, H
7.03, N 4.45.


1-Cyano-1’,2’,3’,4’,5’-pentamethylnickelocene (6): The procedure de-
scribed for 5 was carried out with [Ni(C5Me5)(acac)] (2.18 g, 7.4 mmol)
and K(C5H4CN) (1.06 g, 8.2 mmol). The reaction mixture changed from
dark red to green-brown. After workup, a 1:1 mixture of [Ni(C5Me5)2]
and 6 was obtained according to 1H NMR spectroscopic analysis. A
sample of the solid mixture (0.5 g) was dissolved in hexane (2 mL) and
subjected to column chromatography on Al2O3 with Et2O as the eluent.
Two colored bands developed, the first was dark green and contained
[Ni(C5Me5)2] (dexp


295:7(
1H)=243.6 ppm),[28] the second band was lighter


green. The solvent was removed from the latter band, and the remainder
was purified by column chromatography again under the same condi-
tions. Collecting the second band and removal of the solvent gave a
green microcrystalline powder (120 mg), which comprised 97% 6 and
4% [Ni(C5Me5)2] as shown by 1H NMR spectroscopy. The calculated
yield of 6 was 6% relative to [Ni(C5Me5)(acac)]. M.p. 37–40 8C; 1H NMR
(300 MHz, [D8]toluene, 331.2 K) dexp [half width, Hz]=250.3 [640] (15H;
CH3) �146.0 [590] (2H; H2/5), �161.7 [570] (2H; H3/4) ppm; 13C NMR
(75.5 MHz, [D8]toluene, 293.8 K) dexp [half width, Hz]=�800.3 [370]
(5C; CCH3) �904.3 [430] (1C; CN) ppm; further partly overlapping sig-
nals at d=1540, 1246, and 1318 ppm could not be assigned to the four ex-
pected five-membered carbon ring atoms because of the low signal-to-
noise ratio and large signal widths; IR (KBr): ñ =2214 cm�1 (C�N); MS
(CI, 150 eV): m/z (%) for 6 : 283 (100) [M+], 193 (2) [M+�C5H4CN], 133
(13) [C5Me5


+�2H], the experimental and theoretical isotope patterns of
[M+] were in agreement; elemental analysis (%) calcd for 96%
C16H19NNi (284.02)+4% [Ni(C5Me5)2] (329.15): C 67.91,H 6.86, N 4.70;
found: C 68.71,H 6.93, N 4.75.


Single-crystal and powder X-ray studies : Crystal data and details of the
structure determination are presented in Table 5. Suitable single crystals
for the X-ray diffraction study were grown from acetonitrile. A clear
orange needle was stored under perfluorinated ether, transferred in a
Lindemann capillary, fixed, and sealed. Preliminary examination and
data collection were carried out on an area detecting system (NONIUS,
MACH3, k-CCD) at the window of a rotating anode (NONIUS, FR591)
and graphite-monochromated MoKa radiation (l=0.71073 S). Data col-
lection was performed at 223 K (Oxford Cryosystems) within a V range
of 3.44<V<26.328. Six data sets were measured in rotation scan modus
with Df/DW=2.08. A total number of 9295 intensities were integrated.
Raw data were corrected for Lorentz, polarization, and, arising from the
scaling procedure, for latent decay and absorption effects. After merging
(Rint=0.034) a sum of 955 (all data) and 931 (Io>2s(Io)), respectively, re-
mained and all the data were used. The structure was solved by a combi-
nation of direct methods and difference Fourier syntheses. All non-hy-
drogen atoms were refined with anisotropic displacement parameters. All
hydrogen atoms could be located in the difference Fourier maps and
were allowed to refine freely. Full-matrix least-squares refinements with
85 parameters were carried out by minimizing �w(Fo


2�Fc
2)2 with the


SHELXL-97 weighting scheme and stopped at shift/err <0.001. The final
residual electron-density maps showed no remarkable features. Neutral
atom scattering factors for all atoms and anomalous dispersion correc-
tions for the non-hydrogen atoms were taken from the International
Tables for Crystallography.[54]


CCDC-662374 (1) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


A Guinier diffractometer equipped with an imaging plate detector
(HUBER G670) and MoKa1 radiation (l=0.7093 S) was used for collect-
ing the powder X-ray data of 2 (see the Supporting Information).
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Introduction


From a synthetic chemist�s standpoint, alkali-metal (espe-
cially lithium) amide complexes are amongst the most useful
and commonly encountered organometallic reagents. In par-
ticular, the alkali-metal salts of hexamethyldisilazane
(HMDS(H)),[1–6] diisopropylamine (DA(H)),[7–10] and 2,2,6,6-
tetramethylpiperidine (TMP(H))[11] are prevalent in many
synthetic chemistry laboratories. These reagents are often
considered bastions of synthetic chemistry for several rea-
sons. Firstly, and most importantly, they have a high Brønst-
ed basicity, but are generally weakly nucleophilic in nature.
The amides also exhibit a higher basicity than their alkoxide
counterparts, are employed to induce kinetic deprotona-


tions, are often hydrocarbon (or THF) soluble, are safer to
handle than alkali metal hydrides and alkyls, and are com-
mercially available. There are numerous accounts of alkali-
metal amides being used to achieve alkali-metal/hydrogen
exchange, and the use of alkali-metal amides (in particular
those of lithium) has been well reviewed.[8,12–15] More specifi-
cally, the amides have been used recently in certain transfor-
mations such as the generation of enolates,[16–25] condensa-
tion and ring-formation processes,[26–28] directed ortho-metal-
ations (DoM),[29–39] rearrangement and isomerization pro-
cesses,[40–44] and in Wittig reactions.[45–48]


From a structural perspective, the chemistry of the alkali
metal amides has been the focus of a great deal of attention,
both in solution and in the solid state. Collum and co-work-
ers have painstakingly studied the solution behavior of vari-
ous lithium amides in both nonpolar and polar solvents.[49–51]


With particular relevance to this study, the aforementioned
group have determined previously (using 6Li and 15N NMR
spectra) the hydrocarbon solution structures of LiTMP and
LiPMP (where PMP=2,2,4,6,6-pentamethylpiperidide).
They found that the solutions consisted of a mixture of a
cyclic trimer and four distinct cyclic tetramers (each with a
different symmetry: C4h, D2h, C2v, and Cs).


