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… are produced when the basic
calixpyrrole skeleton is expanded
by the use of bispyrrolylbenzene
building blocks. These folded spe-
cies display shape-selective anion-
binding properties in solution and
in the solid state. The extent of
folding depends on the size of the
system involved and the nature of
the bound anion, with the most
elegant “butterfly-like” behavior
being seen in the case of the sys-
tems containing three pyrrole and
three bispyrrolylbenzene subunits
as highlighted by the X-ray struc-
ture included within this cover pic-
ture illustration. For more informa-
tion, see the article by J. L. Sessler
et al. on page 2001 ff. The artwork
was generated by Suzi Eller
(www.mindfracture.net) using Adobe Photoshop software.
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This group of Societies has
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publishing activities.


Stabilized Silylium Ions
I. Manners and co-workers describe on p. 1989 ff how ring-
opening protonolysis of sila[1]ferrocenophanes using a vari-
ety of acids provides a synthetic route to base-stabilized
silylium ions.


Coordination Complexes
Detailed experimental and computational studies on the
energetics and dynamics of invertomer formation and con-
version in a series of macrocyclic coordination complexes is
described in the article by V. F�lix, B. E. Mann, J. A.
Thomas et al. on page 2031 ff.


Microarrays
Solid supports modified with a mixed organic/inorganic zir-
conium phosphonate monolayer film provide a stable, well-
defined interface. Oligonucleotide probes terminated with
phosphate can be spotted directly on to the zirconated sur-
face forming a covalent linkage. Specific binding of terminal
phosphate groups with minimal binding of the internal
phosphate diesters has been demonstrated. Ideas for inter-
facing mixed organic/inorganic interfaces to other bioappli-
cations are also discussed in the Concept article by B.
Bujoli, D. R. Talham et al. on page 1980 ff.
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Metal Phosphonates Applied to Biotechnologies: A Novel Approach to
Oligonucleotide Microarrays


Bruno Bujoli,*[a] Sarah M. Lane,[b] Guillaume Nonglaton,[a] Muriel Pipelier,[a]


Jean L�ger,[c] Daniel R. Talham,*[b] and Charles Tellier[d]


Introduction


DNA arrays have emerged as a convenient and powerful
tool for highly parallel, high-throughput experimentation in
molecular biological research.[1–6] Typical arrays (Figure 1)


consist of either single-stranded or double-stranded products
of different sequences, called probes, that are bound to a
surface and are available for subsequent complexation by
targets, leading to a signal that is detected by an imaging
technology, most often fluorescence. Applications of arrays
that take advantage of interactions between complementary
single-stranded DNA (ss-DNA) include rapid and accurate
gene mapping, DNA sequencing, mRNA expression analy-
sis, and diagnosis of genetic diseases. DNA arrays can also
be used to investigate DNA-protein interactions leading to
analysis of transcriptional control, identification of individu-
al contacts between nucleotides and amino acids, detection
of differences in binding specificity among proteins in the
same family, and determination of DNA-binding specificity
for uncharacterized proteins. Biochip technology is having a
major impact in biological research and drug discovery pro-
grams by simplifying the detection of biological residues


Abstract: A new process for preparing oligonucleotide
arrays is described that uses surface grafting chemistry
which is fundamentally different from the electrostatic
adsorption and organic covalent binding methods nor-
mally employed. Solid supports are modified with a
mixed organic/inorganic zirconium phosphonate mono-
layer film providing a stable, well-defined interface. Oli-
gonucleotide probes terminated with phosphate are
spotted directly on to the zirconated surface forming a
covalent linkage. Specific binding of terminal phosphate
groups with minimal binding of the internal phosphate
diesters has been demonstrated. The mixed organic/in-
organic thin films have also been extended for use ar-
raying DNA duplex probes, and therefore represent a
viable general approach to DNA-based bioarrays. Ideas
for interfacing mixed organic/inorganic interfaces to
other bioapplications are also discussed.


Keywords: DNA · microarrays · monolayers · oligonu-
cleotides · phosphonates
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Figure 1. Examples of a) in situ (Affymetrix) and b) spotted arrays. In a)
features are approximately 25 microns, while in b) the spots are 150 mi-
crons in diameter. (Image a was provided by the joint Shands Cancer
Center/Interdisciplinary Center for Biotechnology Research at the Uni-
versity of Florida.)
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with the advantage of using very small amounts of biological
probes (from nanomoles to picomoles), along with the capa-
bility of analyzing thousands of analytes in parallel.


Two general processes have established themselves for
producing DNA arrays.[4,6–16] In situ synthesis[9–13] can lead to
oligonucleotide arrays with extremely high complexity, con-
taining hundreds of thousands of different probes on a
single array.[14–16] An example (Figure 1a) is the Affymetrix
method of microarray production, which involves base-by-
base synthesis using photoremovable protecting groups.[17]


While very successful, these arrays are not suited for all ap-
plications. Expense and availability limit their accessibility,
and there are also some practical limits to the length of the
oligonucleotide probes, because the synthetic cycle yields,
while good, are less than 100 %. The other popular approach
to microarrays involves “spotting” techniques that use auto-
mated robots to array oligonucleotides previously synthe-
sized by chemical or enzymatic methods.[6,18–29] Spotting
methods are limited to lower array complexity, 10 000 or
fewer spots per array (Figure 1b), but permit more flexibility
in choice of probes. For example, probes can range from
short oligomers to long pieces of DNA obtained from clone
libraries or by polymerase chain reaction (PCR).[4]


Glass substrates are preferred for arrays, offering advan-
tages over other options.[30] Glass is flat and nonporous, so
the hybridization volume can be kept to a minimum, and it
is durable under the temperatures and chemical conditions
normally employed. Furthermore, the low fluorescence of
glass does not significantly contribute to background noise
when fluorescence is used for detection. However, oligonu-
cleotides bind poorly to glass, so some surface derivatization
is required. The simplest binding mechanism is electrostatic
adsorption of probes onto a charged priming layer, such as a
polylysine film or an aminosilane layer (Figure 2).[18,19] The


potential drawback is that electrostatic binding encourages
the probes to lay flat on the surface, reducing hybridization
efficiency. An alternative is to form a surface bound mono-
layer of functional groups that are available to react only


with a specific group on the probe terminus, resulting in co-
valent linkage (Figure 2). Organosilane-coating protocols
are commonly used to fix the active groups to the glass sur-
face. Some combinations of surface/olignucleotide function
that have been demonstrated include thiol/acrylamide,[20] ac-
tivated carboxylic acid/amine,[21,22] amine/aldehyde,[23–25] ep-
oxide/amine,[26] aldehyde/oxyamine,[31] and biotin/streptavi-
din.[27–29]


The purpose of this Concept article is to highlight a fun-
damentally different route for covalently attaching DNA
probes to surfaces for array applications. The new approach
uses a mixed organic/inorganic monolayer to derivatize the
glass and generate a reactive surface (Figure 3). Probe at-


tachment is then through a highly specific coordinate cova-
lent linkage between a terminal phosphate group on the
probe molecules and the inorganic ions on the glass surface.
An advantage over other methods currently in use is that
phosphate is a naturally occurring function that does not
alter the intrinsic nature of the probe, and it can be intro-
duced chemically or with enzymatic routes, offering the pos-
sibility of using PCR products as starting materials. Further-
more, the DNA grafting process is simple, performed in a
single step instead of multiple chemical coupling reactions.


Oligonucleotides Binding on Inorganic Surfaces


DNA interactions with inorganic surfaces have previously
been exploited. In the 1980s, information about conforma-
tional details and helical periodicity was obtained by adsorb-
ing the DNA onto an inorganic surface before enzymatic or
chemical digestion.[32,33] The adsorbed DNA helix is thus
hindered in a uniform way along its length and only those


Figure 2. Scheme illustrating electrostatic and covalent immobilization of
oligonucleotide probes.


Figure 3. Organic/inorganic surfaces for DNA arrays. Phosphate termi-
nated probes attach specifically via coordinate covalent bonding (bonds
are left out of the figure for clarity) to a zirconated phosphonic acid
modified surface.
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bonds of the DNA backbone most exposed to solution are
fragmented. The resulting modulated cutting pattern is di-
rectly translated into the periodicity of helical twists. In
these[32, 33] and other[34] examples of DNA binding to inor-
ganic surfaces, it is the polymer backbone that interacts with
the metal centers, either electrostatically or through binding
of the phosphate diester groups.


For DNA array applications, specific attachment of the
probe molecule at one of its ends is preferred in order to
keep the backbone free to maximize the chance of interact-
ing with a target, but there are few examples of specific at-
tachment of a DNA terminus to an inorganic surface. The
principal exception is binding oligonucleotides to metallic
gold with the same sulfur–gold linkages used to prepare
self-assembled monolayers (SAMs).[35–38] Surface plasmon
resonance (SPR) is currently the main application of gold-
immobilized DNA.[38,39] SPR can be used to monitor mass
changes associated with the probe immobilization event
itself, or as a very sensitive detector of complexation. Gold
surfaces can be used for DNA or protein array applications
by using powerful SPR imaging methods,[35,40] although this
promising method is not yet widely available.


Metal Phosphonate Modified Slides


For a modified surface to be useful as a substrate for DNA
arrays, it should terminate in a group that is compatible with
an easily prepared end group on the probe molecules, in-
volve chemistry that is easily transferable to glass, and offer
low background noise during detection. An inorganic
system that we have found to meet these requirements is a
series of thin films of metal organophosphonates and orga-
nophosphates.[41–47] In the solid-state, many examples form
layered structures with organic sheets separating continuous
inorganic networks of metal ions coordinated by the phos-
phonate or phosphate oxygen atoms.[48] An example is the
layered Zr(O3PC6H5)2 shown in Figure 4.[49] In 1988, Mal-
louk and co-workers[50] demonstrated that the same metal


phosphonate interactions that hold the layered solids togeth-
er could be used to prepare multilayered thin films of a,w-
bisphosphonates by sequentially adsorbing the metal ions,
usually Zr4+ , and the bisphosphonic acid onto a flat surface.
This chemistry has been used to prepare organized organic
films for topics that include nonlinear optics, electron trans-
fer, and electrochemical sensing.[34,51–54]


While multilayered structures can be achieved by cycling
the alternate layer process, an active surface is generated by
binding Zr4+ ions to a phosphate or phosphonate monolay-


er, as indicated in the scheme in Figure 5. This surface can
subsequently be used to adsorb another layer of an organo-
phosphonate or phosphate that deposits as a type of self-as-
sembled monolayer.[41] Our groups have used this chemistry
to form monolayer films of organophosphonates with organ-
ic groups ranging from simple alkanes[41] to azobenzene,[45]


tetrathiafulvalene,[55] phenoxy and biphenoxy groups,[43] and
porphyrins.[46]


The zirconium phosphonate-modified surfaces can be pre-
pared in different ways, but often involve binding of Zr4+


ions to phosphorylated groups deposited onto
silica[50, 51,54, 56–61] or gold (Figure 6).[52, 54,56,57, 62] Our experience
is that exceptionally smooth and uniform films can be gener-


Figure 4. Cross section of the layered structure of Zr(O3PC6H5)2. The
same Zr4+/RPO3


2� bonding present in the solid-state structures contrib-
utes to the stability of the monolayer films. The figure was drawn from
crystallographic data from reference [49].


Figure 5. Adsorption onto a zirconated phosphonic acid surface to form a
self-assembled monolayer of a functionalized organophosphonate. Under
aqueous conditions, the coordination sphere of the Zr4+ ions is initially
completed with oxide and hydroxide ions (left), so the surface is charge
neutral, minimizing nonspecific electrostatic adsorption. Terminal phos-
phonate or phosphate groups are basic enough to compete for the zirco-
nium ions to complete the zirconium phosphonate (or phosphate) bilayer
(right).


Figure 6. Examples of covalently adsorbed phosphonate films.
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ated on hydrophobic supports by using Langmuir–Blodgett
(LB) methods.[41–46] The LB process begins with an octadec-
ylphosphonic acid (ODPA) Langmuir monolayer that is de-
posited onto the hydrophobic solid support in such a way
that the hydrophilic acid group (PO3H2) is directed away
from the support (Figure 7).[41,42] The substrate is then re-
moved from the LB trough and exposed to a solution of
Zr4+ ions that bind to give a monolayer of the zirconated
octadecylphosphonic acid (ODPA-Zr). In solid-state zirconi-
um phosphonates, each Zr4+ ion is coordinated by oxygen
atoms from different molecules, thus linking them together.
The same situation arises in the zirconated LB films. The
strongly binding zirconium ions cross-link the original mono-
layer, providing a well-defined interface of zirconium phos-
phonate sites[41,42] that sticks strongly to the surface, because
it is no longer a traditional LB film of individual molecules
physisorbed to the surface but rather a network or monolay-
er tape in which adhesion comes from the sum of all mole-
cules in a cross-linked array. The zirconium phosphonate
films are not soluble in organic solvents, and dissolve in
water only below pH 1. Our experience is that glass slides
coated with the ODPA-Zr monolayers can be stored in
water for months and retain activity with no evidence of de-
sorption.


Metal Phosphonate DNA Arrays


The key to binding DNA to the zirconated surface is to ter-
minate the probe strands with phosphate groups, which is
routinely achieved using enzymatic (T4 polynucleotide
kinase) or chemical (phosphoramidite chemistry) routes. For
this to work, the free phosphate group introduced on the 5’
end of oligonucleotides needs to dominate over the back-
bone phosphate diester groups for binding to the zirconium
ions on the surface. A hint that this will be the case comes
from previous studies of native double-stranded DNA (ds-
DNA) samples adsorbed to aluminum alkanebisphospho-
nate thin films. Mallouk, Bard, and co-workers[34] used elec-
trogenerated chemiluminescence to detect binding of calf
thymus ds-DNA at electrodes coated by the multilayer
metal bisphosphonate sequential deposition process, de-
scribed above. The authors observed significant DNA ad-
sorption when Al3+ ions were used, but a much smaller
extent of immobilization when films were prepared with
Zr4+ or La3+ . Presumably, the native ds-DNA adsorbs
through the phosphate diester groups of the backbone, and
these observations suggest that this interaction is much
weaker with zirconium ions. In contrast, we and others have
previously observed that molecules having terminal phos-


Figure 7. Langmuir–Blodgett route to zirconated phosphonate modified slides. a) In step 1, a monolayer of octadecylphosphonic acid (ODPA) is deposit-
ed onto a hydrophobic slide (here, made hydrophobic with octadecyltrichlorosilane, OTS). In step 2, the slide is then exposed to a solution of Zr4+


(aq).
The slide can then be rinsed and used immediately or stored in water for months before use. b) The zirconated ODPA slides are very smooth (right),
compared here to the OTS covered glass before deposition (left).
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phonate or phosphate groups bind very strongly to zirconat-
ed monolayer films.


Direct evidence for specific binding of the probe terminus
to the surface comes from competition studies between a
probe containing a 5’-phosphate group and a probe of the
same sequence without it.[47] Table 1 shows the results of this


study for which there was 6–7-fold more binding of fluores-
cently labeled target molecules at the phosphate-terminated
probes, indicating that these probes bind more strongly to
the zirconated surface. Furthermore, they are not removed
by the hybridization and rinsing procedures.


This trend is significantly enhanced if a passivation step is
added to inactivate unspotted regions of the array. While
nonspecific binding of the unmodified probes is small, it is
still measurable. The same interactions with the surface will
be present with fluorescently labeled targets, leading to sig-
nificant background. This background can be reduced by
treating the slides with BSA (bovine serum albumin) after
spotting. The BSA passivates unspotted regions. However,
we have also observed that the BSA treatment displaces
probes that are physisorbed, while leaving behind the cova-
lently attached probes. Therefore, when the BSA treatment
is included during the comparison of target binding at modi-
fied versus unmodified probes, the intensity ratio ap-
proaches 1000 (Figure 8).


The strong binding of the terminal phosphate groups and
the weak interactions of the polymer backbone with the zir-
conated surface can be understood by realizing that under
aqueous conditions the zirconium layer is terminated in
oxide and hydroxide ions (Figure 5). In the pH range used
for most bioarray applications, this surface will be charge
neutral, so electrostatic adsorption of the charged oligonu-
cleotide will be minimal. This situation is in marked contrast
to the amine-terminated slides commonly in use, which are
protonated and charged under these conditions, leading to
electrostatic adsorption of the probes. In order for the ter-
minal phosphate or the phosphate diester groups to bind to
the zirconated surface, they must displace the oxide and hy-
droxide ligands. The terminal phosphate, ROPO3


2�, is a
stronger base than the backbone (RO)2PO2


� groups. In ad-
dition, the resulting zirconium phosphate/phosphonate bilay-
er is structurally very similar to the layers of the solid-state
zirconium phosphates (Figure 4), so the process is helped by
the stabilizing lattice energy associated with the resulting
network structure.


Commonly, a linker is used to separate the support sur-
face from the section of oligonucleotide that is to be used in
hybridization.[10,35,38, 39,63] The purpose is to increase the avail-
ability of the probe to incoming molecules so that the hy-
bridization more closely mimics conditions in solution. Ali-
phatic segments, ethylene glycol oligomers, or simply a se-
quence of thymine (T) bases have been used as tethers.[6]


While exploring possible tethers for the phosphate-terminat-
ed probes, we observed that the nature of the tether can be
important. Specifically, we have seen that short segments of
guanine (G) oligomer lead to an increase in the fluorescence
after hybridization by a factor of two relative to the cases in
which no spacer is present (Figure 9). In contrast, a similar
polyA spacer has essentially no effect, while polyT and
polyC spacers actually lead to decreased hybridization rela-
tive to probes with no spacer. These observations are inde-
pendent of the identity of the probe or its concentration,
and were most pronounced for spacers [(G)n] with n= 7–9.


Table 1. Fluorescence intensity at 5’-phosphorylated and nonphosphory-
lated probes after hybridization with the corresponding Cy-3 labeled
complement.


Concentration O33(X)[a] 5’H2O3PO-O33(X)
of spotted oligo [mm]


50 4300 27 000
20 3900 26 000


5 2200 15 000


[a] O33(X) corresponds to a 33 mer oligonucleotide.


Figure 8. Fluorescence map comparing modified and unmodified probes
on zirconium phosphonate slides after BSA treatment and hybridized
with the corresponding Cy3-labeled complement. The slides were spotted
with 5’H2O3PO-(G)11-O33(Z) (lines A, C) and O33(Z) (lines B, D) and
hybridized with 100 nm complements comp-5’CY3-O33(Z), in which
O33(Z) corresponds to a 33 mer oligonucleotide. Spot size is 100 mm. The
fluorescence intensities are color coded varying from blue (low) to green,
yellow, red, and then white (saturation).


Figure 9. Fluorescence enhancement upon hybridization with labeled
target related to the introduction of a polyG spacer to the probe. The
effect is present for different probes spotted at different concentrations.
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Unlike other homopolymers,
polyG does not normally exist
in a single-stranded form, and
this feature may be responsible
for the observed behavior.
Studies have shown that single
strands associate in parallel or
in a variety of antiparallel ori-
entations.[64–70] In the presence
of potassium or sodium ions,
like in the sodium citrate buffer, strands of polyG can form
stable four-stranded helices (Figure 10).[70] A possible conse-
quence of this tendency of polyG segments to associate is an
increase in surface coverage of the probes within a spot,


either by inducing the probes to pack tighter, or by forming
multidentate aggregates that raise the avidity for the surface
relative to single probes. Alternatively, the aggregates may
be responsible for increased hybridization efficiency by pro-
viding rigid tethers that better orient the oligonucleotide for
access by the targets.


Double-Stranded Probes


Arrays of ds-DNA probes for the high-throughput screening
of sequence-specific DNA/protein interactions involved in
gene transcription control, DNA recombination, restriction,
and replication are also of interest. Recent illustrations of


this powerful approach have been obtained using activated
glass slides and 5’-amino-modified ds-DNAs.[71–73] However,
commonly used supports such as aminosilane or epoxide-
coated slides retain the 5’-amine-modified and nonmodified
ds-DNA equally well, because of electrostatic interactions
with the DNA phosphate backbone.[74] As with arrays based
on single-strand probes, specific binding of the double-
stranded probe terminus is preferred to improve the accessi-
bility of the protein binding site to targets.


Recent experiments with the zirconium phosphonate
coated slides also show highly specific adsorption of the 5’-
phosphate-modified DNA duplexes (Table 2). A phosphory-
lated ds-DNA probe, containing a specific sequence recog-
nized by a protein involved in the regulation of gene expres-
sion, was spotted on the zirconium phosphonate slides and
its ability to capture the corresponding protein was demon-
strated (Figure 11). Importantly, phosphorylation at the 5’-


position of the DNA duplexes can be easily achieved either
by annealing the target ss-DNA with a universal primer that
bears a 5’-phosphate group[73] or by phosphorylation of ds-
DNA with a kinase, then avoiding the use of chemically
modified nucleotides. A full study is currently underway to
confirm the potential of this approach for the analysis of
protein-(ds-DNA) interactions.


Outlook and Further Consideration


The results described in this Concepts article illustrate that
the mixed organic/inorganic metal phosphonate thin films


Figure 10. Possible tetraplex formation from polyG aggregates.


Table 2. Double stranded DNA binding.[a]


5’ end Sequence X (33 mer) Sequence Y (33 mer)
modification[b] intensity[c] intensity[d] intensity[c] intensity[d]


phosphate 8200�1700 1900�600 8300�2900 500�400
(G)9-phosphate 25 5000�3900 9000�1400 25400�6200 7100�1500
none 1200�150 400�100 1800�300 600�100


[a] Concentration of the spotting solutions: 20 mm in SSC 1X (pH 6). [b] The complementary strand is CY3-la-
beled in the 5’-position. [c] No BSA rinsing. [d] With BSA rinsing.


Figure 11. Analysis of protein-(ds-DNA) interactions on zirconium phos-
phonate slides.
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represent a viable new approach to DNA-based bioarrays. It
is easy to imagine that the idea of interfacing mixed organic/
inorganic interfaces can be extended to other applications.[75]


For example, the metal–phosphonate-derivatized surfaces
should not be limited to DNA arrays. Other biological
probes that can easily be modified by phosphate or phos-
phonic acid groups could also be spotted on the support.
Possibilities include arrays based on protein nucleic acids,
non-ionic DNA analogues capable of sequence-specific
binding to DNA or RNA,[76] or carbohydrates for the evalu-
ation of protein binding. Similarly, the properties of the in-
organic surface itself can be tuned to meet specific applica-
tions. The zirconium ions used in the work described here
can be replaced to change the hard/soft character of the sur-
face to alter the specificity of probe binding.


The concept of using the coordinating abilities of phos-
phate or related phosphonic acid groups towards metal ions
on inorganic surfaces can also be extended to other biotech-
nology problems. One example is the design of better drug
delivery systems that could reduce side effects, improve effi-
cacy of existing drugs, and open the door to entire classes of
new treatments. Given that the strength of the interaction
between the phosphate or phosphonate and the metal sup-
port can be tuned by changing the nature of the metal
center, the immobilization of therapeutic agents that natu-
rally bear such functional groups (examples include fosfo-
mycine, foscarnet, and tenofovir) onto inorganic biocompat-
ible carriers could offer great potential in the field of medi-
cal devices. In this context, calcium phosphate ceramics
(CaPs), commonly used as implants for bone reconstruc-
tion[77] appear to be good candidates, since they can be re-
sorbed by bone cells. For example, we were able to chemi-
cally combine CaPs with a geminal bisphosphonate (Zoledr-
onate)[78] that is efficient for the treatment of post-meno-
pausal osteoporosis[79] and bone metastases (Figure 12). The
ability of the resulting biomaterials to release the bisphos-


phonate drug was demonstrated by using in vitro[78] and in
vivo studies.[80]
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Ring-Opening Protonolysis of Sila[1]ferrocenophanes as a Route to
Stabilized Silylium Ions


Sara C. Bourke,[a] Mark J. MacLachlan,[b] Alan J. Lough,[a] and Ian Manners*[a]


Introduction


Attempts to isolate a free silylium ion [R3Si]+ in the con-
densed phase have aroused a great deal of controversy in
the literature. The earliest reports of isolation of such spe-
cies have since been shown to be misleading, and their sup-
posed counterions have been shown to be covalently
bound.[1–5] Silylium ions are much more reactive than carbo-
cations, [R3C]+ , as evidenced by the tremendous challenges
associated with their isolation, and are generally solvated in
the condensed phase. The isolation of species that approach
the ideal trigonal-planar geometry have required the use of
bulky and/or electron-donating ligands, extremely noncoor-
dinating anions, and inert solvents. Lambert and co-workers


have shown that, while abstraction of H� from Mes3SiH is
not possible due to steric congestion about silicon, [Mes3Si]+


can be generated through reaction at the exposed end of the
allyl group of Mes3Si(allyl) and is an almost completely iso-
lated cation in the presence of a noncoordinating counterion
such as tetrakis(pentafluorophenyl)borate (TPFPB), as evi-
denced by 29Si NMR spectroscopy (d=225 ppm).[6] Unfortu-
nately TPFPB salts are not highly susceptible to crystalliza-
tion and, until very recently, the closest crystallographically
characterized approach to the trigonal-planar environment
anticipated for a free silylium ion was provided by the work
of Reed and co-workers, and involved the generation of
[iPr3Si][Br6CB11H6].[7] It is only through the combined use of
the sterically bulky mesityl substituent and a noncoordinat-
ing hexahalocarborane anion that isolation and crystallo-
graphic characterization of an essentially ideal silylium spe-
cies, [Mes3Si][Br6CB11Me6]·C6H6, has been achieved.[8,9]


Along with the debate surrounding the isolation of ideal
silylium species, a great deal of interest has arisen over coor-
dinated silylium ions, which can still possess a large degree
of cationic character associated with the silicon center. This
is due to their strong Lewis acidity and potential as highly
reactive synthetic reagents, as well as their possible role as


Abstract: The ring-opening reactions
of a series of sila[1]ferrocenophanes
with protic acids of anions with various
degrees of noncoordinating character
have been explored. Ferrocenyl-substi-
tuted silyl triflates FcSiMe2OTf (5 a)
and Fc3SiOTf (5 b) (Fc = (h5-
C5H4)Fe(h5-C5H5)) were synthesized by
means of HOTf-induced ring-opening
protonolysis of strained sila[1]ferroce-
nophanes fcSiMe2 (3 a) and fcSiFc2


(3 b) (fc= (h5-C5H4)2Fe). Reaction of
3 a and 3 b with HBF4 yielded fluoro-
substituted ferrocenylsilanes FcSiMe2F
(6 a) and Fc3SiF (6 b) and suggested the
intermediacy of a highly reactive silyli-


um ion capable of abstracting F� from
the [BF4]


� ion. Generation of the sol-
vated silylium ions [FcSiMe2·THF]+


(7a+), [Fc3Si·THF]+ (7b+) and [FcSi-
iPr2·OEt2]


+ (7c+) at low temperatures,
by reaction of the corresponding si-
la[1]ferrocenophanes (3 a, 3 b, and
fcSiiPr2 (3 c), respectively) with
H(OEt2)(S)TFPB (S=Et2O or THF;
TFPB= tetrakis[3,5-bis(trifluorome-
thyl)phenyl]borate) was monitored by


using low-temperature 1H, 13C, and 29Si
NMR spectroscopy. In situ reaction of
7a+ , 7b+ , and 7c+ with excess pyridine
generated [FcSiMe2·py]+ (8a+),
[Fc3Si·py]+ (8b+), and [FcSiiPr2·py]+


(8c+), respectively, as observed by 1H,
13C, and 29Si NMR spectroscopy. A
preparative-scale reaction of 3 b with
H(OEt2)(THF)TFPB at �60 8C and
subsequent addition of excess pyridine
gave isolable red crystals of 8b-
[TFPB]·CHCl3, which were character-
ized by 1H and 29Si NMR spectroscopy
as well as by single-crystal X-ray dif-
fraction.
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reactive intermediates in a wide variety of synthetic trans-
formations.[1–3, 10] For example, four-coordinate Si cations
[R3SiL]+ (L= neutral donor) have been postulated as be re-
active intermediates in the cationic polymerization of hexa-
methylcyclotrisiloxane, [Me2SiO]3.


[11]


In addition to their reactivity, the ability of such cationic
silicon centers to interact with transition metals has gar-
nered much interest. For example, coordination of electron-
rich transition-metal fragments has previously been shown
to allow the generation of isolable three-coordinate silicon
species, for which a silylium ion [MSiR2]


+ can be considered
to be a resonance contributor.[12] Interestingly, ferrocenyl
moieties have previously been shown to exert a stabilizing
influence on adjacent cationic centers, as in the carbocation
FcCPh2


+ (1) (Fc = (h5-C5H4)Fe(h5-C5H5)).[13,14] In crystalline


1, a tilt of the carbon center towards the electron-rich iron
center induces an angle of 20.78 between the plane of the
Cp ring and the Cp�CPh2 bond.[13] In a similar manner, co-
ordination of the iron center from a ferrocenyl moiety might
be expected to stabilize a silylium ion. Corey and co-work-
ers synthesized FcPh2SiOClO3 (2) in an effort to generate
such a silylium ion but this species was later shown to pos-
sess a covalent rather than an ionic structure.[4,5]


The two main routes to the formation of cations with high
silylium character are electrophilic abstraction of X� from
four-coordinate R3SiX molecules (X= for example, Cl, H)
and electrophilic addition to, followed by abstraction of, an
allyl substituent on silicon.[1,2] The strain inherent in sila[1]-
ferrocenophanes presents an alternative route to the synthe-
sis of ferrocenyl-substituted silanes and silylium ions. It has
recently been shown that ring-opening addition of HCl to
the strained Si�C bonds of sila[1]ferrocenophanes (3) is a
convenient and controlled route to ferrocenylchlorosilanes
(4) [Eq. (1)].[15] The use of an acid with a noncoordinating
anion Y� , such as tetrakis[3,5-bis(trifluoromethyl)phenyl]bo-
rate (TFPB) in the ring-opening addition to sila[1]ferroceno-
phanes, fcSiR2 (fc= (h5-C5H4)2Fe) might be expected to gen-
erate novel coordinated Si cations.[16] Full details of our
studies into the use of ring-opening protonolysis to generate
novel ferrocenyl-substituted silanes and coordinated silylium
ions are reported herein.


Results and Discussion


Reactions of sila[1]ferrocenophanes with HOTf : To demon-
strate the generality of the type of ring-opening protonolysis
observed for additions of HCl to sila[1]ferrocenophanes (3)
[Eq. (1)],[15] we studied the reaction of such strained silacy-
clic species with a series of acids, whose anions exhibit a
range of abilities to coordinate to highly electrophilic cat-
ions. As silyl triflates are valuable as functional building
blocks for silicon-containing molecules, the reaction of 3
with HOTf was investigated.


Reaction of fcSiMe2 (3 a) with one equivalent of HOTf at
�78 8C in CH2Cl2 led to an immediate color change from
red to yellow-orange, consistent with ring-opening and the
release of strain. Characterization of the reaction mixture
by NMR spectroscopy showed conversion to FcSiMe2OTf
(5 a) [Eq. (2)]. Care was taken not to exceed one equivalent
of HOTf, and to thus avoid cleavage of the product�s Si�
Cpipso bond; cleavage of Si�Caryl bonds by triflic acid is well
known even in the absence of ring strain.[17]


The 1H NMR spectrum of 5 a (in CD2Cl2) showed two
pseudo-triplets at d=4.56 and 4.27 ppm and a broad singlet
at d=4.24 ppm that are consistent with the cyclopentadienyl
resonances of a ferrocenyl substituent on silicon. The Si-Me
resonance at d=0.74 ppm was slightly downfield shifted rel-
ative to that of the starting material 3 a (d=0.36 ppm in
C6D6).[18]


The 29Si NMR resonance for 5 a, at d=33.3 ppm in
CD2Cl2, is significantly downfield shifted from that of the
corresponding strained monomer 3 a (�3.0 ppm in CD2Cl2).
Notably, it is also downfield shifted, by approximately
10 ppm, from the resonance seen for unstrained FcSiMe2Cl
(4 a) (22.3 ppm in C6D6), derived from the HCl-induced pro-
tonolysis of 3 a, and is thus indicative of a significant degree
of cationic character on the silicon atom. However, devia-
tion of the 29Si shift of 5 a from the theoretically calculated
range for free trialkyl- and triaryl-substituted silylium ions
in the condensed phase (>220 ppm)[2] makes it very unlikely
that 5 a is fully ionic in nature. Unfortunately, all attempts to
grow crystals of 5 a led to isolation of only microcrystalline
powders that were unsuitable for study by single crystal X-
ray diffraction.


In an analogous manner, reaction of the highly sterically-
encumbered sila[1]ferrocenophane fcSiFc2 (3 b) with HOTf
at 0 8C led to generation of Fc3SiOTf (5 b) as observed by
NMR spectroscopy. The 1H NMR spectrum shows all three
ferrocenyl groups to be equivalent in solution, with pseudo-
triplet reasonances for the Si-bound cyclopentadienyl ring at
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d= 4.45 and 4.25 ppm and a resonance attributed to the
other cyclopentadienyl fragments at d= 4.09 ppm. As ob-
served for 5 a, the 29Si NMR resonance for 5 b (d= 18.6 ppm
in the solid state) is significantly downfield from that of the
strained monomer 3 b (d=�15.5 in CDCl3) and downfield
shifted by 7.1 ppm from that of Fc3SiCl (4 b) (d=11.5 ppm),
the product of the reaction of 3 b with HCl.


Recrystallization from hexanes allowed the isolation of
orange crystals of 5 b. The X-ray crystal structure of 5 b
(Figure 1) showed that molecules of this species possess


pseudo-tetrahedral geometry around silicon with angles
ranging from 102.48(7)8 to 114.35(8) (av angle of 109.38).
The reduced steric bulk of the triflate group, relative to that
of the ferrocenyl substituents, is accompanied by slightly
contracted angles around this substituent (av C-Si-O of
106.08) and slightly expanded angles between the ferrocenyl
substituents (av C-Si-C of 112.78). The long Si�O bond
(1.751(1) �), compared with an average value of 1.64 �,[19]


suggests a weak covalent interaction between the Fc3Si
moiety and the triflate group. Indeed this bond length is
within the longest 1 % of all reported Si�O covalent bonds
and is very similar to the Si�O bond observed for Ph3SiO-
ClO3 (1.744(4) �), which has been shown to be covalent in
nature, both in solution and in the solid state.[20] Remark-
ably, no other examples of a triorgano-subsituted silyl tri-
flates are reported in the Cambridge Structural Database. A
somewhat similar structure to that seen for 5 b is found for
(CO)5Cr=SitBu2·NaOTf·2THF.[21] This complex is represent-
ed as a silylene-salt adduct but the silylene fragment could
be represented by a transition-metal-substituted silylium
fragment that is interacting with the triflate anion. The Si�O
bond for this species was found to be 1.857(3) �, and de-
notes a significantly weakened interaction between the sily-
lene fragment and the triflate group but is well within the


sum of the Van der Waals radii for these atoms. This is simi-
lar for other transition-metal-substituted silyl triflates re-
ported in the literature that are thought to have significant
silylene character, which would stabilize the electrophilic sil-
icon center and weaken any interaction with the triflate
group.[22]


The angle of the Si�Cipso bonds of the ferrocenyl moieties
and the corresponding cyclopentadienyl rings all exhibit
slight deviations from coplanarity. Thus, two of the ferrocen-
yl moieties are bent slightly away from the silicon center
and have slightly lengthened Si�Fe distances (4.68 and
3.52 � for Fe(3) and 2.58 and 3.51 � for Fe(1)), whereas the
third group is tilted slightly towards the silicon center (5.58)
with a shortened Si�Fe distance (3.40 �), despite the resul-
tant increase in congestion around the silicon center. This
suggests the possibility that this ferrocenyl moiety may inter-
act electronically with the silicon center, but that any gain in
electronic stabilization of the electrophilic silicon center is
insufficient to enforce an ionic rather than a covalent inter-
action between silicon and the triflate group.


The increased reactivity of silyl triflates over analogous
silyl halides makes them valuable precursors in organosili-
con chemistry.[23] In addition, they are useful as Lewis acid
catalysts or initiators for organic transformations.[23, 24] The
viability of triflic acid induced ring-opening protonolysis of
sila[1]ferrocenophanes coupled with the wide variety of
available sila[1]ferrocenophanes should provide access to a
range of ferrocenyl-substituted silyl triflates with properties
that would be tunable through variation of the R groups of
3.


Reactions of sila[1]ferrocenophanes with HBF4 : The fluo-
rine substituents on the tetrafluoroborate anion make it an
even more noncoordinating anion than the triflate anion.
Indeed, the proton of the conjugate acid is highly solvated
in coordinating solvents such as Et2O, with the electrophilic
proton only electrostatically associated with the anion and
coordinated by Et2O molecules that relieve its electron defi-
ciency. Reaction of 3 a with one equivalent of HBF4 at
�78 8C in CH2Cl2 led to isolation of the fluoroferrocenylsi-
lane FcSiMe2F (6 a). This effective addition of HF across the
Si�Cipso bond of 3 a suggests the presence of a highly reac-
tive cationic silicon intermediate that can extract F� from
the tetrafluoroborate anion (Scheme 1). Such abstraction in
the presence of incipient silylium ions is well-precedented
for Lewis acid/base adducts such as [BF4]


� .[2]


Similarly, reaction of 3 b with HBF4 under similar condi-
tions gave rise to the formation of the fluoroferrocenylsilane
Fc3SiF (6 b). Notably, this reaction was much more suscepti-
ble to side reactions such as oxidation and Si�C(Fc) bond


Figure 1. Molecular structure of Fc3SiOTf (5 b) with thermal ellipsoids
shown at the 30 % probability level. Selected bond lengths [�] and
angles [8]: Si(1)�O(3) 1.7506(13), Si(1)�C(1) 1.8344(17), Si(1)�C(11)
1.8286(17), Si(1)�C(21) 1.8275(17); C(1)-Si(1)-O(3) 106.99(7), C(11)-
Si(1)-O(3) 108.43(7), C(21)-Si(1)-O(1) 102.48(7), C(1)-Si(1)-C(11)
111.85(8), C(1)-Si(1)-C(21) 111.99(8), C(11)-Si(1)-C(21) 114.35(8).
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cleavage that ultimately led to a lower yield of 6 b. The in-
crease in oxidation products, indicated by the green color of
the reaction mixture, might be attributed to the increase in
the number of potential oxidation sites, from one to three,
upon moving from the ferrocenyldimethyl system to the tri-
ferrocenyl system. In addition, the strong electron-donor be-
havior of the ferrocenyl groups may make the latter system
more susceptible to oxidation. Similarly, with three aromatic
C(sp2)�Si bonds, 6 b might be expected to more readily un-
dergo side reactions that involve cleavage of a Si�C(Fc)
bond. The alkyl C(sp3)�Si bonds in 6 a seemed to be much
more resistant to cleavage under these conditions.


As expected, coupling from the fluorine substituent on sil-
icon to both the ferrocenyl-based ipso-carbon atoms of 6 a
and 6 b, and the Me substituents of 6 a was evidenced in the
13C NMR spectra of these species, with 2JC,F coupling con-
stants between 17 and 25 Hz. Coupling between the fluorine
substituent and the methyl protons of 6 a was also clearly
evident in both the 1H and 19F NMR spectra of this species,
with clear doublet and septet resonances, respectively, that
displayed 3JH,F coupling constants of approximately 7 Hz.
The 29Si NMR spectra of 6 a and 6 b showed resonances at
d= 23.6 and 7.6 ppm, respectively, and the one-bond cou-
plings (1JF,Si) to the fluorine substituents were, in both cases,
approximately 270 Hz. The shifts of these fluorosilanes are
very similar to those previously observed for the analogous
chlorosilanes 4 a and 4 b.[15]


It should be noted that care should be taken when per-
forming such reactions to ensure the dryness of the solvent.
Although HBF4 itself is stable in water the product of the
proposed fluoride abstraction, BF3, is quite reactive towards
even trace amounts of water and would react to produce HF
which could further react with 6 to cleave Si�F bonds.
Indeed, the difluoride Fc2SiF2 and ferrocene, the logical
products of the addition of HF across a Si�C(Fc) bond of
6 b (Scheme 2), have been observed by 1H, 13C, and 29Si


NMR spectroscopy when the
dryness of the solvent was not
ensured in the reaction of 3 b
with HBF4.


Although this is, admittedly,
a somewhat convoluted route
to fluoroferrocenylsilanes it
does avoid some of the diffi-
culties associated with the use
of HF as a fluoride source as
well as provide valuable insight


into the mechanism of ring-opening protonolysis. Also, as in
the case of triflic acid induced protonolysis, the range of
possible fluoroferrocenylsilanes could be potentially control-
led through use of the wide variety of available sila[1]ferro-
cenophanes (3).


Reactions of sila[1]ferrocenophanes with H(OEt2)(S)TFPB
(S=OEt2 or THF): The postulated generation of a highly
reactive silylium ion intermediate in the reaction of sila[1]-
ferrocenophanes (3) with HBF4 suggested that reaction of 3
with an acid of a noncoordinating ion that is more stable to-
wards degradation than tetrafluoroborate could be expected
to allow isolation of the cationic intermediate, and provide a
route to ferrocenyl-substituted silylium ions. Highly non-
coordinating anions include the hexahalocarboranes,
X6CB11H6


� (X=Cl, Br, I), and perfluorinated tetraphenyl-
borate (TPFPB).[2,25] The tetrakis[3,5-bis(trifluoromethyl)-
phenyl]borate (TFPB) anion is less stable to degradation
than these examples, as it is prone to fluorine abstraction
under some conditions, but is much more stable than the tet-
rafluoroborate anion ([BF4]


�).[2,25] In addition, literature
procedures for the preparation of the acid of this anion,
H(OEt)2TFPB, are relatively straightforward.[26] It therefore
appeared to be a logical choice for the investigation of this
novel pathway.