[52] Three years
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route. This is achieved by reacting bu-
tylsodium with TMPH in the presence
of excess TMEDA in hexane. The po-
tassium congener [{(tmeda)KACHTUNGTRENNUNG(tmp)}2]
(2), can be prepared by treating KTMP
(made using a metathesis reaction be-
tween LiTMP and potassium tert-but-


oxide) with an excess of TMEDA in
hexane. In the solid state, 1 and 2 are
essentially isostructural. They are dis-
cretely dimeric and their framework
consists of a four-membered M-N-M-N
ring (M=Na or K, N=TMP). Due to
the high steric demand of the TMP
ligand, the TMEDA molecules bind to
the metal centers in an asymmetric


manner. In 2, each of the coordination
spheres of the metals is completed by
an agostic K···CH3 ACHTUNGTRENNUNG(TMP) interaction.
DFT calculations at the B3LYP/6-
311G** level give an insight into why 1
and 2 adopt dramatically different
structures from their previously report-
ed, “open-dimeric”, lithium counter-
part. The theoretical work also focuses
on the TMEDA-free parent amide
complexes and reveals that the energy
difference for the formation of [{M-
ACHTUNGTRENNUNG(tmp)}x] (in which, M=Li or Na, x=3
or 4; and M=K, x=2, 3 or 4) are
small.


Keywords: alkali metals · amides ·
coordination chemistry · density
functional calculations · structure
elucidation


[a] D. R. Armstrong, D. V. Graham, A. R. Kennedy, R. E. Mulvey,
C. T. O�Hara
WestCHEM, Department of Pure and Applied Chemistry
University of Strathclyde, Glasgow, G1 1XL (Scotland)
Fax: (+44)141-5520876
E-mail : r.e.mulvey@strath.ac.uk


charlie.ohara@strath.ac.uk


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800158.


Chem. Eur. J. 2008, 14, 8025 – 8034 N 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 8025


FULL PAPER







later they described the solution behavior of LiTMP and its
“surrogate” LiPMP in the presence of the common donor
solvent N,N,N’,N’-tetramethylethylenediamine (TMEDA).[53]


Their findings indicated that, as expected, deaggregation of
the trimer/tetramers occurred. Intriguingly, the expected sol-
vated cyclic dimer could not be detected; instead, a mono-
meric and an “open-dimeric” species were identified.
A fascinating array of solid-state structures is possible by


slightly modifying the electronic and steric properties of the
amido ligand. For instance, in the absence of donor solvent,
dimers,[54–60] trimers,[61–66] tetramers,[67,68] hexamers,[69] and
polymers[70] of lithium secondary amides can be isolated. As
expected the introduction of a donor solvent generally de-
creases the aggregation state to form smaller aggregates.[71,72]


Most pertinent to this study are the alkali-metal salts of
TMP(H). The solid-state structures of donor-free cyclic olig-
omers [{Li ACHTUNGTRENNUNG(tmp)}4]


[68] and [{Na ACHTUNGTRENNUNG(tmp)}3]
[73] have been report-


ed. Counterintuitively, the Li amide has a higher state of oli-
gomerization than its Na coun-
terpart. Williard et al. have
published the synthesis and
structure of the TMEDA hemi-
solvated complex [(tmeda){Li-
ACHTUNGTRENNUNG(tmp)}2]


[74] 3 (Figure 1).
Surprisingly, considering the


wide-reaching appeal of these
reagents and their extensive
synthetic utilization in polar
(e.g., ethereal) solvents, this
structure hitherto represents
the only donor complex of a
homometallic alkali-metal tet-


ramethylpiperidide. The structure is described as an “open
dimer” (c.f., solution-state studies[53]), in which there are
two chemically unique Li atoms: one is formally two-coordi-
nate, bridging between two TMP anions; the other is three-
coordinate and is bound to one TMP anion and two N
atoms of a terminal TMEDA ligand. From these solid-state
data, the authors were able to rationalize a key step in the
reaction pathway of the aldol reaction. Over the past few
years we have shown that heterobimetallic alkali-metal/diva-
lent-metal TMP-containing complexes (such as the zincate
[(tmeda)NaZn ACHTUNGTRENNUNG(tBu)2ACHTUNGTRENNUNG(tmp)])


[75] can induce a special synergic
chemistry culminating in the regioselective alkali-metal-
mediated magnesiation/zincation of arenes[76–83] and metallo-
cenes[84–89] and opening up the concept of inverse crown
chemistry.[90,91] To build up a full understanding of the
chemistry of the mixed metal systems, for example, the
aforementioned Na–Zn system,[75] we have decided to turn
our attention to the TMEDA complexes of the component
alkali-metal amide reagents. Thus, herein we report the syn-
thesis, solid- and solution-state structures of two new
TMEDA-solvated heavy-alkali-metal TMP complexes,
[{(tmeda)M ACHTUNGTRENNUNG(tmp)}2] (in which M=Na or K). We also detail
a series of DFT calculations used to examine the unusual
coordination chemistry of the [(tmeda)x{M ACHTUNGTRENNUNG(tmp)}y] systems
(in which M=Li, Na, and K).