To investigate whether solvated silicon cations are formed
in the reactions of 3 with H(OEt2)(THF)TFPB, we charac-
terized the products by low-temperature NMR spectroscopy.
In the reaction of 3 a with H(OEt2)(THF)TFPB at about
�60 8C a new 29Si NMR resonance was observed at d=


49.7 ppm, remarkably downfield from that of 3 a (d=


�3.0 ppm in CD2Cl2 at 25 8C).[27, 28] The 29Si NMR chemical
shift of the product is consistent with similar ether-coordi-
nated silylium species prepared by Sakurai and co-work-
ers[29] (see Table 1) and suggested that the solvated silicon
cation 7 a+ was formed at low temperature (Scheme 3). The
1H NMR spectrum at this temperature was consistent with
this interpretation and showed sets of peaks assigned to fer-
rocenyl and SiMe2 groups together with resonances charac-
teristic of free diethyl ether and one set consistent with a co-
ordinated THF molecule. This indicated that the four-coor-
dinate silicon cation 7 a+ had formed. The THF multiplets
were shifted downfield (d=4.35, 2.15 ppm) relative to the
shifts expected for THF in CD2Cl2, as would be expected
upon coordination to a silicon center with significant cation-
ic character. Some broadening of the coordinated THF reso-


Scheme 1. Proposed mechanism for the generation of fluoroferrocenylsilanes 6 from the reaction of HBF4


with sila[1]ferrocenophanes 3.


Scheme 2. Proposed cleavage of Si�C(Fc) bonds of 6 by HF produced by
the reaction of BF3 with trace water impurities.
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nances was observed, and was possibly indicative of coordi-
native exchange of the ligand.[29] In the 13C NMR spectrum,
corresponding resonances for ferrocenyl and SiMe2 groups,
coordinated THF, and free ether molecules were observed.
No other species, aside from the expected TFPB anion,
were detected in any of the spectra, which indicated clean
ring-opening protonolysis of the sila[1]ferrocenophane.
After the sample had reached room temperature, it became
green, indicative of oxidation to FeIII ferrocenium species.


In a further experiment with 3 a, an aliquot of pyridine
(py) was added at �60 8C, after the presence of the silylium
ion 7 a+ was confirmed by NMR spectroscopy. Upon addi-
tion of the pyridine, the solution changed from yellow to
orange and the 29Si NMR resonance moved upfield from d=


49.7 to 33.3 ppm (Figure 2). This is consistent with what
would be expected upon replacement of a weakly coordinat-
ed THF molecule with a more strongly coordinated pyridine
ligand, which could take up more of the positive charge
from the silicon center. This was accompanied by changes to
the 1H and 13C NMR spectra that are consistent with the re-
placement of coordinated THF with pyridine to afford 8 a+


(Figure 3 and Figure 4). In particular, resonances consistent
with free THF were observed in place of those for coordi-
nated THF. In this case, when the sample was warmed to
25 8C, the solution remained orange-red for several minutes,
which indicated that pyridine stabilizes the cationic species
sufficiently to prevent rapid decomposition to an FeIII spe-
cies at ambient temperature. However, eventual oxidation
of room temperature solutions of 8 a+ made isolation of
crystals difficult.


Isopropyl substituents, in addition to their steric bulk,
have been shown to provide stabilization of electron-defi-
cient silylium centers by means of hyperconjugative stabili-


Table 1. 29Si NMR shifts of solvated silylium ions.[a]


Cation T [8C] 29Si [d])[b] Ref


[Me3Si(OEt2)]+ �70 66.9 [29]
[Ph2MeSi(OEt2)]+ �40 38.0 [29]
[(2-thienyl)2MeSi(OEt2)]+ �40 21.4 [29]
7a+ (S=THF) �60 49.7 this work
8a+ �60 33.3 this work
7b+ (S=THF) – –[c] this work
8b+ 25 25.2[d] this work
7c+ (S=Et2O) �80 60.4 this work
8c+ �80 36.2 this work


[a] [TFPB]� salts. [b] In CD2Cl2. [c] No 29Si NMR signal was obtained at
low temperature due to the long relaxation time of the Si nucleus and ex-
perimental constraints. [d] In CDCl3.


Scheme 3. Reaction between sila[1]ferrocenophanes (3) and [H(OEt2)(S)][TFPB] to yield the base-stabilized ferrocenyl-substituted silylium ion 7+ and
the subsequent displacement of S (THF or Et2O) by the stronger base pyridine to yield 8+ .


Figure 2. 29Si NMR (in CD2Cl2) of in situ generated reaction mixtures
containing 7 a+ (top) and 8a+ (bottom). Peaks marked with * indicate
impurities and unreacted monomer 3a.


Figure 3. 1H NMR (in CD2Cl2) of in situ generated reaction mixtures con-
taining 7 a+ (top) and 8 a+ (bottom).
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zation.[30] To probe the stability of a ferrocenyl-substituted
silicon cation in the presence of such stabilizing substituents
the synthesis and ring-opening of fcSiiPr2 (3 c) were under-
taken.


Sila[1]ferrocenophane 3 c was synthesized by reaction of
dilithioferrocene with diisopropyldichlorosilane at low tem-
perature (�78 8C) in Et2O. The 1H NMR spectrum of 3 c
showed, as expected, two pseudo-triplets in the cyclopenta-
dienyl region (d=4.47 and 4.11 ppm) as well as heptet and
doublet resonances (d=1.47 and 1.30 ppm, respectively) at-
tributable to the isopropyl substituents. Single crystals of 3 c
were obtained from a low temperature recrystallization and
the X-ray crystal structure was determined. The structure of
3 c (Figure 5) shows two independent molecules in the crys-
tal lattice with tilt angles (a) of 19.08 and 19.58, respectively,
for molecules A and B, typical values for strained sila[1]fer-
rocenophanes.[31]


To monitor the generation of 7 c+ at low temperature
slight modifications of the experiment used for the genera-


tion of 7 a+ were required. Species 3 c displays significantly
lower solubility in CH2Cl2 at low temperature (�80 8C) than
3 a. In particular, its kinetic solubility is extremely low and
dissolution at low temperature was prohibitively slow. Thus
a chilled (�78 8C), dilute solution of 3 c in CD2Cl2 was
added to solid H(OEt2)2TFPB. An immediate color change
from red to yellow was observed as the acid dissolved into
solution. The chilled solution was transferred directly to the
pre-cooled NMR cavity (�80 8C) and 1H, 13C, 19F, and 29Si
spectra indicated that generation of 7 c+ in solution proceed-
ed at this temperature. The 1H NMR spectrum showed clear
evidence for ring-opening protonolysis, with resonances due
to the cyclopentadienyl rings at d=4.65, 4.29, and 4.20 ppm
in a 2:2:5 ratio. Evidence for coordination of Et2O to the
highly electrophlic Si+ center was seen, with resonances at
d= 3.94 and 1.63 ppm, significantly downfield shifted rela-
tive to the corresponding resonances observed for uncoordi-
nated Et2O (d=3.39 and 1.17 ppm, respectively). Resonan-
ces in the isopropyl region of the spectrum were complex
due to a combination of the diastereotopic nature of the iso-
propyl methyl groups and restricted rotation of the bulky
isopropyl groups. The 29Si NMR showed a resonance for 7 c+


at d=60.4 ppm which is downfield shifted from that seen for
3 c (d=5.2 ppm) by more than 55 ppm. The extent of this
difference can be partially explained by the presence of
Et2O, rather than the more basic THF, as the molecule that
is stabilizing the electrophilic silicon center.


Subsequent in situ reaction of 7 c+ with excess pyridine
led to displacement of the coordinated Et2O molecule and
generation of 8 c+ . Loss of Et2O coordination upon addition
of pyridine was readily observable by both 1H and 13C NMR
and the appearance of resonances consistent with coordinat-
ed pyridine became evident. An upfield shift in the 29Si reso-
nance from d=60.4 to 36.2 ppm is observed along with the
change in the identity of the stabilizing base from Et2O to
pyridine. Species 8 c+ is stable in solution up to about 0 8C
but all attempts to isolate the pyridine-stabilized product led
to decomposition.


Thus, a preparative scale reaction of 3 c with
H(OEt2)TFPB that was warmed to room temperature fol-
lowing the low temperature reaction and addition of pyri-
dine led to the isolation of one of the decomposition prod-
ucts, [3,5-(CF3)2C6H3]3B·py (9), in almost quantitative yields
(Scheme 4). Kira and co-workers have previously speculated
that the decomposition pathway of the TFPB anion in the
presence of silylium ions is likely to involve radical transfer
from the tetraarylborate to the silylium ion followed by de-
composition of the tetraaryl radical to its constituent triaryl
borane, tris(bis-3,5-trifluromethylphenyl)borane, and an aryl
radical that is then subject to fluorine atom abstraction by
the silyl radical.[29] It follows that any triarylborane generat-
ed by such decomposition would associate with pyridine to
give the observed adduct 9, which was characterized by X-
ray diffraction (Figure 6). Despite our success in the isola-
tion of 9, we were not able to confirm the fate of the silyli-
um ion. Initial spectra of the crude reaction mixture indicat-
ed the generation of new ferrocenyl-containing species but


Figure 4. 13C NMR (in CD2Cl2) of in situ generated reaction mixtures
containing 7a+ (top) and 8a+ (bottom).


Figure 5. Two views of the molecular structure of one of the independent
molecules (A) of 3c with thermal ellipsoids at 30% probability. Selected
bond lengths [�] and angles [8] for molecule A: Fe(1A)�Si(1A)
2.7026(6), Si(1A)�C(1A) 1.897(2), Si(1A)�C(6A) 1.892(2), Si(1A)�
C(11A) 1.884(2), Si(1A)�C(14A) 1.877(2), C(1A)-Si(1A)-C(6A)
96.32(9), C(1A)-Si(1A)-C(11A) 111.45(9), C(1A)-Si(1A)-C(14A)
110.05(9), C(6A)-Si(1A)-C(11A) 109.92(9), C(6A)-Si(1A)-C(14A)
109.91(9), C(11A)-Si(1A)-C(14A) 117.20(10).
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all attempts at isolation of these species proved unsuccess-
ful.


As isolation of crystals of a base-stabilized ferrocenyl-sub-
stituted silylium ion was not successful in the presence of
methyl or isopropyl substituents we also investigated the re-
action of H(OEt2)(THF)TFPB with the more sterically en-
cumbered sila[1]ferrocenophane 3 b, with two additional
bulky ferrocenyl substituents. Although ferrocenyl substitu-
ents have been compared to isopropyl substituents with re-
gards to their steric demand they differ significantly in terms
of their electronic properties and might be expected to pro-
vide additional stabilization to a highly electropositive sili-
con center. A method identical to that employed for the re-
action between 3 a and H(OEt2)(THF)TFPB was feasible
due to the solubility of 3 b, even at low temperatures. The
reaction was monitored in situ and results analogous to
those seen for 3 a and 3 c were observed by 1H and 13C NMR
spectroscopy. Once again pyridine was added to the cooled
sample of 7 b+ and a similar change in the shifts of the THF
molecules was detected by 1H NMR and indicated the for-
mation of 8 b+ . 29Si NMR spectra of both 7 b+ and 8 b+ were
attempted at low temperature but, due to the inability to


employ a pulse sequence that makes use of polarization
transfer (lack of a-protons) and the apparently long relaxa-
tion time of the Si center, no signals were detected.


However, at room temperature, solutions of 8 b-[TFPB]
were stable for long periods of time and 29Si NMR charac-
terization was possible. The resonance at d= 25.2 ppm is
more upfield shifted than those observed for 8 a+ and 8 c+


and indicates a lesser degree of cationic character at the sili-
con center. The 1H NMR spectrum obtained for 8 b+ at
room temperature was consistent with that obtained at
�60 8C, with a slight broadening of the pyridine resonances
acting as an indication of its reversible coordination in so-
lution. The 13C NMR spectrum, as expected, showed no
THF coordination. Both the increased stability of room-
temperature solutions of 8 b+ and the more shielded 29Si
NMR resonance of this species were indicative of greater
electronic mediation of the cationic charge at silicon in the
presence of three ferrocenyl substituents.


To confirm the structure of 8 b-[TFPB] a single-crystal X-
ray diffraction study of crystals obtained from a preparative
scale reaction of 3 b with H(OEt2)(THF)TFPB was under-
taken. Crystals were obtained by recrystallization from a
mixture of CHCl3 and hexanes at �50 8C. Figure 7 shows the
structure of 8 b-[TFPB] in which three ferrocenyl moieties
and pyridine are coordinated to the silicon atom. The near-
est approach of the anion to the Si atom is 3.93 �. The Si�N
bond length of 1.86 � is in accord with other silylium-type
species coordinated by pyridine, such as [Me3Si(py)][X]
(X=Br, I),[32] but longer than the Si�O bond length ob-
served for the crystal structure of Fc3SiOTf. The Pauling
bond order for the interaction between the silicon atom and
the nitrogen atom of pyridine was calculated from the bond
length to be 0.61,[33] characteristic of a mainly covalent inter-
action. The sum of the three C-Si-C bond angles in the
cation is 337.78, intermediate between that expected for a
trigonal-planar three-coordinate Si cation and a tetrahedral
species.


We can see from the structure of 8 b-[TFPB] (Figure 7), as
for 5 b (Figure 1), that it is possible that one of the three fer-
rocenyl substituents is bending back towards the silicon
center, allowing its electron-rich iron atom (Fe(2)) to stabi-
lize the cationic Si center. This angular distortion leads to
an angle (b) of 7.4(3)8 between the plane of the Cp ring and
the Si�C(Cp) bond (Figure 7, inset) and the distance be-
tween the iron and the silicon center is 3.359(2) �, versus
3.600(2) � and 3.644(2) � for Si(1)�Fe(1) and Si(1)�Fe(3),


Scheme 4. Generation of [3,5-(CF3)2C6H3]3B·py (9) from the decomposition of the pyridine-stabilized silylium ion 8c-[TFPB]


Figure 6. Molecular structure of 9 with thermal ellipsoids at 30% proba-
bility. Selected bond lengths [�] and angles [8]: B(1)�N(1) 1.633(3),
B(1)�C(11) 1.637(3), B(1)�C(21) 1.641(3), B(1)�C(31) 1.630(3); N(1)-
B(1)-C(11) 108.48(17), N(1)-B(1)-C(21) 107.38(18), N(1)-B(1)-C(31)
108.26(17), C(11)-B(1)-C(21) 110.78(18), C(11)-B(1)-C(31) 111.79(19),
C(21)-B(1)-C(31) 109.99(18).
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respectively.[34] Indeed, the other two ferrocenyl substituents
are bending away from the silicon center with b angles of
8.7(3)8 and 12.4(3)8 and show no obvious interaction with
the silicon center. Thus, they probably do not provide elec-
tronic stabilization through direct Fe···Si interactions in the
solid state.


Summary and Conclusions


In summary, we have extended ring-opening protonolysis of
sila[1]ferrrocenophanes to acids with anions of moderate
and low coordinating ability. This allowed for the synthesis
of ferrocenyl-substituted silicon based species FcR2SiX in
which the degree of coordination of X varies form polar co-
valent (X=OTf) to largely ionic (X=TFPB). Low-tempera-
ture NMR studies indicate that addition of
H(OEt2)(S)TFPB (S=THF or Et2O) to sila[1]ferroceno-
phanes generates cationic species with silylium character.
Structural characterization of 8 b-[TFPB] revealed a cationic
silicon center with three ferrocenyl substituents and a coor-
dinating pyridine. The method described should be transfer-
able to other strained silicon-containing heterocycles such as
silacyclobutanes, and also to rings containing other Group
14 elements.


Experimental Section


General procedures : Solvents were dried by standard methods, distilled,
and stored under nitrogen. Compounds 3 a[28] and 3 b[35] were prepared by
standard literature methods. The acid H(OEt2)(THF)TFPB was prepared
by a slight variation of the literature method for the preparation of
H(OEt2)2TFPB.[26] The NaTFPB salt that was used was first recrystallized
from THF and was shown by 1H NMR spectroscopy to possess three
THF molecules of crystallization. The product of the subsequent step was


shown by 1H NMR spectroscopy to
be H(OEt2)(THF)TFPB rather than
the expected H(OEt2)2TFPB.


All manipulations involving air- and
moisture-sensitive compounds were
performed under an atmosphere of
prepurified nitrogen using standard
Schlenk techniques or in an inert-at-
mosphere glove box. All solution 1H,
13C, and 29Si NMR spectra were re-
corded on Varian Unity 400 or 500
Spectrometers. 29Si NMR spectra
were recorded by using either a
normal, DEPT, or HMBC pulse se-
quence and were referenced external-
ly to TMS. Solid-state CP-MAS 29Si
NMR spectra were recorded at
39.8 MHz on a Bruker DSX200 spec-
trometer. All variable-temperature
studies were temperature-referenced
externally to methanol.


Preparative scale reactions


Reaction of 3 a with HOTf; synthesis
of FcSiMe2OTf (5 a): A solution of
HOTf (35 mL, 0.396 mmol) in CH2Cl2


(10 mL) was added slowly to a chilled
(�78 8C) solution of 3a (103 mg, 0.426 mmol) in CH2Cl2 (ca. 6 mL). The
solution was allowed to warm to room temperature and the solvent was
removed under reduced pressure. Extraction of the solid with minimal
hexanes and crystallization at �35 8C led to isolation of yellow-orange
crystals of FcSiMe2OTf (5a) (91 mg, 59%). 1H NMR (CD2Cl2, 25 8C): d=


4.56 (ps t, 2H; Cp), 4.27 (ps t, 2H; Cp), 4.18 (s, 5H; Cp), 0.74 ppm (s,
6H; CH3); 13C NMR (CD2Cl2, 25 8C): d= 118.9 (q, 1JC,F =1263 Hz; CF3)
74.0 (Cp), 73.5 (Cp), 69.4 (Cp), 62.5 (ipso-Cp), �0.7 ppm (CH3);
19F NMR (C6D6, 25 8C): d=�77.4 ppm; 29Si NMR (CD2Cl2, 25 8C): d=


33.3 ppm; MS (70 eV, EI): m/z (%): 392 (83) [M+], 259 (20)
[M�SO2CF3], 243 (68) [M+�OSO2CF3], 186 (100) [FcH+], 121 (27)
[FcH+�C5H5]; high-resolution MS for C13H15F3FeO3SSi: calcd 391.981;
found 391.981.


Reaction of 3b with HOTf; synthesis of Fc3SiOTf (5 b): A solution of
HOTf (29 mL, 0.328 mmol) in CH2Cl2 (10 mL) was added to a chilled
(0 8C) solution of 3b (198 mg, 0.349 mmol) in CH2Cl2 (25 mL). The so-
lution was allowed to warm to room temperature and the solvent was re-
moved under reduced pressure. The product was extracted with hexanes
and recrystallized at �20 8C to give Fc3SiOTf (5 b) (31 mg, 13% yield).
1H NMR (C6D6, 25 8C): d=4.45 (ps t, 6 H; Cp), 4.25 (ps t, 6H; Cp),
4.09 ppm (s, 15H; Cp); 13C NMR (C6D6, 25 8C): d= 117.9 (CF3), 74.5
(Cp), 72.3 (Cp), 69.9 (Cp), 63.6 ppm (ipso-Cp); 19F NMR (C6D6, 25 8C):
d=�77.0 ppm; CP-MAS 29Si NMR (6 kHz): d =18.6 ppm; MS (70 eV,
EI): m/z (%): 732 (100) [M+], 396 (35) [M+�HSO2CF3�FcH], 186 (18)
[FcH+], 121 (10) [FcH+�C5H5]; high-resolution MS for C31H27F3Fe3O3S-
Si: calcd 731.945; found 731.945.


Reaction of 3a with HBF4; synthesis of FcSiMe2F (6 a): A chilled
(�78 8C) solution of HBF4 (55 mL, 54 wt % in Et2O, 0.399 mmol) in
CH2Cl2 (5 mL) was added to chilled (�78 8C) solution of 3a (99 mg,
0.409 mmol) in CH2Cl2 (20 mL). The solution was allowed to warm to
room temperature and the solvent and volatiles were removed under re-
duced pressure. The product FcSiMe2F (6 a) (39 mg, 37%) was isolated
by sublimation at 50 8C. 1H NMR (CD2Cl2, 25 8C): d=4.45 (ps t, 2 H;
Cp), 4.24 (ps t, 2 H; Cp), 4.18 (s, 5 H; Cp), 0.49 ppm (d, 3JH,F =6.9 Hz,
6H; Me); 13C NMR (CD2Cl2, 25 8C): d=73.6 (Cp), 72.3 (Cp), 69.1 (Cp),
67.2 (d, 2JC,F =22 Hz, ipso-C(Cp)), �0.69 ppm (d, 2JC,F =17 Hz, Me);
19F NMR (CD2Cl2, 25 8C): d =�150.2 ppm (sep, 3JF,H =6.8 Hz); 29Si NMR
(CD2Cl2, 25 8C): d 23.6 ppm (d, 1JF,Si =272 Hz); MS (70 eV, EI): m/z (%):
262 (100) [M+], 247 (46) [M+�Me], 186 (27) [FcH+], 121 (29) [FcH+


�C5H5]; high-resolution MS for C12H15FFeSi: calcd 262.027; found
262.028.


Figure 7. Molecular structure of 8 b-[TFPB] with thermal ellipsoids shown at the 30 % probablility level. Se-
lected bond lengths [�] and angles [8]: Si(1)�N(31) 1.858(5), Si(1)�C(1) 1.832(6), Si(1)�C(11) 1.833(6), Si(1)�
C(21) 1.843(6); C(1)-Si(1)-C(11) 114.9(3), C(1)-Si(1)-C(21) 115.0(3), C(11)-Si(1)-C(21) 107.8(3), C(1)-Si(1)-
N(31) 106.8(2), C(11)-Si(1)-N(31) 104.3(2), C(21)-Si(1)-N(31) 107.2(2). The inset shows b angle of 7.4(3)8 be-
tween the plane of the Cp of the ferrocenyl group (Fe(2)) and the Si�C(Cpipso) bond.
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Reaction of 3 b with HBF4; Fc3SiF (6 b): A chilled (�78 8C) solution of
HBF4 (22 mL, 54 wt % in Et2O, 0.160 mmol) in CH2Cl2 (5 mL) was added
to a chilled (�78 8C) solution of 3b (103 mg, 0.177 mmol) in CH2Cl2


(25 mL). The solution was allowed to warm to room temperature and the
solvent and volatiles were removed under reduced pressure. The crude
product was redissolved in CH2Cl2 and filtered to remove oxidized prod-
ucts. Recrystallization from a mixture of CH2Cl2 and hexanes yielded
Fc3SiF (6b) (25 mg, 26 % yield). 1H NMR (CD2Cl2, 25 8C): d= 4.50 (ps t,
6H; Cp), 4.43 (ps t, 6H; Cp), 4.21 ppm (br s, 15H; Cp); 13C NMR
(CD2Cl2, 25 8C): d=74.5 (Cp), 71.9 (Cp), 69.2 (Cp), 66.2 ppm (d, 2JC,F ~
20 Hz; ipso-Cp); 19F NMR (CD2Cl2, 25 8C): d=�140.4 ppm (s); 29Si
NMR (CD2Cl2, 25 8C): d=7.6 ppm (d, 1JFSi =275 Hz); MS (70 eV, EI): m/
z (%): 602 (100) [M+], 351 (34) [M+�FcH�C5H5]; high-resolution MS
for C30H27FFe3Si: calcd 601.991; found 601.991.


When this reaction was conducted without ensuring the dryness of the
CH2Cl2 solvent generation of Fc2SiF2 and ferrocene as well as 6b was ob-
served by 1H, 13C, and 29Si NMR spectroscopy. Fc2SiF2: 1H NMR
(CD2Cl2, 25 8C): d= 4.54 (ps t, 4H; Cp), 4.42 (ps t, 4 H; Cp), 4.28 ppm (br
s, 10 H; Cp); 13C NMR (CD2Cl2, 25 8C): d=73.8 (Cp), 72.7 (Cp), 69.3
(Cp), 59.7 ppm (t, 2JC,F ~20 Hz; ipso-Cp); 29Si NMR (CD2Cl2, 25 8C): d=


�13.9 ppm (t, 1JF,Si =275 Hz); ferrocene: 1H NMR (CD2Cl2, 25 8C): d=


4.21 ppm; 13C NMR (CD2Cl2, 25 8C): d=70.2 ppm.


Synthesis of fcSiiPr2 (3 c): Dichlorodiisopropylsilane (4.5 mL, 25 mmol)
was injected slowly to a chilled (�78 8C) suspension of dilithioferroce-
ne·TMEDA adduct (6.181 g, 22.3 mmol) in diethyl ether (ca. 300 mL).
The suspension was warmed slowly to room temperature and allowed to
react for 3 h. The solvent, TMEDA and excess silane were removed
under reduced pressure and the product was redissolved in hexanes. Fil-
tration, to remove LiCl, followed by crystallization at �50 8C, gave red
crystals that were purified by sublimation to give fcSiiPr2 (3 c) (2.273 g,
34% yield). 1H NMR (CD2Cl2, 25 8C): d=4.48 (ps t, 4H; Cp), 4.12 (ps t,
4H; Cp), 1.47 (hep, 3JH,H =7.2 Hz, 2H; CH), 1.30 ppm (d, 3JH,H =7.2 Hz,
12H; CH3); 13C NMR (CD2Cl2, 25 8C): d=77.6 (Cp), 76.5 (Cp), 34.1
(ipso-C(Cp)), 18.4 (CH3), 12.4 ppm (CH); 29Si NMR (CD2Cl2, 25 8C): d=


3.2 ppm. MS (70 eV, EI): m/z (%): 298 (100) [M+], 255 (22) [M+�C3H7],
213 (16) [M+�2(C3H7)+H]; high-resolution MS for C16H22FeSi: calcd
298.084; found 298.084.


Reaction of 3c with H(OEt2)2TFPB: The solid reagents 3 c (0.042 g,
0.141 mmol) and H(OEt2)(THF)TFPB (0.130 g, 0.129 mmol) were com-
bined in a flask and cooled to �78 8C. Cold (�78 8C) CH2Cl2 (ca. 10 mL)
was added and the mixture allowed to warm to �40 8C and stirred at this
temperature for 10 minutes. Excess pyridine (ca. 0.2 mL) was added and
the solution was allowed to warm up to room temperature at which point
the solvent was removed under vacuum. A 2:1 CHCl3/hexanes solution
of the orange reaction mixture was cooled to �35 8C and yielded clear
colourless needles of [C6H3(CF3)2]3B·py (9) (89 mg, 95 %) that were suita-
ble for characterization by single crystal X-ray diffraction. All attempts
to isolate clearly defined product from the orange supernatant were un-
successful.


9: 1H NMR (400 MHz, CDCl3, 298 K): d =8.41 (dd, 3JH,H =6.8, 4JH,H =


1.5 Hz, 2 H; o-py), 8.30 (tt, 3JH,H =7.6, 4JH,H =1.5 Hz, 1H; p-py), 7.81 (dd,
3JH,H = 6.8, 3JH,H =7.6 Hz, 2 H; m-py), 7.77 (s, 3 H; BAr-p), 7.53 ppm (br,
6 H; BAr-o); 11B NMR (96 MHz, CDCl3, 298 K): d =2.80 ppm (br s);
13C NMR (100 MHz, CDCl3, 298 K): d =151.3 (br; B-C), 147.3 (s; o-py),
142.8 (s; p-py), 133.6 (br q, 3JC,F =2 Hz; BAr-o), 130.9 (q, 2JC,F =33 Hz;
BAr-m), 126.8 (s; m-py), 123.7 (q, 1JC,F =272 Hz; CF3), 120.8 ppm (sp,
3JC,F =4 Hz; BAr-p); 19F (282 Hz, CDCl3, 298 K): d =�62.8 ppm (s; CF3);
elemental analysis calcd (%) for C29H14BF18N (729.219): C 47.77, H 1.94,
N 1.92; found: C 47.46, H 1.98, N 1.90.


Unidentified Fc-containing product(s): 1H NMR (400 MHz, CDCl3,
298 K): d= 4.37 (ps t), 4.31 (ps t), 4.18 (ps t), 4.17 (s), 4.15 (s), 4.11 (ps
t)1.25–0.86) (m), 1.11 ppm (s); 13C NMR (100 MHz, CDCl3, 298 K): d=


74.3, 73.5, 70.7, 70.2, 68.4, 68.3, 67.9, 18.2–13.1 ppm (m).


Synthesis of [Fc3Si·py][TFPB] (8 b-[TFPB]): The solid reagents 3b
(0.230 g, 0.395 mmol) and H(OEt2)(THF)TFPB (0.351 g, 0.347 mmol)
were combined in a flask and cooled to �78 8C. Cold (�78 8C) CH2Cl2


(ca. 20 mL) was added and the mixture allowed to warm to �60 8C at
which point both reagents dissolved to give a yellow-orange mixture. The


reaction mixture was stirred at �40 8C for about 10 min and excess pyri-
dine (ca. 0.5 mL) was added causing the solution to turn red. The so-
lution was allowed to warm up to room temperature and the solvent was
removed under vacuum. The product was recrystallized from a CHCl3/
hexanes mixture at �50 8C to give deep red crystals of 8 b-[TFPB]·CHCl3


(290 mg, 51 % yield). The product was characterized by using 1H and 29Si
NMR spectroscopy as well as single-crystal X-ray diffraction. 1H NMR
(400 MHz, CDCl3, 298 K): d =9.22 (d, coord. py), 8.23 (t, coord. py), 7.81
(t, coord. py), 7.67 (br, TFPB), 7.46 (br, TFPB), 4.71 (s, 6H; Cp), 4.40 (s,
6H; Cp), 4.06 ppm (s, 15H; Cp); 29Si NMR (79.3 MHz, CDCl3, 298 K):
d=25.2 ppm.


Low-temperature NMR studies


Reaction of 3a with H(OEt2)(THF)TFPB; generation of 7a+: The solid
reagents 3a (0.041 g, 0.169 mmol) and H(OEt2)(THF)TFPB (0.141 g,
0.140 mmol) were combined in an NMR tube fitted with a septum. The
NMR tube was cooled in liquid nitrogen and 0.5 to 1 mL of CD2Cl2 was
injected. The frozen sample was placed in the NMR spectrometer and al-
lowed to warm up to �60 8C. The generation of 7 a+ was observed by
using 1H, 13C, and 29Si NMR spectroscopy. 1H NMR (400 MHz, CD2Cl2,
213 K): d=7.78 (s, 8 H; TFPB), 7.59 (s, 4H; TFPB), 4.64 (s, 2H; Cp),
4.35 (br s, 4H; coord. THF), 4.21 (s, 2H; Cp), 4.17 (s, 5 H; Cp), 3.39 (q,
3JH,H = 7.18 Hz, 4 H; free Et2O), 2.15 (br s, 4H; coord. THF), 1.13 (t,
3JH,H = 7.18 Hz, 6H; free Et2O), 0.79 ppm (s, 6H; SiCH3); 13C NMR
(100 MHz, CD2Cl2, 213 K): d=161.7 (q, 1JB,C =49.8 Hz; B-C), 134.6
(TFPB-C2,6), 128.6 (q, 2JF,C =31.6 Hz, TFPB-C3,5), 124.4 (q, 1JF,C =


272.6 Hz, TFPB-CF3), 117.4 (s, TFPB-C4), 78.4 (coord. THF), 75.0 (Cp),
73.4 (Cp), 69.3 (Cp), 66.0 (free Et2O), 55.1 (ipso-C(Cp)), 25.3 (coord.
THF), 15.1 (free Et2O), �3.5 ppm (SiCH3); 29Si NMR (79.3 MHz,
CD2Cl2, 213 K): d=49.7 ppm.


In situ addition of pyridine to 7a+ ; generation of 8a+ : The NMR tube
was briefly removed from the spectrometer and excess pyridine
(~0.6 mL) was injected. The conversion of 7 a+ to 8a+ was observed by
using 1H, 13C, and 29Si NMR. 1H NMR (400 MHz, CD2Cl2, 213 K): d=


8.56 (br; py), 7.83 (s, 8H; TFPB), 7.79 (br; py), 7.57 (s, 4 H; TFPB), 7.39
(br; py), 4.68 (s, 2 H; Cp), 4.29 (s, 2 H; Cp), 4.25 (s, 5 H; Cp), 3.65 (t, 4 H;
free THF), 3.37 (q, 4H; free Et2O), 1.76 (t, 4 H; free THF), 1.12 (t, 6 H;
free Et2O), 0.90 ppm (s, 6 H; SiCH3); 13C NMR (100 MHz, CD2Cl2,
213 K): d= 161.7 (q, 1JB,C =49.8 Hz; B-C), 148.6 (br; py), 137.5 (br; py),
134.5 (TFPB-C2,6), 128.6 (q, 2JF,C = 30.1 Hz; TFPB-C3,5), 124.6 (br; py),
124.3 (q, 1JF,C =272.3 Hz; TFPB-CF3), 117.4 (s; TFPB-C4), 74.6 (Cp), 73.7
(Cp), 69.2 (Cp), 67.7 (free THF), 65.8 (free Et2O), 55.9 (ipso-C(Cp)),
25.4 (free THF), 15.1 (free Et2O), �2.4 ppm (SiCH3); 29Si NMR
(79.3 MHz, CD2Cl2, 213 K): d= 33.3 ppm.


Reaction of 3c with H(OEt2)2TFPB; generation of 7c+ : A solution of 3 c
(0.007 g, 0.023 mmol) in CD2Cl2 was injected into a cooled (�78 8C)
NMR tube fitted with a septum that contained solid H(OEt2)2TFPB
(0.022 g, 0.023 mmol). The cooled sample was placed in an NMR spec-
trometer cooled to �80 8C. The generation of 7 c+ was observed by using
1H,13C, 19F and 29Si NMR spectroscopy. 1H NMR (400 MHz, CD2Cl2,
�80 8C): d =7.72 (s, 8H; TFPB), 7.54 (s, 4H; TFPB), 4.65 (s, 2 H; Cp),
4.29 (s, 2H; Cp), 4.20 (s, 5H; Cp), 3.94 (br s, 4 H; coord. Et2O), 3.39 (br,
4H; free Et2O), 1.63 (br s, 4 H; coord. Et2O), 1.30 (iPr), 1.22 (iPr), 1.17
(br, 6H; free Et2O), 1.30–0.94 ppm (iPr); 13C NMR (100 MHz, CD2Cl2,
213 K): d =161.5 (q, 1JB,C = 49.0 Hz; B-C), 134.4 (TFPB-C2,6), 128.3 (q,
2JF,C =31.8 Hz; TFPB-C3,5), 124.2 (q, 1JF,C =272.4 Hz; TFPB-CF3), 117.3
(s; TFPB-C4), 75.0 (coord. Et2O), 74.0 (Cp), 73.8 (Cp), 69.6 (Cp),66.2
(free Et2O), 54.4 (ipso-Cp), 17.6 (CH3), 16.8 (coord. Et2O), 14.7 (free
Et2O), 13.2 ppm (SiCH); 19F NMR (376 MHz, CD2Cl2, �80 8C): d=


�62.4 ppm; 29Si NMR (79.3 MHz, CD2Cl2, 213 K): d =60.4 ppm.


In situ addition of pyridine to 7c+; generation of 8 c+ : The NMR tube
was briefly removed from the spectrometer and excess pyridine (ca.
5 mL) was injected. The conversion of 7 c+ to 8 c+ was observed by using
1H, 13C, 19F, and 29Si NMR spectroscopy. 1H NMR (400 MHz, CD2Cl2,
213 K): d=8.51 (d; py), 7.74 (s, 8H; TFPB), 7.77 (t, py), 7.50 (s, 4H;
TFPB), 7.36 (ps t, py), 4.68 (s, 2H; Cp), 4.31 (s, 2H; Cp), 4.25 (s, 5 H;
Cp), 3.34 (q, 4 H; free Et2O), 1.08 (t, 6H; free Et2O), 1.17–0.94 (m, 14H;
iPr) ppm; 13C NMR (100 MHz, CD2Cl2, 213 K) d 161.6 (q, 1JBC =49.8 Hz,
B-C), 148.0 (br, py), 137.9 (br, py), 134.4 (TFPB-C2,6), 128.4 (q, 2JFC =
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31.6 Hz, TFPB-C3,5), 124.4 (br, py), 124.2 (q, 1JFC =272.5 Hz, TFPB-
CF3), 117.3 (s, TFPB-C4), 74.2 (Cp), 73.8 (Cp), 69.5 (Cp), 65.9 (free
Et2O), 54.4 (ipso-Cp), 17.3 (CH3), 15.2 (free Et2O), 12.4 (SiCH) ppm;
19F NMR (376 MHz, CD2Cl2, �80 8C) d �62.4 ppm; 29Si NMR
(79.3 MHz, CD2Cl2, �80 8C) d 36.2 ppm.


Reaction of 3 b with H(OEt2)(THF)TFPB; generation of 7b+ : Solid 3b
(0.036 g, 0.062 mmol) and H(OEt2)(THF)TFPB (0.053 g, 0.052 mmol)
were combined in an NMR tube. The NMR tube was cooled in liquid ni-
trogen and 0.5 to 1 mL of CD2Cl2 was injected. The frozen sample was
placed in the NMR spectrometer and allowed to warm up to �60 8C. The
generation of 7b+ was observed by using 1H and 13C NMR spectroscopy.
1H NMR (400 MHz, CD2Cl2, 213 K): d=7.75 (s, 8 H; TFPB), 7.57 (s, 4 H;
TFPB), 4.73 (s, 6H; Cp), 4.52 (br , 6H; coord. THF, Cp), 4.21 (s, 15 H;
Cp), 3.36 (br, 4H; free Et2O), 2.12 (br, 4H; coord. THF), 1.09 ppm (br,
6H; free Et2O); 13C NMR (100 MHz, CD2Cl2, 213 K): d =161.6 (q, 1JB,C =


49.9 Hz; B-C), 134.5 (TFPB-C2,6), 128.4 (q, 2JF,C =32.0 Hz, TFPB-C3,5),
124.2 (q, 1JFC =273.4 Hz, TFPB-CF3), 117.3 (s; TFPB-C4), 79.2 (coord.
THF), 74.0 (Cp), 73.5 (Cp), 69.4 (Cp), 65.8 (free Et2O), 58.4 (ipso-
C(Cp)), 25.2 (coord. THF), 15.1 ppm (free Et2O).


In situ addition of pyridine to 7 b+ ; generation of 8 b+ : The NMR tube
was briefly removed from the spectrometer and excess pyridine (ca.
0.6 mL) was injected. The conversion of 7 b+ to 8 b+ was observed using
1H NMR. 1H NMR (500 MHz, CD2Cl2, 213 K): d=9.30 (br, coord. py),
8.68 (br, free py, coord. py), 7.99 (br, coord. py), 7.88 (s, free py) 7.60 (br,
TFPB), 7.30 (br, TFPB, free py), 4.68 (s, 6 H; Cp), 4.54 (s, 6 H; Cp), 4.06


(s, 15 H; Cp), 3.62 (br s, free THF), 3.35 (br s, 4H; free Et2O), 1.72 (br s,
4H; free THF), 1.12 ppm (br s, 6H; free Et2O).


X-ray crystallographic data for 3 c, 5b, 8b-[TFPB]·CH2Cl2 and 9 :
General Procedure: Selected crystal, data collection, and refinement pa-
rameters for 3c, 5 b·CH2Cl2, 8b-[TFPB]·CH2Cl2 and 9 are given in
Table 2. CCDC-247749 (3c), CCDC-247750 (5 b·CH2Cl2), CCDC-143837
(8b-[TFPB]·CH2Cl2) and CCDC-247751 (9) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or email: deposit@ccdc.cam.ac.uk).
Single-crystal X-ray diffraction data were collected on a Nonius Kap-
paCCD diffractometer using graphite-monochromated MoKa radiation
(l=0.71073 �). A combination of 18 phi and omega (with kappa offsets)
scans were used to collect sufficient data. The data frames were integrat-
ed and scaled using the Denzo-SMN package.[36] The SHELXTL/PC V5.1
package was used to solve and refine the structures.[37] Refinement was
by full-matrix least-squares on F2 using all data (negative intensities in-
cluded). Refinement was optimized with hydrogen atoms in calculated
positions. The weighting schemes were w=1/[s2(F2


o) + (0.0334P)2


+ 1.7196P] for 3c, w=1/[s2(F2
o) + (0.0236P)2 + 0.9095P] for


5b·CH2Cl2, w=1/[s2(F2
o) + (0.0658P)2 + 11.2754P] for 8 b-


[TFPB]·CHCl3 and w=1/[s2(F2
o) + (0.0958P)2 + 1.6070P] for 9 where


P= (F2
o + 2F2


c)/3.


Table 2. Summary of crystallographic data for 3c, 5 b·CH2Cl2, 8 b-[TFPB]·CHCl3 and 9.