Results and Discussion


Syntheses : Scheme 1 outlines the synthesis of amides 1 and
2. Sodium amide 1 was made by direct sodiation of the
amine TMPH with an equimolar amount of freshly prepared


BuNa[92] in hexane. After stirring for two hours, TMEDA
was introduced to the cream-colored suspension. An excess
(three molar equivalents) was required to produce a homo-
geneous solution. Cooling this yellow solution to �27 8C
yielded a crop of colorless needlelike crystals. The crystals
were found to be highly soluble in the mother solution,
therefore the isolated yield was only moderate (21%).
Amide 1 was also prepared directly (confirmed by NMR
spectroscopy) by adding an excess of TMEDA to freshly
prepared and isolated NaTMP. Potassium amide 2 was syn-
thesized by using a slightly altered methodology. Freshly
prepared LiTMP was treated with an equimolar quantity of
potassium tert-butoxide in a metathesis reaction. The resul-
tant potassium amide was isolated from the reaction mix-
ture, before being suspended in hexane and treated with an
excess (four molar equivalents) of TMEDA to produce a
red solution. This solution was cooled to �27 8C to aid crys-
tallization. Red crystals of 2 were deposited and, as for 1,
were found to be extremely soluble in hexane.


Solid-state structures : The molecular structures of 1 and 2
were determined by X-ray diffraction studies and are shown
in Figures 2 and 3, respectively (accompanied, in the case of
Figure 3, by the appropriate key bond lengths and angles).
Both 1 and 2 are closed dimers in the solid state in compari-
son to the open-dimeric lithium congener 3. Unfortunately,
the structure of 1 contains two sites of disorder: one at a
TMP ligand (N(6)) and the other at the TMEDA ligand at-
tached to Na(2). This disorder arises from the ligands in
question adopting two unique conformations, and prohibits
an in-depth discussion of the geometric parameters of 1.
The dimeric framework of 1 consists of a Na-N-Na-N ring
and the coordination spheres of the Na atoms appear to re-
semble those found in its diisopropylamide analogue
ACHTUNGTRENNUNG[{(tmeda)Na(da)}2] 4.[93] The non-disordered TMP unit
adopts a chair conformation.
Turning to the molecular structure of 2, this can be dis-


cussed in more detail as it contains no disorder features. The
dimeric framework of 2 consists of a planar (sum of endocy-
clic angles, 359.998) K2N2 ring, in which the M�N bonds


Figure 1. Structural formula of
[(tmeda){LiACHTUNGTRENNUNG(tmp)}2]


[74] (3),
highlighting its open-dimeric
structural motif.


Scheme 1. The preparation of TMEDA-solvated alkali metal tetramethyl-
piperidides 1 and 2.
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vary considerably within the ring (range, 2.744(2)–
2.836(2) S; i.e. , a difference of 0.092 S). The two shortest
distances (K(1)�N(3) and K(2)�N(4)) represent the metal–
anion s interactions, while the longer distances (K(1)�N(4)


and K(2)�N(3)) describe the metal–N lone-pair dative inter-
actions. The coordination spheres of the two K centers are
completed by binding of the TMEDA molecules and a
series of agostic K···C(H) interactions. The extreme steric
bulk of the TMP ligand appears to affect the bonding mode
of the TMEDA ligands to the K centers. Focusing on K(1),
the K�NTMEDA bond lengths indicate that the diamine is
bonding in a bidentate fashion (K(1)�N(1) and K(1)�N(2)
distances are 2.934(2) and 2.948(2) S, respectively). The po-
tassium atom K(1) is also bound to two TMP�N centers,
and is further stabilized by a short K···C agostic interaction
(K(1)···C(7) distance, 3.215(2) S) to a methyl C atom of
TMP (C(7); (Figure 4). The coordination sphere of K(2) dif-
fers appreciably from that of K(1). Thus, the TMEDA mole-


Figure 2. The molecular structure of 1. Key structural parameters are not
included due to the disorder components associated with: 1) TMEDA
molecule attached to Na(2); and 2) TMP ligand which contains N(6).


Figure 3. The molecular structure of 2. For clarity, all H atoms and K···C
contacts have been omitted (see Figure 4). Thermal ellipsoids are shown
at 50% probability level. Selected bond lengths [S] and angles [8]: K(1)�
N(1), 2.934(2); K(1)�N(2), 2.948(2); K(1)�N(3), 2.744(2); K(1)�N(4),
2.836(2); K(2)�N(3), 2.825(2); K(2)�N(4), 2.764(2); K(2)�N(5), 2.882(2);
K(2)�N(6), 3.039(2); K(1)···C(7), 3.215(2); K(2)···C(24) 3.159(3); N(1)-
K(1)-N(2), 61.83(5); N(1)-K(1)-N(3), 119.86(5); N(1)-K(1)-N(4),
122.20(4); N(2)-K(1)-N(3), 119.44(4); N(2)-K(1)-N(4), 129.70(5); N(3)-
K(1)-N(4), 101.41(4); N(3)-K(2)-N(4), 101.20(4); N(3)-K(2)-N(5),
124.17(4); N(3)-K(2)-N(6), 126.55(4); N(4)-K(2)-N(5), 116.66(4); N(4)-
K(2)-N(6), 123.64(4); N(5)-K(2)-N(6), 62.09(4); K(1)-N(3)-K(2),
78.95(4); K(1)-N(4)-K(2), 78.43(4).


Figure 4. The coordination environments of K(1) and K(2) in 2 highlight-
ing the intramolecular agostic interactions (dashed bonds).
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cule is appended to K(2) rather more asymmetrically
(K(2)�N(5) and K(2)�N(6) distances are 2.882(2) and
3.039(2) S respectively). Again, the metal center is stabi-
lized by an agostic interaction (K(2)···C(24) distance,
3.159(2) S, Figure 4). Although rare, there is a precedent
for TMEDA bonding to an alkali metal in a monodentate
manner. Some particularly relevant examples include
[{(tmeda)Li(da)}1],


[94] [{(tmeda)Li ACHTUNGTRENNUNG(dmp)}1]
[95] in which


DMP=2,6-dimethylpiperidide, and the potassium imino-
phosphoranylenamide, [{(tmeda)K{N(H)C(Ph)C(H)P(Ph)2=
NSiMe3}}2].


[96] The coordination environments of the K
atoms in 2 can be compared to those found in the diisopro-
pylamide analogue [{(tmeda)K(da)}2] (5).


[97] Complex 5 is
centrosymmetric, hence the TMEDA molecules are crystal-
lographically equivalent. In this case, the two K�NTMEDA
bonds are almost identical in length (mean distance,
2.886 S). The agostic interactions in 5 are somewhat longer
than those found in 2 (shortest K···C distances in 5 are
3.375(3) and 3.384(3) S).


Solution structures : Crystalline samples of 1 and 2 are solu-
ble in C6D6, hence they were subjected to an NMR spectro-
scopic study in this solvent. Due to the highly air/moisture-
sensitive nature of these compounds, resonances pertaining
to traces of the parent amine, TMPH, were consistently ob-
served in the spectra, even though the NMR solvent was
subjected to a seemingly rigorous drying/degassing regime.
The 1H NMR spectra of 1 and 2 (see Supporting Informa-
tion) reveal that resonances associated with the TMP and
TMEDA ligands are observed. Focusing on 1, the chemical
shifts due to the TMP anion (Table 1) are significantly de-


shielded (by 0.37, 0.41, and 0.60 ppm for the CH3, b-CH2


and g-CH2 H atoms, respectively) from their counterparts in
the parent amine. Additionally, the chemical shifts for 1 are
also more deshielded than the respective H atoms in the
donor-free sodium amide, NaTMP (Table 1).
Only two broad resonances, indicative of a dynamic pro-


cess, can be attributed to TMEDA, suggesting that the
asymmetrical solid-state structure is not maintained in solu-
tion, but these differ significantly from uncoordinated
TMEDA, indicating that it is ligating to the metal center at
least part of the time. Interestingly, the 13C NMR spectra


show that there is not a great deal of differentiation be-
tween 1, 2, 3, and their parent TMEDA-free complexes
(Table 2).


In keeping with its Na analogue, the 1H NMR spectrum
of 2 reveals that the TMP signals are shifted downfield
when compared with base-free KTMP and TMPH (Table 1).
However, the effect is much less pronounced than it is for
the Na amides. As with 1, the TMEDA shifts are far re-
moved from those of the unligated diamine.
The solution structure of the open-dimeric lithium amide


3 was also obtained for comparison. Complex 3 was pre-
pared using Williard�s methodology.[74] The crystals were dis-
solved in C6D6 and subjected to an NMR spectroscopic
study. Unlike the other amide complexes studied herein, the
1H NMR spectrum revealed that there were two distinct sets
of TMP resonances present, a scenario which would be ex-
pected if the solid-state structure remained intact in solution
(i.e., bridging and terminal ligands). However, as previously
alluded to by Collum et al.,[53] the chemical shifts presented
in Table 1 appear to suggest that on dissolution, the open
dimer is cleaved to give donor-free LiTMP (Table 1) and
monomeric [(tmeda)LiACHTUNGTRENNUNG(tmp)].


Calculations : A series of calculations using the Gaussian 03
package[98] was performed to enhance our understanding of
three key areas in this study. For each species, geometry op-
timization was undertaken at the HF/6-31G*[99] level, fol-
lowed by a frequency analysis. Then the geometry was re-
fined by further calculation at the B3LYP[100]/6-311G**[101]


level. The structural parameters reported were taken from
the DFT calculations, while the total energy abstracted from
the DFT calculation was adjusted by inclusion of the zero-
point energy value from the HF calculation modified by the
factor 0.91. Firstly, the structures of donor-free alkali-metal
tetramethylpiperidides were examined to unravel the appar-
ent anomalies in the solid-state structures obtained for
LiTMP and NaTMP (recall that the former is tetrameric;
whilst the latter is trimeric). Secondly, the effect of introduc-
ing TMEDA into the reactions was studied to provide an in-
sight into the reasons why such different solid-state struc-
tures exist for the TMEDA solvates of MACHTUNGTRENNUNG(TMP) (M=Li,


Table 1. 1H NMR data for several TMP-containing species. All experi-
ments were conducted at 300 K in C6D6.


CH3


ACHTUNGTRENNUNG(TMP)
b-CH2


ACHTUNGTRENNUNG(TMP)
g-CH2


ACHTUNGTRENNUNG(TMP)
CH3


ACHTUNGTRENNUNG(TMEDA)
CH2


ACHTUNGTRENNUNG(TMEDA)


TMPH 1.06 1.22 1.53 – –
TMEDA – – – 2.12 2.36
NaTMP 1.11 1.36 1.89 – –
1 1.43 1.63 2.13 1.92 1.90
KTMP 1.23 1.40 1.93 – –
2 1.32 1.54 2.05 1.94 2.01
LiTMP 1.36 1.37 1.78 – –
3 1.36/1.47 1.37/1.54 1.78/2.05 1.95 1.87


Table 2. 13C NMR data for several TMP-containing species. All experi-
ments were conducted at 300 K in C6D6.


a-C
ACHTUNGTRENNUNG(TMP)


CH3
ACHTUNGTRENNUNG(TMP)


b-CH2
ACHTUNGTRENNUNG(TMP)


g-CH2
ACHTUNGTRENNUNG(TMP)


CH3
ACHTUNGTRENNUNG(TMEDA)


CH2
ACHTUNGTRENNUNG(TMEDA)


TMPH 49.5 32.0 38.6 18.8 – –
TMEDA – – – – 46.0 58.4
NaTMP 52.3 38.2 42.4 20.8 – –
1 52.8 37.7 42.6 21.5 46.2 57.6
KTMP 52.5 37.0 42.8 20.8
2 52.7 37.0 42.7 21.3 45.7 57.6
LiTMP 52.4


52.3
37.0
37.1


42.8
43.2


20.1
19.9


– –


3 52.4
52.3


37.0
36.6


42.8
42.8


20.1
21.1


45.8 56.8
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Na, or K). Figure 5 shows the relevant models which were
considered during this study. Tables 3–8 contain the geomet-
ric and thermodynamic data which were obtained during the
course of this study.