3c 5b·CH2Cl2 8b-[TFPB]·CHCl3 9


empirical formula C16H22FeSi C32H29Cl2F3Fe3O3SSi C68H45BCl3F24Fe3NSi C29H14BF18N
fw 298.28 817.15 1644.85 729.22
crystal color, habit orange plate red plate colorless plate
temperature [K] 150(1) 150(1) 150(1) 150(1)
wavelength [�] 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic triclinic triclinic monoclinic
space group P21/c P1̄ P1̄ P21/n
unit cell dimensions
a [�] 7.8328(10) 11.109(2) 14.3274(7) 16.6560(3)
b [�] 17.8452(3) 11.437(2) 14.8789(8) 8.9890(3)
c [�] 20.9211(3) 12.408(3) 17.3698(9) 19.6400(6)
a [8] 90 95.46(3) 75.701(3) 90
b [8] 91.6060(10) 98.34(3) 85.431(3) 95.8140(18)
g [8] 90 90.33(3) 68.560(3) 90
volume [�3] 2923.2(4) 1552.4(5) 3339.6(3) 2925.39(14)
Z 8 2 2 4
1calcd [gcm�3] 1.356 1.748 1.636 1.656
abs coeff [mm�1] 1.094 1.714 0.892 0.177
F(000) 1264 828 1648 1448
crystal size [mm] 0.34 � 0.32 � 0.24 0.35 � 0.30 � 0.29 0.27 � 0.18 � 0.08 0.28 � 0.26 � 0.10
q range for data collection [8] 2.60<q<27.48 2.55<q<26.37 4.09<q<22.50 2.58<q<27.49
limiting indices �10�h�10, �13�h�13, �15�h�15 �21�h�21,


�23�k�23, �14�k�14, �14�k�16, �10�k�11,
�27� l�27 �15� l�15, �18� l�18 �25� l�25


reflections collected 23563 27162 32788 24 821
independent reflections 6673 (Rint =0.041) 6220
(Rint =0.030) 8622 (Rint =0.097) 6681 (Rint =0.0515)
data/restraints/parameters 6673/0/334 6220/3/521 8622/0/910 6681/85/482
goodness of fit on F2 1.055 1.050 1.026 1.041
final R indices [I>2s(I)]
R1 0.0334 0.0236 0.0596 0.0595
wR2 0.0811 0.0622 0.1423 0.1568
R indices (all data)
R1 0.0457 0.0255 0.0894 0.0982
wR2 0.0885 0.0631 0.1617 0.1845
extinction coefficient 0.0001(6) 0.0045(7) 0.0059(14)
largest diff peak/hole [e ��3] 0.336/�0.487 0.375/�0.633 0.915/�0.595 0.691/�0.588
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Calix[n]bispyrrolylbenzenes: Synthesis, Characterization, and Preliminary
Anion Binding Studies


Jonathan L. Sessler,*[a] Deqiang An,[a] Won-Seob Cho,[a] Vincent Lynch,[a] and
Manuel Marquez[b]


Introduction


In recent years, considerable effort has been focused on the
generalized problem of anion recognition. This has led,
among other things, to the design and synthesis of a number
of highly sophisticated receptor systems, including ones that
display very specific anion-binding selectivities. It has also
spawned efforts to produce simpler systems whose ease of
synthesis might serve to overcome any lack of inherent


design specificity and which might offer advantages, on a
pure cost of good basis, when used in various “real world”
applications.[1–6] Among the more attractive of the easy-to-
prepare anion-binding systems is calix[4]pyrrole.[1] Assem-
bled in one high-yielding step from commercially available
starting materials, calix[4]pyrroles (e.g., 1) have been found
to bind small anions, such as fluoride and chloride, with
good affinity in aprotic solvents. Such findings, in turn, have
inspired efforts aimed at extending the chemistry of calix[4]-
pyrroles. To date, this has been done through the prepara-
tion of larger calix[n]pyrrole systems (n>4)[7–10] and through
the formal replacement of one or more of the pyrrole rings
by some other aromatic subunit, for example, pyridine,[11]


benzene,[12] furan, or thiophene.[13] We have also recently
found that bipyrrole may be used as a “building block” and
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Abstract: A series of novel calixpyr-
role-like macrocycles, calix[n]bis(pyr-
rol-2-yl)benzene (calix[n]BPBs, n= 2–
4) 9 a–11 a, have been synthesized by
means of the TFA-catalyzed condensa-
tion reaction of bis(pyrrol-2-yl)benzene
8 a with acetone. Calix[2]BPB 9 a rep-
resents an expanded version of calix[4]-
pyrrole in which two of the four meso
bridges are replaced by benzene rings.
By contrast, systems 10 a and 11 a,
which bear great considerable to calix-
bipyrroles 2 and 3, represent higher ho-
mologues of the basic calix[n]BPB
motif. Solution-phase anion binding


studies, carried out by means of
1H NMR spectroscopic titrations in
[D2]dichloromethane and isothermal ti-
tration calorimetry (ITC) in 1,2-di-
chloroethane, reveal that 9 a binds typi-
cal small anions with substantially
higher affinities than 1, even though
the same number of hydrogen bonding
donor groups are found in both com-
pounds. The basic building block for


9 a, benzene dipyrrole 8 a, also displays
a higher affinity for anions than the
building block for 1, dimethyldipyrro-
methane 16. Structural studies, carried
out by single-crystal X-ray diffraction
analyses, are consistent with the so-
lution-phase results and reveal that 9 a
is able to stabilize complexes with chlo-
ride and nitrate in the solid state.
Structures of the PF6


� and NO3
� com-


plexes of 10 a were also solved as were
those of the acetone adduct of 9 a and
the ethyl acetate adduct of 11 a.


Keywords: anions · hydrogen
bonds · macrocycles · molecular
recognition · receptors
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have reported the synthesis of calix[n]bipyrroles 2 and 3
(n=3, 4)[14] and calix[2]bipyrrole[2]furan and calix[2]bipyr-
role[2]thiophene systems (e.g., 4 and 5).[15] In independent


work, Lee�s group has also reported the synthesis of a mac-
rocycle, 6, that is based on pyrrole and bithiophene.[16] The
finding that systems 2, 4, and 5, in particular, act as highly
effective anion-binding agents[14,15] led us to consider the
next logical step, namely the use of terpyrrole (7) as the key
pyrrole-containing building block. Unfortunately, to date we
have been unable to isolate any stable products from con-
densation reactions involving terpyrrole 7 and various ke-
tones (e.g., acetone). However, we have now found that an
alternative precursor, namely 1,3-bis(pyrrol-2-yl)benzene
(BPB, 8), shows considerable promise as a building block
and wish to report here the synthesis and characterization of
the calix[n]1,3-bis(pyrrol-2-yl)benzenes 9–11; these large cy-
clophane-like systems differ in terms of the size of the calix
core (n=2, 3, and 4) and the nature of 5-substituent on the
benzene rings (series a, b, and c). We also wish to report the
results of preliminary anion binding studies carried out with
8 a–11 a. One of these receptors, system 9 a, in spite of con-
taining the same number of pyrrole NH hydrogen-bond
donor groups (four), displays an affinity for many anions, in-
cluding perchlorate, that is enhanced relative to that of
calix[4]pyrrole 1.


Results and Discussion


Synthesis and crystal structures: The synthesis of target mole-
cules 9–11 is shown in Scheme 1. Here, the key 1,3-bis(pyr-
rol-2-yl)benzene precursors, 8 a–c, were synthesized by using
a modification of a literature method used to prepare 1,4-
bis(pyrrol-2-yl)benzene.[17] Intermediates 12 a,b were then
obtained from the reaction of the corresponding isophthalo-
yl chlorides, 13 and 14, with allylamine and triethylamine in
dichloromethane. The ether-functionalized system 12 c was
obtained by the aminolysis of dimethyl-5-hexyloxyisophtha-
late 15 in the presence of allylamine. Reaction of 12 a–c
with phosgene (to give the presumed imino chloride deriva-
tives), followed by immediate reaction with potassium tert-
butoxide in THF afforded 8 a–c in yields of 29 %, 43 %, and
96 %, respectively. The electron-donating groups at the 5-po-
sition of the benzene rings are expected to stabilize the in-
termediate carbocations formed during the reaction, thus ac-
counting for the increased yields observed on passing from
8 a to 8 c. Stirring intermediates 8 a–c in acetone overnight
in the presence of one equivalent of trifluoroacetic acid af-
forded products 9 a–c, 10 a–c, and 11 a–c. All new com-
pounds were characterized by standard spectroscopic tech-
niques, including 1H and 13C NMR spectroscopy, and high-
resolution mass spectrometry (HRMS). Compounds 9 a,
10 a, 11 a, and 8 a were also characterized by X-ray diffrac-
tion analysis.


An X-ray structural analysis of 8 a revealed that the mole-
cule adopts a “cis-” conformation in solid state and contains
an internal symmetry plane. Both pyrrole NH donor groups
point in towards the center of the resulting cleft (Figure 1
top), but are twisted out of the plane defined by the ben-
zene ring with N1-C4-C5-C6 torsion angles of 23.488 (c.f. ,
Figure 1 middle). No evidence of p stacking is observed in
the packing diagram. However, the possibility of intermolec-
ular hydrogen-bonding interactions of the NH–p type in-
volving the pyrrole-NH protons of one molecule and the
benzene p-electrons of another can be inferred from this
same packing profile (Figure 1 bottom).


Diffraction grade crystals of 9 a·2 (CH3)2CO were obtained
by slow evaporation of a solution of 9 a in dichloromethane
and acetone. X-ray analysis revealed that the molecule
adopts a 1,2-alternate (C2h) conformation (Figure 2). The
two benzene rings, although on opposite sides of the mole-
cule, are nearly coplanar. By contrast, the pyrrolic subunits
connected to each of the two meso-carbon atoms are tilted
out of the plane defined by the benzene rings. Each of the
two pyrrole units around the bridging meso-carbon atoms is
hydrogen bonded (NH···O) to one acetone molecule and
each pair points to a different side of the plane. The N�O
distances are in the range of 3.033(3)–3.122(3) �, the NH
H�O distances are in the range of 2.12(3)–2.16(3) �, and
the N-H-O angles are in the range of 167(2)–177(3)8. The
X-ray analysis also revealed that the host molecule uses the
two sets of pyrrole units bound to the two meso-carbon
atoms, or more precisely, their NH donor subunits, to inter-
act with the bound acetone molecules, rather than the alter-
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native pairing of the pyrrole subunits attached to the two
benzene rings.


The hydrogen-bonding interactions seen between macro-
cycle 9 a and acetone in the solid state led to the considera-
tion that 9 a might also act as a receptor for anions of appro-
priate size and shape. Preliminary support for this notion
came from a single-crystal X-ray structural analysis of the
chloride anion complex of 9 a (tetrabutylammonium, TBA,


counterion); it revealed that 9 a
adopts a cone-shaped (or V-
shaped, C2v) conformation in
the solid state, with four pyrrole
NH protons involved in hydro-
gen-bonding interactions to the
chloride anion (Figure 3). The
N�Cl distances are in the range
of 3.306(3)–3.401(3) �, while
the corresponding NH H�Cl
distances range between 2.37(3)
and 2.58(2) �. The chloride ion
resides 1.377(4) � above the N4


root-mean-square plane of the
core of 9 a. The N-H-Cl angles


are in the range of 169–1778. The distances between the CH
protons (2-position of BPB benzene ring) and the bound
chloride anion are 2.588 � and 2.721 �, respectively, while
the corresponding C-H-Cl angles are 157.88 and 162.608.
These parameters are within the range expected for hydro-


Scheme 1. Synthesis of 9a–c, 10 a–c, and 11a–c.


Figure 1. X-ray crystal structure of 8 a (ORTEP, displacement ellipsoids
scaled to the 50% probability level). Top: top view; middle: side view;
bottom: unit-cell packing diagram.


Figure 2. X-ray crystal structure of 9a·2 (CH3)2CO (ORTEP, displacement
ellipsoids scaled to the 50% probability level; some hydrogen atoms
have been removed for clarity). Top: top view; bottom: side view.
Dashed lines are indicative of N�H···O hydrogen bonds.
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gen-bonding interactions, leading to the consideration that
these CH protons may also be acting to stabilize the bound
chloride anion.


Diffraction-grade crystals of 9 a·NO3
� were also obtained


by using conditions analogous to those used to obtain crys-
tals of 9 a·Cl� . X-ray structural analysis shows that, as is true
for 9 a·Cl� , the macrocycle adopts a cone-like conformation
in the solid state and interacts with the bound nitrate anion
through four NH···O hydrogen bonds (Figure 4). However,
in contrast to what was found for 9 a·Cl� , in which each of
the four pyrrolic NH protons is hydrogen bonded to the
single chloride anion, in the crystal structure of 9 a·NO3


� ,
the four pyrrolic NH protons are involved in hydrogen-
bonding interactions with only two out of the three nitrate
oxygen atoms. In particular, it is seen that one oxygen atom
(O2a) is bound to three NH protons (N1H, N2H, and
N4H), while another oxygen atom (O1a) is bound to one
NH proton (N3H). The N�O distances are in the range of
2.956(2)–3.405(3) �, the NH proton–oxygen distances are in
the range of 2.09(3)–2.56(3) �, and the N-H-O bond angles
are in the range of 159(2)–175(2)8.


A separate important feature of this structure is that it re-
veals, in conjunction with those for 9 a·2 (CH3)2CO and
9 a·Cl� , that macrocycle 9 a may adopt different conforma-
tions in the solid state and display different binding modes
when interacting with different substrates. This leads us to
suggest that 9 a and its congeners could be versatile hosts


that might be endowed with a degree of inherent selectivity
based on, for example, an ability of certain substrates, sol-
vents, and so forth to modulate their conformational flexibil-
ity.


In the case of 10 a, diffraction grade crystals were ob-
tained for the hexafluorophosphate complex, 10 a·PF6


�


(TBA counterion). The corresponding X-ray analysis re-
vealed a structure without any evident symmetry (Figure 5).
However, it also revealed that the PF6


� ion is bound through
five well-defined hydrogen bonds involving five out of the
six possible pyrrole NH donor groups. The associated NH
H�F distances are in the range of 2.38–2.63 �, and the N-H-
F bond angles are in the range of 165.5–173.88. Other possi-
ble hydrogen bonds are also seen involving N6H···F6 and
N4H···F1. In this case, the N�F bond lengths, 3.049(12) and
3.318(11) �, respectively, were found to be within the range
expected for these kinds of hydrogen-bonding interactions.
However, the corresponding bond angles of 116.78 and
138.18, respectively, are less than ideal. When the structure
is viewed from the perspective of the bound PF6


� ion, it is
seen that four out of the six possible fluorine atoms also par-
ticipate in binding interactions, as determined from their hy-
drogen binding parameters. In particular, these latter N�F


Figure 3. X-ray crystal structure of 9a·Cl� (ORTEP, displacement ellip-
soids scaled to the 50% probability level; some hydrogen atoms have
been removed for clarity). Top: top view; bottom: side view. Dashed
lines are indicative of N�H···Cl� hydrogen bonds. Figure 4. X-ray crystal structure of 9a·NO3


� (ORTEP, displacement ellip-
soids scaled to the 50% probability level; some hydrogen atoms have
been removed for clarity). Top: top view; bottom: side view. Dashed
lines are indicative of N�H···O hydrogen bonds.
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distances are in the range of 3.263(12)–3.523(12) �. In con-
trast to what is seen in the structure of 9 a·2 (CH3)2CO, in
the case of 10 a·PF6


� , the two fluoride atoms participating in
the hydrogen bonding interact pairwise with the pyrrole
groups attached to the two benzene rings, as opposed to
those attached to the bridging, meso-like carbon atoms.


Diffraction-grade crystals of 10 a·NO3
� were obtained by


using conditions analogous to those used to obtain crystals
of 9 a·NO3


� . The resulting structure is shown in Figure 6.
Here, it is seen that the macrocycle adopts a V-shaped con-
formation (Cs), with four out of its six pyrrole NH protons
bound to a nitrate anion through four NH···O hydrogen
bonds. In contrast to what is seen in the case of 9 a·NO3


� , all
three oxygen atoms of the nitrate anion in 10 a·NO3


� are in-
volved in hydrogen-bonding interactions with the receptor
in the solid state. Specifically, these hydrogen bonds include
N1�H···O3b, N3�H···O1b, N4�H···O1b, and N6�H···O2b.
The two remaining pyrrole units (those containing the N5
and N2 atoms) are not involved in any hydrogen-bonding in-
teractions with the bound anion. The N�O distances are in
the range of 3.107(4)–3.304(3) �, the NH proton–oxygen
distances are in the range of 2.32(3)–2.51(2) �, and the N-
H-O bond angles are in the range of 167(3)–172(3)8.


Further comparison of the solid-state molecular structure
of 10 a·NO3


� with that of 10 a·PF6
� reveals that, in both


cases, not all the pyrrole units are involved in hydrogen-
bonding interactions with the bound anions. As with the so-
lution phase Ka data given in Table 1, these solid-state struc-
tural features are thought to reflect a cavity in 10 a that is
less optimized, in terms of size, shape, and perhaps inherent
flexibility, for small-anion binding than that present in 9 a.


An X-ray structural analysis of 11 a, studied as
11 a·4 C4H8O2, revealed that this larger macrocycle adopts a
square-shaped conformation (Figure 7). In contrast to the


Figure 5. X-ray crystal structure of 10a·PF6
� (ORTEP, displacement ellip-


soids scaled to the 50% probability level; some hydrogen atoms have
been removed for clarity). Top: top view; bottom: side view. Dashed
lines are indicative of N�H···F hydrogen bonds.


Figure 6. X-ray crystal structure of 10 a·NO3
� (ORTEP, displacement el-


lipsoids scaled to the 50% probability level; some hydrogen atoms have
been removed for clarity). Top: top view; bottom: side view. Dashed
lines are indicative of N�H···O hydrogen bonds.


Table 1. Anion-binding constants [m�1] determined in [D2]dichloro-
methane by means of 1H NMR spectroscopic titrations.[a]


9a 10a 11a 1 8a 16


F� >10000[b] >10000[b] n.d. 17000[c] 2300[b] 2100
Cl� >10000 3100 >10000 350[c] 4300 110
Br� >10000 390 >10000 10[c] 1100 19
I� >10000 150 n.d. <10[c] 190 <10
HSO4


� >10000 850 n.d. <10[c] 290 <10
H2PO4


� 6300 1700 n.d. 97[c] 1300 310
NO3


� >10000 5100 >10000 <10 280 11
ClO4


� 7900 30 110 n.d. 32 <10


[a] Anion used in the assay were in the form of their tetrabutylammoni-
um salts; n.d. not determinable. [b] Tetrabutylammonium fluoride trihy-
drate was used as the anion source. [c] From reference [1].
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conformation of BPB seen in the solid state (cf. Figure 1), in
11 a each BPB unit adopts a trans conformation with both
pyrrole units pointing away from the center. The four ethyl
acetate molecule interacts with the macrocycle through
NH···O (carbonyl) hydrogen bonds. Interestingly, the two
pyrrole units attached to the meso-carbon C15 (and C15a)
are bound to one ethyl acetate molecule through two NH�
O hydrogen bonds, while each of the pyrrole units attached
to the meso-carbon C30 (and C30a) form hydrogen bonds to
one ethyl acetate molecule. This last species is also bound to
a second pyrrole from another macrocycle. As the result of
these interactions, the unit cell packing diagram reveals a
columnlike assembly, as can be seen from an inspection of
Figure 7 (bottom).


Anion-binding studies : Due to the poor solubility of com-
pound 9 a in acetonitrile and DMSO, preliminary anion-
binding studies of compounds 9 a–11 a were carried out in
[D2]dichloromethane by using standard 1H NMR spectro-
scopic titration methods. Analogous titrations involving
compounds 8 a, 1, and dimethyldipyrromethane 16 (consid-
ered here as the building block for calix[4]pyrrole 1 and
thus used for comparison with building block 8 a) were also
carried out.


In the case of 9 a, the pyrrole NH signals were initially
found to broaden beyond the point of clear identification
upon the addition of the various halide anions and dihydro-
gen phosphate anion (these and other anions studied as
their TBA salts) before again becoming sharp in the pres-
ence of excess anion. Such broadening was also observed for
the BPB 2-CH signal in the case of the halides. It was not
observed for either signal in the case of HSO4


� , NO3
� , and


ClO4
� . Rather, clear shifts in these signals were seen. How-


ever, in all cases, substantial shifts for the BPB 2-CH signal
in 9 a were seen over the full course of the titration, with
downfield shifts ranging between 0.52 and 2.05 ppm, de-
pending on the choice of anion.


In light of the above observations, the change in chemical
shift of the pyrrolic NH resonance as a function of anion
concentration was used to determine the Ka in the case of
HSO4


� , NO3
� , and ClO4


� . By contrast, the changes in either
the b-pyrrolic CH or benzene 2-CH resonances were used
to follow the binding process in the case of the halides and
dihydrogen phosphate, respectively. In all cases, curve fitting
was carried out by using standard methods (i.e. , as described
by Wilcox[18] or Connor;[19] see the Supporting Information).


The anion-binding constants determined in this way for
macrocycle 9 a and open-chain control 8 a are given in
Table 1, along with those recorded for 1 and 16. As might
be inferred from the broadening of the NH peaks seen in


Figure 7. X-ray crystal structure of 11a·(C4H8O2)4 (ORTEP, displacement
ellipsoids scaled to the 30% probability level; some hydrogen atoms
omitted for clarity). Top: top view; middle: side view; bottom: unit-cell
packing diagram. Dashed lines are indicative of N�H···O hydrogen
bonds. The ethyl acetate molecules with atoms O1b, O1ba are hydrogen
bonded to a second macrocycle related by a b axis translation.
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many of the NMR spectroscopic titrations, compound 9 a
was found to be a very effective anion receptor. In fact, with
the exception of dihydrogen phosphate and perchlorate, for
which Ka values of 6300 and 8400 m


�1, respectively, were re-
corded, in all cases the anion affinities proved too large to
measure accurately by standard 1H NMR spectroscopic titra-
tion methods. This stands in marked contrast to what is seen
in the case of 1, for which strong binding is seen only in the
case of fluoride anion and no appreciable binding is seen in
the case of perchlorate. Interestingly, the open-chain control
system 8 a was also found to be a more effective anion re-
ceptor than 16, and even macrocycle 1 in some cases, al-
though it was found to be a far less selective receptor than
these last two species.


Table 1 also shows that compared to 9 a, the larger macro-
cyclic receptor 10 a is a less effective anion receptor for
almost all anions of interest. This is thought to reflect the
destabilizing effects of its large cavity size and relatively
rigid structure. Not only is the large cavity size present in
10 a incompatible with the size of most anions of interest,
the rather rigid nature of the receptor (close to triangular
shape) limits its ability to adopt different conformations
suitable for coordinating anions with different sizes and ge-
ometries. However, 10 a does show a high affinity for the ni-
trate anion, traditionally a weak hydrogen-bonding acceptor.
This selectivity, we think, reflects the relatively good size
and geometry matching between this particular triangular
anion and the central core defined by the receptor.


1H NMR spectroscopic titration studies involving com-
pound 11 a failed to provide reliable binding constants for
F� , I� , HSO4


� , and H2PO4
� , due either to loss in the chemi-


cal shifts used to follow the anion-binding process (F� ,
HSO4


� , and H2PO4
�) or difficulties in fitting the binding


profile curve (I�) using standard curve fitting methods.
However, with the exception of ClO4


� , for the other anions
of interest (Cl� , Br� , and NO3


�) 11 a shows higher binding
affinities than 10 a. Compound 11 a has larger apparent core
size than either 10 a or 9 a, a feature that should make it
even less compatible with most anions, than either 10 a or
9 a. However, macrocycle 11 a is more flexible than either
macrocycle 10 a or 9 a ; this flexibility may allow it to “mold
itself” to various anions. To the extent this occurs, higher,
rather than lower, anion affinities would be in fact expected.


Because of the limitations inherent in NMR-spectroscopy-
based titrations, efforts were made to determine the anion
affinities of these compounds by means of other, more sensi-
tive methods. Unfortunately, the lack of a spectroscopic
“handle” in 9 a–11 a meant that no useful binding informa-
tion could be obtained from UV-visible or fluorescence ti-
tration experiments. On the other hand, it was found that
reliable isothermal titration calorimetry (ITC) measure-
ments could be carried out in 1,2-dichloroethane.


Table 2 shows the binding constants for compounds 8 a–
11 a, and 1 with Cl� , Br� , HSO4


� , and NO3
� ions. Com-


pound 9 a has the highest anion affinities for all four anions
relative to the other anion receptors. However, it lacks good
selectivity. For example, in the case of chloride, it is seen


that 9 a binds chloride anion with a 1:1 affinity constant, Ka,
of 5.6 � 106


m
�1, or roughly 300 times as well as 1 under anal-


ogous conditions (Ka = 1.8 �104
m
�1). In contrast to what


might be inferred from the NMR studies carried out in di-
chloromethane, analogous ITC studies involving 8 a revealed
that this open-chain control system binds chloride anion less
effectively than 1 in 1,2-dichloroethane (DCE) (Ka =6.8 �
103 vs. 1.8 � 104


m
�1 for 8 a and 1, respectively). Surprisingly,


9 a binds the bromide anion even more strongly than the
chloride anion, a phenomenon that is rarely seen in the
calixpyrrole-type anion receptors. This enhanced affinity for
Br� over Cl� displayed by 9 a, we think, is a direct reflection
of the fact that the receptor cavity present in 9 a provides a
better size match for this larger halide anion and that this
compatibility is sufficient to overcome any inherent binding
differences due to charge density or purely electrostatic ef-
fects.


Compound 10 a displays selectivity for Cl� over Br� ,
HSO4


� , and NO3
� as determined by ITC in dichloroethane.


This stands in contrast to what is inferred from 1H NMR
spectroscopic titrations carried out in dichloromethane, in
which selectivity towards NO3


� was observed. The differ-
ence between what is seen by ITC in dichloroethane and by
1H NMR spectroscopic titration in dichloromethane pro-
vides a cogent reminder of the fact that the anion-binding
properties (absolute affinities; relative selectivities) of an
anion receptor can be substantially different in different sol-
vent media.[1,20] There are a number of factors that could ac-
count for this, including differences in ion pairing in both
the product and the initial anion–cation salt, as well as the
fact that these two methods probe different chemistries
(e.g., interactions with pyrrolic NH protons vs. overall
system thermodynamics). Such concerns aside, it is impor-
tant to appreciate that the basic conclusion, namely that 10 a
is a less effect anion receptor than 9 a, still stands.


Compound 11 a also displays higher anion affinities than
10 a. However, it binds most test anions more weakly than
9 a. Compounds 9 a–11 a all display stronger anion-binding
affinities than 1, and their building block 8 a. Compound 8 a
also displayed a greater propensity to bind anions than 16, a
species that displayed no evidence of anion binding under
the conditions of the present ITC studies. These findings are
consistent with the results from 1H NMR titration studies.


The ITC studies serve to highlight further the fact that,
under identical conditions of measurement, macrocycle 9 a is
a far more effective anion receptor than calix[4]pyrrole 1.
This difference is notable, since they both possess the same


Table 2. Anion-binding constants measured by ITC titration method in
1,2-dichloroethane.[a]


9 a 10a 11a 1 8 a


Cl� 5 600 000 82000 240 000 18000 6800
Br� 21 000 000 5600 44000 n.d. 3300
HSO4


� 1 200 000 11000 76000 n.d. n.d.
NO3


� 2 500 000 3800 220 000 n.d. n.d.


[a] Anion used in the assay were in the form of their tetrabutylammoni-
um salts; n.d. not determinable.
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number of potential NH hydrogen-bond donor groups (four
in both cases). One potential explanation lies in the fact that
the basic subunit present in 9 a, namely 1,3-bis(pyrrol-2-yl)-
benzene (8 a), displays a higher inherent anion affinity than
the corresponding “building block” present in calix[4]pyr-
role 1, namely dimethyldipyrromethane (16). For example,
this latter species fails to show evidence of anion binding by
ITC and gives rise to only a modest Ka (ca. 110 m


�1) for
chloride in [D2]dichloromethane, as determined from stan-
dard 1H NMR titration methods. It is thus clearly a very
weak stand-alone anion receptor. By contrast, compound 8 a
displays a high affinity not only for chloride, but also dem-
onstrates some degree of affinity for most of the anions
tested by 1H NMR titration (cf. Table 1).


Presumably, the large disparity in chloride anion affinity
observed for these two bis-pyrrole fragments reflects the
fact that the bite angle present in 8 a provides a better struc-
tural match to chloride (and likely most other anions) than
does dimethyldipyrromethane. However, electronic effects
could also contribute, due to the presence of the benzene
ring and the CH–anion interaction involving the 2-position
of this bridging group.


Many of these same effects are expected to be important
in the case of the macrocyclic system 9 a, with the impor-
tance of the CH–anion hydrogen-bonding interactions being
specifically inferred from both the solid-state structural anal-
ysis of 9 a·Cl� (Figure 3) and the changes in the chemical
shifts seen in the NMR titrations (vide supra). However, in
the case of the macrocycle, conformational effects are also
likely to play a greater role than in the case of the corre-
sponding open-chain systems. Here, it is specifically pro-
posed that the larger nature of the BPB fragment present in
9 a and the presence of two bridging phenyl groups that can
rotate rather freely allows it to adopt more readily confor-
mations favorable to the complexation of most anions, in-
cluding specifically the chloride anion.


Conclusion


In conclusion, we have synthesized three new calixpyrrole-
like macrocycles, namely 9–11, from an easy-to-synthesize
building block, BPB 8, which serves as a structural surrogate
for terpyrrole. Anion-binding studies carried out in dichloro-
methane and dichloroethane confirm that compound 9 a is a
versatile anion receptor, binding most anions, including
chloride, with affinities that are greatly enhanced relative to
those of 1. Such observations are rationalized in terms of
the presence of a “building block”, BPB 8 a, which displays
a higher inherent affinity for anions than does dimethyldi-
pyrromethane 16, the analogous core subunit present in
calix[4]pyrrole 1. The ability to more readily adopt confor-
mations that are suitable for anion binding is also consid-
ered important, especially in the case of the larger system
11 a. Current work is focused on preparing new systems that
will allow the interplay of these various influencing factors
to be better understood.


Experimental Section


Tetrabutylammonium chloride was dried under vacuum at 40 8C for 24 h
before use. Dichloromethane was dried by distillation under argon over
calcium hydride. Tetrahydrofuran (THF) was dried by passage through
two columns of activated alumina. [D2]Dichloromethane was purchased
in individual ampoules from Cambridge Isotope Inc. and used without
further purification or drying. All other reagents were obtained from
commercial sources and used as received. Melting points were measured
on a Mel-Temp II device and not corrected. 1H and 13C NMR spectra
used in the characterization of product and titration studies were record-
ed on Varian Unity 400 MHz spectrometers. Low-resolution FAB and CI
mass spectra were obtained on a Finningan MAT TSQ 70 mass spectrom-
eter. High-resolution FAB and CI mass spectra were obtained on a VG
ZAB2-E mass spectrometer.


N,N’-Diallylisophthaldiamide (12 a): Allylamine (12.56 g, 0.22 mol) and
triethylamine (30.36 g, 0.3 mol) were dissolved in dichloromethane
(100 mL) in a 500 mL round-bottomed flask equipped with a 250 mL ad-
dition funnel and cooled with an ice–water bath. Isophthaloyl chloride
(13 ; 20.30 g, 0.1 mol) dissolved in dichloromethane (100 mL) was then
added dropwise through an addition funnel to the amine solution. Once
the addition was complete, the cooling bath was removed and the reac-
tion was stirred at room temperature overnight. The reaction mixture
was washed with water (3 � 100 mL) and brine (100 mL), and dried with
sodium sulfate. The volatile components were removed using a rotary
evaporator and the residue was dried under vacuum. The resulting pale
yellow solid (23.15 g, 95%) was used for the next step without further pu-
rification. M.p. 115 8C; 1H NMR (400 MHz, [D1]chloroform, 25 8C): d=


4.08 (m, 4H; NHCH2), 5.19 (dd, J= 1.2, 10 Hz, 2H; C=CHH cis), 5.26
(dd, J =1.2, 17.2 Hz, 2 H; C=CHH trans), 5.92 (m, 2H; CH=CH2), 6.47
(s, 2H; NH), 7.51 (t, J=8 Hz, 1H; benzene CH), 7.94 (dd, J=2, 8 Hz,
2H; benzene CH), 8.22 ppm (t, J =2 Hz, 1H; benzene CH); 13C NMR
(100 MHz, [D1]chloroform, 25 8C): d =42.53, 116.92, 125.33, 128.95,
130.02, 133.74, 134.65, 166.50 ppm; HRMS (CI+): m/z calcd for
C14H17N2O2 [M+H]+: 245.1290; found: 245.1292.


N,N’-Diallyl-5-(tert-butyl)isophthaldiamide (12 b): A mixture of 5-(tert-
butyl)isophthalic acid (11.10 g, 50 mmol), thionyl chloride (150 mL), and
ten drops of DMF was heated under refulx for 5 h. Excess thionyl chlo-
ride was removed under vacuum to give 5-(tert-butyl)isophthaloyl chlo-
ride (14), which was used directly in the next step without purification.
Allylamine (6.28 g, 0.11 mol) and triethylamine (12.12 g, 0.12 mol) were
dissolved in dichloromethane (100 mL) in a 500 mL round-bottomed
flask equipped with a 250 mL addition funnel and cooled with ice–water
bath. 5-(tert-Butyl)isophthaloyl dichloride (excess) dissolved in dichloro-
methane (100 mL) was then added dropwise through the funnel to the
amine solution. Once the addition was complete, the cooling bath was re-
moved and the reaction was stirred at room temperature overnight. The
reaction mixture was washed with water (3 � 100 mL) and brine
(100 mL), and dried with sodium sulfate. The volatile components were
removed using a rotary evaporator, and the residue was dried under
vacuum. The resulting pale yellow solid (15 g, quantitative) was used for
the next step without further purification. M.p. 139 8C; 1H NMR
(400 MHz, [D1]chloroform, 25 8C): d=1.31 (s, 9 H; CH3), 4.04 (m, 4 H;
NHCH2), 5.14 (dd, J=1.2, 10 Hz, 2 H; C=CHH cis), 5.22 (dd, J =1.2,
16.8 Hz, 2H; C=CHH trans), 5.88 (m, 2H; CH=CH2), 6.54 (s, 2 H; NH),
7.94 (d, J =1.6 Hz, 2 H; benzene CH), 7.92 ppm (t, J=1.6, 2 H; benzene
CH); 13C NMR (100 MHz, [D1]chloroform, 25 8C): d=31.16, 35.05, 42.57,
116.92, 122.21, 127.29, 133.87, 134.50, 152.58, 167.00 ppm; HRMS (CI+):
m/z calcd for C18H25N2O2 [M+H]+ : 301.1916; found: 301.1920.


N,N’-Diallyl-5-hexyloxyisophthaldiamide (12 c): Dimethyl-5-hexyloxy-
isophthalate (15 ; 8.82 g, 30 mmol) was dissolved in allylamine (90 mL),
and the mixture was stirred at RT for 4 days. The excess solvent was re-
moved under reduced pressure. Column chromatographic purification
(silica gel, 1% CH3OH in dichloromethane, eluent) of the residue afford-
ed 12 c in the form of a brown oil (9 g, 75 %). 1H NMR (400 MHz,
[D1]chloroform, 25 8C): d=0.91 (t, J =7.2 Hz, 3 H; CH3), 1.33 (m, 4 H;
CH2), 1.45 (m, 2H; CH2), 1.78 (m, 2 H; CH2), 4.01 (t, J =6.4 Hz, 2 H;
OCH2), 4.06 (m, 4H; NHCH2), 5.18 (dd, J =1.2, 10 Hz, 2H; C=CHH
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cis), 5.25 (dd, J =1.2, 16.8 Hz, 2 H; C=CHH trans), 5.91 (m, 2 H; CH=


CH2), 6.46 (s, 2H; NH), 7.45 (d, J=2.0 Hz, 2 H; benzene CH), 7.73 ppm
(t, J=1.2 Hz, 2H; benzene CH); 13C NMR (100 MHz, [D1]chloroform,
25 8C): d=14.00, 22.55, 26.00, 29.03, 31.47, 42.55, 68.57, 116.12, 116.89,
116.99, 133.73, 136.01, 159.57, 166.38 ppm; HRMS (CI+): m/z calcd for
C20H29N2O3 [M+H]+: 345.2178; found: 345.2181.


1,3-Bis(pyrrol-2-yl)benzene (8 a): A mixture of 12a (2.44 g, 10 mmol),
phosgene (20 % solution in toluene, 40 mL), and DMF (4 drops) was
stirred for 15 h at room temperature under Ar. The resulting mixture was
then heated at 40–45 8C for 2 h, after which the solvent was removed in
vacuo (caution: phosgene is highly toxic and must be handled with ap-
propriate care. Two cold traps immersed in liquid N2 were used to receive
the solvent and phosgene). The residue was dissolved in THF (60 mL)
and added dropwise with stirring to a solution of potassium tert-butoxide
(5.89 g, 52 mmol) in THF (60 mL) at 5–10 8C under Ar. After stirring for
1 h at this temperature, the reaction mixture was poured into ice water
and extracted with chloroform (3 � 100 mL). The organic phase was dried
(Na2SO4) and evaporated to dryness. The residue was subjected to
column chromatography (silica gel, dichloromethane, eluent) to give
crude product, which upon recrystallization from dichloromethane/hex-
anes afforded 8a in the form of a white solid (0.6 g, 29%). M.p. 163 8C;
1H NMR (400 MHz, [D1]chloroform, 25 8C): d=6.32 (q, J=2.8 Hz, 2H;
pyrrole CH), 6.56 (m, 2H; pyrrole CH), 6.89 (m, 2H; pyrrole CH), 7.30–
7.39 (m, 3H; benzene CH), 7.58 (t, J =1.6 Hz, 1H; benzene CH),
8.47 ppm (br s, 2H; pyrrole NH); 13C NMR (100 MHz, [D1]chloroform,
25 8C): d=100.18, 110.16, 118.98, 119.62, 121.77, 129.40, 131.95,
133.36 ppm; HRMS (CI+): m/z calcd for C14H13N2 [M+H]+ : 209.1079;
found: 209.1079.


5-(tert-Butyl)-1,3-bis(pyrrol-2-yl)benzene (8 b): Compound 8 b was pre-
pared from 12b (3 g, 10 mmol) in the same manner as 8 a. After column
chromatography (silica gel, dichloromethane/hexanes 4:1, eluent), the
crude product was recrystalized from benzene/hexanes to afford 8 b in
the form of a pale yellow solid (1.13 g, 43 %). M.p. 163 8C; 1H NMR
(400 MHz, [D1]chloroform, 25 8C): d=1.37 (s, 9 H; CH3), 6.32 (m, 2 H;
pyrrole CH), 6.54 (m, 2H; pyrrole CH), 6.88 (m, 2 H; pyrrole CH), 7.4
(d, J =1.2 Hz, 2 H; benzene CH), 7.38 (t, J= 1.2 Hz, 1H; benzene CH),
8.47 ppm (br s, 2H; pyrrole NH); 13C NMR (100 MHz, [D1]chloroform,
25 8C): d=31.33, 34.81, 106.03, 110.06, 117.44, 118.73, 119.40, 132.50,
133.14, 152.30 ppm; HRMS (CI+): m/z calcd for C18H21N2 [M+H]+ :
265.1705; found: 265.1700.


5-Hexyloxy-1,3-bis(pyrrol-2-yl)benzene (8 c): This compound was pre-
pared from 12 c (5 g, 14.5 mmol) in the same manner as 8a. Column chro-
matography (silica gel, dichloromethane/hexanes 1:1, eluent) afforded 8 c
in the form of a pale yellow solid (3.30 g, 96%). M.p. 66 8C; 1H NMR
(400 MHz, [D1]chloroform, 25 8C): d=0.91 (t, J=6.8 Hz, 3 H; CH3), 1.36
(m, 4H; CH2), 1.49 (m, 2 H; CH2), 1.81 (m, 2 H; CH2), 4.02 (t, J =6.4 Hz,
2H; OCH2), 6.31 (m, 2H; pyrrole CH), 6.54 (m, 2H; pyrrole CH), 6.85
(d, J =1.2 Hz, 2H; benzene CH), 6.87 (m, 2H; pyrrole CH), 7.16 (t, J=


1.2 Hz, 1 H; benzene CH), 8.45 ppm (br s, 2H; pyrrole NH); 13C NMR
(100 MHz, [D1]chloroform, 25 8C): d =14.03, 22.60, 25.73, 29.27, 31.57,
68.11, 106.31, 108.16, 110.07, 112.33, 118.91, 131.96, 134.55, 160.01 ppm;
HRMS (CI+): m/z calcd for C20H25N2O [M+H]+ : 309.1967; found:
309.1967.


Calix[n]1,3-bis(pyrrol-2-yl)benzenes 9 a–11 a : Compound 8 a (0.42 g,
2 mmol) was dissolved in acetone (40 mL) and the mixture was degassed
by bubbling with Ar for ten minutes. Trifluoroacetic acid (0.23 g, 2 mmol)
was added, and the resulting mixture was stirred at room temperature for
12 h. Triethylamine was added to quench the reaction, and the solvent
was evaporated in vacuo. Column chromatography (silica gel, gradient of
hexanes to hexanes/ethyl acetate 1:9 as eluents) afforded the title com-
pounds 9a–11a :


Compound 9a : White solid (68 mg, 14 %); m.p. >180 8C (decomp);
1H NMR (400 MHz, [D1]chloroform, 25 8C): d=1.74 (s, 12H; CH3), 6.17
(t, J=2.8 Hz, 4 H; b-pyrrole CH), 6.37 (t, J =2.8 Hz, 4H; b-pyrrole CH),
7.20 (s, 2H; benzene CH), 7.35 (s, 6H; benzene CH), 8.09 ppm (s, 4 H;
pyrrole NH); 13C NMR (100 MHz, [D1]chloroform, 25 8C): d=30.13,
35.81, 106.14, 107.32, 120.14, 124.88, 129.56, 131.54, 134.02, 140.27 ppm;


HRMS (CI+): m/z calcd for C34H33N4 [M+H]+ : 497.2705; found:
497.2700.


Compound 10a : White solid (82 mg, 17 %); m.p. >140 8C (decomp);
1H NMR (400 MHz, [D1]chloroform, 25 8C): d=1.72 (s, 18H; CH3), 6.20
(t, J=2.8 Hz, 6 H; b-pyrrole CH), 6.40 (t, J =2.8 Hz, 6H; b-pyrrole CH),
7.15–7.24 (m, 12 H; benzene CH), 7.96 ppm (s, 6 H; pyrrole NH);
13C NMR (100 MHz, [D1]chloroform, 25 8C): d =29.29, 35.73, 105.80,
105.89, 118.51, 121.55, 129.21, 131.53, 132.96, 140.08 ppm; HRMS (CI+):
m/z calcd for C51H49N6 [M+H]+ : 745.4019; found: 745.4028.


Compound 11 a : White solid (64 mg, 13 %); m.p. >140 8C (decomp.);
1H NMR (400 MHz, [D1]chloroform, 25 8C): d=1.70 (s, 24H; CH3), 6.17
(t, J=2.8 Hz, 8 H; b-pyrrole CH), 6.41 (t, J =2.8 Hz, 8H; b-pyrrole CH),
7.15–7.23 (m, 12 H; benzene CH), 7.33 (t, J =1.2 Hz, 4H; benzene CH),
8.03 ppm (m, 8H; pyrrole NH); 13C NMR (100 MHz, [D1]chloroform,
25 8C): d=29.26, 35.70, 105.83, 105.88, 118.97, 121.45, 129.19, 131.43,
133.05, 140.06 ppm; HRMS (CI+): m/z calcd for C68H65N8 [M+H]+ :
993.5332; found: 993.5304.


Calix[n]5-(tert-butyl)-1,3-bis(pyrrol-2-yl)benzene (9 b–11 b): This set of
compounds was prepared from 8 b (0.26 g, 1 mmol) in a manner analo-
gous to that used to prepare 9 a–11 a. Column chromatography (silica gel,
gradient of hexanes to hexanes/ethyl acetate 1:9 as eluent) afforded 9 b–
11b :


Compound 9 b : White solid (50 mg, 16 %); m.p. >200 8C (decomp);
1H NMR (400 MHz, [D1]chloroform, 25 8C): d=1.34 (s, 18H; benzene
CH3), 1.72 (s, 12 H; meso CH3), 6.17 (t, J =2.8 Hz, 4H; b-pyrrole CH),
6.37 (t, J=2.8 Hz, 4H; b-pyrrole CH), 7.03 (t, J =1.6 Hz, 2 H; benzene
CH), 7.40 (d, J =1.6 Hz, 4H; benzene CH), 8.08 ppm (s, 4 H; pyrrole
NH); 13C NMR (100 MHz, [D1]chloroform, 25 8C): d =30.34, 31.24, 34.77,
35.87, 105.96, 106.86, 118.15, 122.54, 132.02, 133.84, 134.00, 152.56 ppm;
HRMS (CI+): m/z calcd for C42H49N4 [M+H]+ : 609.3957; found:
609.3966.


Compound 10b : White solid (66 mg, 22%); m.p. 194 8C (decomp);
1H NMR (400 MHz, [D1]chloroform, 25 8C): d=1.30 (s, 27H; benzene
CH3), 1.73 (s, 18 H; meso CH3), 6.20 (t, J =2.8 Hz, 6H; b-pyrrole CH),
6.39 (t, J=2.8 Hz, 6H; b-pyrrole CH), 7.07 (t, J =1.2 Hz, 3 H; benzene
CH), 7.21 (d, J =1.2 Hz, 6H; benzene CH), 8.03 ppm (s, 6 H; pyrrole
NH); 13C NMR (100 MHz, [D1]chloroform, 25 8C): d =29.43, 31.26, 34.71,
35.75, 105.68, 105.80, 116.37, 119.17, 131.99, 132.72, 139.89, 152.11 ppm;
HRMS (CI+): m/z calcd for C63H73N6 [M+H]+ : 913.5897; found:
913.5912.


Compound 11b : White solid (34 mg, 11%); m.p. >180 8C; 1H NMR
(400 MHz, [D1]chloroform, 25 8C): d=1.29 (s, 36 H; benzene CH3), 1.70
(s, 24H; meso CH3), 6.15 (t, J= 2.8 Hz, 8 H; b-pyrrole CH), 6.38 (t, J=


2.8 Hz, 8H; b-pyrrole CH), 7.11 (t, J= 1.2 Hz, 4H; benzene CH), 7.19 (d,
J =1.2 Hz, 8H; benzene CH), 8.04 ppm (s, 8H; pyrrole NH); 13C NMR
(100 MHz, [D1]chloroform, 25 8C): d=29.30, 31.26, 34.70, 35.70, 105.76,
116.78, 119.35, 131.98, 132.91, 139.90, 152.10 ppm; HRMS (CI+): m/z
calcd for C84H97N8 [M+H]+ : 1217.7836; found: 1217.7833.


Calix[n][5-hexyloxy-1,3-bis(pyrrol-2-yl)benzene] (9 c–11 c): This set of
compounds was prepared from 7c (0.46 g, 1.5 mmol) by using the same
procedure as used to prepare 9 a–11a. Column chromatography (silica
gel, gradient of hexanes to hexanes/ethyl acetate 1:19 as eleuent) afford-
ed 9 c–11c :


Compound 9c : White solid (58 mg, 11 %); m.p. 172 8C; 1H NMR
(400 MHz, [D1]chloroform, 25 8C): d =0.90 (t, J =6.8 Hz, 6H; CH2CH3),
1.34 (m, 8H; CH2), 1.46 (m, 4H; CH2), 1.72 (s, 12H; meso CH3), 1.79 (m,
4H; CH2), 3.99 (t, J =6.8 Hz, 4 H; OCH2), 6.16 (t, J =2.8 Hz, 4 H; b-pyr-
role CH), 6.36 (t, J=2.8 Hz, 4H; b-pyrrole CH), 6.80 (t, J =1.2 Hz, 2H;
benzene CH), 6.90 (d, J= 1.2 Hz, 4 H; benzene CH), 8.10 ppm (s, 4 H;
pyrrole NH); 13C NMR (100 MHz, [D1]chloroform, 25 8C): d=14.03,
22.60, 25.70, 29.20, 30.17, 31.56, 35.80, 68.10, 106.07, 107.28, 111.01,
112.72, 131.60, 135.28, 140.14, 159.93 ppm; HRMS (CI+): m/z calcd for
C46H57N4O2 [M+H]+: 697.4482; found: 697.4482.


Compound 10c : White solid (104 mg, 20%); m.p. >80 8C (no clear
m.p.); 1H NMR (400 MHz, [D1]chloroform, 25 8C): d =0.89 (t, J =6.8 Hz,
9H; CH2CH3), 1.31 (m, 12 H; CH2), 1.44 (m, 6 H; CH2), 1.71 (s, 18 H;
meso CH3), 1.75 (m, 6H; CH2), 3.95 (t, J =6.4 Hz, 6H; OCH2), 6.18 (t,
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J =2.8 Hz, 6H; b-pyrrole CH), 6.38 (t, J =2.8 Hz, 6H; b-pyrrole CH),
6.69 (d, J =1.6 Hz, 6 H; benzene CH), 6.83 (t, J =1.6 Hz, 3 H; benzene
CH), 7.93 ppm (s, 6H; pyrrole NH); 13C NMR (100 MHz,
[D1]chloroform, 25 8C): d=14.03, 22.57, 25.70, 29.26, 29.29, 31.56, 35.71,
68.01, 105.86, 105.96, 107.77, 111.44, 131.54, 134.19, 140.00, 159.80 ppm;
HRMS (FAB+): m/z calcd for C69H84N6O3 [M]+: 1044.6605, found:
1044.6631.


Compound 11c : White solid (34 mg, 11%); m.p. >120 8C (no clear
m.p.); 1H NMR (400 MHz, [D1]chloroform, 25 8C): d =0.89 (t, J =6.8 Hz,
12H; CH2CH3), 1.32 (m, 16H; CH2), 1.43 (m, 8H; CH2), 1.69 (s, 24H;
meso CH3), 1.75 (m, 8 H; CH2), 3.94 (t, J =6.4 Hz, 8 H; OCH2), 6.13 (t,
J =2.8 Hz, 8H; b-pyrrole CH), 6.38 (t, J =2.8 Hz, 4H; b-pyrrole CH),
6.69 (d, J =1.2 Hz, 8H; benzene CH), 6.90 (s, 4 H; benzene CH),
8.02 ppm (s, 8 H; pyrrole NH); 13C NMR (100 MHz, [D1]chloroform,
25 8C): d=14.03, 22.57, 25.71, 29.26, 31.57, 35.67, 68.03, 105.83, 106.10,
107.87, 111.80, 131.44, 1354.35, 139.99, 159.82 ppm; HRMS (FAB+): m/z
calcd for C92H112N8O4 [M]+ : 1392.8807; found: 1392.8788.


X-ray structure determinations : The data were collected on a Nonius
Kappa CCD diffractometer using a graphite monochromator with MoKa


radiation (l =0.71073 �). The data were collected at 153 K by using an
Oxford Cryostream low-temperature device. Data reduction were per-
formed using DENZO-SMN.[21] The structures were solved by direct
methods using SIR92[22] or SIR97,[23] and refined by full-matrix least-
squares on F2 with anisotropic displacement parameters for the non-H
atoms by using SHELXL-97.[24] The hydrogen atoms on carbon were cal-
culated in ideal positions with isotropic displacement parameters set to
1.2Ueq of the attached atom (1.5 Ueq for methyl hydrogen atoms). Neutral
atom scattering factors and values used to calculate the linear absorption
coefficient are from the International Tables for X-ray Crystallography
(1992).[25]


Compound 8a : C14H12N2; crystals grew as large thin plates with a slight
violet tinge by slow evaporation of a solution of 8a dissolved in dichloro-
methane in an atmosphere saturated with hexanes. The data crystal was
cut from a larger crystal and had approximate dimensions; 0.27 � 0.17 �
0.09 mm: orthorhombic, space group Pnma, a= 6.4010(2), b=23.0270(6),
c =7.2189(2) �, a =b=g= 908, V =1064.04(5) �3, Z=4, 1calcd =


1.300 gcm�3, m=0.078 mm�1, F(000) =440. A total of 412 frames of data
were collected using w-scans with a scan range of 18 and a counting time
of 129 seconds per frame. A total of 2206 reflections were measured,
1250 of which were unique (Rint = 0.0410). The structure was refined on
F2 to 0.129, with R(F) equal to 0.0550 and a goodness of fit S=1.14.


Compound 9 a·2C3H6O : C40H44N4O2; crystals grew as colorless lathes by
slow evaporation of a solution of 9 a dissolved in dichloromethane and
acetone in an atmosphere saturated with hexanes. The data crystal was
cut from a larger crystal and had approximate dimensions; 0.20 � 0.20 �
0.08 mm: orthorhombic, space group P212121, a =7.25800(10), b=


21.3115(4), c =21.5388(4) �, a =b=g= 908, V= 3331.60(10) �3, Z =4,
1calcd =1.222 gcm�3, m=0.076 mm�1, F(000) =1312. A total of 280 frames
of data were collected using w-scans with a scan range of 18 and a count-
ing time of 190 seconds per frame. A total of 7584 reflections were mea-
sured, 4315 of which were unique (Rint = 0.0672). The structure was re-
fined on F2 to 0.0924, with R(F) equal to 0.0455 and a goodness of fit S=


1.00.


Compound 9a·C16H36NCl : C50H68ClN5; crystals grew as pale brown or
very light tan plates by slow evaporation of a solution of 9a and tetrabu-
tylammonium chloride (1:1) dissolved in dichloromethane in an atmo-
sphere saturated with hexanes. The data crystal was cut from a large clus-
ter of crystals and had approximate dimensions 0.43 � 0.21 � 0.12 mm: or-
thorhombic, space group Pbcn, a =41.0311(5), b =12.6474(1), c =


17.3594(2) �, a=b =g=908, V =9008.43(17) �3, Z =8, 1calcd =


1.142 gcm�3, m =0.124 mm�1, F(000) =3360. A total of 913 frames of data
were collected using w-scans with a scan range of 0.68 and a counting
time of 78 seconds per frame. A total of 18826 reflections were measured,
10137 of which were unique (Rint =0.1062). The structure was refined on
F2 to 0.154, with R(F) equal to 0.0607 and a goodness of fit S=1.06.


Compound 9 a·C16H36NNO3 : C50H68N6O5; crystals grew as colorless plates
by slow evaporation of a solution of 9a and tetrabutylammonium nitrate
(1:1) dissolved in dichloromethane in an atmosphere saturated with hex-


anes. The data crystal was cut from a large cluster of crystals and had ap-
proximate dimensions 0.51 � 0.16 � 0.08 mm: orthorhombic, space group
Pbcn, a= 40.79880(10), b= 12.5954(2), c =17.7740(6) �, a=b =g=908,
V=9133.7(3) �3, Z=8, 1calcd =1.165 g cm�3, m=0.073 mm�1, F(000) =


3472. A total of 494 frames of data were collected using w-scans with a
scan range of 0.78 and a counting time of 108 seconds per frame. A total
of 18428 reflections were measured, 10 412 of which were unique (Rint =


0.1244). The structure was refined on F2 to 0.126, with R(F) equal to
0.0676 and a goodness of fit S= 1.21.


Compound 10 a·C16H36NPF6·3 CH2Cl2 : C70H86Cl6F6N7P; crystals grew as
colorless lathes by slow evaporation of a solution of 10 a and tetrabu-
tylammonium hexafluorophosphate (1:1) dissolved in dichloromethane in
an atmosphere saturated with hexanes. The data crystal was a long lathe
that had approximate dimensions; 0.56 � 0.24 � 0.07 mm: monoclinic,
space group P21/c, a =19.570(2), b=17.228(2), c =21.934(3) �, a =g=


908, b =104.622(4)8, V=7155.6(15) �3, Z=4, 1calcd = 1.228 g cm�3, m=


0.323 mm�1, F(000) =2920. A total of 300 frames of data were collected
using w-scans with a scan range of 18 and a counting time of 169 seconds
per frame. A total of 12 703 reflections were measured, 7963 of which
were unique (Rint =0.1369). The structure was refined on F2 to 0.199, with
R(F) equal to 0.154 and a goodness of fit S=1.61.


Compound 10a·C16H36NNO3·3CH2Cl2 : C70H90Cl6N8O3; crystals grew as
pale yellow plates by slow evaporation of a solution of 10a and tetrabu-
tylammonium nitrate (1:1) dissolved in dichloromethane in an atmos-
phere saturated with hexanes. The data crystal was cut from a cluster of
crystals and had approximate dimensions; 0.30 � 0.24 � 0.17 mm: mono-
clinic, space group P21/c, a =18.6292(3), b= 16.9861(3), c=22.4638(4) �,
a =g=908, b=102.662(1)8, V =6935.5(2) �3, Z=4, 1calcd =1.249 gcm�3,
m=0.299 mm�1, F(000) =2768. A total of 304 frames of data were collect-
ed using w-scans with a scan range of 18 and a counting time of
217 seconds per frame. A total of 27570 reflections were measured,
15772 of which were unique (Rint =0.0710). The structure was refined on
F2 to 0.201, with R(F) equal to 0.116 and a goodness of fit S=2.39.


Compound 11a·4C4H8O2 : C42H48lN4O4; crystals grew as long colorless
needle and lathes on the wall of a test tube right after the column chro-
matography (silica gel, ethyl acetate/hexanes 1:9). The data crystal was
cut from a large cluster of crystals and had approximate dimensions
0.48 � 0.22 � 0.11 mm: monoclinic, space group P21/n, a =20.1548(6), b=


6.5134(2), c=28.2362(10) �, a =g=908, b= 91.508(2)8, V= 3705.5(2) �3,
Z=4, 1calcd = 1.206 g cm�3, m =0.078 mm�1, F(000) =1440. A total of 476
frames of data were collected using w-scans with a scan range of 0.88 and
a counting time of 145 seconds per frame. A total of 11 762 reflections
were measured, 11 762 of which were unique. The structure was refined
on F2 to 0.189, with R(F) equal to 0.106 and a goodness of fit S=1.94.


CCDC-248670 (9a·2 C3H6O), CCDC-248671 (9a·C16H36NNO3), CCDC-
248672 (9a·C16H36NCl), CCDC-248673 (10a·C16H36NNO3·3CH2Cl2),
CCDC-248674 (10 a·C16H36NPF6·3CH2Cl2), CCDC-248675 (8 a), and
CCDC-248676 (11a·4C4H8O2) contain the supplementary crystollographic
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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Bullvalene Trisepoxide and Its Stereospecific Rearrangement to 2,8,12-
Trioxahexacyclo[8.3.0.03,904,605,1307,11]tridecane: Two New C3-Symmetrical
Oligocycles with Propeller Chirality


Shelue Liang,[a] Chi-Hung Lee,[a] Sergei I. Kozhushkov,[a] Dmitrii S. Yufit,[b]


Judith A. K. Howard,[b] Kathrin Meindl,[c] Stephan R�hl,[c] Chiyo Yamamoto,[d]


Yoshio Okamoto,[d] Peter R. Schreiner,[e] B. Christopher Rinderspacher,[e] and
Armin de Meijere*[a]


Dedicated to Professor Goverdhan Mehta on the occasion of his birthday


Abstract: Epoxidation of bullvalene (1)
with a neutralized solution of Oxone
gave racemic trisepoxide rac-6 in 93 %
isolated yield. Its structure was exam-
ined by X-ray crystallography. The two
enantiomers of 6 were separated by
preparative HPLC and exhibited spe-
cific rotations of [a]25


D =++160, [a]25
365 =


+567 (c=0.946, CHCl3) for the firstly
eluted and [a]25


D =�157, [a]25
365 =�554


(c= 0.986, CHCl3) for the secondly
eluted enantiomer of 6. The geometry
of (+)-6 and the absolute configuration
of (�)-6 were determined by X-ray
crystal structure analysis and anoma-
lous diffraction, respectively. According
to this, (�)-6 possesses
(3R,5S,7S,9R,11R,13S)- and (+)-6 has
(3S,5R,7R,9S,11S,13R)-configuration.


Upon treatment with BF3·Et2O at
�78 8C, trisepoxide rac-6 rearranges
with retention of the skeletal three-
membered carbocycle to give the cage
trisether rac-8, as proved by X-ray
crystal structure analysis, in virtually
quantitative yield. Enantiomers of rac-
8 were separated by preparative HPLC
and exhibited specific rotations of
[a]25


D =++49, [a]25
365 =++ 170 (c=1.01,


CHCl3) (firstly eluting) and [a]25
D =�46,


[a]25
365 =�160 (c= 1.02, CHCl3) (sec-


ondly eluting enantiomer). The abso-
lute configuration of (�)-8 was deter-


mined by anomalous diffraction to
be (1R,3R,7R,9R,11R,13R). DFT com-
putations at the TD-B3 LYP/6-
31+G(d,p)//B3 LYP/6-31+G(d) level of
theory for (3R,5S,7S,9R,11R,13S)-6 and
(1R,3R,7R,9R,11R,13R)-8 predicted
specific rotations of �206.7 and �83.4,
respectively. Acid-catalyzed isomeriza-
tion of the enantiomerically pure (+)-6
proceeded without racemization to
give exclusively (�)-8, and (�)-6 pro-
vided only (+)-8. Thus, this isomeriza-
tion occurs with ring opening of the
three C�O bonds in the epoxide moiet-
ies in the a-position relative to the
three-membered carbocycle rather
than in the b-position.


Keywords: bullvalene · chirality ·
epoxidation · rearrangement · small
ring systems · structure elucidation
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Introduction


The synthesis and chemistry of strained polycyclic aliphatic
molecules still deserve considerable interest, and continue
to be a challenging objective to organic chemists to probe
different concepts of structure and reactivity.[1] Among such
structures, the chiral cage-like molecules constitute interest-
ing test cases for the ever advancing theoretical models that
computations of chiroptical properties can be based upon.[2]


The tricyclic bullvalene 1, “a compound of 1 209 600 differ-
ent faces”,[3] is a particularly attractive starting material for
the construction of such molecules. Thus, threefold dihalocy-


clopropanation[4] and threefold methylenation[5] of bullva-
lene 1 generate rigid C3-symmetrical propeller-shaped heli-
cal molecules 2 which can be left- or right-handed
(Scheme 1).[6,7]


Among the propeller-like bullvalene derivatives 2, only
the hydrocarbon trishomobullvalene 2 c has been studied
thoroughly with respect to its structure[8] and chemistry oc-
curring at the unique bridgehead position.[9] Chiroptical
properties of such bridgehead derivatives of 2 c including
the bridgehead cation and the hydrocarbon itself as well as
bridgehead derivatives of trishomobarrelene 4 c have also
been elucidated.[10] Trioxatrishomobarrelene 4 d, the trisep-
oxide of barrelene 3, which has also previously been pre-
pared, is an achiral molecule just like the hydrocarbon 4 c,
but the rearrangement product of 4 d, D3-trioxatrishomocu-
bane 5 d, is chiral.[11]


The previously unknown bullvalene trisepoxide 2 d fea-
tures an intriguing property in that it is chiral itself and
would be able to rearrange stereoselectively to the chiral
truncated trioxatrishomocubane 8.[12]


Results and Discussion


Earlier attempts to epoxidize bullvalene with buffered m-
chloroperbenzoic acid, as successfully applied for the epoxi-


dation of barrelene 3,[11] and even with the milder N-ben-
zoylpercarbamidic acid (PhCN, H2O2), which had successful-
ly been used for the epoxidation of benzvalene,[13] only led
to decomposition or at best to the rearrangement product
rac-8. Apparently, bullvalene trisepoxide rac-6 is even more
sensitive towards acid than barrelene trisepoxide 4 d. Even-
tually, the racemic trisepoxide rac-6 was obtained in virtual-
ly quantitative yield by treatment of 1 with a buffered so-
lution of Oxone in a mixture of acetone, dichloromethane
and water. Due to its rather good solubility in water it was
isolated in only 93 % yield (Scheme 2).


Upon treatment of 1 with a 0.1 m solution of dimethyl-
dioxirane in acetone[14a] at �78 to 208C, completely pure tris-
epoxide rac-6 was obtained in 95 % yield.


It is remarkable that the trisepoxide rac-6 was formed as
a sole product, and that none of a bisepoxide, isomeric to
the one leading to rac-6, could even be detected in the final
reaction mixture. Among the three possible directions for
attack of the oxidant dimethyldioxirane[14] in the initially
formed monoepoxide 7, the trajectory designated A appears
to be less preferable because of the interfering two hydro-
gen atoms on the already formed oxirane ring. The observed
complete preference for direction C among the other two
trajectories must be due to an electronic through-space acti-
vation of the corresponding double bond by the oxygen of
the already formed oxirane, as has also been observed,
albeit to a lesser extent, in the epoxidation of barrelene
3.[11,15]


As the trisepoxide rac-6 formed beautifully looking crys-
tals, an attempt was made to carry out an X-ray crystal
structure analysis. However, the crystals turned out to be
disordered in that the three epoxy oxygens of each molecule
in the crystal appeared in both possible positions, corre-
sponding to a superposition of the two enantiomers
(3R,5S,7S,9R,11R,13S)-6 and (3S,5R,7R,9S,11S,13R)-6[17]


(Figure 1). Interestingly, this disorder was observed even at
40 K. Further cooling of the crystal by using a Helix open-
helium low-temperature device led to fracture of the crystal,
probably due to a phase transition. The carbon atoms dis-
closed rather large thermal parameters. The molecules in
the crystal, due to the disorder, occupied special positions


Scheme 1. Propeller-shaped chiral molecules derived from bullvalene
1[4,5] and from trioxatrishomobarrelene (4).[11] a) m-chloroperbenzoic acid
(MCPBA), KHCO3, CH2Cl2, 0!20 8C, 24 h; b) acidic ion-exchange resin
Amberlyst 15 or BF3·Et2O, CH2Cl2, 20 8C.


Scheme 2. Preparation of racemic bullvalene trisepoxide rac-6. a) Oxone,
NaHCO3, CH2Cl2/acetone/H2O, 0!20 8C, 3 h; b) dimethyldioxirane, ace-
tone, �78!20 8C, 1.5 h.
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on a mirror plane, however, each enantiomer adopted local
C3 symmetry.


The enantiomers of rac-6 were eventually separated by
preparative HPLC. The firstly eluting (+)-enantiomer had
[a]25


D =++ 160 and [a]25
365 =++ 567 (c= 0.946, CHCl3); the


second had [a]25
D =�157 and [a]25


365 =�554 (c= 0.986, CHCl3).
Thus, the specific rotations of the trisepoxides 6 significantly
exceed that of the corresponding hydrocarbon trishomobull-
valene 2 c ([a]20


D = 117 in CCl4
[10a]), yet it is much lower than


that of the bridgehead carbocation of 2 c with [a]20
D =�2473


in CH2Cl2.
[10a] Single crystals of the enantiomerically pure


(+)-6 and (�)-6 were also subjected to X-ray structure anal-
ysis. In contrast to the racemic compound rac-6, no disorder-
ing was observed in this case, and the molecule displayed
almost ideal C3 symmetry. The skeletal cyclopropane and
each of the adjacent oxirane rings adopt a rigidly fixed
gauche (synclinal) conformation, which is similar to that of
the predominant conformer of bicyclopropyl in the gas
phase[18] with an average torsional angle HCCH of 29(1)8.
The cyclopropane C�C bonds in (+)-6 [av. 1.520(1) �] are
slightly longer than those in unsubstituted cyclopropane
[1.499(1) � in the crystal[19a] or 1.509(3) � in the gas
phase[20]] as well as in hexahydrobullvalene [1.496(7) � in
the gas phase[21]] , but shorter than those in bullvalene
[1.5352(2) �].[22]


The Csp2–Csp2 bonds between the cyclopropane and the ox-
irane moieties [1.494(1) �] are significantly shorter than
Csp3–Csp3 single bonds (1.536 �[20]) and very close to those
values found for the central bond in bicyclopropyl
[1.4924(4)[19a] vs 1.487(3) �[19b]]. The two O�C bonds in the
oxirane rings are systematically non-equivalent, but the ex-
perimental values, within the error limits, are essentially the
same [1.461(1) vs 1.454(1) �]. All these bond length alterna-
tions are mostly due to changes of hybridization and incor-
poration in a polycyclic skeleton[23] rather than to some sort
of conjugation between the cyclopropane and oxirane frag-
ments (compare, however, ref. [24]). In the crystal, the mole-
cules of (+)-6 are linked with each other in a three-dimen-
sional network by a number of weak C-H···O interactions,
the shortest one O(4)···H(2) being 2.31(1) �.


Ab initio computations at a reasonably high level of
theory (TD-B3 LYP/6-31+G(d,p)//B3 LYP/6-31+G(d),[25–30]


see Computational studies in the Experimental Section) de-
termined the (3R,5S,7S,9R,11R,13S)-configuration for the
enantiomer with negative specific rotations of [a]25


D =�206.7
in the gas phase. This prediction has been unequivocally
proved by X-ray crystal structure analysis applying CuKa ra-
diation[31] which, according to the small but significant


anomalous diffraction originating from the oxygen atoms,
did reveal the absolute (3R,5S,7S,9R,11R,13S)-configuration
for this enantiomer (Figure 2). This means at the same time
that the (+)-enantiomer possesses (3S,5R,7R,9S,11S,13R)-
configuration. The two sets of geometrical parameters deter-
mined for (+)-6 with MoKa radiation and (�)-6 with CuKa


radiation are very close to one another (Figure 2).


Upon treatment with boron trifluoride etherate at �78 8C,
trisepoxide rac-6 rearranged with retention of the skeletal
three-membered carbocycle to give the hexacyclic trisether
rac-8 in virtually quantitative yield (Scheme 3).


Figure 1. Structure of rac-4,8,12-trioxahexacyclo[4.4.3.03,507,902,10011,13]tride-
cane (trisepoxide rac-6) in the crystal.[16]


Figure 2. Structure and absolute configuration of (+)- and (�)-4,8,12-tri-
oxahexacyclo[4.4.3.03,507,902,10011,13]tridecanes [(+)-(3S,5R,7R,9S,11S,13R)-6
and (�)-(3R,5S,7S,9R,11R,13S)-6] as well as structure and absolute con-
figuration of rac- and (�)-2,8,12-trioxahexacyclo[8.3.0.03,904,605,1307,11]tride-
cane [rac-8 and (1R,3R,7R,9R,11R,13R)-8] in the crystal.[16] Bond lengths
[�] represent mean values based on assumed C3 symmetry; thermal ellip-
soids are shown at 50 % probability level.


Scheme 3. Rearrangement of bullvalene trisepoxide rac-6 to the cage tris-
ether rac-8 and its possible stereochemistry. a) BF3·Et2O, CH2Cl2, �78 8C,
15 min; b) MgSO4, CH2Cl2, 20 8C, 15 min.
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However, the same quantitative rearrangement to rac-8
was observed upon simply stirring a solution of rac-6 in di-
chloromethane with anhydrous magnesium sulfate at ambi-
ent temperature for 15 min. This was accidentally found
when anhydrous magnesium instead of sodium sulfate was
used to dry the organic extracts in a repeated preparation of
rac-6.


An X-ray crystal structure analysis of the trisether rac-8
(Figure 2) disclosed almost ideal C3 symmetry for this mole-
cule. The three cyclopropane C�C bonds [1.512(1) �] are
exactly of the same length as the three C�C bonds adjacent
to the cyclopropane [1.512(2) �], that is, while the cyclopro-
pane bonds are slightly lengthened as compared to the
normal length in cyclopropane [1.499(1) � in the crystal[19]


or 1.509(3) � in the gas phase[20]], the ones adjacent to the
cyclopropane are essentially shorter than the bonds C3�C9,
C7�C11 and C1�C13 [1.553(1) �]. The latter are closer to
the normal Csp3–Csp3 bond length (1.536 �[20]) which is exact-
ly the same as the three C�C bonds adjacent to the unique
bridgehead [1.536(2) �]. In the crystal, molecules are linked
with each other by weak cyclopropane C-H···O contacts; the
distances H···O (2.50–2.60 �) are well in the standard range
for similar contacts.[32]


These enantiomeric trisethers 8[17] were separated by
preparative HPLC and exhibited specific rotations of [a]25


D =


+49 and [a]25
365 =++ 170 (c=1.01, CHCl3) for the firstly as


well as [a]25
D =�46 and [a]25


365 =�160 (c= 1.02, CHCl3) for
the secondly eluted enantiomer. The ab initio computed
(see Computational studies) specific rotation for the tris-
ether (1R,3R,7R,9R,11R,13R)-8 was [a]25


D =�83.4, and X-ray
crystal structure analysis applying CuKa radiation[31] did
reveal this absolute configuration for the enantiomer (�)-8
(Figure 2, one of the three independent molecules has been
shown). Thus, this computation for the gas phase predicts
the sign of the rotation of the compound correctly, but
somewhat overestimates the absolute value. The two sets of
geometrical parameters determined for rac-8 with MoKa ra-
diation and (�)-8 with CuKa radiation differ from one anoth-
er insignificantly (Figure 2), in spite of their different crystal
systems (triclinic and orthorhombic, respectively).


At first glance, the rearrangement of (�)-6 or (+)-6 may
each produce a pair of enantiomers (�)-8 and (+)-8
(Scheme 4).


While opening of the three C�O bonds in the epoxide
moieties adjacent to the skeletal three-membered ring in
(�)-6 and (+)-6 (a-opening)[33a–d] would yield (+)-8 and
(�)-8, respectively, opening of the C�O bonds in the b-posi-
tion[33e–h] of the cyclopropane core in (�)-6 and (+)-6 (b-
opening) would give (�)-8 and (+)-8, respectively. Taking
into account that the Lewis acid, for example, boron trifluor-
ide, activates one epoxide moiety in such a way that it will
be attacked in a nucleophilic fashion by the appropriately
oriented neighboring oxirane oxygen atom, the carbon atom
in the a-position of the skeletal cyclopropyl group ought to
be more prone to be attacked, as cyclopropyl substituents
are well known to stabilize an adjacent positive charge effi-
ciently.[34] If this concept was correct, the rearrangement


should be stereospecific and produce (�)-8 only from (+)-6
as well as (+)-8 from (�)-6, respectively. In fact, the enan-
tiomerically pure (+)-6 isomerized without racemization to
give exclusively (�)-8, and (�)-6 produced only (+)-8 (a
very small fraction of an unidentified impurity with tR =


40 min was detected in both cases). Thus, according to the
assignment of the absolute configuration based on computa-
tions and on anomalous diffraction, (�)-8 was formed exclu-
sively from (+)-6 and (+)-8 from (�)-6. This can only occur
with ring opening of the three C�O bonds in the epoxide
moieties in the a-position to the skeletal three-membered
carbocycle (Scheme 4).


Experimental Section


General aspects : Starting materials: bullvalene (tricyclo[3.3.2.02,8]deca-
3,6,9-triene) (1)[35] and a solution of dimethyldioxirane[14a] were prepared
according to previously published procedures. All operations in anhy-
drous solvents were performed under an argon atmosphere in flame-
dried glassware. Dichloromethane was dried by distillation from P4O10.
All other chemicals were used as commercially available. Organic ex-
tracts were dried over Na2SO4. IR spectra were recorded on a Bruker
IFS 66 (FT-IR) spectrophotometer as KBr pellets. 1H and 13C NMR spec-
tra were recorded on a Bruker AM 250 (250 MHz for 1H and 62.9 MHz
for 13C NMR) instrument in CDCl3. Multiplicities were determined by
DEPT (distortionless enhancement by polarization transfer), chemical
shifts refer to dTMS =0.00 according to the chemical shifts of residual
CHCl3 signals. Mass spectra (EI, 70 eV) were measured with a Finnigan
MAT 95 spectrometer. Chiral HPLC analyses were performed on a
JASCO PU-986 chromatograph equipped with both a refractive index
(JASCO RI-2031) and a polarimetric (JASCO OR-990) detector, using a
25� 0.46 cm column with Chiralcel OD, hexane/2-propanol (90:10 v/v),
0.5 mL min�1; preparative separations of enantiomers were performed on
the same instrument using a 25� 2.0 cm column with Chiralcel OD,
hexane/2-propanol, 9.0 mL min�1. Optical rotations were measured on a
JASCO P-1030 digital polarimeter in a 2 cm cell. Melting points were de-


Scheme 4. Stereochemical aspects of the rearrangement of enantiomeric
bullvalene trisepoxides 6 to the hexacyclic cage trisethers 8.
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termined on a B�chi 510 capillary melting point apparatus, values are un-
corrected.


4,8,12-Trioxahexacyclo[4.4.3.03,507,902,10011,13]tridecane (bullvalene trisep-
oxide, rac-6): a) To a vigorously stirred solution of bullvalene (1)[35]


(1.20 g, 9.22 mmol) in a mixture of acetone (35 mL) and dichloromethane
(20 mL) was added a neutralized solution of Oxone [prepared from
2KHSO5·KHSO4·K2SO4 (Oxone, 28.29 g, 92.0 mmol SO5


2�), NaHCO3


(11.59 g, 138.0 mmol) in H2O (150 mL)][36] at 0 8C over a period of
10 min. After stirring at ambient temp. for an additional 3 h, the reaction
mixture was diluted with water (80 mL) and extracted with CH2Cl2 (3 �
50 mL). The combined organic extracts were dried and concentrated
under reduced pressure (20 Torr) at 30 8C to give essentially pure bullva-
lene trisepoxide rac-6 (1.53 g, 93 %). An analytical sample was obtained
by recrystallization from hexane/CH2Cl2 and had m.p. 237 8C (decomp.).
1H NMR (250 MHz, CDCl3): d=3.49 (q, J=6.8 Hz, 1 H; CH), 3.39–3.35
(m, 3 H; 3OCH), 3.04 (dd, J =4.8, 6.8 Hz, 3 H; 3OCH), 1.74 ppm (p, J=


2.0 Hz, 3H; cPr-H); 13C NMR (62.9 MHz, CDCl3): d= 53.5 (3 CH), 51.0
(3 CH), 30.7 (CH), 18.9 ppm (3 CH); MS (EI): m/z (%): 178 (18) [M]+ ,
169 (16), 131 (25), 121 (26), 103 (96), 91 (60), 81 (100), 77 (64); HRMS:
m/z : calcd for C10H10O3: 178.0629; found: 178.0629. The structure of rac-
6 was also confirmed by X-ray crystal structure analysis. HPLC analysis
proved it to be a 1:1 mixture of two enantiomers with tR =45 and 60 min,
respectively, and they were separated by preparative HPLC. The firstly
eluted enantiomer had m.p. 245–246 8C (decomp.), [a]25


D =++160 and
[a]25


365 =++567 (c=0.946, CHCl3); the second one had m.p. 244–245 8C
(decomp.), [a]25


D =�157 and [a]25
365 =�554 (c= 0.986, CHCl3). The struc-


tures of (+)-(3S,5R,7R,9S,11S,13R)- and (�)-(3R,5S,7S,9R,11R,13S)-
4,8,12-trioxahexacyclo-[4.4.3.03,507,902,10011,13]tridecanes [(+)-6 and (�)-6]
as well as the absolute configuration of (�)-6 were also proved by an X-
ray crystal structure analysis applying CuKa radiation in the latter case.


b) To a vigorously stirred solution of dimethyldioxirane (ca. 6 mmol,
60 mL of a ca. 0.1 m solution in acetone) was added in one portion bullva-
lene 1 (156 mg, 1.2 mmol) at �78 8C. The reaction mixture was allowed
to warm up to ambient temperature over a period of 0.5 h, stirred at this
temperature for an additional 1 h, and concentrated under reduced pres-
sure. The residue was taken up with dichloromethane (40 mL), the so-
lution was dried and concentrated again to give essentially pure bullva-
lene trisepoxide rac-6 (203 mg, 95 %).


2,8,12-Trioxahexacyclo[8.3.0.03,904,605,1307,11]tridecane (rac-8): a) To a stir-
red solution of bullvalene trisepoxide (rac-6) (150 mg, 0.84 mmol) in an-
hydrous dichloromethane (5 mL) were added at �78 8C under argon two
drops of boron trifluoride etherate. After stirring at this temperature for
an additional 15 min, the still cold mixture was poured into a vigorously
stirred aqueous saturated NaHCO3 solution (20 mL). The aqueous layer
was extracted with CH2Cl2 (3 � 10 mL), the combined organic extracts
were dried and concentrated under reduced pressure to give rac-8
(147 mg, 98%) as a colorless powder in essentially pure form. An analyti-
cal sample was obtained by recrystallization from CH2Cl2/hexane. M.p.
298–299 8C (decomp.); 1H NMR (250 MHz, CDCl3): d =4.54–4.44 (m,
6H; 6OCH), 3.08 (q, J=7.3 Hz, 1H; CH), 1.69 ppm (p, J =1.9 Hz, 3 H;
cPr-H); 13C NMR (62.9 MHz, CDCl3): d= 77.4 (3 CH), 67.3 (3 CH), 47.5
(CH), 13.1 ppm (3 CH); IR (KBr): ñ=3055, 2995, 2973, 1358, 1095, 1060,
1024, 937, 859, 840 cm�1; MS (EI): m/z (%): 178 (92) [M]+ , 149 (50), 131
(28), 121 (25), 103 (18), 91 (22), 81 (100), 77 (24); HRMS: calcd for
C10H10O3: 178.0629; found: 178.0629. HPLC analysis proved it to be a 1:1
mixture of two enantiomers with tR =27 and 32 min, respectively, and
they were separated by preparative HPLC. The firstly eluted enantiomer
(1S,3S,7S,9S,11S,13S)-8 had m.p. 287–289 8C (decomp.), [a]25


D =++49 and
[a]25


365 =++170 (c= 1.01, CHCl3); the second one (1R,3R,7R,9R,11R,13R)-8
had m.p. 285–287 8C (decomp.), [a]25


D =�46 and [a]25
365 =�160 (c =1.02,


CHCl3). Isomerization of the enantiomerically pure (+)-6 proceeded
without racemization to give exclusively (�)-8, and (�)-6 produced only
(+)-8 (a very minor unidentified impurity with tR =40 min was detected
in both cases). The structures of rac- and (�)-(1R,3R,7R,9R,11R,13R)-
2,8,12-trioxahexacyclo[8.3.0.03,904,605,1307,11]tridecanes [rac-8 and (�)-
(1R,3R,7R,9R,11R,13R)-8] as well as the absolute configuration of (�)-8
were also proved by an X-ray crystal structure analysis applying CuKa ra-
diation in the latter case.


b) A solution of rac-6 (499 mg, 2.8 mmol) in CH2Cl2 (40 mL) was vigo-
rously stirred with anhydrous MgSO4, filtered and concentrated under re-
duced pressure to give 489 mg (98 %) of rac-8.