As discussed earlier, the solid-state structures of donor-
free LiTMP[68] and NaTMP[73] were unveiled a few years
ago. Unfortunately, no solid-state characterization of the K
analogue has been thus far forthcoming, presumably due to
the low solubility of the complex in common hydrocarbon
and arene solvents, which renders its crystallization difficult.
To corroborate the solid-state information at hand, various
donor-free structures of LiTMP and NaTMP were modeled,
as well as those for KTMP, to give a possible insight into the
solid-state structure of this species. In our investigation into
the structures of the tetramers [{M ACHTUNGTRENNUNG(tmp)}4], it was thought
useful to look at the four distinct geometries of the cyclic
tetramers as proposed by Collum[57] , namely the C4h, D2h,
C2v, and Cs model isomers (Figure 6). The last three models
are constructed from the first structure by: 1) rotating two
trans TMP groups by 1808 to give the D2h model, 2) rotating
two cis TMP groups by 1808 to give the C2v model, and
3) rotating one of the TMP groups 1808 to give the Cs model
(Figure 5). No geometric constraints were imposed during
the optimization procedure. It was found that for these
three models, no plane of symmetry was found after the op-
timization procedure was undertaken, that is, rotation of the
TMP group(s) caused a twisting of the (M�N)4 backbone of


the molecules due to steric interference of the methyl con-
stituents. The resulting symmetry of the models was reduced
(D2h!D2, C2v!C2, and Cs!C1). However, the plane of
symmetry was found to be retained for the C4h model. The
resulting total energies and relative energies are given in
Table 3.


It can be seen that there is very little difference in energy
between the four structural models for each of the tetramer-
ic species. It is thus not possible from this level of calcula-
tion to categorically predict the correct structure of the
three alkali metal tetramers studied. This is in pleasing


Figure 5. Diagrammatic representation of the models which were studied
with DFT calculations.


Figure 6. Four isomeric models of (Li�TMP)4 and their respective sym-
metries. For brevity, only the Li examples are shown. The models for the
Na and K analogues can be found in the Supporting Information.


Table 3. Resulting total and relative energies of the [{M ACHTUNGTRENNUNG(tmp)4}] models
M-IVa–M-IVd.


Resulting total energy
ACHTUNGTRENNUNG[a.u.]


Relative energy
[kcalmol�1]


Li-IVa (C4h) �1663.928923 0.0
Li-IVb (D2) �1663.928138 +0.49
Li-IVc (C2) �1663.928407 +0.32
Li-IVd (C1) �1663.927514 +0.88
Na-IVa (C4h) �2282.966120 +0.14
Na-IVb (D2) �2282.966231 +0.07
Na-IVc (C2) �2282.966340 0.0
Na-IVd (C1) �2282.966304 +0.02
K-IVa (C4h) �4033.474196 +1.25
K-IVb (D2) �4033.476194 0.0
K-IVc (C2) �4033.475859 +0.21
K-IVd (C1) �4033.476081 +0.07
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agreement with the findings of Collum regarding the possi-
ble structures of (LiTMP)4 in solution.


[57] On descending
Group 1 from Li!K it is clear that the models containing
rotated TMP groups become relatively more stable, presum-
ably due to the longer M�N bond lengths allowing the steric
influences to be minimized. Due to the similar thermody-
namic stabilities and indeed key structural dimensions of the
respective models M-IVa–M-IVd only those relating to M-
IVa need be discussed here in full detail. All other experi-
mental data collected during our study can be found in the
Supporting Information.
Two models were invoked for the dimeric species. The M-


IIa models have C2 symmetry while M-IIb structures have
Ci symmetry. It was found that the M-IIa model was consis-
tently more stable than the M-IIb isomers although the
energy difference decreased as M changed from M=Li
(3.96 kcalmol�1) to Na (0.37 kcalmol�1) and to K (0.07 kcal
mol�1). For the even heavier alkali metal species, it is envis-
aged that the stable geometry will have C2h symmetry.
For each of the M-III species, two models were chosen


following the ideas of Collum et al.[52] Model M-IIIa is the
classical D3h structure as found in the crystal structure of
[{Na ACHTUNGTRENNUNG(tmp)3}],


[73] while M-IIIb has one of the TMP ligands
present in M-IIIa rotated by 1808. The calculations revealed
that M-IIIa is more stable than M-IIIb by 1.43, 0.93, and
0.33 kcalmol�1 for M=Li, Na, and K, respectively. The
energy difference between the two models narrows as the
alkali metal increases in size. This may be attributed to the
fact that the M�N bond lengths are increased, hence the ac-
companying extra steric repulsion generated by the rotation
of a TMP group is minimized.
As expected, the monomeric models (M-I) are all unsta-


ble with respect to their higher oligomers (Table 4, entries
1–4). For the Li and Na amides, the trimers (Li-IIIa and


Na-IIIa) are significantly more stable than their respective
dimeric oligomers Li-IIa and Na-IIa (by �4.10 and
�5.25 kcalmol�1, respectively). The most striking result
from this set of data is that the energy difference between
respective trimeric and tetrameric (Li-IVa and Na-IVa) spe-
cies is minute (+0.04 and �0.11 kcalmol�1 for Li and Na,
respectively). No definite conclusions can be drawn with
such small DE differences given that the calculations do not
take into account crystal packing forces, nor do they take


into account solvent effects, which have a significant bearing
on the entropy of such systems. Experimentally, there is a
precedent for the existence of more than a single oligomeric
form (i.e., polymorphic forms) of alkali-metal amides. For
instance, the chain structure of polymeric sodium bis(trime-
thylsilyl)amide (NaHMDS) was published by Atwood.[102]


Two decades later, Nçth[103] and Dreiss[104] independently re-
ported its trimeric variant.
Returning to our theoretical studies, model K-IIIa ap-


pears to be the most stable potassium oligomer (Table 4,
entry 8), although the energy difference for the association
(from K-I) of K-IIa and K-IIIa/K-IVb is much less pro-
nounced than that for the Li and Na models. This implies
that the solid-state structure of KTMP, could it be deter-
mined, is as likely to be dimeric as it is trimeric or tetramer-
ic. Although this train of thought appears to be at odds with
convention, alkali-metal HMDS structures may provide evi-
dence that would appear to support the above theoretical
data. In the crystal, LiHMDS is trimeric,[105] whilst
NaHMDS is known to be polymeric and trimeric (vide
infra). KHMDS is composed of (K�N)2 dimeric units,
which, through intermolecular agostic interactions, extend to
give a polymeric supramolecular structure.[106] A possible ex-
planation for the stability of the dimeric (K�N)2 units may
arise from the steric demands of the ligand. For example, in
all of the models/crystal structures discussed thus far, the
metal is two coordinate with respect to N atoms. In model
Li-IIa, the distance between the two N centers of the amido
ligands is only 3.289 S. These N centers are highly charged
and may be subject to intramolecular repulsion. If the dis-
tance between the N atoms is increased (with subsequent
narrowing of the Li-N-Li angle) then repulsion between the
metal cations may result. Therefore, sterically the lithium
amide is more stable if it adopts a structure in which there
is a greater distance between two N (and indeed Li) atoms
(e.g., dimensions for Li-IVa : Li···Li distances, 3.103 and
4.388 S, respectively, for adjacent and transannular Li
atoms; and N···N distances, 4.041 and 5.716 S for adjacent
and transannular N atoms, respectively). For the significant-
ly larger potassium cation, the K�N bonds are of a sufficient
length to accommodate a dimeric structure without any sig-
nificant loss in stability (K···K and N···N distances in K-IIa,
3.477 and 4.265 S, respectively). Parallel with the situation
for KHMDS, both RbHMDS and CsHMDS are known to
be dimeric in the solid state.[107] Focusing on the structural
parameters of K-IIa, there are two distinct K�N bond
lengths. These may be designated as the strong s-bond be-
tween the K atom and the anionic N center (2.693 S), and
the weaker K�N dative interaction (2.809 S). This scenario
is similar to, although more pronounced than that observed
for [{K ACHTUNGTRENNUNG(hmds)}2] (K�N distances, 2.745(3) and 2.801(3) S).
Returning to the lithium models, the mean Li�N bond in


Li-IVa (2.029 S) compares favorably with the respective
bond in the solid-state structure 3 (mean, 2.00 S) (Table 5).
Also the Li-N-Li and N-Li-N bond angles in Li-IVa (99.88
and 170.28, respectively) are again in close agreement with
those in the crystal structure (mean, 101.558 and 168.58).


Table 4. Relative energies from TMEDA-free calculations.


DE [kcalmol�1]


1 Li-I!1/2Li-IIa �20.52
2 Li-I!1/3Li-IIIa �24.62
3 Li-I!1/4Li-IVa �24.58
4 Na-I!1/2Na-IIa �19.30
5 Na-I!1/3Na-IIIa �24.55
6 Na-I!1/4Na-IVc �24.70
7 K-I!1/2K-IIa �15.16
8 K-I!1/3K-IIIa �16.63
9 K-I!1/4K-IVb �16.31
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The key structural parameters of Na-IIIa (mean values:
Na�N, 2.345 S; N-Na-N, 146.58 ; and Na-N-Na, 93.58) are
also in accord with the crystallographically-determined data
(mean values: Na�N, 2.335 S; N-Na-N, 143.88 ; and Na-N-
Na, 96.28).
To give an added insight into the X-ray data presented in


this article, a series of TMEDA-solvated molecules were
modeled (M-V–VIII) (Figure 5). As alluded to earlier, the
only structurally characterized TMEDA solvate (actually a
hemisolvate) of LiTMP exists as an open dimer. In addition
to studying the equivalent DFT model (Li-V), other plausi-
ble structural motifs were investigated. Model Li-VII repre-
sents a “conventional” TMEDA-solvated closed dimer. The
calculations revealed that the geometry optimization for this
species could not be achieved due to the TMEDA preferring
to bond only through one of the NMe2 units. This informa-
tion suggests that sterically, a four-coordinate Li center is
not feasible in such a system, hence the need for an open-di-
meric arrangement (i.e. , Li-V). The Li centers in Li-V and
in Williard�s crystal structure of the same compound are two
or three coordinate.[74]


This can be compared with the scenario for the aforemen-
tioned TMEDA-free species in which the alkali metal is
consistently two coordinate. The formation of the open-di-
meric species Li-V, through the combination of two mole-


cules of Li-I and one molecule of TMEDA (Table 6,
entry 1), is highly exothermic (�51.53 kcalmol�1). The key
geometric parameters calculated for Li-VII are in very good
agreement with those for Williard�s X-ray data: all the Li�N
bond distances and important angles are found to be within
experimental error (Table 7).[74]


Turning to the TMEDA derivatives of NaTMP, energeti-
cally, the formation of Na-V from two molecules of Na-I
and one molecule of TMEDA was found to be highly exo-
thermic (�47.67 kcalmol�1; Table 6, entry 5). On the other
hand, the solvation of trimeric NaTMP (Na-III) by TMEDA
to produce Na-V was modestly endothermic (+1.42 kcal
mol�1; Table 6, entry 7), implying that the formation of an
open-dimer arrangement is not thermodynamically favored.
As expected, the solvation of the one-coordinate Na atom


in Na-I (by TMEDA) is exothermic (DH, �22.60 kcalmol�1;
Table 8, entry 7). Dimerization of Na-VI (to form Na-VII) is
also exothermic (�4.91 kcalmol�1; Table 8, entry 8). To reit-
erate, in the solid state, NaTMP is known to be trimeric
(i.e., akin to Na-III). With respect to Na-III, it was discov-
ered that the formation of monomeric Na-VI was thermody-
namically unfavored (+2.0 kcalmol�1, see later), whilst the
formation of dimeric Na-VII was favored (�2.9 kcalmol�1).
This data supports the X-ray study for 1 that was detailed
earlier. Structurally, due to the disorder which was present
in the X-ray data for 1, a meaningful comparison between
the observed data and calculated data could not be made.
The TMEDA solvates of KTMP were also studied. The