Computational studies : Geometries were optimized by using density
functional theory (DFT) employing Becke�s three-parameter functional
with the Lee-Yang-Parr correlation functional (B3 LYP)[27–30] utilizing the
6-31+G(d) basis set[30, 37] as implemented in Gaussian 98.[26] All optimized
structures were characterized as minima by computing analytical second
energy derivatives.[38]


The root mean square (RMS) deviation of the computed geometries
from the experimental ones for the C�C and C�O bond lengths were
0.009(0) and 0.008(5) � for (�)-6 and (�)-8, respectively. The maximum
deviations were 0.010(4) and 0.012(0) �, respectively. Hence, the comput-
ed and experimentally determined geometries are in good agreement.
The optical rotations were computed via the sum-over-states method
from the circular dichroism data:


b ¼ c
3ph


Im
X


n 6¼0


h0jmjnihnjmj0i
w 2


n0


�w 2


where m and m are the electric dipole and magnetic dipole operators, re-
spectively; the summation runs over all excitations and b is the trace of
the frequency-dependent electric–dipole magnetic–dipole polarizability
tensor.[39]


Only the single excitations of the valence electrons were computed at the
time-dependent (TD) DFT level of theory by using the B3LYP functional
at the respective optimized geometries with the 6-31+G(d,p) basis
set[30, 37] as implemented in Gaussian 03. The ORs thus obtained apply to
the gas phase while the experimental ORs are measured in solution. In
general computations of the gas-phase overshoot the solvated values[40]


due to interactions with the solvent, sometimes considerably so. Current-
ly the solvent cannot be taken into account explicitly, but for non-inter-
acting or weakly interacting solvents (i.e., van der Waals and small dipole
interactions only) the gas phase computations are a decent approxima-
tion.
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Synthetic Fragments of Antigenic Lipophosphoglycans from Leishmania
major and Leishmania mexicana and Their Use for Characterisation of the
Leishmania Elongating a-d-Mannopyranosylphosphate Transferase**


Adrian P. Higson,[a] Andrew J. Ross,[a] Yury E. Tsvetkov,[b] FranÅoise H. Routier,[c]


Olga V. Sizova,[c] Michael A. J. Ferguson,[c] and Andrei V. Nikolaev*[a]


Introduction


Leishmania are sandfly-transmitted protozoan parasites that
cause a variety of debilitating and often fatal diseases
throughout the tropics and subtropics. The life cycle of the
parasites involves an insect vector (the sandfly) and mam-
malian hosts. The parasites� survival and infectivity are due
to the glycocalyx and in particular the lipophosphoglycan
(LPG), which is one of its major components.[2] LPGs are
common to L. major, L. donovani and L. mexicana promas-
tigotes[3–8] and L. major amastigotes,[9] but they are absent in
L. donovani and L. mexicana amastigotes.[10, 11] The LPG


contains a polymeric phosphoglycan region consisting of
[-6)-(R!3)-b-d-Galp-(1!4)-(R’!2)-a-d-Manp-(1-PO3H-]n


repeating units where the nature of the R and R’ constitu-
ents varies according to the species. For example, in L. do-
novani[2] R= R’=H, whereas in L. major[2,12] R’=H and R
is mostly a mono-, di- or trisaccharide made up of b-d-Galp
and b-d-Arap residues. In L. aethiopica[7] R is mostly b-d-
Galp or b-d-Galp-(1!3)-b-d-Galp, but R’ is a-d-Manp
(35 %) or H (65%). In the LPG produced by L. mexi-
cana[6,13] R’ is H (100 %) and about 25 % of the d-galactose
residues are substituted at O-3 with b-d-glucopyranose (that
is, R is b-d-Glcp (25 %) or H (75 %)). The importance of
the LPG for parasite infectivity and survival[14,15] makes the
enzymes responsible for its biosynthesis of great interest.


The LPG b-d-Galp-(1!4)-a-d-Manp phosphate back-
bone has been shown[16,17] to be assembled by sequential
action of the Leishmania a-d-mannopyranosylphosphate
transferase and b-d-galactopyranosyl transferase. The elon-
gating a-d-mannopyranosylphosphate transferase (eMPT)
transfers a a-d-Manp phosphate moiety en bloc from GDP-
Man to O-6 of the terminal b-d-Galp in the growing phos-
phoglycan chain (GDP= guanosine diphosphate). We previ-
ously reported[18] that the synthetic phosphodisaccharide
1[19,20] (Figure 1), representing one repeating unit of the
phosphoglycan, acts as an acceptor substrate for the eMPT
activity in Leishmania promastigote membranes. Biosynthet-
ic transfer of a-d-Manp phosphate from GDP-Man to com-
pound 1 produced the expected trisaccharide diphosphate
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sides · glycosyl phosphates · inhibi-
tors · lipophosphoglycans


Abstract: The phosphorylated branched heptasaccharides 7 and 8, the octasacchar-
ide 9 and the phosphorylated trisaccharides 5 and 6, which are fragments of the
phosphoglycan portion of the surface lipophosphoglycans from Leishmania mexi-
cana (5) or L. major (6–9), were synthesised by using the glycosyl hydrogen-
phosphonate method for the preparation of phosphodiester bridges. The com-
pounds were tested as acceptor substrates/putative inhibitors for the Leishmania
elongating a-d-mannosylphosphate transferase.


[a] Dr. A. P. Higson, Dr. A. J. Ross, Dr. A. V. Nikolaev
Faculty of Life Sciences
Division of Biological Chemistry and Molecular Microbiology
University of Dundee (Carnelley Building), Dundee DD1 4HN (UK)
Fax: (+44) 1382-345-517
E-mail : a.v.nikolaev@dundee.ac.uk


[b] Dr. Y. E. Tsvetkov
N. D. Zelinsky Institute of Organic Chemistry
Russian Academy of Sciences, Moscow (Russia)


[c] Dr. F. H. Routier, Dr. O. V. Sizova, Prof. M. A. J. Ferguson
Faculty of Life Sciences
Division of Biological Chemistry and Molecular Microbiology
University of Dundee (Wellcome Trust Building), Dundee DD1 5EH
(UK)


[**] Parasite Glycoconjugates, Part 15; for Part 14, see ref. [1].


Chem. Eur. J. 2005, 11, 2019 – 2030 DOI: 10.1002/chem.200400563 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2019


FULL PAPER







a-d-Manp-(1-PO3H-6)-b-d-Galp-(1!4)-a-d-Manp-1-PO3H-O-
[CH2]8CH=CH2. In Parts 9,[20] 11[21] and 12[22] of this series,
we disclosed our interest in the design and synthesis of vari-
ous structural analogues of phosphodisaccharide 1 to test
the fine acceptor-substrate specificity of the eMPT and to
gain more information about enzyme–substrate recognition.
We have also synthesised compounds 2 and 3,[23] represent-
ing longer fragments of the LPG from L. donovani, and
shown[18] they were also effective as acceptor substrates for
the eMPT but with slightly reduced kinetics relative to
those of compound 1.


It has been already mentioned that L. major and L. mexi-
cana substitute the b-d-Galp-(1!4)-a-d-Manp phosphate
repeating units of the LPG with either b-d-Galp or b-d-
Glcp, respectively, at O-3 of the b-d-Galp residue. The
timing of the biosynthetic addition of the side chains is not
known, that is, it is not clear whether this process can occur
concurrently with phosphosaccharide backbone assembly or
whether these modifications can only occur distal to the site
of the assembly. To address these questions, we now report
the chemical synthesis of tri-, hepta- and octasaccharide
fragments 6–9 (Figure 1) of the LPG from L. major and the
trisaccharide fragment 5 of the LPG from L. mexicana.
Compounds 5–9, as well as the earlier described[24] heptasac-
charide fragment 4 of the LPG from L. mexicana, have been
tested as acceptor substrates for the eMPT. By determining
the effect of the b-d-Galp or b-d-Glcp side-chain substitu-
tion on the enzyme activity, it is possible to determine


whether the side chains are attached concurrently with or
after the assembly of the phosphosaccharide backbone. For
example, if all of the compounds 4–9 work as acceptor sub-
strates for the eMPT then it may be concluded that phos-
phosaccharide backbone assembly may occur concurrently
with side-chain addition. Alternatively, if none of them can
act as the a-d-Manp phosphate acceptor then we may con-
clude that the assembly of the backbone necessarily pre-
cedes side-chain addition. All of the synthetic phosphosac-
charides 5–9 contain a dec-9-enyl moiety to 1) assist bio-
chemical assays[18] and 2) make the compounds available for
the preparation of neoglycoconjugates by consecutive ozo-
nolysis of the double bond and coupling to a protein carrier
by reductive amination.[25,26]


Results and Discussion


The preparation of compounds 5–9 was based on the princi-
ples of glycosyl hydrogenphosphonate chemistry, which was
developed in this laboratory[19, 23,24] for the synthesis of the
phosphosaccharides 1–4 and was recently applied by the
New Delhi group[27–30] for the synthesis of more Leishmania
LPG synthetic fragments. The first examples of the hydro-
genphosphonate method used for the preparation of glyco-
side phosphodiesters of biological origin were described by
van Boom and co-workers[31] and by one of us (A.V.N.)[32] in
the late 1980s. The phosphosaccharides 6–9, representing


Figure 1. Synthetic fragments of the lipophosphoglycan from different species of Leishmania.
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fragments of the L. major LPG, were synthesised by the use
of the protected di- and trisaccharide hydrogenphosphonate
blocks 10[23] and 11 (Scheme 1) for the consecutive introduc-
tion of di- and trisaccharide phosphate moieties, respective-
ly. Both the hydrogenphosphonates 10 and 11 contain a tem-
porary p,p’-dimethoxytrityl (DMT) protecting group at O-6’
to allow selective deprotection and condensation to extend
the oligomeric chain. The hydrogenphosphonate derivative
12[24] containing d-glucose was used for the preparation of
the trisaccharide phosphate fragment 5 of the L. mexicana
LPG.


The preparation of the trisaccharide hydrogenphospho-
nate 11 (Scheme 1) was started from 2,3,4,6-tetra-O-benzo-
yl-a-d-galactopyranosyl bromide 13 and the disaccharide
glycosyl acceptor 14.[24] Silver triflate assisted base-defi-
cient[33] glycosylation reaction gave the b,b-linked trisacchar-
ide 15 (73 %) and 14 % of the corresponding a,b-linked
isomer (see the Experimental Section). The b configuration
of the newly created d-galactoside bond was confirmed by
the characteristic value (8.0 Hz) for J1’’,2’’ coupling constant
in the 1H NMR spectrum of 15. The protecting-group pat-
tern was then modified by initial hydrolysis with 80 % aq.
acetic acid to give the diol 16 in 91 % yield. Trisaccharide 16
was treated with DMTCl in pyridine and then benzoyl chlo-
ride in pyridine to produce derivative 17 (86 %). Successive
anomeric deprotection[19–24] with dimethylamine in aceto-
nitrile/THF gave the a-hemiacetal 18 (83 %), which upon
phosphitylation[19–24] with triimidazolylphosphine (prepared


in situ from PCl3, imidazole and Et3N) and mild hydrolysis
produced the hydrogenphosphonate 11 in 88 % yield. Sig-
nals characteristic to the hydrogenphosphonate group (dH =


5.68 (dd, 1 H, J1,2 = 1.4, J1,P =9.0 Hz; H-1), 6.96 (d, 1 H, JH,P =


635.4 Hz; HP) ppm; dP =�0.37 ppm) were present in the 1H
and 31P NMR spectra of derivative 11.


The preparation of the trisaccharide phosphates 5 and 6
progressed (Scheme 2) directly from the hydrogenphospho-
nate derivatives 12 and 11, respectively. The condensation of
each of them with dec-9-en-1-ol in the presence of pivaloyl
chloride followed by oxidation (in situ) with iodine in aque-
ous pyridine and mild detritylation (1% TFA/DCM, 0 8C)
formed the protected phosphosaccharides 19 (90 % from 12)
or 20 (88% from 11). The O-benzoyl protecting groups
were then removed by using 0.25 m NaOMe in methanol to
give the required trisaccharide phosphodiesters 5 (95 %) and
6 (88 %).


The synthesis of the oligophosphosaccharides 7–9 is out-
lined in Schemes 3 and 4. All three progressed through a
common intermediate 21, which was prepared[19] by conden-
sation of the disaccharide hydrogenphosphonate 10 with
dec-9-en-1-ol, followed by oxidation and detritylation as de-
scribed above for the trisaccharides 19 and 20.


Firstly, the chain elongation was continued with another
coupling with hydrogenphosphonate 10 to give the tetrasac-
charide 23 (72 %), which was further coupled with trisac-
charide hydrogenphosphonate 11 (in the presence of ada-
mantane-1-carbonyl chloride followed by oxidation and de-


Scheme 1. Reagents: a) AgOSO2CF3, 2,6-di-tert-butylpyridine, MS4A, DCM; b) 80 % aq. AcOH; c) 1. p,p’-dimethoxytrityl chloride, pyridine; 2. PhCOCl,
pyridine; d) Me2NH, MeCN/THF; e) 1. triimidazolylphosphine, MeCN; 2. Et3NHHCO3, water (pH 7). Bz =benzoyl, DMT =4,4’-dimethoxytrityl,
MS4A =4 � molecular sieves, DCM = dichloromethane, THF= tetrahydrofuran.
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tritylation) to provide the protected heptasaccharide 24 in
84 % yield. This gave the heptasaccharide triphosphate 8
(88 %) upon debenzoylation with 0.25 m NaOMe in metha-
nol/THF.


Secondly, the disaccharide phosphate 21 was coupled with
the trisaccharide hydrogenphosphonate 11 (in the conditions
described above for the trisaccharides 19 and 20) to form
the pentasaccharide block 22 (68 %). Compound 22 was
then extended (Scheme 4) with either the disaccharide hy-
drogenphosphonate 10 or the trisaccharide hydrogenphosph-
onate 11 to provide the protected heptasaccharide 25 (65 %)
or the protected octasaccharide 26 (76 %), respectively. Suc-
cessive standard debenzoylation then produced the final tar-
geted phosphosaccharides 7 and 9 in 58 % and 82 %, respec-
tively. All the deprotected phosphosaccharides were purified
by anion-exchange chromatography on diethylaminoethyl
TSK (DEAE TSK) gel (Merck).


The structures of compounds 5–9 were supported by
NMR spectroscopy and electrospray mass spectrometry
data. The presence of the (1!1)- and (1!6)-phosphodiester
linkages were confirmed by the C-1 and C-2 signals in the
corresponding d-mannosyl and dec-9-en-1-yl units and the
C-5 and C-6 signals of the corresponding d-galactosyl units
in the 13C NMR spectra (see Table 1). The signals were shift-
ed as a result of the a and b effects of phosphorylation and
coupled with the P nucleus. The 31P NMR data (see the Ex-
perimental Section) are characteristic of glycoside-linked


Scheme 2. Reagents: a) 1. pivaloyl chloride, pyridine; 2. I2, pyridine/
water; b) TFA, DCM; c) NaOMe, MeOH. TFA= trifluoroacetic acid.


Scheme 3. Reagents: a) 1. pivaloyl chloride, pyridine; 2. I2, pyridine/water; b) TFA, DCM; c) 1. adamantane-1-carbonyl chloride, pyridine; 2. I2, pyridine/
water; d) NaOMe, MeOH/THF.
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phosphoric diesters[19–24] and contain either one (for the
monophosphates 5 and 6) or two signals (in the ratio 1:2;
for the triphosphates 7–9), thus indicating the nonequiva-
lence of the phosphate groups in the latter oligomers (see
refs. [19] and [24]). The molecular masses for the oligophos-
phosaccharides 5–9 were confirmed by electrospray (ES)
mass spectrometry. The signals in the ES(�) mass spectra
corresponded to the pseudo molecular ions for the targeted
compounds (see the Experimental Section).


Compounds 1, 3 and 4–9 were tested in a biochemical
assay in a cell-free system[34] as acceptor substrates for the
eMPT in Leishmania. Promastigote membranes from
L. major, L. mexicana and L. donovani were used, with the
substrate activity of compound 1 normalised to 100 % and
the activities of the other compounds compared relative
to this value. In all cases, compounds 5, 6, 8 and 9, contain-
ing a substituent (b-d-Glcp or b-d-Galp) at O-3’ of the ter-
minal (at the nonreducing end of the chain) b-d-Galp-
(1!4)-a-d-Manp phosphate repeating unit, were not accept-
or substrates for the enzyme with no mannopyranosyl phos-
phate transfer observed. In contrast, a monosaccharide
substitution at O-3’ of the penultimate disaccharide phos-
phate repeating unit did not have such a dramatic effect,
with compound 4 (containing a b-d-glucopyranosyl side
chain) and compound 7 (containing a b-d-galactopyranosyl
side chain) both acting as acceptor substrates for the
enzyme with no statistically significant difference in ac-
tivity.


There was some difference between phosphoheptasac-
charides with internal side chains (4 and 7) and the linear
phosphohexasaccharide 3 containing no side chains. In the
L. major assay there was a preference for the unsubstituted
acceptor, with compound 3 showing 30 % more activity than
compounds 4 and 7. In L. mexicana this was reversed, with a
slight preference for the substituted acceptors of about 10–
15 %. The L. donovani assay did not show any significant
difference in the acceptor activity of compounds 3, 4 and 7.
These results indicate that 1) substitution of the terminal b-
d-Galp 3-hydroxy group with a monosaccharide abrogates
substrate recognition by the eMPT and 2) during the LPG
biosynthesis in L. major and L. mexicana the side-chain ad-
dition is likely to occur after the phosphosaccharide back-
bone has been prepared or may proceed distal to its assem-
bly site. A comprehensive characterisation of the eMPT in
Leishmania by using synthetic acceptor substrate analogues
(a set of 25 phosphosaccharides) was recently published.[34]


Compounds 5, 6, 8 and 9, which were not substrates for
the enzyme, were tested for inhibitory activity by using
L. major procyclic promastigote membranes (for inhibition
assay conditions, see ref. [34]). The long-chain phosphosac-
charides 8 and 9 showed either no (9) or low (�9 %; 8) in-
hibition when used at an equimolar concentration (600 mm)
to the acceptor substrate 1. The trisaccharide phosphates 5
and 6 were better inhibitors for the eMPT and, when taken
at the same concentration, inhibited the Manp phosphate
transfer to substrate 1 by �19 and �22 %, respectively. A


Scheme 4. Reagents: a) 1. pivaloyl chloride, pyridine; 2. I2, pyridine/water; b) TFA, DCM; c) NaOMe, MeOH.
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Table 1. 13C NMR (75 MHz, D2O) data (dC in ppm, with multiplicity (where applicable) and the JC,P coupling constant in Hz (in parenthesis)) for the de-
protected phosphosaccharides 4–9.


Residue Atom 4[24][a] 5[a] 6[a] 7[a] 8[a] 9[a]


dec-9-enyl C-1 67.83, d (5.2) 67.79, d (6.2) 67.84, d (5.5) 67.86, d (5.3) 67.87, d (5.1) 67.80, br
C-2 30.84, d (5.9) 30.86, d (6.9) 30.87, d (6.7) 30.97, d (6.7) 30.87, d (6.6) 30.91, d (6.7)
C-9 141.53 141.56 141.58 141.59 141.59 141.50
C-10 115.00 115.00 115.00 115.00 115.00 115.00


Man C-1 96.94, d (6.1) 96.83, d (6.1) 96.84, d (6.1) 96.95, d (5.4) 96.93, d (5.9) 96.92, d (6.1)
C-2 71.04, br 71.15, d (7.9) 71.15, d (7.9) 71.08, d (8.2) 71.03, d (8.3) 71.10, d (8.9)
C-3 69.84 69.80 69.82 69.88 69.87 69.87
C-4 76.94 76.72 76.76 76.96 76.78 76.80
C-5 73.59 73.36 73.40 73.60 73.58 73.58
C-6 61.33 61.12 61.14 61.39 61.37 61.36


Gal C-1 104.38 103.69 103.72 104.39 104.39 104.38
C-2 71.89 71.20 71.28 71.91 71.91 71.89
C-3 73.23 83.03 82.91 73.27 73.29 73.24
C-4 69.17 69.41 69.58 69.19 69.19 69.18
C-5 74.80, d (7.4) 76.06 76.13 74.79, d (8.2) 74.72, d (7.1) 74.80, d (7.5)
C-6 65.39, br 62.14 62.15 65.48, d (5.0) 65.42, d (5.0) 65.40, d (5.6)


Man’ C-1 96.70, d (6.1) 96.73, d (5.4) 96.93, d (5.9) 96.73, d (6.1)
C-2 71.04, br 71.08, d (8.2) 71.03, d (8.3) 71.10, d (8.9)
C-3 69.72[b] 69.75[b] 69.77[b] 69.72[b]


C-4 77.98 78.05 77.98[c] 78.00
C-5 73.40 73.42 73.45 73.42
C-6 61.23 61.28 61.22 61.26


Gal’ C-1 104.04 105.40 104.11 104.39 104.07
C-2 72.03 72.11 71.14 71.91 71.12
C-3 82.87 73.60 82.78 73.45 82.80
C-4 68.94 69.66 69.11 69.19 69.09
C-5 74.46, d (7.4) 76.13 74.57, d (8.2) 74.72, d (7.1) 74.51, d (7.5)
C-6 65.39, br 62.05 65.48, d (5.0) 65.42, d (5.0) 65.40, d (5.6)


Glc C-1 104.89 104.82
C-2 74.35 74.34
C-3 76.57 76.56
C-4 70.46 70.46
C-5 76.80 76.81
C-6 61.54 61.53


Gal(1!3)Gal’ C-1 105.49 105.49
C-2 72.09 72.11
C-3 73.60 73.58
C-4 69.68 69.65
C-5 76.12 76.07
C-6 62.02 62.01


Man’’ C-1 96.94, d (6.1) 96.95, d (5.4) 96.93, d (5.9) 96.99, d (6.1)
C-2 71.04, br 71.08, d (8.2) 71.03, d (8.3) 71.10, d (8.3)
C-3 69.90[b] 69.93[b] 69.94[b] 69.93[b]


C-4 77.98 78.05 78.10[c] 78.00
C-5 73.40 73.42 73.45 73.42
C-6 61.23 61.28 61.28 61.26


Gal’’ C-1 104.10 104.11 103.73 103.76
C-2 71.89 72.09 71.29 71.29
C-3 73.55 73.60 82.94 82.91
C-4 69.72 69.75 69.60 69.58
C-5 76.42 76.45 76.13 76.07
C-6 62.14 62.22 62.17 62.15


Gal(1!3)Gal’’ C-1 105.44 105.44
C-2 72.11 72.11
C-3 73.58 73.58
C-4 69.67 69.65
C-5 76.13 76.07
C-6 62.03 62.01


[a] Additional signals of CCH2C (dC =25.91–25.95, 29.15–29.56 and 34.12–34.31) were present. [b] The signals of C-3 in Man’ and C-3 in Man’’ might be
reversed. [c] The signals of C-4 in Man’ and C-4 in Man’’ might be reversed.
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detailed discussion of inhibitory experiments for the enzyme
with a set of compounds prepared in this laboratory will be
published elsewhere in due course.


Experimental Section


General procedures : M.p. values were determined on a Reichert hot-
plate apparatus and are uncorrected. Optical rotations were measured
with a Perkin–Elmer 141 polarimeter; [a]D values are given in units of
10�1 deg cm2 g�1. 1H and 13C NMR spectra (1H at 300 and 500 MHz, 13C at
75 and 125 MHz) were recorded with Bruker AM-300 and Bruker AM-
500 spectrometers, while 31P NMR spectra were recorded with Bruker
AM-200 (at 81 MHz) and Bruker AM-300 (at 121 MHz) instruments.
Chemical shifts (d in ppm) are given relative to those for Me4Si (for 1H
and 13C) and external aq. 85 % H3PO4 (for 31P); J values are given in Hz.
ES mass spectra were recorded with a VG Quattro system (VG Biotech,
UK) and with a Mariner system (Applied Biosystems). MALDI-TOF
mass spectra were recorded with a PE Biosystems Voyager system 4029
(Applied Biosystems). TLC was performed on Kieselgel 60 F254 (Merck)
with detection under UV light or by charring with sulfuric acid/water/eth-
anol (15:85:5). Flash column chromatography (FCC) was performed on
Kieselgel 60 (0.040–0.063 mm; Merck). Dichloromethane, acetonitrile,
pyridine and toluene were freshly distilled from CaH2. Solutions that
were worked up were concentrated under reduced pressure at <40 8C.


2,3,4,6-Tetra-O-benzoyl-b-d-galactopyranosyl-(1!3)-2-O-benzoyl-4,6-O-
benzylidene-b-d-galactopyranosyl-(1!4)-1,2,3,6-tetra-O-benzoyl-a-d-
mannopyranose (15): Benzobromogalactose 13 was prepared from
1,2,3,4,6-penta-O-benzoyl-a-d-galactopyranose[35] as described in ref. [20].
A solution of benzobromogalactose 13 (1.12 g, 1.70 mmol) in CH2Cl2


(5 mL) was added dropwise to a stirred and cooled (0 8C) mixture of the
disaccharide 14[24] (800 mg, 0.84 mmol), silver triflate (630 mg,
2.44 mmol), 2,6-di-tert-butylpyridine (0.30 mL, 1.34 mmol) and 4 � mo-
lecular sieves (900 mg) in CH2Cl2 (12 mL) and toluene (3 mL). After the
addition was complete, the temperature was allowed to rise to 20 8C and
stirring was continued for 2 h. The solids were filtered off and washed
with chloroform, then the filtrate was washed successively with aq.
sodium thiosulfate and water, dried (MgSO4) and concentrated. FCC
(benzene/ethyl acetate, 93:7) of the residue provided, first, 2,3,4,6-tetra-
O-benzoyl-a-d-galactopyranosyl-(1!3)-2-O-benzoyl-4,6-O-benzylidene-
b-d-galactopyranosyl-(1!4)-1,2,3,6-tetra-O-benzoyl-a-d-mannopyranose
(180 mg, 15 %); m.p. 227–228 8C (from ethyl acetate/hexane); [a]23


D =++


171 (c =1.70 in CHCl3); 1H NMR (300 MHz, CDCl3): d =2.64 (br, 1 H;
H-5’), 3.41 (dd, J5’,6a’=1.3 Hz, 1H; H-6a’), 3.74 (br d, J6a’,6b’=12.4 Hz, 1 H;
H-6b’), 3.95 (dd, J5’’,6a’’=6.0, J6a’’,6b’’=10.8 Hz, 1H; H-6a’’), 4.03 (dd, J3’,4’=


3.3 Hz, 1H; H-3’; and d, 1H; H-4’), 4.30 (dd, J5’’,6b’’=5.7 Hz, 1 H; H-6b’’),
4.32–4.41 (m, 3H; H-5, H-5’’ and H-6a), 4.78 (t, J3,4 =J4,5 = 9.4 Hz, 1 H; H-
4), 4.82 (dd, J5,6b =2.0, J6a,6b =12.2 Hz, 1H; H-6b), 4.97 (d, J1’,2’=8.1 Hz,
1H; H-1’), 5.10 (s, 1 H; CHPh), 5.45 (dd, J2’’,3’’=10.7 Hz, 1 H; H-2’’), 5.54
(dd, J3’’,4’’=3.3 Hz, 1H; H-4’’), 5.69 (d, J1’’,2’’=3.5 Hz, 1H; H-1’’), 5.72 (dd,
1H; H-3’’), 5.79 (dd, J2’,3’=10.3 Hz, 1H; H-2’), 5.91 (dd, J2,3 =3.5 Hz, 1 H;
H-2), 6.04 (dd, 1H; H-3), 6.49 (d, J1,2 =2.2 Hz, 1H; H-1), 6.90–8.25 (m,
50H; 10� Ph) ppm; 13C NMR (75 MHz, CDCl3; partial): d=61.83 (C-6),
62.10 (C-6’’), 66.47 (C-5’), 66.97 (C-2’’), 67.80 (C-4’’), 68.07 (C-3’’), 68.62
(C-5’’), 68.90 (C-6’), 69.28 (C-2), 70.47 (C-3), 71.18 (2 C; C-2’ and C-4’),
71.81 (C-5), 73.73 (C-4), 74.99 (C-3’), 91.24 (C-1), 93.42 (C-1’’), 100.09
(C-1’), 101.84 (CHPh) ppm; elemental analysis calcd (%) for C88H72O25


(1529.5): C 69.10, H 4.74; found: C 68.86, H 4.85. Continued elution gave
the b,b-linked trisaccharide derivative 15 (930 mg, 73%) as an amor-
phous solid; [a]22


D =++96.6 (c =1.11 in CHCl3); 1H NMR (300 MHz,
CDCl3): d= 2.78 (br, 1 H; H-5’), 3.43 (br d, J6a’,6b’=12.0 Hz, 1H; H-6a’),
3.85 (br d, 1 H; H-6b’), 4.09 (dd, J3’,4’=3.5 Hz, 1H; H-3’), 4.20 (dt, J5,6a =


J5,6b = 2.2 Hz, 1 H; H-5), 4.22 (d, 1 H; H-4’), 4.23–4.35 (m, 3H; H-5’’, H-6a
and H-6a’’), 4.61 (t, J3,4 =J4,5 =9.3 Hz, 1H; H-4), 4.62–4.72 (m, 2H; H-6b
and H-6b’’), 4.83 (d, J1’,2’=8.0 Hz, 1 H; H-1’), 5.12 (d, J1’’,2’’=8.0 Hz, 1H;
H-1’’), 5.35 (s, 1 H; CHPh), 5.40 (dd, J3’’,4’’=3.3 Hz, 1 H; H-3’’), 5.60 (dd,
J2’,3’=10.0 Hz, 1 H; H-2’), 5.75 (dd, J2’’,3’’=10.3 Hz, 1H; H-2’’), 5.86 (dd,


J2,3 = 3.5 Hz, 1H; H-2), 5.92 (dd, 1H; H-4’’), 5.97 (dd, 1H; H-3), 6.45 (d,
J1,2 = 2.1 Hz, 1H; H-1), 6.90–8.20 (m, 50 H; 10� Ph) ppm; 13C NMR
(75 MHz, CDCl3; partial): d=61.83 (2 C; C-6 and C-6’’), 66.80 (C-5’),
67.93 (2 C; C-4’ and C-4’’), 68.17 (C-6’), 69.02 (C-2’’), 69.65 (C-2), 71.09
(C-3), 71.26 (C-2’), 71.37 (2 C; C-3’’ and C-5’’), 71.67 (C-5), 73.11 (C-4),
75.73 (C-3’), 91.18 (C-1), 100.51 (C-1’’), 101.60 (2 C; C-1’ and
CHPh) ppm; elemental analysis calcd (%) for C88H72O25 (1529.50): C
69.10, H 4.74; found: C 68.86, H 4.71.


2,3,4,6-Tetra-O-benzoyl-b-d-galactopyranosyl-(1!3)-2-O-benzoyl-b-d-
galactopyranosyl-(1!4)-1,2,3,6-tetra-O-benzoyl-a-d-mannopyranose
(16): A solution of the trisaccharide 15 (340 mg, 0.222 mmol) in 80 % aq.
acetic acid was heated at 70 8C for 3 h, whereafter the mixture was con-
centrated and the residue coevaporated twice with toluene. FCC (tolu-
ene/ethyl acetate, 91:9!65:35) of the residue gave the trisaccharide diol
16 (290 mg, 91%) as an amorphous solid; [a]28


D =++113 (c =0.97 in
CHCl3); 1H NMR (500 MHz, CDCl3): d =1.90 (br, 1H; 6’-OH), 2.94 (br,
1H; 4’-OH), 3.24 (dd, J5’,6a’= 4.6, J5’,6b’=5.3 Hz, 1H; H-5’), 3.33 (ddd,
J6a’,6b’=11.8, J6a’,OH =9.1 Hz, 1H; H-6a’), 3.47 (m, 1 H; H-6b’), 3.85 (dd,
J3’,4’=3.0 Hz, 1 H; H-3’), 4.03 (br, 1 H; H-4’), 4.08 (br d, J4,5 =9.5 Hz, 1 H;
H-5), 4.23 (dd, J5,6a =2.9 Hz, 1 H; H-6a), 4.26 (dd, J5’’,6a’’=5.5 Hz, 1H; H-
5’’), 4.42 (br d, J6a,6b =12.1 Hz, 1H; H-6b), 4.45 (dd, J6a’’,6b’’=11.6 Hz, 1 H;
H-6a’’), 4.49 (t, J3,4 =9.5 Hz, 1H; H-4), 4.53 (dd, J5’’,6b’’= 7.3 Hz, 1H; H-
6b’’), 4.71 (d, J1’,2’=8.0 Hz, 1H; H-1’), 4.88 (d, J1’’,2’’=7.9 Hz, 1H; H-1’’),
5.41 (dd, J3’’,4’’=3.6 Hz, 1H; H-3’’), 5.49 (dd, J2’,3’=10.4 Hz, 1 H; H-2’),
5.69 (dd, J2’’,3’’=10.4 Hz, 1H; H-2’’), 5.80 (dd, J2,3 =3.3 Hz, 1 H; H-2), 5.88
(m, 2H; H-3 and H-4’’), 6.45 (d, J1,2 =2.7 Hz, 1 H; H-1), 6.80–8.00 (m,
45H; 9� Ph) ppm; 13C NMR (125 MHz, CDCl3): d =61.59 (C-6’), 62.05
(C-6’’), 62.17 (C-6), 67.90 (C-4’’), 68.12 (C-4’), 69.21 (C-2), 69.38 (C-2’’),
70.64 (C-3), 70.79 (C-2’), 71.30 (C-3’’), 71.44 (C-5’’), 71.76 (C-5), 73.02 (C-
4), 74.62 (C-5’), 81.32 (C-3’), 91.39 (C-1), 101.20 (C-1’’), 101.68 (C-1’),
127.98–130.10 and 132.70–133.83 (Ph), 165.44–167.70 (C=O); elemental
analysis calcd (%) for C81H68O25 (1441.39): C 67.49, H 4.76; found: C
67.38, H 4.77.


2,3,4,6-Tetra-O-benzoyl-b-d-galactopyranosyl-(1!3)-2,4-di-O-benzoyl-6-
O-(p,p’-dimethoxytrityl)-b-d-galactopyranosyl-(1!4)-1,2,3,6-tetra-O-ben-
zoyl-a-d-mannopyranose (17): The trisaccharide diol 16 (700 mg,
0.486 mmol) was dried by coevaporation of pyridine (2 � 5 mL). The resi-
due was dissolved in pyridine (15 mL) and p,p’-dimethoxytrityl chloride
(247 mg, 0.729 mmol) added. The solution was stirred for 14 h at room
temperature, then it was cooled to 0 8C and benzoyl chloride (0.17 mL,
1.46 mmol) was added. After 24 h at room temperature, the reaction mix-
ture was diluted with CH2Cl2, washed successively with saturated aq.
NaHCO3 and water, dried (MgSO4) and concentrated. FCC (toluene/
ethyl acetate, 99:1!85:15) of the residue gave the dimethoxytrityl deriv-
ative 17 (768 mg, 86 %) as an amorphous solid; [a]25


D =++74.5 (c=1.03 in
CHCl3); 1H NMR (500 MHz, CDCl3): d=3.11 (t, J5’,6a’=J6a’,6b’=8.8 Hz,
1H; H-6a’), 3.24 (dd, J5’,6b’=5.3 Hz, 1H; H-6b’), 3.62 (s, 3H; CH3O), 3.65
(s, 3H; CH3O), 3.76 (dd, 1H; H-5’), 4.07 (br d, 1H; H-5), 4.25 (dd, J3’,4’=


3.3 Hz, 1H; H-3’), 4.30 (dd, J5’’,6a’’= 6.7 Hz, 1 H; H-5’’), 4.42–4.53 (m, 3H;
H-6a, H-6b and H-6a’’), 4.60 (t, J3,4 =J4,5 = 9.4 Hz, 1H; H-4), 4.83 (d,
J1’,2’=7.9 Hz, 1 H; H-1’), 4.90 (dd, J5’’,6b’’=5.9, J6a’’,6b’’=11.2 Hz, 1H; H-
6b’’), 4.98 (d, J1’’,2’’=7.6 Hz, 1H; H-1’’), 5.39 (dd, J3’’,4’’=3.5 Hz, 1H; H-
3’’), 5.50 (dd, J2’,3’=9.6 Hz, 1 H; H-2’), 5.60 (dd, J2’’,3’’=10.4 Hz, 1H; H-
2’’), 5.77–5.83 (m, 2H; H-2 and H-3), 5.94 (d, 1H; H-4’’), 6.19 (d, 1H; H-
4’), 6.48 (d, J1,2 = 1.6 Hz, 1H; H-1), 6.62–8.10 (m, 63H; 11 � Ph and 2�
C6H4) ppm; 13C NMR (125 MHz, CDCl3): d =54.96 (2 C; 2 � OCH3), 59.92
(C-6’), 61.40 (C-6’’), 62.13 (C-6), 67.49 (C-4’’), 69.58 (2 C; C-2 and C-4’),
69.62 (C-2’’), 69.96 (C-3), 70.91 (C-3’’), 71.39 (C-5’’), 71.76 (C-2’), 71.93
(C-5), 72.00 (C-5’), 72.95 (C-4), 76.90 (C-3’), 86.31 (Ar3C), 91.12 (C-1),
101.25 (2 C; C-1’ and C-1’’), 112.95, 126.69, 127.65–130.27, 132.36–135.87,
144.10 and 159.25 (C6H4 and Ph), 163.95–165.94 (C=O) ppm; elemental
analysis calcd (%) for C109H90O28 (1847.86): C 70.85, H 4.91; found: C
70.76, H 4.93.


2,3,4,6-Tetra-O-benzoyl-b-d-galactopyranosyl-(1!3)-2,4-di-O-benzoyl-6-
O-(p,p’-dimethoxytrityl)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-benzoyl-
a-d-mannopyranose (18): The trisaccharide derivative 17 (310 mg,
0.17 mmol) was dried by coevaporation of acetonitrile (3 mL). The resi-
due was dissolved in THF (4 mL), 2 m Me2NH in THF (0.76 mL,
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1.51 mmol) was added and the mixture was stirred at room temperature
with monitoring by TLC (toluene/ethyl acetate, 9:1). After 24 h, a second
portion of 2 m Me2NH in THF (0.38 mL, 0.76 mmol) was added to the so-
lution. After a further 24 h, the mixture was concentrated and the residue
was coevaporated with acetonitrile. FCC (toluene/ethyl acetate, 98:2!
80:20) of the residue gave the 1-hydroxy derivative 18 (242 mg, 83%) as
an amorphous solid; [a]27


D =++42 (c =0.96 in CHCl3); 1H NMR (500 MHz,
CDCl3): d=3.19 (dd, J5’,6a’=J6a’,6b’=8.8 Hz, 1 H; H-6a’), 3.29 (dd, J5’,6b’=


5.5 Hz, 1H; H-6b’), 3.42 (d, J1,OH =3.7 Hz, 1 H; OH-1), 3.62 (dd, 1 H; H-
5’), 3.65 (s, 3H; CH3O), 3.69 (s, 3H; CH3O), 4.21 (dd, J3’,4’=3.3 Hz, 1 H;
H-3’), 4.24 (ddd, J5,6a =4.0 Hz, 1H; H-5), 4.28 (dd, J5’’,6a’’=6.6 Hz, 1H; H-
5’’), 4.46 (dd, J6a,6b =12.3 Hz, 1 H; H-6a), 4.47 (dd, J6a’’,6b’’=11.1 Hz, 1 H;
H-6a’’), 4.51 (dd, J3,4 = J4,5 =9.8 Hz, 1H; H-4), 4.56 (dd, J5,6b =1.6 Hz, 1 H;
H-6b), 4.79 (d, J1’,2’=7.9 Hz, 1 H; H-1’), 4.87 (dd, J5’’,6b’’=5.8 Hz, 1 H; H-
6b’’), 4.94 (d, J1’’,2’’=7.6 Hz, 1 H; H-1’’), 5.92 (dd, J1,2 =1.7 Hz, 1 H; H-1),
5.37 (dd, J3’’,4’’=3.3 Hz, 1 H; H-3’’), 5.46 (dd, J2’,3’=9.9 Hz, 1 H; H-2’), 5.57
(dd, J2’’,3’’=10.5 Hz, 1H; H-2’’), 5.61 (dd, J2,3 =3.3 Hz, 1 H; H-2), 5.75 (dd,
1H; H-3), 5.93 (d, 1 H; H-4’’), 6.09 (d, 1 H; H-4’), 6.60–8.23 (m, 58H; 10�
Ph and 2 � C6H4) ppm; 13C NMR (125 MHz, CDCl3): d =55.01 (2 C; 2�
OCH3), 60.25 (C-6’), 61.42 (C-6’’), 62.68 (C-6), 67.49 (C-4’’), 69.15 (C-2’’),
69.55 (C-5), 69.62 (C-4’), 69.67 (C-3), 70.86 (C-3’’), 71.15 (C-2), 71.42 (C-
5’’), 71.81 (C-2’), 72.22 (C-5’), 72.85 (C-4), 76.74 (C-3’), 86.21 (Ar3C),
91.99 (C-1), 100.46 (C-1’’), 101.19 (C-1’), 112.98, 126.69, 127.73–130.42
and 132.40–133.42, 135.33, 136.11, 144.31, 158.31 (C6H4 and Ph), 164.20–
166.08 (C=O) ppm; elemental analysis calcd (%) for C102H86O27


(1743.76): C 70.26, H 4.97; found: C 70.14, H 4.93.


2,3,4,6-Tetra-O-benzoyl-b-d-galactopyranosyl-(1!3)-2,4-di-O-benzoyl-6-
O-(p,p’-dimethoxytrityl)-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-benzoyl-
a-d-mannopyranosyl hydrogenphosphonate, triethylammonium salt (11):
The trisaccharide derivative 18 (220 mg, 0.126 mmol) was dried by coeva-
poration of acetonitrile (2 � 3 mL). Phosphorus trichloride (0.051 mL,
0.58 mmol) was added to a stirred solution of imidazole (133 mg,
1.95 mmol) in acetonitrile (5 mL) at 0 8C and this was followed by addi-
tion of triethylamine (0.29 mL, 2.07 mmol). The mixture was stirred for
15 min, after which time a solution of 18 in acetonitrile (10 mL) was
added dropwise over a period of 20 min at 0 8C. The mixture was stirred
at room temperature for 15 min and quenched with 1m aq. triethylammo-
nium (TEA) hydrogen carbonate (pH 7; 3 mL). The clear solution was
stirred for 15 min and CH2Cl2 was added, then the organic layer was
washed in turn with ice-water (twice) and cold 0.5m TEA hydrogen car-
bonate (twice), dried by filtration through cotton wool and concentrated.
FCC (CH2Cl2/MeOH/Et3N, 98.5:0.5:1!92:7:1) of the residue gave the
trisaccharide hydrogenphosphonate 11 (211 mg, 88%) as an amorphous
solid; [a]26


D =++48.5 (c=1 in CHCl3); 1H NMR (500 MHz, CDCl3): d=


1.30 (t, 9H, J =7.1 Hz; 3� MeCH2), 3.00–3.09 (m, 7H; 3� MeCH2 and H-
6a’), 3.19 (dd, J5’,6b’= 5.3, J6a’,6b’=8.4 Hz, 1H; H-6b’), 3.60 (s, 3 H; CH3O),
3.62 (s, 3 H; CH3O), 3.68 (dd, J5’,6a’=8.5 Hz, 1H; H-5’), 4.16 (br d, 1 H; H-
5), 4.20 (dd, J3’,4’= 3.3 Hz, 1H; H-3’), 4.29 (dd, J5’’,6a’’=7.6 Hz, 1H; H-5’’),
4.42 (t, J3,4 =J4,5 = 9.9 Hz, 1 H; H-4), 4.46 (br, 2H; H-6a and H-6b), 4.49
(dd, J6a’’,6b’’=11.3 Hz, 1 H; H-6a’’), 4.72 (d, J1’,2’=7.8 Hz, 1 H; H-1’), 4.87
(dd, J5’’,6b’’=5.4 Hz, 1H; H-6b’’), 4.96 (d, J1’’,2’’=7.9 Hz, 1H; H-1’’), 5.37
(dd, J3’’,4’’=2.4 Hz, 1 H; H-3’’), 5.38 (dd, J2’,3’= 10.7 Hz, 1H; H-2’), 5.58
(dd, J2’’,3’’=10.5 Hz, 1H; H-2’’), 5.61 (dd, J2,3 =2.9 Hz, 1 H; H-3), 5.63 (dd,
J1,2 = 1.4 Hz, 1H; H-2), 5.68 (dd, J1,P =9.0 Hz, 1 H; H-1), 5.92 (d, 1 H; H-
4’’), 6.18 (d, 1 H; H-4’), 6.96 (d, JH,P =635.4 Hz, 1H; HP) and 6.55–8.25
(m, 58H; 10 � Ph and 2 � C6H4) ppm; 13C NMR (75 MHz, CDCl3): d=


8.67 (MeCH2N), 45.70 (MeCH2N), 55.00 (2 C; 2� OCH3), 59.76 (C-6’),
61.49 (C-6’’), 62.61 (C-6), 67.54 (C-4’’), 69.58 (2 C; C-4’ and C-2’’), 69.92
(C-3), 70.70 (C-5), 70.93 (C-3’’), 71.00 (d, JC,P =6.9 Hz; C-2), 71.47 (C-5’’),
71.67 (C-2’), 71.79 (C-5’), 72.86 (C-4), 76.90 (C-3’), 86.20 (Ar3C), 92.64
(br; C-1), 101.05 (C-1’’), 101.34 (C-1’), 112.99, 127.88–133.08, 133.23,
144.12 and 158.32 (C6H4 and Ph), 164.08–165.96 (C=O) ppm; 31P NMR
(81 MHz, CDCl3): d=�0.39 ppm; ES MS (+): m/z (%): 1808.15 (20)
[M�Et3N+H]+ , 2010.40 (100) [M+Et3N+H]+ ; calcd for C108H102NO29P:
[M]= 1907.63.


Dec-9-enyl 2,3,4,6-tetra-O-benzoyl-b-d-glucopyranosyl-(1!3)-2,4-di-O-
benzoyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-benzoyl-a-d-mannopyra-
nosyl phosphate, triethylammonium salt (19): The trisaccharide hydro-
genphosphonate 12[24] (40 mg, 0.021 mmol) was dried by coevaporation of


pyridine (2 � 2 mL). The residue was dissolved in pyridine (1 mL) and
dec-9-en-1-ol (0.011 mL, 0.063 mmol) was added to the solution followed
by pivaloyl chloride (0.008 mL, 0.063 mmol). The mixture was stirred at
room temperature for 15 min, whereafter a freshly prepared solution of
iodine (11 mg, 0.042 mmol) in 95% aq. pyridine (1 mL) was added. After
10–15 min, CH2Cl2 was added and the solution was washed successively
with cold 1m aq. Na2S2O3 and cold 0.5m aq. TEA hydrogen carbonate,
dried by filtration through cotton wool and concentrated. The residue
was dissolved in CH2Cl2 (1.5 mL) and then TFA (0.015 mL) was added at
0 8C. After 1 min, the solution was diluted with CH2Cl2, washed succes-
sively with ice-cold saturated aq. NaHCO3 and 0.5 m aq. TEA hydrogen
carbonate, dried by filtration through cotton wool and concentrated.
FCC (CH2Cl2/MeOH/Et3N, 99:0:1!96:3:1) of the residue gave the trisac-
charide phosphate derivative 19 (34 mg, 90%) as an amorphous solid;
[a]22


D =++34.5 (c =0.8 in CHCl3); 1H NMR (500 MHz, CDCl3): d=1.20
(m, 10H; and 5� CH2), 1.30 (t, 9H; 3 � MeCH2), 1.52 (quintet, J =7.0 Hz,
2H; OCH2CH2), 1.99 (m, 2H; CH2CH2CH=), 2.96 (dd, J5’,6a’=8.3, J6a’,6b’=


12.1 Hz, 1 H; H-6a’), 3.00–3.12 (m, 7H; 3� MeCH2N and H-6b’), 3.38 (dd,
J5’,6b’=6.7 Hz, 1 H; H-5’), 3.78–3.88 (m, 2H; POCH2), 4.00 (dt, J5’’,6a’’=


J5’’,6b’’=3.5 Hz, 1H; H-5’’), 4.05 (dd, J3’,4’=3.2 Hz, 1H; H-3’), 4.25 (br d,
1H; H-5), 4.35 (dd, J6a’’,6b’’=12.4 Hz, 1 H; H-6a’’), 4.38 (dd, J5,6a =2.2,
J6a,6b =11.8 Hz, 1 H; H-6a), 4.43 (t, J3,4 =J4,5 =10.1 Hz, 1 H; H-4), 4.47 (m,
2H; H-6b and H-6b’’), 4.70 (d, J1’’,2’’= 8.2 Hz, 1H; H-1’’), 4.90 (br d, 3Jcis =


11.5 Hz, 1H; CH=HCH), 4.92 (d, J1’,2’=8.1 Hz, 1H; H-1’), 4.97 (br d,
3Jtrans =17.1 Hz, 1 H; CH=HCH), 5.29 (dd, J2’’,3’’=9.7 Hz, 1 H; H-2’’), 5.47
(t, J3’’,4’’= J4’’,5’’=9.7 Hz, 1 H; H-4’’), 5.50 (d, 1 H; H-4’), 5.52 (dd, J2’,3’=


10.2 Hz, 1H; H-2’), 5.60 (dd, J1,P =8.2 Hz, 1H; H-1), 5.64 (dd, J1,2 =


1.2 Hz, 1 H; H-2), 5.67 (dd, 1H; H-3’’), 5.76 (dd, J2,3 =3.3 Hz, 1 H; H-3),
5.78 (ddt, JH,CH2 = 7.0 Hz, 1H; CH=CH2), 6.95–8.00 (m, 45H; 9�
Ph) ppm; 13C NMR (125 MHz, CDCl3): d= 12.62 (MeCH2N), 25.87,
28.81–29.76 and 33.89 (CH2), 31.03 (d, JC,P =8.2 Hz; POCH2CH2), 45.71
(MeCH2N), 59.36 (C-6’), 62.22 (C-6’’), 62.39 (C-6), 66.06 (d, JC,P =6.1 Hz;
POCH2), 68.80 (C-4’’), 69.85 (C-4’), 69.94 (2 C; C-3 and C-5), 70.75 (d,
JC,P =8.7 Hz; C-2), 71.13 (C-2’’), 71.59 (C-2’), 72.07 (C-5’’), 72.34 (C-3’’),
72.63 (C-4), 73.70 (C-5’), 78.65 (C-3’), 93.43 (br; C-1), 100.49 (C-1’’),
101.56 (C-1’), 113.96 (CH=CH2), 127.22–130.56 and 132.14–133.29 (Ph),
139.05 (CH=CH2), 164.21–167.46 (C=O) ppm; 31P NMR (81 MHz,
CDCl3): d=�3.02 ppm; ES MS (�): m/z (%): 1657.2 (100)
[M�Et3N�H]� ; calcd for C97H102NO28P: [M]=1759.63.


Dec-9-enyl 2,3,4,6-tetra-O-benzoyl-b-d-galactopyranosyl-(1!3)-2,4-di-O-
benzoyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-benzoyl-a-d-mannopyra-
nosyl phosphate, triethylammonium salt (20): This compound was pre-
pared by condensation of the trisaccharide hydrogenphosphonate 11
(40 mg, 0.021 mmol) and dec-9-en-1-ol (0.011 mL, 0.063 mmol) in the
presence of pivaloyl chloride (0.008 mL, 0.063 mmol), followed by oxida-
tion with iodine (11 mg, 0.042 mmol) and detritylation with 1% TFA in
CH2CH2, as described for the preparation of compound 19. FCC
(CH2Cl2/MeOH/Et3N, 99:0:1!96:3:1) of the residue gave the trisacchar-
ide phosphate derivative 20 (33 mg, 88%) as an amorphous solid; [a]19


D =


+47 (c= 0.85 in CHCl3); 1H NMR (500 MHz, CDCl3): d =1.21 (m, 10 H;
5� CH2), 1.32 (t, 9 H; 3 � MeCH2), 1.52 (quintet, J =7.0 Hz, 2H;
OCH2CH2), 1.99 (m, 2 H; CH2CH2CH=), 2.96 (dd, 1H, J5’,6a’=8.1 Hz; H-
6a’), 3.06 (quartet, 6H; 3 � MeCH2), 3.12 (dd, J6a’,6b’=12.1 Hz, 1 H; H-
6b’), 3.41 (dd, J5’,6b’=6.0 Hz, 1 H; H-5’), 3.85 (m, 2 H; POCH2), 4.10 (dd,
J3’,4’=3.2 Hz, 1 H; H-3’), 4.13 (dd, J5’’,6a’’=7.0 Hz, 1H; H-6a’’), 4.19 (dd,
J5’’,6b’’=5.7 Hz, 1H; H-5’’), 4.27 (br d, 1 H; H-5), 4.39 (br d, J6a,6b =12.0 Hz,
1H; H-6a), 4.45 (t, J3,4 =J4,5 =10.0 Hz, 1 H; H-4), 4.48 (br d, 1 H; H-6b),
4.56 (dd, J6a’’,6b’’= 10.9 Hz, 1 H; H-6b’’), 4.72 (d, J1’’,2’’=7.9 Hz, 1H; H-1’’),
4.90 (br d, 3Jcis =11.4 Hz, 1 H; CH=HCH), 4.91 (d, J1’,2’=7.5 Hz, 1H; H-
1’), 4.97 (br d, 3Jtrans =17.1 Hz, 1H; CH=HCH), 5.35 (dd, J3’’,4’’=3.5 Hz,
1H; H-3’’), 5.52 (dd, J2’,3’=11.0 Hz, 1H; H-2’), 5.54 (dd, J2’’,3’’=10.3 Hz,
1H; H-2’’), 5.59 (d, 1 H; H-4’), 5.62 (br d, J1,P =7.5 Hz, 1 H; H-1), 5.67 (br,
1H; H-2), 5.74–5.84 (m, 3H; H-3, H-4’’ and CH=CH2) and 6.95–8.15 (m,
45H; 9 � Ph) ppm; 13C NMR (125 MHz, CDCl3): d= 13.15 (MeCH2N),
25.81, 28.88–29.34 and 33.75 (CH2), 30.61 (d, JC,P = 8.4 Hz; POCH2CH2),
45.65 (MeCH2N), 59.55 (C-6’), 61.52 (C-6’’), 62.41 (C-6), 66.13 (d, JC,P =


5.9 Hz; POCH2), 67.49 (C-4’’), 69.38 (C-2’’), 69.77 (C-4’), 69.98 (C-3),
70.47 (C-5), 70.75 (d, JC,P =8.7 Hz; C-2), 71.08 (C-3’’), 71.34 (2 C; C-2’
and C-5’’), 72.39 (C-4), 73.75 (C-5’), 78.31 (C-3’), 93.51 (br; C-1), 100.52
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(C-1’’), 101.71 (C-1’), 113.98 (CH=CH2), 128.64–134.91 (Ph), 139.04
(CH=CH2), 164.43–166.88 and 168.85 (C=O) ppm; 31P NMR (81 MHz,
CDCl3): d=�3.04 ppm; ES MS (�): m/z (%): 1657.3 (100)
[M�Et3N�H]� ; calcd for C97H102NO28P: [M]=1759.63.


Dec-9-enyl 2,3,4-tri-O-benzoyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-
benzoyl-a-d-mannopyranosyl phosphate 6-[2,3,4,6-tetra-O-benzoyl-b-D-
galactopyranosyl-(1!3)-2,4-di-O-benzoyl-b-d-galactopyranosyl-(1!4)-
2,3,6-tri-O-benzoyl-a-d-mannopyranosyl phosphate], bis-triethylammon-
ium salt (22): A mixture of compounds 11 (120 mg, 0.063 mmol) and
21[19] (98 mg, 0.076 mmol) was dried by coevaporation of pyridine (2 �
2 mL). The residue was dissolved in pyridine (2 mL), pivaloyl chloride
(0.023 mL, 0.19 mmol) was added and the mixture was stirred at room
temperature for 20–30 min, whereafter a freshly prepared solution of
iodine (32 mg, 0.126 mmol) in 95 % aq. pyridine (1.5 mL) was added.
After 20 min, CH2Cl2 was added and the solution was washed successive-
ly with cold 1m aq. Na2S2O3 and cold 0.5 m aq. TEA hydrogen carbonate,
dried by filtration through cotton wool and concentrated. The residue
was dissolved in CH2Cl2 (5 mL) and 2 % TFA in CH2Cl2 (5 mL) was
added at 0 8C. After 1 min, the solution was diluted with CH2Cl2, washed
successively with ice-cold saturated aq. NaHCO3 and 0.5 m aq. TEA hy-
drogen carbonate, dried by filtration through cotton wool and concentrat-
ed. FCC (CH2Cl2/MeOH/Et3N, 98:1:1!96:3:1) of the residue gave the
pentasaccharide diphosphate derivative 22 (124 mg, 68%) as an amor-
phous solid; [a]21


D =++49 (c=0.99 in CHCl3); 1H NMR (300 MHz,
CDCl3): d =0.90–1.32 (m, 28H; 5 � CH2 and 6 � MeCH2), 1.44 (quintet,
J =7.0 Hz, 2 H; OCH2CH2), 1.91 (m, 2H; CH2CH2CH=), 2.70–3.00 (m,
14H; 6� MeCH2, H-6a’’’ and H-6b’’’), 3.15–3.23 (m, 1H; H-6a’), 3.25 (t,
J5’’’,6a’’’=J5’’’,6b’’’=5.8 Hz, 1H; H-5’’’), 3.73–3.84 (m, 3 H; POCH2 and H-6b’),
3.96 (dd, J3’’’,4’’’=3.7 Hz, 1 H; H-3’’’), 3.99 (m, 1H; H-5’), 4.05 (br d, 1 H;
H-5’’), 4.08 (dd, J5’’’’,6a’’’’=4.8, J6a’’’’,6b’’’’=12.4 Hz, 1 H; H-6a’’’’), 4.19–4.27 (m,
4H; H-5, H-5’’’’, H-6a and H-6b’’’’), 4.29 (t, J3’’,4’’=J4’’,5’’=9.8 Hz, 1H; H-
4’’), 4.36–4.50 (m, 4H; H-4, H-6b, H-6a’’ and H-6b’’), 4.66 (d, J1’’’’,2’’’’=


7.9 Hz, 1H; H-1’’’’), 4.80 (d, J1’,2’=7.5 Hz, 1 H; H-1’), 4.82 (br d, 3Jcis =


11.0 Hz, 1H; CH=HCH), 4.85 (d, J1’’’,2’’’=7.7 Hz, 1H; H-1’’’), 4.88 (br d,
3Jtrans =17.0 Hz, 1H; CH=HCH), 5.24 (dd, J3’’’’,4’’’’=3.3 Hz, 1 H; H-3’’’’),
5.27 (dd, J3’,4’=3.2 Hz, 1 H; H-3’), 5.29 (br d, J1,P =8.3 Hz, 1H; H-1), 5.41
(dd, J2’’’,3’’’=10.8 Hz, 1H; H-2’’’), 5.42 (dd, J2’’’’,3’’’’= 9.6 Hz, 1H; H-2’’’’),
5.43–5.48 (m, 2H; H-2’’ and H-4’’’), 5.55 (dd, J1’’,2’’=1.5, J1’’,P =7.9 Hz, 1H;
H-1’’; and dd, J2’,3’=10.1 Hz, 1 H; H-2’), 5.61 (dd, J2’’,3’’=3.2 Hz, 1H; H-3’’;
and br d, J2,3 =3.2 Hz, 1 H; H-2), 5.70 (coinciding doublets, J3’,4’=J3’’’’,4’’’’=


3.3 Hz, 2H; H-4’ and H-4’’’’), 5.71 (ddt, JH,CH2 =7.1 Hz, 1H; CH=CH2),
5.78 (dd, J3,4 =9.5 Hz, 1 H; H-3), 7.10–8.05 (m, 75H; 15� Ph) ppm;
13C NMR: see Table 2; 31P NMR (81 MHz, CDCl3): d=�2.76 (P), �4.58
(P’) ppm; ES MS (�): m/z (%): 1342.5 (100) [M�2 Et3N�2 H]2� ; calcd
for C157H162N2O47P2: [M]= 2888.98.


Dec-9-enyl 2,3,4-tri-O-benzoyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-
benzoyl-a-d-mannopyranosyl phosphate 6-[2,3,4-tri-O-benzoyl-b-d-galac-
topyranosyl-(1!4)-2,3,6-tri-O-benzoyl-a-d-mannopyranosyl phosphate],
bis-triethylammonium salt (23): This compound was prepared by conden-
sation of the disaccharide hydrogenphosphonate 10[23] (93 mg,
0.065 mmol) and the disaccharide phosphate 21[19] (70 mg, 0.054 mmol) in
the presence of pivaloyl chloride (0.025 mL, 0.195 mmol), followed by ox-
idation with iodine (24 mg, 0.108 mmol) and detritylation with 1% TFA
in CH2CH2 as described for the preparation of compound 22. FCC
(CH2Cl2/MeOH/Et3N, 98.5:1:0.5!93.5:6:0.5) gave the tetrasaccharide di-
phosphate derivative 23 (94 mg, 72 %) as an amorphous solid; [a]20


D =


+62 (c= 0.94 in CHCl3); 1H NMR (500 MHz, CDCl3): d =1.21 (m, 10 H;
5� CH2), 1.24 (t, 18H; 6 � MeCH2), 1.53 (quintet, J=7.0 Hz, 2H;
OCH2CH2), 1.99 (m, 2H; CH2CH2CH=), 2.96 (quartet, 12 H; 6�
MeCH2), 3.08 (dd, 1H, J6a’’’,6’’’=12.0 Hz; H-6a’’’), 3.21 (dd, 1H; H-6b’’’),
3.34 (q, 1H, J5’,6a’=J6a’,6b’=J6a’,P =9.8 Hz; H-6a’), 3.55 (t, J5’’’,6a’’’=J5’’’,6b’’’=


6.4 Hz, 1H; H-5’’’), 3.87 (m, 2H; POCH2), 3.95 (m, 1H; H-6b’), 4.06 (dd,
J5’,6b’=5.4 Hz, 1 H; H-5’), 4.32–4.38 (m, 3H; H-5, H-5’’ and H-6a), 4.43
(br d, J6a,6b = 11.0 Hz, 1H; H-6b), 4.50 (t, J3,4 =J4,5 =9.7 Hz, 1 H; H-4), 4.52
(t, J3’’,4’’=J4’’,5’’=8.8 Hz, 1H; H-4’’), 4.53 (br d, J6a’’,6b’’=11.6 Hz, 1 H; H-
6a’’), 4.59 (dd, J5’’,6b’’=1.7 Hz, 1 H; H-6b’’), 4.90 (d, J1’,2’=8.1 Hz, 1H; H-
1’), 4.90 (br d, 3Jcis =10.0 Hz, 1 H; CH=HCH), 4.96 (d, J1’’’,2’’’= 8.1 Hz, 1H;
H-1’’’), 4.97 (br d, 3Jtrans =17.1 Hz, 1H; CH=HCH), 5.35 (dd, J3’’’,4’’’=


3.1 Hz, 1H; H-3’’’), 5.39 (dd, J3’,4’= 3.0 Hz, 1 H; H-3’), 5.44 (br d, J1,P =


6.7 Hz, 1 H; H-1), 5.58 (d, 1H; H-4’), 5.64–5.68 (m, 2H; H-1’’ and H-2),
5.67 (dd, J2’’’,3’’’=10.2 Hz, 1H; H-2’’’), 5.71 (br, 1H, H-2’’), 5.73 (dd, J2’,3’=


10.1 Hz, 1H; H-2’), 5.78 (ddt, JH,CH2
=7.1 Hz, 1 H; CH=CH2), 5.84 (d, 1 H;


H-4’’’), 5.87 (dd, J2’’,3’’=3.5 Hz, 1H; H-3’’), 5.88 (dd, J2,3 =3.2 Hz, 1H; H-
3), 7.10–8.05 (m, 60H; 12� Ph) ppm; 13C NMR: see Table 2; 31P NMR
(81 MHz, CDCl3): d =�2.51 (P), �4.29 (P’) ppm; MALDI-TOF MS (�):
m/z (%): 2211.47 (100) [M�2Et3N�H]� , 2233.47 (25)
[M�2Et3N�2 H+Na]� , 2249.45 (5) [M�2 Et3N�2 H+K]� ; calcd for
C130H140N2O39P2: [M]=2414.85.


Dec-9-enyl 2,3,4-tri-O-benzoyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-
benzoyl-a-d-mannopyranosyl phosphate 6-{2,3,4-tri-O-benzoyl-b-d-galac-
topyranosyl-(1!4)-2,3,6-tri-O-benzoyl-a-d-mannopyranosyl phosphate 6-
[2,3,4,6-tetra-O-benzoyl-b-d-galactopyranosyl-(1!3)-2,4-di-O-benzoyl-b-
d-galactopyranosyl-(1!4)-2,3,6-tri-O-benzoyl-a-d-mannopyranosyl phos-
phate]}, tris-triethylammonium salt (24): This compound was prepared by
condensation of the trisaccharide hydrogenphosphonate 11 (99 mg,
0.053 mmol) and the tetrasaccharide diphosphate 23 (90 mg, 0.037 mmol)
in the presence of adamantane-1-carbonyl chloride (31 mg, 0.15 mmol;
used as a condensing reagent instead of pivaloyl chloride), followed by
oxidation with iodine (19 mg, 0.074 mmol) and detritylation with 1%
TFA in CH2Cl2 as described for the preparation of compound 22. FCC
(CH2Cl2/MeOH/Et3N, 98.8:0.2:1!93:6:1) gave the heptasaccharide tri-
phosphate derivative 24 (125 mg, 84%) as an amorphous solid; [a]19


D =


+50.5 (c= 0.92 in CHCl3); 1H NMR (500 MHz, CDCl3; partial): d=1.00–
1.29 (m, 37 H; 5� CH2 and 9� MeCH2), 1.47 (quintet, J= 7.0 Hz, 2H;
OCH2CH2), 1.93 (m, 2 H; CH2CH2CH=), 2.79 (dd, J6a’’’’’,6’’’’’= 12.0 Hz, 1 H;
H-6a’’’’’), 2.90 (quartet, 18H; 9� MeCH2), 2.95 (m, 1 H; H-6b’’’’’), 3.27 (t,
J5’’’’’,6a’’’’’= J5’’’’’,6b’’’’’=6.4 Hz, 1H; H-5’’’’’), 3.73–3.81 (m, 2 H; POCH2), 4.60
(d, J1’’’’’’,2’’’’’’=7.8 Hz, 1H; H-1’’’’’’), 4.82 (d, J1’,2’=7.2 Hz, 1 H; H-1’), 4.83
(br d, 3Jcis =11.3 Hz, 1H; CH=HCH), 4.85 (d, J1’’’’’,2’’’’’=8.3 Hz, 1H; H-
1’’’’’), 4.89 (br d, 3Jtrans =17.0 Hz, 1 H; CH=HCH), 4.92 (d, J1’’’,2’’’=8.0 Hz,
1H; H-1’’’), 5.35 (br d, J1,P =6.5 Hz, 1H; H-1), 5.43 (dd, J2’’’’’’,3’’’’’’=10.2 Hz,
1H; H-2’’’’’’), 5.44 (dd, J2’’’’’,3’’’’’=10.1 Hz, 1H; H-2’’’’’), 5.57 (br d, J1’’’’,P =


7.0 Hz, 1 H; H-1’’’’), 5.59 (br d, J1’’,P =7.8, 1H; H-1’’), 5.65 (br d, J2,3 =


2.8 Hz, 1 H; H-2), 5.66–5.77 (m, 5 H; H-4’, H-4’’’, H-4’’’’’, H-4’’’’’’ and CH=


CH2), 5.82 (dd, J3,4 = 9.5 Hz, 1 H; H-3), 6.85–8.05 (m, 105 H; 21�
Ph) ppm; 13C NMR: see Table 2; 31P NMR (81 MHz, CDCl3): d=�2.79
(P), �4.52 (P’ and P’’; ratio 1:2) ppm; ES MS (�): m/z (%): 1237.2 (100)
[M�3Et3N�3 H]3�, 1855.7 (25) [M�3Et3N�2 H]2� ; calcd for
C217H222N3O66P3: [M]=4018.33.


Dec-9-enyl 2,3,4-tri-O-benzoyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-
benzoyl-a-d-mannopyranosyl phosphate 6-{2,3,4,6-tetra-O-benzoyl-b-d-
galactopyranosyl-(1!3)-2,4-di-O-benzoyl-b-d-galactopyranosyl-(1!4)-
2,3,6-tri-O-benzoyl-a-d-mannopyranosyl phosphate 6-[2,3,4-tri-O-benzo-
yl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-benzoyl-a-d-mannopyranosyl
phosphate]}, tris-triethylammonium salt (25): This compound was pre-
pared by condensation of the disaccharide hydrogenphosphonate 10[23]


(56 mg, 0.039 mmol) and the pentasaccharide diphosphate 22 (66 mg,
0.023 mmol) in the presence of pivaloyl chloride (0.014 mL, 0.117 mmol),
followed by oxidation with iodine (20 mg, 0.078 mmol) and detritylation
with 1 % TFA in CH2Cl2 as described for the preparation of compound
22. FCC (CH2Cl2/MeOH/Et3N, 98.5:1:0.5!96.5:3:0.5) gave the heptasac-
charide triphosphate derivative 25 (59 mg, 65 %) as an amorphous solid;
[a]21


D =++54 (c =1.04 in CHCl3); 1H NMR (500 MHz, CDCl3; partial): d=


1.00–1.30 (m, 37H; 5 � CH2 and 9 � MeCH2), 1.48 (quintet, J =7.0 Hz,
2H; OCH2CH2), 1.92 (m, 2 H; CH2CH2CH=), 2.88 (quartet, 18 H; 9�
MeCH2), 3.16 (dd, J6a’’’’’,6’’’’’=11.4 Hz; 1H; H-6a’’’’’), 3.27 (dd, 1 H; H-
6b’’’’’), 3.54 (t, J5’’’’’,6a’’’’’=J5’’’’’,6b’’’’’= 6.0 Hz, 1H; H-5’’’’’), 3.82 (m, 2 H;
POCH2), 4.50 (d, J1’’’’’’,2’’’’’’=8.3 Hz, 1 H; H-1’’’’’’ (side chain)), 4.83 (d,
J1’,2’=8.0 Hz, and br d, 3Jcis =10.1 Hz, 2 H; H-1’ and CH=HCH, respective-
ly), 4.90 (br d, 3Jtrans =17.2 Hz, 1 H; CH=HCH), 4.92 (d, J1’’’,2’’’=7.6 Hz,
1H; H-1’’’), 5.00 (d, J1’’’’’,2’’’’’= 7.8 Hz, 1H; H-1’’’’’), 5.20 (dd, J2’’’’’,3’’’’’=


9.5 Hz, 1 H; H-2’’’’’), 5.34 (br d, J1,P =7.3 Hz, 1H; H-1), 5.53–5.62 (m, 4 H;
H-1’’, H-1’’’’, H-2’’’ and H-2’’’’’’ (side chain)), 5.65 (br d, J2,3 =2.8 Hz, 1 H;
H-2), 5.66–5.76 (m, 5 H; H-4’, H-4’’’, H-4’’’’’, H-4’’’’’’ (side chain) and CH=


CH2), 6.80–8.00 (m, 105 H; 21 � Ph) ppm; 13C NMR: see Table 2;
31P NMR (81 MHz, CDCl3): d=�2.86 (P), �3.57 (P’’), �4.40 (P’) ppm;
ES MS (�): m/z (%): 1237.2 (100) [M�3 Et3N�3H]3�, 1855.9 (40)
[M�3Et3N�2 H]2� ; calcd for C217H222N3O66P3: [M] =4018.33.
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Dec-9-enyl 2,3,4-tri-O-benzoyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-
benzoyl-a-d-mannopyranosyl phosphate 6-{2,3,4,6-tetra-O-benzoyl-b-d-
galactopyranosyl-(1!3)-2,4-di-O-benzoyl-b-d-galactopyranosyl-(1!4)-
2,3,6-tri-O-benzoyl-a-d-mannopyranosyl phosphate 6-[2,3,4,6-tetra-O-
benzoyl-b-d-galactopyranosyl-(1!3)-2,4-di-O-benzoyl-b-d-galactopyrano-
syl-(1!4)-2,3,6-tri-O-benzoyl-a-d-mannopyranosyl phosphate]}, tris-tri-


ethylammonium salt (26): This compound was prepared by condensation
of the trisaccharide hydrogenphosphonate 11 (50 mg, 0.026 mmol) and
the pentasaccharide diphosphate 22 (50 mg, 0.017 mmol) in the presence
of pivaloyl chloride (0.0096 mL, 0.078 mmol), followed by oxidation with
iodine (13 mg, 0.052 mmol) and detritylation with 1% TFA in CH2Cl2 as
described for the preparation of compound 22. FCC (CH2Cl2/MeOH/


Table 2. 13C NMR (125 MHz, CDCl3) data (dC in ppm with multiplicity (where applicable) and the JC,P coupling constant in Hz (in parenthesis)) for the
protected oligophosphosaccharide derivatives 22–26.


Residue Atom 23[a] 22[a] 24[a] 25[a] 26[a]


dec-9-enyl C-1 65.87, br 66.01, br 65.92, br 66.16, d (5.0) 66.09, d (5.4)
C-2 30.58, br 30.68, d (5.4) 30.38, br 30.71, d (7.6) 30.84, br
C-9 139.18 139.14 139.03 139.24 139.31
C-10 113.91 113.98 113.72 113.96 113.99


Man C-1 93.44, br 93.52, br 93.36, d (5.1) 93.56, br 93.53, br
C-2 70.90, d (7.5) 70.91, d (5.8) 70.86, d (7.1) 70.86, br 70.88, br
C-3 69.73 69.87 69.76 69.63 70.14
C-4 73.50 73.50 73.39 73.39 72.55
C-5 69.78 70.19 70.17 70.26 70.41
C-6 62.36 62.42 62.26 62.44 62.50


Gal C-1 101.29 101.70 101.20 100.93 101.76
C-2 70.26 70.42 70.25 70.41 70.59
C-3 72.24 72.15 72.18 72.16 72.22
C-4 67.09 67.17 67.04 67.36 67.34
C-5 71.92, d (9.0) 71.90, d (9.0) 71.83, d (7.1) 71.79, d (9.0) 71.81, d (7.0)
C-6 61.44, br 61.50, br 61.30, br 61.69, br 60.78, br


Man’ C-1 93.18, br 93.36, br 93.21, br 93.35, br 93.53, br
C-2 70.52, d (7.5) 70.67, d (7.8) 70.55, d (7.5) 70.59, d (6.9) 70.64, br
C-3 69.63 69.65 69.59 69.63 70.09
C-4 72.77 72.29 73.39 73.23 72.55
C-5 70.12 70.33 70.17 70.35 70.41
C-6 62.36 62.34 62.11 62.38 62.43


Gal’ C-1 100.33 101.70 101.07 100.93 100.71
C-2 70.12 71.34 70.29 71.76 71.51
C-3 71.85 78.41 71.99 78.94 77.90
C-4 68.38 69.58 67.04 68.57 68.60
C-5 74.10 73.70 71.72, d (8.5) 72.00, d (9.0) 71.81, d (7.0)
C-6 59.96 59.50 61.30, br 63.33, br 60.78, br


Gal(1!3)Gal’ C-1 100.39 100.39 100.44
C-2 69.36 69.16 69.38
C-3 71.06 71.03 71.08
C-4 67.46 67.44 67.44
C-5 71.34 71.76 71.34
C-6 61.50 60.74 61.50


Man’’ C-1 93.21, br 93.56, br 93.53, br
C-2 70.69, d (7.5) 70.88, br 70.88, br
C-3 69.50 69.16 69.60
C-4 72.28 72.29 72.22
C-5 70.17 70.13 70.33
C-6 62.01 62.38 62.37


Gal’’ C-1 101.55 100.39 101.76
C-2 71.23 70.41 71.34
C-3 78.28 72.16 78.49
C-4 69.32 68.57 69.60
C-5 73.59 74.36 73.96
C-6 59.35 60.30 59.77


Gal(1!3)Gal’’ C-1 100.21 100.44
C-2 69.27 69.38
C-3 70.95 71.08
C-4 67.38 67.44
C-5 71.23 71.34
C-6 61.39 61.50


C=O 164.62–166.33 165.19–165.70 164.00–167.43 164.28–166.41 164.13–166.08
C6H4 and C6H5 127.99–130.00 127.93–128.72 127.66–130.00 128.00–129.62 127.73–130.39


132.71–133.58 132.56–133.44 132.28–133.14 132.38–133.63 132.33–133.55


[a] Additional signals of Et3NH+ (dC =8.41–12.94 (CH3) and 45.24–45.54 (CH2)) and CCH2C (dC =25.24–25.65, 28.55–29.82 and 33.31–34.76) were pres-
ent.
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Et3N, 99.5:0:0.5!96.5:3:0.5) gave the octasaccharide triphosphate deriva-
tive 26 (57 mg, 76%) as an amorphous solid; [a]19


D =++50.5 (c =0.96 in
CHCl3); 13C NMR: see Table 2; 31P NMR (81 MHz, CDCl3): d=�2.80
(P), �3.76 (P’’), �4.59 (P’) ppm; ES MS (�): m/z (%): 1395.0 (100)
[M�3Et3N�3 H]3�, 2093.1 (65) [M�3Et3N�2 H]2� ; calcd for
C244H244N3O74P3: [M]=4492.46.


Dec-9-enyl b-d-glucopyranosyl-(1!3)-b-d-galactopyranosyl-(1!4)-a-d-
mannopyranosyl phosphate, ammonium salt (5): The protected trisac-
charide 19 (33 mg, 0.019 mmol) was dissolved in 0.25 m NaOMe in
MeOH (3 mL) and the mixture was stirred at room temperature. After
47 h, the solution was deionised with Dowex 50W-X4 (H+) resin, filtered
and immediately neutralised with Et3N. After the solution had been con-
centrated, water (5 � 5 mL) was evaporated off from the residue to
remove methyl benzoate. 1H NMR spectroscopy of the prepared com-
pound then revealed the presence of residual aromatic signals. After ad-
ditional treatment with 0.25 m NaOMe in MeOH (72 h, room tempera-
ture) followed by a work-up as described above, the residue was applied
to a column (18 � 1.5 cm) of Fractogel TSK DEAE-650 (S; HCO3


� form;
Merck) and was eluted with a linear gradient of aq. NH4HCO3 (0!0.2m)
in water/propan-2-ol (3:2) at 1 mL min�1 to afford the trisaccharide phos-
phate 5 (14 mg, 95 %) as an amorphous solid; [a]25


D =++17.9 (c =0.8 in
MeOH); 1H NMR (selected data): see Table 3; 13C NMR: see Table 1;
31P NMR (121 MHz, D2O): d=�1.68 ppm; ES MS (�): m/z (%): 721.1
(100) [M�NH3�H]� ; calcd for C28H54NO19P: [M]= 739.30.


Dec-9-enyl b-d-galactopyranosyl-(1!3)-b-d-galactopyranosyl-(1!4)-a-d-
mannopyranosyl phosphate, ammonium salt (6): Debenzoylation of the
protected trisaccharide 20 (30 mg, 0.017 mmol) with 0.25 m NaOMe in
MeOH (47 h and then additional treatment for 48 h), followed by work-
up and isolation by anion-exchange chromatography as described for the
preparation of 5, gave the trisaccharide phosphate 6 (11 mg, 88 %) as an
amorphous solid; [a]27


D =++23 (c =1.1 in MeOH); 1H NMR (selected
data): see Table 3; 13C NMR: see Table 1; 31P NMR (121 MHz, D2O): d=


�1.68 ppm; ES MS (�): m/z (%): 720.9 (100) [M�NH3�H]� ; calcd for
C28H54NO19P: [M]=739.30.


Dec-9-enyl b-d-galactopyranosyl-(1!4)-a-d-mannopyranosyl phosphate
6Gal-{b-d-galactopyranosyl-(1!3)-b-d-galactopyranosyl-(1!4)-a-d-man-
nopyranosyl phosphate 6Gal’-[b-d-galactopyranosyl-(1!4)-a-d-mannopyr-
anosyl phosphate]}, tris-ammonium salt (7): This compound was prepared
from the protected heptasaccharide 25 (50 mg, 0.012 mmol) by debenzoy-
lation with 0.25 m NaOMe in MeOH (24 h), followed by additional treat-
ment with 0.25 m NaOMe in MeOH/THF (1:1; 48 h) and work-up as de-
scribed for the preparation of 5. The crude product was applied to a
column (18 � 1.5 cm) of Fractogel TSK DEAE-650 (S; HCO3


� form;
Merck) and was eluted with a linear gradient of aq. NH4HCO3 (0!0.3m)
in water/propan-2-ol (3:2) at 1 mL min�1 to provide the heptasaccharide
triphosphate 7 (11 mg, 58%) as an amorphous solid; [a]22


D =++31 (c =0.45
in MeOH/water, 1:1); 1H NMR (selected data): see Table 3; 13C NMR:
see Table 1; 31P NMR (121 MHz, D2O): d=�1.61 (P), �2.04 (P’ and P’’;
ratio 1:2) ppm; ES MS (�): m/z (%): 509.1 (100) [M�3 NH3�3H]3�,
764.0 (20) [M�3NH3�2 H]2�, 775.0 (10) [M�3NH3�3H+Na]2� ; calcd for
C52H102N3O45P3: [M]= 1581.50.


Dec-9-enyl b-d-galactopyranosyl-(1!4)-a-d-mannopyranosyl phosphate
6Gal-{b-d-galactopyranosyl-(1!4)-a-d-mannopyranosyl phosphate 6Gal’-[b-
d-galactopyranosyl-(1!3)-b-d-galactopyranosyl-(1!4)-a-d-mannopyra-
nosyl phosphate]}, tris-ammonium salt (8): 4.6m Methanolic NaOMe
(0.5 mL) was added to a solution of the protected heptasaccharide 24
(58 mg, 0.0144 mmol) in MeOH/THF (1:1; 8.7 mL). The mixture stirred
at room temperature for 24 h, whereafter it was deionised with Dowex
50W-X4 (H+) resin, filtered and immediately neutralised with Et3N.
After the solution had been concentrated, water (5 � 5 mL) was evaporat-
ed off from the residue to remove methyl benzoate. Anion-exchange
chromatography (as described for the preparation of 7) gave the hepta-
saccharide triphosphate 8 (20 mg, 88%) as an amorphous solid; [a]24


D =


+27 (c= 1 in MeOH/water, 1:1); 1H NMR (selected data): see Table 3;
13C NMR: see Table 1; 31P NMR (121 MHz, D2O): d=�1.66 (P), �2.00
(P’ and P’’; ratio 1:2); ES MS (�): m/z (%): 509.4 (100)
[M�3NH3�3H]3�, 763.9 (20) [M�3 NH3�2 H]2�, 775.1 (13)
[M�3NH3�3H+Na]2� ; calcd for C52H102N3O45P3: [M]=1581.50.


Dec-9-enyl b-d-galactopyranosyl-(1!4)-a-d-mannopyranosyl phosphate
6Gal-{b-d-galactopyranosyl-(1!3)-b-d-galactopyranosyl-(1!4)-a-d-man-


Table 3. Selected 1H NMR (300 MHz, D2O) data (dH in ppm with multiplicities (where applicable) and J coupling constants in Hz (in parentheses)) for
the deprotected phosphosaccharides 5–9.