calculations, in the main, mirror the results obtained using
the sodium models. However, some notable differences
were observed. For instance, the coordination of TMEDA
to monomeric M-I was considerably more exothermic (by
�8.63 kcalmol�1) for sodium than for potassium (Table 8,
entries 7 and 15, respectively). Counter to this scenario, the
dimerization of M-VI (to give M-VII) was more exothermic
(by �6.37 kcalmol�1) for the potassium amide (Table 8, en-
tries 8 and 16). In keeping with the increased size of the
cation, the energy gained from the dissociation of trimeric
K-III by using two TMEDA molecules is greater (by
�5.92 kcalmol�1) than for that associated with its Na ana-
logue (Table 8, entries 13 and 21). Structurally, the dimen-
sions pertaining to K-VII and 2 are generally in good agree-
ment (Table 7). The greatest deviance occurs for the K�
NTMEDA bonds (mean difference, 0.143 S), whilst the mean
NTMEDA-K-NTMEDA angle is 0.658 wider for 2.


Table 5. Key calculated structural parameters for “donor-free” M-I–M-
IVa and experimentally determined parameters for “donor-free” LiTMP
and NaTMP.


M=Li M=Na M=K


M-I parameters
M�N [S] 1.764 2.138 2.444
N�Ca [S] 1.463 1.457 1.456
M···C(Me) [S] 2.793 3.011 3.235


M-II parameters
M�N [S] 1.956, 1.989 2.338, 2.403 2.693, 2.809
N···N [S] 3.289 3.838 4.265
M···M [S] 2.178 2.782 3.477
N-M-N [8] 112.9 108.1 101.6
M-N-M [8] 67.0 71.8 78.4


M-III parameters
M�N [S] 1.991, 2.045 2.337, 2.372 2.747, 2.756
N···N [S] 3.913 4.510 5.151
M···M [S] 2.813 3.429 4.252
N-M-N [8] 151.7 146.5 138.8
M-N-M [8] 88.3 93.5 101.2


M-IVa parameters
M�N [S] 2.014, 2.043 2.352, 2.358 2.761, 2.771
N···N [S] 4.041, 5.716 4.676, 6.613 5.455, 7.714
M···M [S] 3.103, 4.388 3.699, 5.230 4.506, 6.373
N-M-N [8] 170.2 166.5 160.9
M-N-M [8] 99.8 103.5 109.1


X-ray data [{Li ACHTUNGTRENNUNG(tmp)}4] [{Na ACHTUNGTRENNUNG(tmp)}3]
M�N [S] 2.014(2), 2.018(2),


1.977(2), 1.989(2)
2.362(2), 2.307(2)


N-M-N [8] 168.2(4), 168.8(4) 143.76(6)
M-N-M [8] 101.6(3), 101.5(3) 96.24(6)


Table 6. Relative energies from the “open-dimer” calculations.


DE [kcalmol�1]


1 2Li-I+TMEDA!Li-V �51.53
2 Li-II a+TMEDA!Li-V �14.44
3 1/2Li-IVa+TMEDA!Li-V �2.36
4 Li-V+TMEDA!Li-VII +5.16
5 2Na-I+TMEDA!Na-V �47.67
6 Na-II a+TMEDA!Na-V �9.08
7 2/3Na-IIIa+TMEDA!Na-V +1.42
8 Na-V+TMEDA!Na-VII �7.29
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Conclusion


Two new TMEDA-solvated
complexes of the synthetically
important 2,2,6,6-tetramethylpi-
peridide anion have been suc-
cessfully prepared and charac-
terized by X-ray crystallogra-
phy and NMR spectroscopic
studies. These represent the
first heavy alkali metal TMP
donor-solvates to be studied. In
addition, a series of DFT calcu-
lations have been performed
which enabled us to reason why
these complexes are structurally
different in comparison to their
Li counterparts.


Experimental Section


General data : All reactions and
ACHTUNGTRENNUNGmanipulations were carried out in an
atmosphere of dry, pure argon gas,
using standard Schlenk procedures.
Solvents were freshly distilled over
Na/benzophenone. NMR samples
were prepared under a protective
argon atmosphere inside a glovebox
using C6D6 solvent, which was pre-
dried over molecular sieves and de-
gassed by using pump-freeze-thaw
cycles. BuNa[92] and 3 were prepared
as described elsewhere. All NMR
spectra were measured on a Bruker
DPX400 or AMX400 spectrometer.
The X-ray structural determinations


were carried out on a Nonius Kappa diffractometer with a CCD area de-
tector using graphite-monochromated MoKa radiation. CCDC-675683 and
675684 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. .


Synthesis of [{(tmeda)Na ACHTUNGTRENNUNG(tmp)}2] (1): Butylsodium (0.16 g, 2 mmol) was
suspended in freshly distilled hexane (10 mL). TMPH (0.34 mL, 2 mmol)
was introduced to the suspension by using a syringe and the mixture was
stirred at ambient temperature for 2 h. The resultant milky-white suspen-
sion was treated with three molar equivalents of TMEDA (0.90 mL,
6 mmol) to yield a homogenous yellow solution. The solution was trans-
ferred to a freezer operating at �27 8C to yield a crop of colorless needle-
like crystals. The crystals redissolved rapidly on removal from the freez-
er; hence, isolated crystalline yields were modest (0.12 g, 21%). Howev-
er, samples were taken of the filtrate and all solvent removed in vacuo
with gentle heating to yield a yellow oil at room temperature. NMR spec-
tra of the oil and the crystalline solid were found to correspond to the
same material suggesting that the yield is quantitative. 1H NMR data
(C6D6, 400.13 MHz, 300 K): d=2.13 (m, 2H; g-CH2 (TMP)), 1.92 (s,
12H; CH3 (TMEDA)), 1.90 (s, 4H; CH2 (TMEDA)), 1.63 (m, 4H; b-
CH2 (TMP)), 1.43 ppm (s, 12H; CH3 (TMP));


13C NMR data (C6D6,
100.62 MHz, 300 K): d =57.6 (CH2 (TMEDA)), 52.8 (a-C (TMP)), 46.2
(CH3, (TMEDA)), 42.6 (b-C (TMP)), 37.7 (CH3 (TMP)), 21.5 ppm (g-
CH2 (TMP)).