Residue Atom(s) 5 6 7 8 9


dec-9-enyl CH2 � 5 1.25, m 1.27, m 1.27, m 1.25, m 1.26, m
OCH2CH2CH2 1.56, quintet 1.58, quintet 1.59, quintet 1.56, quintet 1.57, quintet
CH2CH2CH= 1.98, m 2.00, m 2.00, m 1.98, m 2.00, m
CH=HCH 4.88, br d 4.93, br d 4.90, br d 4.89, br d 4.91, br d


(3Jcis =10.2) (3Jcis =10.3) (3Jcis = 11.0) (3Jcis =10.3) (3Jcis =10.3)
CH=HCH 4.97, br d 5.00, br d 4.98, br d 4.97, br d 4.99, br d


(3Jtrans =17.0) (3Jtrans =17.0) (3Jtrans =17.3) (3Jtrans =17.0) (3Jtrans = 17.1)
CH2CH=CH2 5.85, ddt 5.87, ddt 5.86, ddt 5.84, ddt 5.87, ddt


(3JH,CH2 =6.6) (3JH,CH2
= 6.6) (3JH,CH2


=6.9) (3JH,CH2
=6.6) (3JH,CH2


=7.0)
Man H-1 5.33, br d 5.35, br d 5.34, br d 5.33, br d 5.36, br d


(J1,P =8.8) (J1,P =8.8) (J1,P =8.5) (J1,P =10.1) (J1,P = 8.8)
Gal H-1 4.44, d 4.47, d 4.41, d 4.40, d 4.42, d


(J1,2 =7.7) (J1,2 = 7.8) (J1,2 =7.4) (J1,2 =7.8) (J1,2 =7.8)
Glc H-1 4.60, d


(J1,2 =7.7)
Man’ H-1 5.38, br d 5.37, br d 5.38, br d


(J1,P =8.3) (J1,P =8.6) (J1,P = 8.4)
Gal’ H-1 4.57, d 4.46, d 4.40, d 4.47, d


(J1,2 = 7.3) (J1,2 =7.8) (J1,2 =7.8) (J1,2 =7.6)
Gal(1!3)Gal’ H-1 4.55, d 4.55, d


(J1,2 =7.2) (J1,2 =7.4)
Man’’ H-1 5.38, br d 5.37, br d 5.38, br d


(J1,P =8.3) (J1,P =8.6) (J1,P = 8.4)
Gal’’ H-1 4.38, d 4.44, d 4.45, d


(J1,2 =7.5) (J1,2 =7.9) (J1,2 =7.5)
Gal(1!3)Gal’’ H-1 4.54, d 4.55, d


(J1,2 =7.3) (J1,2 =7.4)
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nopyranosyl phosphate 6Gal’-[b-d-galactopyranosyl-(1!3)-b-d-galactopyr-
anosyl-(1!4)-a-d-mannopyranosyl phosphate]}, tris-ammonium salt (9):
Debenzoylation of the protected octasaccharide 26 (53 mg, 0.0118 mmol)
with 0.25 m NaOMe in MeOH (24 h), followed by work-up and isolation
by anion-exchange chromatography as described for the preparation of 8,
gave the octasaccharide triphosphate 9 (17 mg, 82%) as an amorphous
solid; [a]24


D =++ 35 (c= 0.4 in MeOH/water, 1:1); 1H NMR (selected data):
see Table 3; 13C NMR: see Table 1; 31P NMR (121 MHz, D2O): d=�1.54
(P), �1.91 (P’ and P’’; ratio 1:2) ppm; ES MS (�): m/z (%): 563.0 (100)
[M�3NH3�3H]3�, 856.0 (25) [M�3NH3�3H+Na]2�, 864.0 (18)
[M�3NH3�3H+K]2� ; calcd for C58H112N3O50P3: [M]=1743.55.
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RuII Complexes Incorporating Tetrathiamacrocycles: Synthesis and
Conformational Analysis


Harry Adams,[a] A. M. Amado,[b] Vitor F�lix,*[b] Brian E. Mann,*[a]


Jorge Antelo-Martinez,[a] Mike Newell,[a] Paulo J. A. Ribeiro-Claro,[b]


Sharon E. Spey,[a] and James A. Thomas*[a]


Introduction


The observation of intervalence charge transfer in the
Creutz–Taube ion[1] has led to RuII/III complexes playing a
key part in the investigation of electron-transfer process-
es.[2,3] Consequently, mixed-valence bimetallic complexes in-
corporating metal centers, such as [Ru(bpy)2]


2+ and
[Ru(NH4)5]


2+ (bpy=2,2’-bipyridine), have played an impor-
tant role in the development of devices for molecular elec-
tronics.[4] Virtually all this research has involved nitrogen-


based auxillary ligands, such as NH3 and bpy, coordinated to
the metal ion. We have been broadening the experimental
basis of such work by introducing new metal complexes con-
taining sulfur-donor macrocyclic ligands. The first steps in
such work have focused on the readily available thio macro-
cycle [9]ane-S3.


[5] Previously, the fragment [Ru([9]ane-S3)]2+


has been used to construct electron-transfer systems and
supramolecular architectures.[6–8] As part of a long-term aim
to create molecular devices with targeted coordination geo-
metries, we are now investigating the chemistry of related
[Ru([n]ane-S4)]2+ metal centers.


Previous reports have demonstrated that [Ru(dmso)-
Cl(L1)]+ (L1 = [12]ane-S4, dmso =dimethyl sulfoxide) is a
suitable starting material for the preparation of bidentate
polypyridyl complexes incorporating [Ru(L1)] metal centers,
such as [Ru(L1)(phen)](PF6)2 (phen= 1,10-phenanthroline)
and 1-(PF6)2.


[9] Crystallographic data showed that in order to
accommodate the relatively small cavity of the coordinated
L1 ring and bite angle of the pyridyl ligand, the coordination
geometry around the RuII ion was distorted away from octa-
hedral symmetry. Furthermore, such complexes displayed
fluxional 1H NMR behavior, with the signals for coordinated


[a] H. Adams, Prof. B. E. Mann, J. Antelo-Martinez, M. Newell,
S. E. Spey, Dr. J. A. Thomas
Department of Chemistry, University of Sheffield
Sheffield, S3 7HF (UK)
Fax: (+44) 114-222-9346
E-mail : b.mann@sheffield.ac.uk
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Departamento de Qu�mica, CICECO, Universidade de Aveiro
3810–193 Aveiro (Portugal)
Fax: (+351) 234-370-084
E-mail : vfelix@dq.ua.pt


Abstract: The synthesis of a series of
RuII complexes incorporating thia-
crown ligands ([12]ane-S4, [14]ane-S4,
[16]ane-S4), as well as 2,2’-bipyridine
(bpy) or pyridine, is reported. Structur-
al studies on these complexes have
been carried out using a variety of
techniques. Detailed 1H NMR spectro-
scopic studies on the previously report-
ed [Ru([12]ane-S4)(bpy)]2+ (1) reveal
that—contrary to earlier reports—the
observed fluxional 1H NMR behavior
is not due to chemical exchange involv-
ing cleavage of the bpy Ru�N bond
but is, in fact, due to lone-pair inver-


sion of coordinated macrocyclic sulfur
donor atoms. This phenomenon is also
observed for the [14]ane-S4 and
[16]ane-S4 analogues of 1. For the first
time, using a combination of X-ray
crystallography, more detailed
1H NMR experiments, and computa-
tional methods, an in-depth study on
the energetics and dynamics of inverto-
mer formation and conversion for mac-


rocyclic coordination complexes has
been carried out. These studies reveal
that the steric constraints of assembling
each sulfur macrocycle and bpy ligand
around the octahedral RuII center lead
to close intramolecular contacts. These
contacts are largely dependent on the
orientation of the electron lone pairs of
equatorial sulfur donor atoms and cor-
relate with the comparative stability of
the different invertomeric forms. Thus,
the conformational preferences of the
three macrocyles in [Ru([n]ane-
S4)(bpy)]2+ complexes are determined
by steric rather than electronic effects.


Keywords: fluxionality · inverto-
mers · macrocylic ligands ·
ruthenium · sulfur
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aromatic protons and the CH2


units of [12]ane-S4 being
broad.[9a] It was suggested that
these observations were due to
chemical exchange involving
cleavage of the Ru�N bond, re-
lieving the distortion observed
in the solid state.


It is well established that
higher tetrathiamacrocycles,
which possess larger cavity
sizes, such as [14]ane-S4 (L2)
and [16]ane-S4 (L3), are more
accommodating in terms of
their coordination geometry;
for example, while [RhCl2L


1]
and [RhCl2L


2] are isolated as
cis isomers, [RhCl2L


3] is ob-
tained as a trans isomer.[10]


Therefore, with the aim of syn-
thesizing suitable, nonfluxional
building blocks for the construction of oligomeric complexes,
he substitution chemistry of [Ru(L1)], [Ru(L2)] and [Ru(L3)]
metal centers with pyridine (py) and bpy was investigated.


Results and Discussion


Synthetic and structural details : Addition of Ag+ ions to
starting materials 2 and 3 followed by the addition of bpy


led to the isolation of 4 and 5, respectively, as analytically
pure hexafluorophosphate salts. In a similar manner, the bis-
substituted complex 6 was obtained when a solution of
[Ru(dmso)Cl(L1)]PF6 was first treated with Ag+ followed
by the addition of excess pyridine. Again, 6 was isolated in
good yields as a analytically pure hexafluorophosphate salt
without further work up. The solid-state structures of all
three products were confirmed by X-ray crystallography
(see Table 1). The crystallographic data offers an informa-
tive comparison between the coordination demands of L1,
L2, and L3.


The previously reported structure of 1 shows a large dis-
tortion from idealized octahedral geometry; for example,
the angle between the two axial sulfur donor atoms and the
Ru ion, Sax-Ru-Sax, is 162.5(2)8, whereas the Seq-Ru-Seq angle
between two equatorial sulfur donor atoms and the Ru ion
is distorted away from the idealized 908, being instead
104.5(1)8. The corresponding angles in 4 are 177.21(4)8 for
Sax-Ru-Sax and 87.90(3)8 for Seq-Ru-Seq (Figure 1, Table 2).


However, while the Seq-Ru-Seq angle for 5 is 88.26(4)8, the
Sax-Ru-Sax angle opens out slightly to 187.99(6)8 (Figure 2,
Table 3). A comparison of Seq-Ru-N bond angles also indi-


Table 1. Summary of crystallographic data for 3 and 6.


4-(PF6)2
[a] 5-(PF6)2


[b] 6-(PF6)2
[c]


formula C20H28F12N2P2RuS4 C22H32F12N2P2RuS4 C21H32F12N2OP2RuS4


Mr 815.69 843.75 847.74
crystal system monoclinic monoclinic monoclinic
space group P21/n P21/c P21/c
crystal size [mm�1] 0.31 � 0.21 � 0.19 0.35 � 0.26 � 0.21 0.21 � 0.12 � 0.08
a [��1] 12.1828(10) 17.4077(16), 18.4021(13)
b [��1] 11.8928(9) 11.8261(11), 10.6165(7)
c [��1] 22.4693(18) 17.0058(16) 15.9240(11)
b [8] 103.4780(10) 110.407(2) 97.1660(10)
V [��3] 3165.9(4) 3281.2(5) 3086.7(4)
Z 4 4 4
1calcd [Mg m�3] 1.711 1.708 1.824
F(000) 1632 1696 1704
m(MoKa) [mm�1] 0.947 0.917 0.977
final R1 (on F) 0.0446 0.0485 0.0499
final wR2 (on F)[a–c] 0.1142 0.1243 0.0981


[a] A weighting scheme, w=1/[s2(F2
o)+ (0.0570P)2 +2.8368P] in which P= (F2


o +2F2
c)/3, was used in the latter


stages of refinement. [b] A weighting scheme, w=1/[s2(F2
o)+ (0.0628P)2 +0.00P] in which P= (F2


o +2F2
c)/3, was


used in the latter stages of refinement. [c] A weighting scheme, w= 1/[s2(F2
o) + (0.0503P)2 + 0.00P] in which P=


(F2
o +2F2


c
)/3, was used in the latter stages of refinement.


Figure 1. ORTEP plot of the cation in 4-(PF6)2. Hydrogen atoms are re-
moved for clarity.
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cates that 4 and 5 are less distorted: in 1, both Seq-Ru-
Ntrans = 166.78, while for 4, Seq-Ru-Ntrans =178.32(8) and
190.76(1)8, and for 5, Seq-Ru-Ntrans =178.06(9) and
190.10(9)8. The small cavity size of L1 within the 12+ cation
also results in a difference in axial Ru�Sax and equatorial
Ru�Seq bond lengths, with the former being significantly
longer (>0.1 �) than the latter. The structures of 4 and 5
display a similar trend, but to a much smaller degree: for 4,
Ru�Sax =2.3403(9) and 2.3558(10) � compared with Ru�
Seq =2.3171(9) and 2.3131(10) �, while for 5, Ru�Sax =


2.3595(11) and 2.3533(11) � compared with Ru�Seq =


2.3415(10) and 2.3376(11) �.


The structure of complex 6, shown in Figure 3, is less dis-
torted away from model octahedral geometry than 1, as the
non-chelating monodentate ligands allow the N-Ru-N bond
angle (85.52(13)8) to take a value closer to the idealized 908.
However, the structural demand produced by the small
cavity size of L1 still produces distinct effects. For example,
Sax-Ru-Sax is 161.78(4)8, whereas Seq-Ru-Seq is 106.66(4)8,
and the average Ru�Sax bond length is 2.3796(62) �, while
the corresponding Ru�Seq bond length is almost exactly
2.30 �. See Table 4 for more details on relevant bond
lengths and angles.


1H NMR studies : Despite the crystallographic evidence that
the Ru coordination spheres of 4 and 5 are much less dis-
torted than that of 1, somewhat surprisingly, both new com-
plexes also display fluxional 1H NMR behavior, vide infra,
suggesting that the previously postulated chemical exchange
mechanism is incorrect. This prompted us to re-examine the
1H NMR properties of 1 in more detail and at a lower tem-
perature than the previously reported studies.[9]


Table 2. Selected bond lengths [�] and angles [8] for complexes 4-(PF6)2.


Bond lengths Bond angles


Ru�N(1) 2.109(3) N(1)-Ru-N(2) 77.39(11)
Ru�N(2) 2.119(3) N(1)-Ru-S(1) 88.43(8)
Ru�S(1) 2.3403(9) N(1)-Ru-S(2) 178.32(8)
Ru�S(2) 2.3171(9) N(1)-Ru-S(3) 94.36(8)
Ru�S(3) 2.3558(10) N(1)-Ru-S(4) 92.98(8)
Ru�S(4) 2.3131(10) N(2)-Ru-S(1) 89.35(9)


N(2)-Ru-S(2) 101.86(9)
N(2)-Ru-S(3) 91.05(9)
N(2)-Ru-S(4) 190.76(1)
S(1)-Ru-S(2) 93.07(3)
S(1)-Ru-S(3) 177.21(4)
S(1)-Ru-S(4) 85.54(3)
S(2)-Ru-S(3) 84.14(4)
S(2)-Ru-S(4) 87.90(3)
S(3)-Ru-N(4) 94.52(4)


Figure 2. ORTEP plot of the cation in 5-(PF6)2 showing modeling of dis-
ordered coordinated thiacrown ligand. Hydrogen atoms are removed for
clarity.


Table 3. Selected bond lengths [�] and angles [8] for complexes 5-(PF6)2.


Bond lengths Bond angles


Ru�N(1) 2.111(3) N(1)-Ru-N(2) 78.14(13)
Ru�N(2) 2.114(3) N(1)-Ru-S(1) 87.23(9)
Ru�S(1) 2.3595(11) N(1)-Ru-S(2) 190.10(9)
Ru�S(2) 2.3415(10) N(1)-Ru-S(3) 172.00(4)
Ru�S(3) 2.3533(11) N(1)-Ru-S(4) 101.71(9)
Ru�S(4) 2.3376(11) N(2)-Ru-S(1) 86.74(9)


N(2)-Ru-S(2) 91.95(10)
N(2)-Ru-S(3) 85.95(9)
N(2)-Ru-S(4) 178.06(9)
S(1)-Ru-S(2) 90.25(4)
S(1)-Ru-S(3) 187.99(6)
S(1)-Ru-S(4) 95.19(4)
S(2)-Ru-S(3) 93.26(4)
S(2)-Ru-S(4) 88.26(4)
S(3)-Ru-N(4) 92.11(4)


Figure 3. ORTEP plot of the cation in 6-(PF6)2. Hydrogen atoms are re-
moved for clarity.
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At room temperature, the 1H NMR spectrum of 1-(PF6)2


in [D6]acetone does show one set of broadened signals.
However, on cooling to �43 8C, the signals split to give two
sets of signals, see Figure 4. The two isomers are present in
a ratio of 1.00:0.16. This corresponds to a DGA


230 of
3.5 kJ mol�1.


Three possible isomers can arise from the orientation of
the macrocyclic sulfur lone pairs: 1 a, 1 b, and 1 c. Ligand


conformation 1 c is found in the crystal structures of 1-Cl2,
[Ru(L1)(phen)]Cl2, and [Ru(L1)(4,7-Ph2-phen)]Cl2 (Ph=


phenyl, phen=1,10-phenanthroline),[9] and also 6-(PF6)2.
While the ligand conformation of 1 b is found in the crystal
structures of cations such as [Ni2(L1)2(m-Cl)2](BF4)2


[17] and
[Rh(L1)(phi)]Br3


[18] (phi =9,10-phenanthrene-quinone di-
imine). As far as we are aware, isomer 1 a has not been ob-
served crystallographically.


From the 1H NMR spectrum, it is clear that the major
isomer in solution is symmetric with only one set of four sig-
nals for the bpy ring and one set of four signals for L1. This
is consistent with the C2v symmetry of 1 a or 1 c. Since struc-
ture 1 a has not been reported in crystal structure analyses,
and the solid-state structure of 1 is 1 c, it seems likely that
the major isomer in solution is also 1 c.


The 1H NMR signals of the minor isomer are partially ob-
scured by the signals corresponding to the major isomer—
the signals were partially assigned using COSY-45 and ex-
change spectroscopy (EXSY; see Figures 5 and 6). In the


Table 4. Selected bond lengths [�] and angles [8] for complexes 6-(PF6)2.


Bond lengths Bond angles


Ru�N(1) 2.156(3) N(1)-Ru-N(2) 85.52(13)
Ru�N(2) 2.130(3) N(1)-Ru-S(1) 95.03(10)
Ru�S(1) 2.3748(12) N(1)-Ru-S(2) 169.36(10)
Ru�S(2) 2.2996(12) N(1)-Ru-S(3) 98.54(10)
Ru�S(3) 2.3845(12) N(1)-Ru-S(4) 83.76(10)
Ru�S(4) 2.3003(12) N(2)-Ru-S(1) 97.61(10)


N(2)-Ru-S(2) 84.11(10)
N(2)-Ru-S(3) 95.52(10)
N(2)-Ru-S(4) 169.18(10)
S(1)-Ru-S(2) 84.00(4)
S(1)-Ru-S(3) 161.78(4)
S(1)-Ru-S(4) 84.80(4)
S(2)-Ru-S(3) 84.86(4)
S(2)-Ru-S(4) 106.66(4)
S(3)-Ru-N(4) 84.65(4)


Figure 4. The 400 MHz 1H NMR spectrum of 1-(PF6)2 in [D6]acetone at
�43 8C.


Figure 5. The 400 MHz COSY-45 1H NMR spectrum of 1-(PF6)2 in
[D6]acetone at �43 8C: a) aromatic signals; b) thiacrown signals.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2031 – 20462034


V. F�lix, B. E. Mann, J. A. Thomas et al.



www.chemeurj.org





COSY-45 spectrum, the connec-
tivity through the negative 2J
was differentiated from the pos-
itive 3J by the lean of the cross-
peaks. The EXSY spectrum was
used to partially identify the ex-
changing sets of L1 1H NMR
signals.


In the bpy region of the spec-
trum, the minor isomer has two
well-resolved H6 protons at d=


9.09 and 9.54 ppm. Similarly, in the methylene region of the
spectrum, the COSY-45 NMR picks out two sets of four pro-
tons consistent with two different types of SCH2CH2S
groups. This is consistent with the Cs symmetry of 1 b. These
spectra have led to the assignment of the signals shown in
Table 5.


The EXSY spectrum shows exchange between the minor
and major isomer, but not direct exchange between the two
sets of protons in the minor isomer. This is consistent with a
mechanism of exchange between 1 b and 1 c involving inver-
sion at the sulfur atoms. Exchange of the inequivalent bpy
protons in 1 b would involve the improbable process of con-
certed inversion at both sulfur atoms. Analysis of the inten-
sities of the cross peaks at �43 8C gives rates of major to
minor isomer conversion of 0.18 s�1, and minor to major of
1.1 s�1. These figures correspond to DG�


230(major to minor) =


59�2 and DG�


30(minor to major)=56�2 kJ mol�1.
Examination of the JH,H values has permitted a tentative


assignment of the methylene protons. For each CH2CH2


group, one CH2 group has 2J=11 Hz while the other has
2J=14 Hz. Examination of the crystal structures shows that
the Seq-C-C angle is around 1068. It is therefore probable
that the H-C-H angle at Seq-CH2-C is greater than 109.58.
Similarly, as the Sax-C-C angle is around 1148, it is thus prob-
able that the H-C-H angle at Sax-CH2-C is less than 109.58.
It is known that 2J depends on the H-C-H angle with the
magnitude decreasing with increasing angle.[20] Therefore, it
is probable that the CH2 group with 2J= 11 Hz is Seq-CH2,
while that with 2J=14 Hz is Sax-CH2. Using the Karplus rela-
tionship, 3J values can be used to further assign signals.
Within each CH2CH2 group there is one 3J=~14 Hz, imply-
ing an approximately 1808 torsion angle, as found in the
crystal structure.


The above data suggests that the observed fluxionality of
1 is not due to the dissociation of one nitrogen of the bpy
ligand, but coordinated sulfur lone-pair inversions, that is in-
terconversion of invertomers. This phenomenon has rarely
been discussed in the literature; work by Barton et al. has
established that L1 is exclusively found as the b form inver-
tomer in the solid state and solution structure of
[Rh(L1)(phi)]3+ .[18] While NMR fluxionality in square-planar
complexes containing the selenium analogue of L3 has been
ascribed to Se lone-pair inversion,[21] the octahedral complex
trans-[Ru([16]ane-Se4)Cl2]


+ is found as only one inverto-
mer.[22]


Figure 6. The 400 MHz EXSY 1H NMR spectrum of 1-(PF6)2 in [D6]ace-
tone at �43 8C with a mixing time of 0.5 s and a relaxation delay of 0.5 s:
a) aromatic signals; b) thiacrown signals.


Table 5. Full assignment of 1H NMR signals for isomers of 1-(PF6)2 [d in ppm, J in Hz].


Major isomer Minor isomer


bpy bpy
H3 d=8.84, J3,4 =8.0; d=8.81, J3,4 =8.0; d=8.78, J3,4 =8.0;
H4 d=8.30, J3,4 =8.0, J4,5 =7.6, J4,6 =1.5; d=8.30, (obscured);
H5 d=7.78, J3,5 =1.3, J4,5 =7.5, J5,6 =5.8; d=7.76, extensive overlap;
H6 d=9.64, J4,6 =1.2, J5,6 =5.9; d=9.54, J5,6 =5.9; d=9.09, J5,6 =5.9;


[12]ane-S4 [12]ane-S4


CH2 d=4.07, 2J =14, 3J =5; d =3.25, 2J= 14, 3J=14, 5; d=3.97, (obscured); d=3.80, (obscured);
CH2 d=3.77, 2J =12, 3J =5; d =3.29, 2J= 12, 3J=5, 14 d=3.63, 2J=11, 3J =3; d=3.14, 2J = 3J =14, 3J =3;
CH2 d=4.12, 2J=13.5, 3J =8, 1.5; d=3.36, (obscured);
CH2 d=3.57; d=3.77 (obscured)
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In order to test this theory, the corresponding bis-pyridine
complex 6-(PF6)2 was studied. At room temperature, the
1H NMR spectrum of 6-(PF6)2 in [D6]acetone shows two sets
of signals, one due to a symmetric isomer, analogous to 1 a
or 1 c, and an asymmetric isomer, analogous to 1 b, in the
ratio 1:1.9. On the basis of the arguments already presented
for 1, it is probable that the symmetric isomer has a confor-
mation that is analogous to 1 c, which is observed in the
solid-state structure. Signals were assigned by using COSY-
45 and phase-sensitive NOESY spectroscopy. Broadening
due to isomer exchange is noticeable at 37 8C. Pyridine was


added to the sample and the integrated 1H NMR spectrum
showed a ratio of symmetric isomer/asymmetric isomer/free
pyridine of 1.00:2.04:4.19. An EXSY spectrum indicated ex-
change between the symmetric and asymmetric isomers, but
no exchange between the coordinated and free pyridines
(Figure 7). A quantitative analysis of the EXSY spectrum
yielded a rate of exchange of 6.16 s�1 from minor to major
isomer and 3.01 s�1 from major to minor isomer correspond-
ing to DG�


310(major to minor)=73�2 kJ mol�1 and
DG�


310(minor to major)= 71�2 kJ mol�1. As no exchange
was observed with the free pyridine, the mechanism of ex-
change clearly does not involve pyridine dissociation. This
observation further confirms that a ligand dissociation
mechanism for the fluxionality in the NMR spectrum of 1-
(PF6)2 involving chelated bpy is highly unlikely.


The discovery that 1H NMR line broadening for 1 and 6 is
consistent with interconversion of invertomers prompted us
to further investigate the 1H NMR properties of 4 and 5.


The 1H NMR spectrum of 4-(PF6)2 in [D6]acetone at room
temperature is broadened by exchange. However, on cooling
to �15 8C, the signals sharpen. The 1H NMR spectrum is
consistent with the presence of one isomer in which all the
protons are inequivalent. As with 12+ , there are three iso-
mers possible due to sulfur inversion: 4 a, 4 b, and 4 c. The


conformation of L2 in 4 a has been observed in the crystal
structures of [Cr(L2)Cl2]PF6,


[23] [Ru(L2)Cl2], [Ru(L2)-
py2](PF6)2,


[24] and [{Ni(L2)}2(m-Cl)2](BF4)2.
[17] The conforma-


tion of L2 in 4 b has been observed in the crystal structures
of [Ru(L2)Cl(PPh3)]+ ,[25] [Ir(L2)Cl2]BPh4,


[26] and [Hg(L2)-
(picrate)2].[27] The conformation of L2 shown in 4 c does not
appear to have been observed crystallographically.


In principle, further isomers are possible due to the con-
formation of the six-membered [CH2(CH2S)2Ru] rings, but
as no evidence was found for this extra complication, it will
not be considered further for this complex—although it will
prove to be significant for the L3 complex, vide infra. In
order to assist the assignment of the 1H NMR spectrum, the
COSY-45 NMR spectrum was also recorded at �15 8C, see
Figure 8. The spectrum showed the presence of 28 inequiva-
lent protons in equal intensities. This is consistent with 4 b
being the only species present; it is viewed as being highly
unlikely that 4 a and 4 c are present in equal concentrations
without any 4 b being present. These studies confirm that
the isomer found in the crystal structure of 4-(PF6)2 is also
the exclusive solution structure.


The EXSY spectrum at room temperature clearly demon-
strated pairwise exchange of the protons (Figure 9). The ob-


Figure 7. The 400 MHz EXSY 1H NMR spectrum of 6-(PF6)2 with the ad-
dition of pyridine, in [D6]acetone at 37 8C with a mixing time of 0.1 s and
a relaxation delay of 5 s: a) aromatic signals; b) thiacrown signals.
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served exchange is consistent with the inversion of both
sulfur atoms in 4 b, resulting in pairwise exchange of the two
types of six-membered rings and similarly, the two types of
five-membered rings. Quantitative analysis of the EXSY
spectrum yielded rates of 20 s�1 corresponding to a DG�


293 of
64�2 kJ mol�1. The increased DG� compared with that ob-
served for 1 is attributed to a mechanism involving 4 a or 4 c.
Neither of these isomers are observed in solution, so they
must lie at least 4 kJ mol�1 above 4 b, resulting in the in-
creased DG� relative to 1.


At room temperature the 1H spectrum of 5-(PF6)2 in
[D6]acetone shows one set of signals. On cooling, the


1H NMR spectrum initially broadens and then at �90 8C
shows signals attributable to two isomers. The room temper-
ature and �90 8C 1H NMR spectra are shown in Figure 10.
The resolution is best for H6, which clearly shows signals
due a major isomer with two inequivalent H6 protons at d=


9.85 and 9.45 ppm and a minor isomer at d= 9.27 ppm in the
ratio 1:0.35, corresponding to DGA


183 =1.6 kJ mol�1. The reso-
lution is poor for the remaining protons.


A COSY spectrum was also measured at �90 8C, see
Figure 11. This provided further information on the assign-
ment of the signals, especially those of the bpy ligand, but


Figure 8. The 400 MHz COSY-45 1H NMR spectrum of 4-(PF6)2 in
[D6]acetone at �15 8C: a) aromatic signals; b) thiacrown signals. Figure 9. The 400 MHz EXSY 1H NMR spectrum of 4-(PF6)2 in [D6]ace-


tone at room temperature (20 8C) with a mixing time of 0.03 s and a re-
laxation delay of 5 s: a) aromatic signals; b) thiacrown signals.
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failed to give sufficient information to determine the confor-
mation of L3.


Quantitative exchange information was obtained from a
1H EXSY spectrum at �74 8C. The relaxation delay of 2.5 s
is 5T1 and the mixing delay of 0.03 s is short compared with


relaxation to minimize NOE contributions. The resulting
spectrum is given in Figure 12. Weak signals are present, but
as the EXSY spectrum fails to show any cross peaks with
the major isomers, it is believed that they arise from the un-
identified compounds/isomers observed at room tempera-
ture.


A quantitative analysis of the 1H EXSY spectrum in
Figure 12 yielded 10.1�1.5 s�1 as the rate of major to minor
isomer excahnge and 29�2.0 s�1 as the rate of minor to
major isomer exchange. This corresponds to DG�


199 =44.3�


Figure 10. The 400 MHz 1H NMR spectrum of 5-(PF6)2 in [D6]acetone:
a) at room temperature; b) at �90 8C.


Figure 11. The 400 MHz COSY-45 1H NMR spectrum of 5-(PF6)2 in
[D6]acetone at �74 8C: a) aromatic signals; b) thiacrown signals.
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0.5 kJ mol�1 for the major isomer removal and 42.5�
0.5 kJ mol�1 for the minor isomer removal.


These DG� values are much lower than those observed
for 1, 4, and 6. This raises the possibility that the fluxionality
could be due to either sulphur inversion or exchange be-
tween boat and chair conformations of the [CH2(CH2S2)2Ru]
rings. For example, ring inversion occurs with DG�


199 =


31 kJ mol�1 for 7.[27]


The crystal structure of 5-(PF6)2 shows some disorder
(Figure 2), but the structure of the cation is clearly 5 b. In
5 b the two pyridyl groups are inequivalent, which is consis-


tent with the major isomer in the NMR spectrum. In the
minor isomer, the two pyridyl rings are equivalent. The
1H NMR spectra of the [16]ane-S4 ligand are too complex to
assign the signals, preventing further information being ob-
tained about the structures of the two isomers by using this
technique.


Complex 5 a has the coordination geometry normally
adopted by L3, for example, it is observed in
[NiCl(L3)]2(BF4)2.


[17] The geometry found in 5 c has not been
observed crystallographically.


The value of DG�
199 observed for the dynamic process in 5-


(PF6)2 could either arise from sulfur or six-membered ring
inversion. The problem could not be resolved by NMR spec-
troscopy on account of the complexity of the spectra. In
order to shed light on this question, modeling studies were
performed.


Modeling studies : While the degree of geometrical distor-
tion of the new complexes from the ideal octahedron ap-
pears to reflect the different cavity sizes of these three
crown thioethers, the conformational preferences exhibited
by the macrocycles in solution and solid phase are puzzling.
Previously, density functional theory (DFT) calculations
have provided relevant information concerning the structure
and energetics of macrocyclic and thio complexes.[28] In
order to rationalize the conformational preferences of the
[n]ane-S4 macrocycles in the [Ru([n]ane-S4)(bpy)]2+ com-
plexes, DFT calculations were performed by using the pro-
gram Gaussian 98.[15]


The crystal structure of 1-Cl2 reveals that the macrocycle
displays a well-defined c conformation thus allowing the
comparison with the calculated 1 c structure. To investigate
the validity of computational studies we started DFT calcu-
lations with a full optimization of the X-ray structure of 1.
A comparison of the selected bond distances and angles de-
rived from experimental and computational data, presented
in Figure 13, shows a close similarity between both struc-
tures.


Furthermore, fitting between the atomic coordinates of
experimental and calculated structure, excluding hydrogen
atoms, gives a root-mean-square (RMS) value of 0.0578 �,


Figure 12. The 400 MHz EXSY 1H NMR spectrum of 5-(PF6)2 in [D6]ace-
tone at �74 8C with a mixing time of 0.03 s and a relaxation delay of
2.5 s: a) aromatic signals; b) thiacrown signals.
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indicating that all structural features of the X-ray determi-
nation are reproduced in the computational model. For ex-
ample, the bond distances have a pattern consistent with the
C2 symmetry observed crystallographicaly, even though this
symmetry constraint had not been imposed in the DFT opti-
mization.


As these results indicate that the basis used is appropriate
to model the stereoelectronic properties of [Ru([n]ane-
S4)(bpy)]2+ complexes, calculations were extended to model
conformations consistent with the isomeric forms 1 b or 1 c,
and also the postulated invertomers of 4 and 5. The opti-
mized structures of the a, b, and c isomers, together with
their relative energies, are shown in Figure 14. The group
symmetry of each structure is also given in the figure.


Calculated distances and angles in the metal coordination
of these complexes, as well as the C�S distances for the
three isomeric forms are compared in Tables 6, 7, and 8.


The calculations on the three cations place the three iso-
meric forms in a stability order that is agreement with X-ray
data available from structural data for M([n]ane-S4) com-
plexes (M=metal ion). The latter data reveals that com-
plexes of the macrocycles adopt a folding conformation, en-


capsulating the transition metal in a cis-octahedral environ-
ment. The macrocycles L2 and L3 adopt a or b conforma-
tions, while the macrocyle L1 prefers b or c conformations.
In addition, the relative energies computed for these folded
conformations are in reasonable agreement with the experi-
mental energy values derived from the solution phase NMR
data (keeping in mind that DFT calculations refer to isolat-


Figure 13. Comparison of the X-ray (bottom) and DFT (top left) struc-
tures of the complex 1 in the isomeric form 1 c. The axial S-Ru-S angle is
162.58 and 160.68 for X-ray and DFT structures, respectively.


Table 6. Selected distances [�] and angles [8] for DFT-computed mini-
mum energy invertomers of the 12+ cation.


a b c


bond lengths
Ru�Sax 2.428, 2.428 2.449, 2.451 2.466
Ru�Seq 2.378, 2.378 2.371, 2.381 2.373
Ru�N 2.155, 2.155 2.146, 2.130 2.145, 2.145
C�S 1.856–1.897 1.852–1.890 1.847–1.869
bond angles
N�Ru�N 77.1 77.7 78.0
Sax�Ru�Sax 166.7 163.8 160.5
Seq�Ru�Seq 81.4 88.4 103.8
Seq�Ru�N 100.7, 100.7 102.2, 91.6 89.1, 89.1
intramolecular distances
Seq···H 2� 2.948 2.544, 2.940 2.502, 2.497
Seq···Seq 3.106 3.426 3.764


Table 7. Selected distances [�] and angles [8] for DFT-computed mini-
mum energy invertomers of the 42+ cation.


a b c


bond lengths
Ru�Sax 2.419, 2.420 2.430, 2.434 2.424, 2.424
Ru�Seq 2.411, 2.411 2.397, 2.405 2.396, 2.396
Ru�N 2.133, 2.133 2.125, 2.132 2.135, 2.135
C�S 1.847–1.856 1.843–1.874 1.844–1.858
bond angles
N�Ru�N 77.6 77.9 78.0
Sax�Ru�Sax 176.8 175.5 174.0
Seq�Ru�Seq 80.2 89.1 100.6
Seq�Ru�N 101.2,101.0 91.9, 101.4 90.7, 90.7
intramolecular distances
Seq···H 2.932, 2.934 2.954, 2.546 2.521, 2.521
Seq···Seq 3.107 3.368 3.687


Table 8. Selected distances [�] and angles [8] for DFT-computed mini-
mum energy invertomers of the 52+ cation.


a b c


bond lengths
Ru�Sax 2.440, 2.440 2.444, 2.442 2.451, 2.429
Ru�Seq 2.453, 2.453 2.432, 2.433 2.420, 2.415
Ru�N 2.113, 2.113 2.129, 2.124 2.139, 2.144
C�S 1.846–1.861 1.844–1.862 1.842–1.862
bond angles
N�Ru�N 78.3 78.0 77.8
Sax�Ru�Sax 171.7 174.1 176.6
Seq�Ru�Seq 78.6 89.5 102.3
Seq�Ru�N 101.8, 101.8 91.6, 101.1 90.0, 90.0
intramolecular distances
Seq···H 2� 2.948 2.544, 2.940 2.502, 2.497
Seq···Seq 3.106 3.426 3.764
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ed molecules, the condensed phase effects, such as solvent
or crystal packing effects, were therefore not taken into ac-
count).


The DFT calculations on 1 yielded isomer 1 c, observed
experimentally as the most stable form, but only by
3.2 kJ mol�1 relative to 1 b. The optimized structure of 1 a
corresponds to a local minimum 54.9 kJ mol�1 higher in
energy. These results are consistent with the NMR data,
which reveal the presence of two forms in solution, assigned
to 1 c and 1 b, with a DGA


230 separation of 3.5 kJ mol�1 (the
comparison between DE and DG values assumes similar
thermal energy corrections, including zero-point vibrational
energy, for the three conformations).


In contrast to 1, calculations indicate that for 4 and 5, the
stability of isomeric forms follows the order b>a>c. Thus,
for complex 4, the isomer 4 b is favored relative to isomers
4 a and 4 c by 5.1 and 21.1 kJ mol�1, respectively. While the c
conformation of L2 does not appear to have been observed
crystallographically, NMR results suggest that 4 b is the only
species present in the solution of 4. For complex 5, the most
stable form, 5 b, is below forms 5 a and 5 c by 5.9 and
39.6 kJ mol�1, respectively. While the former value of
5.9 kJ mol�1 is above the experimentally derived DGA


183


value, the NMR spectrum of 5 shows the presence of two
isomers, which, in view of the DFT results, may be assigned
to the 5 b and 5 a invertomers.


Other structural features revealed by the DFT calcula-
tions deserve some discussion. In L1 metal transition com-


plexes with cis-octahedral ge-
ometry, the small cavity size of
the folded macrocycle prevents
two sulfur donor atoms from
achieving idealized positions.
This leads to Ru�Sax distances
being longer than equatorial
distances and Sax-Ru-Sax angles
that are considerably smaller
than 1808.[29] Both structural
features are clearly apparent
from the optimized geometries
of 1 a, 1 b, and 1 c.


As the size of the macrocycle
increases from 12- to 16-mem-
bered rings, the difference be-
tween the Ru�Sax and Ru�Seq


distances becomes much less
pronounced and the Sax-Ru-Sax


angle should approach that of a
perfect octahedron. This trend
is observed in all the calculated
structures for the three isomeric
forms of 1, 4, and 5. In fact,
when geometric parameters are
compared, only slight differen-
ces are observed between iso-
mers of the latter two com-
plexes. Therefore, it is almost


impossible to decide from DFT data which of the macrocy-
cles (L2 or L3) has the cavity with the most appropriate size
to accommodate an Ru center in a cis-octahedral environ-
ment. All computed structures display similar Ru�N distan-
ces and the corresponding N-Ru-N angles differ less than
1.38, which is a consequence of the stereoelectronic demands
of the small bite angle of bpy. It is clear that the values of
the remaining cis angles of the equatorial plane Seq-Ru-Seq


and Seq-Ru-Neq depend on the orientation of the electron
lone pairs of the two equatorial sulfur donor atoms rather
than the macrocyclic dimensions. For example, 1 a has two
lone pairs in an endo configuration and the Seq-Ru-Seq angle
is 81.48, while in isomer 1 c the two electron pairs are exo
and the angle is forced to become more open, taking a
value of 103.88. Isomer 1 b with one electron lone pair in an
endo position and one in an exo position has an intermedi-
ate angle of 88.08. As expected, the reverse situation is ob-
served for both Seq-Ru-Neq angles. Thus, for isomer 1 b, the
angle involving the endo sulfur atom is similar to those
found for isomer 1 a, while the angle involving the exo sulfur
atom is identical to those found for isomer 1 c. The same
structural trend, with similar values, is followed by geomet-
ric isomers of 4 and 5. These observations indicate that the
degree of the folding of the macrocycle along the axis de-
fined by the two axial sulfur donor atoms is more pro-
nounced in type a isomers and reflects the conformation
adopted by the macrocycle rather than the cavity size of the
ligand. In line with these observations, the Seq···Seq and


Figure 14. DFT-computed minimum energy structures of the three isomers a, b, and c for complexes
[Ru([n]ane-S4)(bpy)]2+ with their relative energies (kJ mol�1).
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Seq···H (in which H represents the H6 and H6’ atoms on the
bpy ring) intramolecular distances observed are also de-
pendent on macrocyclic conformation (see Tables 6–8).