Synthesis of [{(tmeda)K ACHTUNGTRENNUNG(tmp)}2] (2): A flame-dried Schlenk tube was
charged with lithium tetramethylpiperidide (10 mmol, 1.47 g) [prepared


Table 7. Key calculated structural parameters for TMEDA-solvated M-V–M-VIII and experimentally deter-
mined parameters for 2 and 3.


M=Li M=Na M=K


M-V parameters
M�NTMP [S] 1.899, 2.086, 1.965 2.303, 2.402, 2.249
M�NTMEDA [S] 2.137, 2.230 2.516, 2.469
M···CTMP(Me) [S] 2.899, 2.938, 3.169,


3.181, 2.865, 2.852
M···CTMEDA(Me) [S] 2.966, 3.041,


3.053, 3.158
N-M-N [8] 170.4, 85.9 143.8, 75.9
M-N-M [8] 97.7 92.3


M-VI parameters
M�NTMP [S] 1.855 2.196 2.537
M�NTMEDA [S] 2.173, 2.195 2.503, 2.507 2.870, 3.021
N-M-N [8] 84.8 75.1 62.9


M-VII parameters
M�NTMP [S] 2.441, 2.517 2.884, 2.800
M�NTMEDA [S] 2.797, 3.259 3.093, 3.095
NTMP-M-NTMP [8] 104.0 78.9
NTMEDA-M-NTMEDA [8] 62.7 61.3
M-NTMP-M [8] 76.0 100.9


M-VIII parameters
M�NTMP [S] 2.289 2.625
M�NTMEDA [S] 2.667, 2.604,


2.774, 5.210
2.974, 3.151,
3.018, 3.136


NTMP-M-N [8] 60.6, 61.1


X-ray data compound 3 compound 2
M�NTMP [S] 1.885(5), 2.049(5), 1.949(5) 2.744(2), 2.764(2),


2.836(2), 2.825(2)
M�NTMEDA [S] 2.121(6), 2.091(6) 2.882(2), 3.039(2),


2.934(2), 2.948(2)
NTMP-M-NTMP [8] 172.6(3) 101.41(4), 101.20(4)
NTMEDA-M-NTMEDA [8] 87.0(2) 61.83(5), 62.09(4)
M-NTMP-M [8] 98.8(2) 78.95(4), 78.43(4)


Table 8. Relative energies of other key calculations.


DE [kcalmol�1]


1 Li-I+TMEDA!Li-VI �27.06
2 Li-VI!1/2Li-VII +3.87
3 1/2Li-II+TMEDA!1/2Li-VII �2.66
4 Li-I+TMEDA!1/2Li-VII �23.18
5 1/4Li-IV+TMEDA!Li-VI �2.47
6 1/4Li-IV+TMEDA!1/2Li-VII +1.46
7 Na-I+TMEDA!Na-VI �22.60
8 Na-VI!1/2Na-VII �4.91
9 1/2Na-II+TMEDA!1/2Na-VII �8.19
10 Na-I+TMEDA!1/2Na-VII �27.48
11 1/3Na-III+TMEDA!Na-VI +1.97
12 1/3Na-III+TMEDA!1/2Na-VII �2.94
13 1/3Na-III+2TMEDA!Na-VIII �0.27
14 Na-VIII!1/2Na-VII+TMEDA �2.67
15 K-I+TMEDA!K-VI �13.97
16 K-VI!1/2K-VII �11.28
17 1/2K-II+TMEDA!1/2K-VII �10.09
18 K-I+TMEDA!1/2K-VII �25.25
19 1/3K-III+TMEDA!K-VI +2.66
20 1/3K-III+TMEDA!1/2K-VII �8.62
21 1/3K-III+2TMEDA!K-VIII �6.19
22 K-VIII!1/2K-VII+TMEDA �2.43
23 K-I+2TMEDA!K-VIII �22.82
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by lithiation of TMP(H)] and potassium tert-butoxide (10 mmol, 1.12 g).
Hexane (40 mL) was added to these reagents and the mixture was al-
lowed to stir for 12 h. A brown precipitate of KTMP (the lithium tert-but-
oxide by-product was soluble in hexane) was produced, which was col-
lected by Schlenk filtration and subsequently isolated in a glove box
(1.47 g, 82%). Subsequently, freshly prepared KTMP (0.36 g, 2 mmol)
was suspended in dry hexane (10 mL) and four molar equivalents of
TMEDA (1.2 mL, 8 mmol) were introduced to produce a red solution.
The solution was filtered and then transferred to a freezer operating at
�27 8C. After 48 h, a crop of red, needlelike crystals was deposited from
the solution. The crystals redissolved rapidly on removal from the freez-
er. A suitable crystal was extracted from the solution and immediately
coated in Fomblyn inert oil, taken into a stream of cold dry nitrogen at
123 K and the X-ray diffraction data collected. 1H NMR data (C6D6,
400.13 MHz, 300 K): d=2.05 (m, 2H; g-CH2 (TMP)), 2.01 (s, 4H; CH2


(TMEDA)), 1.94 (s, 12H; CH3 (TMEDA)), 1.54 (m, 4H; b-CH2 (TMP)),
1.32 ppm (s, 12H; CH3 (TMP));


13C NMR data (C6D6, 100.62 MHz,
300 K): d =57.6 (CH2 (TMEDA)), 52.7 (a-C (TMP)), 45.7 (CH3
(TMEDA)), 42.7 (b-CH2 (TMP)), 37.0 (CH3 (TMP)), 21.3 ppm (g-CH2
(TMP)).
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