To fully understand this stability order, it is useful concep-
tually to assume that the formation of 1, 4, and 5 occurs
through a two-step mechanism: in the first step, the free
macrocycle adopts a folded conformation consistent with
the a, b, or c configuration (a structural “pre-organization”
step); subsequently in the second step, the macrocycle, in
the “pre-organized” conformation, binds the Ru–bpy frag-
ment (macrocycle “complexation” step) to give one of the
geometric isomers. This mechanism is illustrated for the
three geometric isomers of complex 5 in Figure 15. In this
process, the “pre-organization” energy is given by Equa-
tion (1):


DE ¼ E1�E2 ð1Þ


in which E1 represents the energy of the macrocycle in the
complex (single point energy) and E2 is the energy of the
optimized structure of free macrocycles. Both terms also in-
clude the energy of the separated Ru–bpy fragment allowing
the comparison with the energies of entire complexes. In all
cases except one, the observed conformational preferences
are determined by the energy required to pre-organize the
conformation of the macrocyclic ligand in order to fit the
stereoelectronic demands of the metal center. The energy
involved in the “complexation” step is nearly identical for
all isomers and so the energy order between them is re-
tained. The exception to this behavior is observed for the
5 a/5 b pair. In the “pre-organization” step, form a is more
stable than form b by 3.1 kJ mol�1, but after the “complexa-
tion” step the order is reversed by 5.9 kJ mol�1. All these ef-


fects can be explained in terms
of intramacrocycle and macro-
cycle–bpy steric interactions in-
volving short H···H contacts,
with only localized contribu-
tions from electronic distribu-
tion.


Figure 16 presents DFT-com-
puted minimum energy molecu-
lar diagrams for [Ru([n]ane-
S4)(bpy)]2+ fragments showing
the close contacts between hy-
drogen atoms separated by at
least three non-hydrogen atoms
and using a cut-off value of
2.4 � (sum of van der Waals
radii of two hydrogen atoms).
In conformation 1 a, all -CH2-
SaxCH2- and -CH2SeqCH2-
groups adopt eclipsed arrange-
ments leading to C2v symmetry
for this isomer with two sym-
metry planes running along and
perpendicular to the bpy ligand.


The endo orientation of the two equatorial sulfur lone pairs
brings -CH2Seq into four close contacts of 1.94 � with the
H�(C�N) atoms from bpy. In addition, a second close con-
tact of 2.11 � occurs between the two hydrogen atoms of
each -CH2SaxCH2- fragment. By contrast, for isomer 1 c, in
which electron lone pairs of both equatorial sulfur atoms
adopt an exo configuration, only the latter type of interac-
tions are observed, with short intramolecular distances of
2.03 �. These interactions involve two -CH2Seq groups from
consecutive five-membered chelate rings.


Isomer 1 b displays nearly Cs symmetry with the symmetry
plane containing the bpy ligand. As expected, only the CH2


groups from the -CH2SeqCH2- fragment with the sulfur
atoms in a endo configuration are involved in close contacts
with bpy through one of the -N�C�H groups, resulting in
two intramolecular distances of 1.95 and 1.96 �. In this
structure, two CH2 groups from each -CH2SaxCH2- fragment
exhibit an almost staggered conformation, with two short
contacts of 2.37 � between them. These results suggest that
the relative stability of the three isomeric forms of
[Ru([12]ane-S4)(bpy)]2+ are related to the number and
strength of the intramolecular contacts described. Thus, for
the c, b, and a isomeric forms, with two, four, and six intra-
molecular contacts, respectively, the steric stability decreases
in the following order c>b>a.


As already found for 1 c, isomers 4 c and 5 c show no close
contacts between bpy hydrogens and those of the macrocy-
clic framework. However, as the macrocycle becomes larger,
the number of unfavorable interactions between hydrogen
atoms within the macrocyclic framework increases to five
for 4 c and six for 5 c. In both cases, this isomer now be-
comes the higher energy form, thus altering the stability
order to b>a>c.


Figure 15. Two-step mechanism illustrating the formation of the geometric isomers for complex 5.
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In order to further study the invertomers of 1, 4, and 5,
the frontier orbitals of the relevant isomers were investigat-
ed. With the exception of 5 b, all calculated structures dis-
play very similar frontier orbitals. Figure 17 (from left to


right) shows the HOMO and HOMO�1 orbitals for isomer
5 a and the HOMO orbital for isomer 5 b. The HOMO of 5 a
is concentrated on the dxz orbital of the metal center and
two orbitals from the axial sulfur donor atoms, which are
the result of the combination of the px and pz orbitals. The
HOMO�1 of 5 a comprises the orbital dx2�y2 from RuII and


two molecular orbitals derived from the interaction between
the py and s atomic orbitals from equatorial sulphur donor
atoms. The HOMO for 5 b is obtained in a different way:
the dxz, dz2, and dx2�y2 orbitals from the metals interact with


the orbitals px and pz from axial
sulphur atoms. Given the small
differences in frontier orbitals,
these results suggest that the
conformational preferences of
the three macrocyles in
[Ru([n]ane-S4)(bpy)]2+ com-
plexes are essentially deter-
mined by steric rather than
electronic effects.


Another interesting point
that can be addressed by DFT
calculations concerns the “inter-
conversion” process between
isomers and DG� values ob-
tained experimentally from
NMR studies. Ab initio calcula-


tions for the first-order saddle points (transition states) be-
tween the two most stable isomers have been carried out.
The transition states correspond to the inversion of the
sulfur moiety through a planar structure. The planarity
around the S atom in the transition state can be evaluated
by the sum of the valence angles Ru-S-C and C-S-C, which


Figure 16. DFT structures of the three isomers a, b, and c for complexes [Ru([n]ane-S4)(bpy)]2+ (n= 12, 14, or 16) showing the H···H intramolecular
close contacts.


Figure 17. Molecular orbitals for [5]2+ .


Chem. Eur. J. 2005, 11, 2031 – 2046 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2043


FULL PAPERMetallamacrocycles



www.chemeurj.org





in all cases match 360�0.18 (C-S-C angles are 124.08 in 1,
116.88 in 3, and 108.18 in 4, while Ru-S-C angles range from
113.08 to 130.28). The corresponding molecular orbitals
clearly confirm the trigonal geometry around the S atom.


The calculated interconversion energy barrier, DE�, be-
tween the two lowest energy forms does not show a linear
dependence on the size of the three macrocycles considered.
This is not surprising as transition states are not between
the same isomers.


In general, taking into account the different meanings of
the energy functions and the exclusion of solvent effects, ab
initio interconversion energy barriers are in good agreement
with the corresponding experimentally derived DG� values.
For compound 1, the barrier between 1 b and 1 c was found
to be approximately 68 kJ mol�1, which is comparable to
DG�


230 =56�2 kJ mol�1. For complex 4, the calculated value
of approximately 76 kJ mol�1 has no experimental counter-
part and can only be compared to the DG�


293 value of 64�
2 kJ mol�1 reported for the inversion of both sulfur atoms in
isomer 4 b. The lowest energy barrier value is found for
complex 5, a feature that can be related to the additional
flexibility resulting from the larger macrocycle. Calculated
DE� and experimental DG�


199 values are 54 kJ mol�1 and
44.3�0.5 kJ mol�1, respectively.


Conclusion


Although free L1, L2, and L3 have considerable conforma-
tional flexibility, the calculated structures reveal that the
steric constraints of assembling each of the macrocycles, as
well as a bpy ligand, around the octahedral RuII coordina-
tion sphere, lead to close intramolecular H···H contacts in
all isomeric forms. These contacts are largely dependent on
the orientation of the electron lone pairs of equatorial sulfur
donor atoms and correlate with the comparative stability of
the different invertomeric forms of complexes 1, 4, and 5.
Future synthetic work will concentrate on the synthesis of
oligomeric structures incorporating [Ru([n]ane-S4)] frag-
ments, while DFT calculations will center on a more de-
tailed study on the electronic structure of such complexes.
Structural studies to investigate how generally applicable
these observations are to other macrocyclic coordination
complexes are also underway.


Experimental Section


Materials : The complexes cis-[Ru(dmso)4Cl2],[11] [Ru(dmso)Cl(L1)]PF6,
[9]


and 1-(PF6)2
[9] were prepared according to previously published proce-


dures. All other reagents were obtained commercially and used as sup-
plied. Reactions were conducted under an atmosphere of nitrogen. Prod-
ucts were dried at room temperature in a vacuum desiccator for approxi-
mately 10 h prior to characterization.


Physical measurements : 1H NMR spectra were recorded on a Bruker
AM250 or AMX400 NMR spectrometer. Spectra were acquired in a
range of 0–12 ppm with 32 K data points. The temperature was deter-
mined using a Comark electronic thermometer with a thermocouple in


an NMR tube containing the same solvent as the NMR sample. 1H
EXSY spectra were obtained using the phase-sensitive Bruker pulse se-
quence noesytp. Quantitative analyses of the resultant 1H EXSY spectra
were carried out using a computer program supplied by Dr. K. Orrell.[12]


FAB mass spectra were obtained on a Kratos MS80 machine working in
positive-ion mode, with a m-nitrobenzyl alcohol matrix. Elemental analy-
ses were obtained using a Perkin–Elmer 2400 analyzer working at 975 8C.


Syntheses


[Ru(dmso)Cl(L2)]PF6, 2-PF6 : A mixture of cis-[Ru(dmso)4Cl2] (0.485 g,
0.1 mmol) and L2 (0.268 g, 1 mmol) were dissolved in ethanol/water (1:1,
20 mL). The solution was brought to reflux for 4 h. After cooling to room
temperature, excess solid NH4PF6 was added to the reaction mixture.
This solution was left overnight at 2 8C. The resultant precipitate was
washed with water and then ethanol. It was then dried in vacuo to yield
2-PF6 as a pale-yellow microcrystalline powder (0.471 g, 75%). 1H NMR
([D6]acetone): d=3.5–2.35 ppm (m, 20H); FAB MS: m/z (%): 483 (25)
[M+�PF6], 405 (43) [M+�PF6�DMSO]; elemental analysis calcd (%)
for RuC12H26S5ClOPF6: C 22.94, H 4.17, S 25.52; found: C 23.31, H 4.27,
S 24.93.


[Ru(dmso)Cl(L3)]PF6, 3-PF6 : A mixture of cis-[Ru(dmso)4Cl2] (0.485 g,
0.1 mmol) and L3 (0.297 g, 1 mmol) were dissolved in ethanol/water (1:1,
20 mL). The solution was brought to reflux for 4 h. After cooling to room
temperature, excess solid NH4PF6 was added to the reaction mixture.
This solution was left overnight at 2 8C. The resultant precipitate was
washed with water and then ethanol. It was then dried in vacuo to yield
3-PF6 as a pale-yellow microcrystalline powder (0.446 g, 68%). 1H NMR
([D6]acetone): d=3.35–2.2 ppm (m, 24H); FAB MS: m/z (%): 511 (32)
[M+�PF6]; elemental analysis calcd (%) for RuC14H30S5ClOPF6: C 25.62,
H 4.61, S 24.43; found: C 26.02, H 4.72, S 24.68.


[Ru(L2)(bpy)](PF6)2, 4-(PF6)2 : A solution of 2-PF6 (0.3 g, 0.4775 mmol)
in ethanol/water (1:1, 20 ml) was brought to reflux. AgNO3 (0.105 g,
1.3 equiv) was added to the yellow solution and the mixture was left at
reflux for 4 h. After removal of AgCl by filtration, excess 2,2’-bipyridine
(0.149 g, 2 equiv) was added to the mixture and was then brought to
reflux for a further 3 h. After cooling to room temperature, excess solid
NH4PF6 was added to the reaction mixture. The volume of the solution
was reduced in vacuo to 10 ml and then left overnight at 2 8C. The resul-
tant precipitate was washed with ethanol, diethyl ether, and then dried in
vacuo to yield 4-(PF6)2 (0.316 g, 81%). 1H NMR (RT, [D6]acetone): bpy
protons: d=9.60 (ddd, J5,6 =5.8, J4,6 = 1.5, J3,6 =0.7 Hz; H6), 9.09 (dd,
J5’,6’=5.7, J4’,6’=1.4 Hz; H6’), 8.89 (ddd, J3,4 =8.5, J3,5 =1.4, J3,6 =0.7 Hz;
H3), 8.89 (dd, J3’,4’=8.4, J3’,5’=1.5 Hz; H3’), 8.41 (dt, J3’,4’=J4’,5’=8.2, J4’,6’=


1.5 Hz; H4’), 8.39 (dt, J3,4 = J4,5 =8.2, J4,6 =1.5 Hz; H4), 7.91 (ddd, J4’,5’=7.7,
J5’,6’=5.7, J3’,5’=1.4 Hz; H5’), 7.89 ppm (ddd, J4,5 =7.6 Hz, J5,6 =5.8 Hz,
J3,5 = 1.4 Hz; H5); 14-ane-S4 protons: d =4.00 (ddd, 2J =13.5, 3J =6.5,
8.0 Hz; CHd,e


2 ), 3.88 (dd, 2J =11.5, 3J=4.0, <1 Hz; CHd0 ,e0


2 ), 3.78 (ddd, 2J=


12.5, 3J =2.0, 5.5 Hz; CHa,c
2 ), 3.62 (ddd, 2J =13.5, 3J =4.0, 8.5; CHd,e


2 ), 3.53
(dt, 2J=12.5, 3J =2.0, 12.5 Hz; CHa,c


2 ), 3.46 (obscured; CHe0 ,d0


2 ), 3.45 (ob-
scured; CHa0 ,c0


2 ), 3.36 (ddd, 2J=14, 3J=4, ca. 1 Hz; CHa,c
2 ), 3.27 (ddd, 2J =


14.5, 3J=4.5, 6.5 Hz; CHe,d
2 ), 3.25 (obscured; CHa0 ,c0


2 ), 3.20 (obscured;
CHd0 ,e0


2 ), 3.18 (obscured; CHc0 ,a0


2 ), 2.93 (dt, 2J= 14.5, 3J =7, 7 Hz; CHe,d
2 ),


2.84 (dt, 2J =15.0, 3J=15.0, 4.5 Hz; CHe0 ,d0


2 ), 2.80 (obscured; CHb
2), 2.78


(obscured; CHa0 ,c0


2 ), 2.70 (obscured; CHb
2), 2.47 (t, 2J =14, 3J =14, <2 Hz;


CHa,c
2 ), 2.30 (ttq, 2J=13, 3J= ca. 1.5, ca. 1.5, 13, 13 Hz; CHb


2), 2.12 ppm
(obscured; CHb0


2 ); FAB MS: m/z (%): 671 (100) [M+�PF6]; elemental
analysis calcd (%) for RuC20H30N2S4OP2F12 (4-H2O): C 28.81, H 3.63, N
3.36, S 15.38; found: C 28.37, H 3.87, N 3.65, S 14.97.


[Ru(L3)(bpy)](PF6)2, 5-(PF6)2 : A solution of 3-PF6 (0.3 g, 0.4571 mmol)
in ethanol/water (1:1, 20 ml) was brought to reflux. AgNO3 (0.101 g,
1.3 equiv) was added to the yellow solution and the mixture was left at
reflux for 4 h. After removal of AgCl by filtration, excess 2,2’-bipyridine
(0.143 g, 2 equiv) was added and the mixture was brought to reflux for a
further 3 h. After cooling to room temperature, excess solid NH4PF6 was
added to the reaction mixture. The volume of the solution was reduced
in vacuo to 10 ml and then left overnight at 2 8C. The resultant precipi-
tate was washed with ethanol, diethyl ether, and then dried in vacuo to
yield 5-(PF6)2 (0.262 g, 68 %). 1H NMR (RT, [D6]acetone): bpy protons:
d=9.44 (dd, J=5.5, 1.5 Hz, 2 H; H6), 8.90 (ddd, J =8, 1.5, 0.5 Hz, 2H;
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H3), 8.43 (dt, J= 8, 8, 1.5 Hz, 2 H; H4’), 7.98 ppm (ddd, J=8, 5.5, 1.5 Hz,
2H; H5); the cyclohexadecane protons have not been assigned but are at
d=3.44 (ddd, J=12.5, 7.5, 4 Hz, 4 H), 3.29 (ddd, J= 12.5, 8, 4 Hz, 4 H),
3.06 (ddd, J =13.5, 6.5, 3 Hz, 4 H), 2.69 (dt, J=10.5, 10.5, 3 Hz, 4 H),
2.55 ppm (m); FAB MS: m/z (%): 699 (100) [M+�PF6]; elemental analy-
sis calcd (%) for RuC22H32N2S4P2F12: C 31.32, H 3.82, N 3.32, S 15.20;
found: C 31.02, H 3.97, N 3.54, S 16.12.


[Ru(L1)(py)2](PF6)2, 6-(PF6)2 : To a solution of [Ru(dmso)Cl(L1)]PF6


(0.3 g, 0.5 mmol) in ethanol/water (1:1, 20 ml), AgNO3 (0.11 g, 1.3 equiv)
was added. This mixture was stirred at reflux for 4 hours and the resul-
tant AgCl precipitate was removed by centrifuging. The resultant pale-
yellow solution was brought back to reflux and pyridine (1 mL) was
added. This mixture was stirred at reflux for 3 h. The solvent was then re-
moved in vacuo and the resultant solid was dissolved in ethanol (25 ml).
Excess solid NH4PF6 was dissolved into this solution, which was then left
overnight at 2 8C. The resultant precipitate was washed with ethanol, di-
ethyl ether, and then dried in vacuo to yield 6-PF6 as a bright yellow mi-
crocrystalline powder (61 %). H NMR (RT, [D6]DMSO): symmetric
isomer: d =8.67 ([AM]2X; H2,6), 8.01 ([AM]2X; H4) , 7.49 ([AM]2X; H3,5),
4.22 (dd, 2J=14.5, 3J =4.5 Hz; CH2), 3.66 (dd, 2J= 11 Hz, 3J =4.5 Hz;
CH2), 3.44 (obscured; CH2), 3.26 ppm (dd, 2J=11, 3J=14 Hz; CH2); sym-
metric isomer: d=8.93 ([AM]2X; H2,6), 8.64 ([AM]2X; H2,6), 8.03
([AM]2X; H4), 7.96 ([AM]2X; H4), 7.55 ([AM]2X; H3,5), 7.47 ([AM]2X;
H3,5), 4.55 (dd, 2J=14, 3J =6.5 Hz; CH2), 3.97 (dd, 2J=14, 3J =3 Hz;
CH2), 3.64 (ddd, 2J =11.5, 3J =2, 3.5 Hz; CH2), 3.57 (dd, 2J=11.5, 3J=


5.5 Hz; CH2), 3.46 (dt, 2J=14, 3J=14, 6 Hz; CH2), 3.35 (dt, 2J=14, 3J =


14, 3 Hz; CH2), 3.25 (obscured; CH2), 2.64 ppm (ddd, 2J=11.5, 3J =13.5,
5.5 Hz; CH2); FAB MS: m/z (%): 644 (100) [M+�PF6]; elemental analy-
sis calcd (%) for RuC18H26N2S4P2F12: C 27.37, H 3.29, N 3.55, S 16.22;
found: C 27.80, H 3.67, N 3.33, S 15.98.


Crystal structure determinations : Crystals of 4-(PF6)2, 5-(PF6)2, and 6-
(PF6)2 were grown by vapor diffusion using acetone and diethyl ether
mixtures. Crystallographic data is summarized in Table 1. In all three
cases, data was collected at 150 K on a Bruker Smart CCD area detector
with Oxford Cryosystems low-temperature system, and complex scatter-
ing factors were taken from the program package SHELXTL[13] as imple-
mented on the Viglen Pentium computer. Hydrogen atoms were placed
geometrically and refined with a riding model with the isotropic displace-
ment parameter (Uiso) constrained to be 1.2 times that of the equivalent
displacement parameter (Ueq) of the carrier atom.


CCDC 242825–242827 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Computational details : Ab initio calculations were performed with the
Gaussian 98 software package,[14] running on a PC equipped with a linux
operating system (redhat 8.0) at the B3LYP level. The Los Alamos effec-
tive core potentials plus double zeta (z) of Hay and Wadt (LanL2DZ
option of G98)[15] supplemented with an f function (z= 1.235) for the Ru
atom and the Dunning/Huzinaga full double zeta (D95 option of G98)[16]


for the remaining atoms, supplemented with a d function in the case of
the S atoms (z= 0.532) were used. The structures of [Ru([n]ane-
S4)(bpy)]2+ systems (with n=12, 14, or 16) in the isomeric forms a, b,
and c were fully optimized using gradient methods.


The starting models were generated from X-ray structures, either directly
for 1 c or from a structure with the macrocycle in the required conforma-
tion. Thus, the remaining starting geometries were obtained by manipu-
lating the atomic coordinates of the structures of related complexes. The
comparison between the X-ray structure and the calculated structure for
1c has been used to check the quality of the method and basis set used.
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Thermal- and Photoinduced Spin-State Switching in an Unprecedented
Three-Dimensional Bimetallic Coordination Polymer


Virginie Niel,[a] Amber L. Thompson,[b] Andr�s E. Goeta,*[b] Cristian Enachescu,[c]


Andreas Hauser,*[c] Ana Galet,[d] M. Carmen MuÇoz,[d] and Jos� A. Real*[a]
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Introduction


Iron(ii) spin crossover (SCO) solids are molecule based
compounds, commutable between two states in thermody-
namic competition: the paramagnetic high-spin state (HS) is


stable at high temperatures and the diamagnetic low-spin
state (LS) is stable at low temperatures. The two states not
only have different magnetic properties, but also different
structural and optical properties. Structurally, these two
states are characterized by Fe�N bond lengths of around 2.2


Abstract: The compound {Fe(pm-
d)[Ag(CN)2][Ag2(CN)3]} (pmd =pyri-
midine) was synthesized and character-
ized. Magnetic, calorimetric and single
crystal visible spectroscopic studies
demonstrate the occurrence of a two-
step high-spin (HS) Q low-spin (LS)
transition. The critical temperatures
are Tc1 =185 and Tc2 =148 K. Each step
involves ~50 % of the iron centers,
with the low-temperature step showing
a hysteresis of 2.5 K. The enthalpy and
entropy variations associated with the
two steps are DH1 =3.6�0.4 kJ mol�1


and DS1 = 19.5�3 J K�1 mol�1; DH2


=4.8�0.4 kJ mol�1 and DS2 =33.5�
3 J K�1 mol�1. Photomagnetic and visi-
ble spectroscopy experiments show
that below 50 K, where the LS state is
the thermodynamically stable state, the


compound can be switched quantita-
tively to the HS state using green-red
light (550–650 nm). HS-to-LS relaxa-
tion experiments in the dark at temper-
atures between 15 and 55 K show that
the relaxation takes place via a two-
step cooperative process, which was an-
alyzed in the context of the mean field
theory. The crystal structure has been
studied at 290, 220, 170, 90 and 30 K
together with 30 K after irradiation.
The compound adopts monoclinic sym-
metry (P21/c, Z=16) at all tempera-
tures. There are five [FeN6] pseudo-oc-
tahedral sites linked by pmd,


[Ag(CN)2]
� and [Ag2(CN)3]


� bridging
ligands to form an unprecedented
three-dimensional (6,6) topology. The
structural analysis allows for an under-
standing of the microscopic mechanism
of the two-step behavior of the ther-
mally induced spin transition as well as
the corresponding relaxation of the
photoexcited compound based on the
individual changes of the five sites.
Synergy between metallophilic interac-
tions and the spin transition is also
shown by the variation of the Ag···Ag
distances. Correlations between the
variation of the unit-cell volume and
the change of Ag···Ag interactions
within each step with the asymmetric
change of the anomalous heat capacity
have also been inferred.
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and 2.0 � for the HS and LS states, respectively. However,
it is also common to refer to the octahedral volume around
the iron centers (~13 �3 for HS and ~10 �3 for LS), as this
also takes into account differences in geometry. Switching
between the two states may be stimulated by a change of
temperature, pressure or by illumination with light. Often,
cooperative interactions of elastic origin result in abrupt
thermal spin transitions and the presence of hysteresis,
which confer to these materials a memory effect.[1] All these
features make iron(ii) SCO building blocks particularly suit-
able for the construction of multi-property materials in
which SCO may be combined with other interesting proper-
ties, for instance, inclusion phenomena, magnetic exchange
or allosterism.


Cyanide-bridged homo- and heterometallic polymers have
been shown to exhibit a remarkable diversity of structural
types with interesting magnetic, electrochemical, magneto-
optical and zeolitic properties.[2] In particular, Hofmann-like
clathrate compounds[3] containing iron(ii) ions have led to
the development of a number of two- and three-dimensional
polymeric SCO networks such as {Fe(L)x[M


II(CN)4]}·n H2O
[L=pyridine, x= 2, n= 0;[4] L= pyrazine, x=1, n=2 (n= 2.5
for Pd),[5] MII =Ni, Pd, Pt], which display abrupt thermal
and pressure induced transitions and hysteresis at tempera-
tures close to room temperature.[6] The formal replacement
of the [MII(CN)4]


2� anions by [MI(CN)2]
� groups (MI =Cu,


Ag, Au), with trans-bispyridylethylene, 4,4’-bipyridine, 3CN-
pyridine or pyrimidine (pmd) as ligands, has resulted in new
2D and double or triple interpenetrated 3D SCO poly-
mers.[7] Such compounds combine cooperative SCO proper-
ties (magnetic, chromatic and structural) with different
chemical properties such as specific host–guest interactions
as in {Fe(pyrazine)[MII(CN)4]}·solvent,[8] crystalline-state re-
actions with allosteric effects as in {Fe(pmd)(H2O)-
[MI(CN)2]2}·H2O,[7c] or SCO tuned metallophilicity as in
{Fe(3-CNpyridine)[Ag(CN)2]2}·


1=3 H2O.[7d] In summary, these
materials offer the opportunity to investigate the interplay
between different molecular and/or supramolecular compo-
nents and the collective properties that may arise from the
synergy between the individual component properties.


As a new step in this research, we present herein the syn-
thesis and crystal structures (recorded at 290, 220, 170, 90
and 30 K) as well as the magnetic, calorimetric, and optical
properties of a novel thermally and optically switchable
SCO coordination polymer {Fe(pmd)[Ag(CN)2][Ag2(CN)3]}.
In addition to the remarkable physical properties, {Fe(pmd)-
[Ag(CN)2][Ag2(CN)3]} also exhibits an unprecedented 3D
topology and strong argentophilic interactions which are
intrinsically linked to the SCO. The crystal structure of
the photoinduced metastable HS spin state (of which just
a handful of only mononuclear compounds have been
reported to date),[9] is also reported together with the
corresponding HS-to-LS relaxation kinetics monitored using
magnetic and visible spectroscopy measurements. The two-
step character of the thermal-induced SCO and relaxation
process is analyzed phenomenologically by using appropri-
ate models according to the microscopic mechanism de-


duced from the thorough structural analysis of this singular
polymer.


Results and Discussion


Synthesis : As described in the Experimental Section, the
synthesis of the title compound results in a mixture of two
very different crystalline phases. These phases have very dif-
ferent structural and physical properties, and those for
{Fe(pmd)(H2O)[Ag(CN)2]2}·H2O will not be discussed here
in detail since they have been published previously else-
where.[7c] However, it is worth mentioning that one of the
key characteristics of this compound is its ability to undergo
a controlled and fully reversible crystalline-state ligand sub-
stitution, involving reversible coordination/uncoordination
of gaseous water and pmd.


In spite of the low yield of the title compound {Fe(pmd)-
[Ag(CN)2][Ag2(CN)3]}, its synthesis is perfectly reproducible
and relatively large amounts may be obtained. The very dif-
ferent texture and size make it easy to separate the crystals
of the title compound from those of the other compound,
especially as they grow in quite different parts of the H-
shaped diffusion vessel.


In addition to elemental analysis, the purity of the sam-
ples can be independently checked from the temperature
dependence of the magnetic susceptibility, anomalous heat
capacity and electronic spectroscopy (visible spectroscopy).
Given that {Fe(pmd)(H2O)[Ag(CN)2]2}·H2O undergoes a
very sharp SCO transition at a well defined temperature
(centered at 219 K with a 8 K hysteresis), even very small
amounts of this compound (1–2 %) would be detected in the
massive samples used for magnetic, photomagnetic and calo-
rimetric measurements of the title compound. Such signals
have not been observed.


Besides its singular magnetic and structural properties,
the main difference between the title compound and
{Fe(pmd)(H2O)[Ag(CN)2]2}·H2O is the occurrence of the
relatively rare [Ag2(CN)3]


� anion. This species has been pre-
viously identified by Brunner,[10] Iwamoto[11] and Leznoff[12]


and co-workers in crystals of coordination polymers. Howev-
er, the species [Ag2(CN)3]


� has never been observed in so-
lution or isolated in crystals of single salts. The formation of
this species requires some degree of lability in the thermo-
dynamically stable precursor [Ag(CN)2]


� ; its overall forma-
tion constant is b2 = 1020.44.[13] According to Leznoff and co-
workers the incorporation of [Ag(CN)2]


� and [Ag2(CN)3]
�


into the final polymer is the result of competition between
the two moieties and their associated equilibria. This com-
petition is influenced by the solvent medium, reagent con-
centrations and overall stability and solubility of the final
product. In the present case, the diffusion method creates
appropriate conditions, that is, low concentration of
[Ag(CN)2]


� and extended reaction time, which favors the
dissociation of [Ag(CN)2]


� to give [Ag2(CN)3]
� . In this re-


spect, it is worth noting that while the isostructural gold ana-
logue of {Fe(pmd)(H2O)[Ag(CN)2]2}·H2O can easily be iso-
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lated, the compound {Fe(pmd)[Au(CN)2][Au2(CN)3]} has
not yet been isolated. This fact is in agreement with the
comparative studies dealing with the lability of aqueous AgI


and AuI cyanide complexes.[14]


Magnetic and photomagnetic measurements : Figure 1 shows
the thermal dependence of the cMT product (black dia-
monds) of the title compound as a function of temperature,
where cM is the molar magnetic susceptibility and T is the
temperature. At 300 K, cMT is equal to 3.54 cm3 K mol�1,
which is within the range of values expected for iron(ii) ions
in the HS state. As the temperature is lowered, cMT initially
remains almost constant and then starts to decrease quite
steeply below 225 K to a value of 1.85 cm3 K mol�1 at 175 K.
The critical temperature for this step is Tc1 =185 K. In the
temperature range 177–155 K, cMT varies very smoothly
around the value of 1.80 cm3 K mol�1 and defines a plateau
involving about 50 % of iron(ii) atoms (HS molar fraction
gHS �0.5). For temperatures below 155 K, cMT experiences
a new sharp drop and reaches a value of 0.15 cm3 K mol�1 at
130 K, which indicates that the SCO is virtually complete.
The magnetic behavior in the warming and cooling modes
indicates the occurrence of a narrow hysteresis loop about
1.5 K wide for the low-temperature step, with critical tem-
peratures Tc2fl=146 K and Tc2›=147.5 K, and no apprecia-
ble thermal hysteresis for the high-temperature step.


Photogeneration of the metastable HS state at low tem-
peratures, the so-called Light-Induced Excited Spin-State
Trapping (LIESST) experiment,[15] was carried out on a mi-
crocrystalline sample (0.46 mg). The results are displayed in
Figure 1. As before, the magnetic response was measured in
the cooling mode (cooling rate 2 K min�1) from 300 K down
to 10 K with an applied magnetic field of 1.5 T (black dia-
monds). At 10 K, the sample was irradiated with green light
(550 nm) for 150 min, the time required to reach a satura-
tion value of cMT �1.63 cm3 K mol�1 (triangles), which appa-
rently represents about 46 % of LS!HS conversion, from
comparison with the room temperature value of cMT. The
light irradiation was then switched off, and the temperature
was first decreased to 2 K and then increased to 200 K at


0.5 K min�1. In the temperature region 2–48 K, cMT increases
up to a value of 2.35 cm3 K mol�1 (open circles). This in-
crease of cMT indicates a thermal population of the different
microstates arising from zero-field splitting of the S= 2 ex-
cited state and/or weak iron(ii)–iron(ii) antiferromagnetic in-
teractions, which is expected to occur in the one-dimension-
al single-bridged [Fe(pmd)]¥ chains (see below).[16] This fact
suggests that the light-induced population of the HS state is
virtually complete at 10 K. At temperatures greater than
40 K, cMT drops rapidly in two steps to reach a value close
to 0.25 cm3 K mol�1 at 60 K, indicating the occurrence of a
complete HS!LS relaxation. This relaxation process, stud-
ied at different temperatures in the SQUID magnetometer
(see Supporting Information) agrees quite well with that
monitored by means of visible spectroscopy and that per-
formed on a small single crystal (see below).


Crystallography : The crystal structure of the title compound
was studied at 290, 220, 170, 90, 30 and at 30 K after irradia-
tion with red light (l= 633 nm). The compound crystallizes
in the monoclinic system (P21/c, Z= 16) and does not
change symmetry irrespective of temperature and light irra-
diation. Crystal and refinement data can be found in
Table 1. The structural motifs in this material are essentially
the same at all temperatures, with changes in bond lengths
and angles in keeping with the characteristic structural
changes of the spin transition. Consequently, during the de-
scription of the structural features at temperatures other
than 290 K, the emphasis is put on these changes.


Crystal structure at 290 K : The crystal structure consists of
an intricate 3D net, whose knots are defined by five crystal-
lographically inequivalent iron atoms. With Z=16, there are
five crystallographically independent iron atoms in the
asymmetric unit of which two [Fe(4) and Fe(5)] are located
on inversion centers. Thus, in the asymmetric unit there is a
total of four iron atoms: three full iron atoms [Fe(1), Fe(2)
and Fe(3)] and half of Fe(4) and Fe(5). All five iron atoms
lie at the center of strongly distorted [FeN6] coordination
units. The equatorial bond lengths (Fe–Neq) are defined by
the nitrogen atoms of the [Ag(CN)2]


� and [Ag2(CN)3]
�


groups and are shorter than those of the axial bond lengths
(Fe–Nax, see Supporting Information and Table 2). The axial
positions are occupied by the nitrogen atoms of the pmd
groups, which act as bridging ligands between iron centers,
forming chains (see Figures 2 and 3). The average Fe–N dis-
tances of 2.13–2.18 � are consistent with the HS state as ob-
served from the magnetic data at 290 K. Consequently, all
five non-equivalent iron atoms have very similar octahedral
volumes (see Table 3),[17] which are within the expected
range found for other high spin FeN6 octahedrons.[9a,c]


The five different iron atoms in the asymmetric unit pres-
ent different coordination “motifs”. Each iron atom has a
different number and arrangement of the [Ag(CN)2]


� and
[Ag2(CN)3]


� anions around it, which connect the iron atoms
together in a complex way (see Figure 2). One of the most
important points regarding this connectivity is that Fe(5) is


Figure 1. cMT versus T plots for the title compound: cooling and warming
modes (^), following irradiation (LIESST effect) at 10 K (~) and warm-
ing of the photoexcited sample from 2 K up to 200 K (*).
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connected solely to Fe(3) through all four of its silver cya-
nide ligands. The anionic groups [Ag(CN)2]


� and
[Ag2(CN)3]


� , defined by the twelve crystallographically dif-
ferent silver atoms, display geometries close to linear. The
average Fe···Fe distance through [Ag(CN)2]


� and
[Ag2(CN)3]


� is 10.16(15) and 15.62(9) �, respectively.
The pmd bridges and the iron atoms form -[Fe-pmd-Fe]¥-


chains running along the c axis (Figure 3a). There are three
different kinds of -[Fe-pmd-Fe]¥- chains in the structure:
-[Fe(1)-pmd-Fe(1)]¥-, -[Fe(2)-pmd-Fe(3)]¥- and -[Fe(4)-pmd-


Fe(5)]¥. The chain formed by
only equivalent Fe(1) iron
atoms (-[Fe(1)-pmd-Fe(1)]¥-)
has an Fe(1)···Fe(1) distance of
6.1489(3) �. The other two
-[Fe-pmd-Fe]¥- chains are
formed by two inequivalent al-
ternating iron atoms: -[Fe(2)-
pmd-Fe(3)]¥- with Fe(2)···Fe(3)
6.174(2) � and Fe(3)···Fe(2)
6.155(2) � in one case, and
-[Fe(4)-pmd-Fe(5)]¥- with
Fe(4)···Fe(5) = Fe(5)···Fe(4)
6.1485(3) � in the other. In ad-
dition, Fe(1)–Fe(1) and Fe(4)–
Fe(5) chains alternate along
the direction of the b axis, de-
fining 2D sheets of iron atoms
lying in the bc plane. These
layers alternate along the a
axis with similar 2D sheets
formed only of Fe(2)–Fe(3)
chains, (Figure 3a). The layers
formed by the different -[Fe-
pmd-Fe]¥- chains are organ-
ized such that chains in consec-
utive layers are shifted along
the b axis by approximately
half the interchain separation
(around 3.55 � for all temper-
atures).


The adjacent iron layers are
connected through [Ag(CN)2]


�


and [Ag2(CN)3]
� bridges. They


can also be seen as separated
by dense layers of Ag atoms
(Figure 3b), where strong ar-
gentophilic interactions are
observed. These ligand unsup-
ported Ag···Ag interactions
define linear trinuclear, angu-
lar trinuclear and hexanuclear
moieties (see Figure 4). The
shortest Ag···Ag distances be-
tween [Ag(CN)2]


� and
[Ag2(CN)3]


� are in the range
2.98–3.02 � (see Table 4), only


slightly longer than that in Ag metal (2.89 �).[18]


The title compound formally has a close relationship with
{Cd(pz)[Ag(CN)2][Ag2(CN)3]} (pz=pyrazine), which was re-
ported by Iwamoto and co-workers.[11] This compound is
made up of an infinite stack of parallel {Cd[Ag(CN)2]
[Ag2(CN)3]}¥ layers in which the rectangular motifs
{Cd[Ag(CN)2][Ag2(CN)3]}4 define the grids of the frame.
The layers are stacked one on top of each other and con-
nected by the pz bridges through axial coordination of the
CdII ions, defining a porous 3D network. The empty space


Table 1. Crystallographic data. The values for 30i and all other tables refer to data collected at 30 K after irra-
diation, see text for further information.


T [K] 290 220 170 90 30 30i


empirical formula C9H4N7Ag3Fe
formula weight 589.65
l [�] 0.71073
space group P2(1)/c
a [�] 17.5612(6) 17.5674(4) 17.2546(5) 17.1811(6) 17.176(6) 17.584(3)
b [�] 29.2365(10) 29.2216(7) 29.5187(10) 29.2656(11) 29.235(10) 29.254(5)
c [�] 12.2971(5) 12.2541(3) 11.9267(5) 11.5837(5) 11.553(4) 12.182(2)
b [8] 97.399(2) 97.3020(10) 96.909(2) 97.080(2) 96.952(10) 97.042(4)
V [�3] 6261.1(4) 6239.6(3) 6030.6(4) 5780.0(4) 5759(3) 6219.1(19)
Z 16
m [mm�1] 4.603 4.619 4.779 4.986 5.005 4.634
1calcd [gcm�3] 2.502 2.511 2.598 2.710 2.720 2.519
Rint 0.0539 0.0488 0.0636 0.0614 0.0568 0.0675
total no. reflns 20590 20448 20 152 19 203 8279 12844


final R indices [I>2s(I)]
R1 0.0476 0.0439 0.0587 0.0537 0.0950 0.1025
wR2 0.0814 0.0770 0.1212 0.1276 0.1579 0.1749


final R indices [all data]
R1 0.1562 0.1227 0.1376 0.0963 0.1390 0.1499
wR2 0.1005 0.0911 0.1411 0.1398 0.1791 0.1969


Table 2. Average Fe–N distances at the different temperatures [�].


T [K] 290 220 170 90 30 30i


Fe(1)�Neq 2.15(1) 2.14(1) 2.02(1) 1.94(1) 1.96(1) 2.14(1)
Fe(1)�Nax 2.23(1) 2.22(1) 2.08(1) 1.99(1) 2.01(1) 2.19(2)
Fe(2)�Neq 2.14(1) 2.14(1) 2.13(1) 1.94(1) 1.94(1) 2.14(1)
Fe(2)�Nax 2.24(1) 2.23(1) 2.23(1) 2.02(1) 1.99(1) 2.23(1)
Fe(3)�Neq 2.13(1) 2.13(1) 1.95(1) 1.94(1) 1.93(1) 2.13(1)
Fe(3)�Nax 2.22(1) 2.20(1) 1.99(1) 1.99(1) 2.00(1) 2.20(1)
Fe(4)�Neq 2.13(1) 2.13(1) 2.13(1) 1.94(1) 1.97(1) 2.12(1)
Fe(4)�Nax 2.21(1) 2.23(1) 2.20(1) 1.99(1) 2.00(1) 2.27(1)
Fe(5)�Neq 2.11(1) 2.05(1) 1.92(1) 1.92(1) 1.93(1) 1.93(1)
Fe(5)�Nax 2.19(1) 2.14(1) 1.98(1) 2.00(1) 1.97(1) 2.00(1)


Table 3. Volumes of the FeN6 octahedrons around each crystallographically inequivalent Fe atom and at each
measured temperature [�3].


T [K] 290 220 170 90 30 30i


Fe(1) 13.69 13.58 11.33 9.95 10.19 13.23
Fe(2) 13.62 13.54 13.40 10.07 10.00 13.55
Fe(3) 13.38 13.27 10.01 9.95 9.85 13.30
Fe(4) 13.43 13.49 13.26 9.93 10.26 13.61
Fe(5) 12.94 12.00 9.72 9.80 9.76 9.98
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allows the triple interpenetration of three additional identi-
cal networks (Figure 5a). In contrast, the title compound
{Fe(pmd)[Ag(CN)2][Ag2(CN)3]}¥ defines a 3D network with
a very complex topology, where the pmd group plays the
role of an auxiliary bridging ligand. However, the pmd li-
gands play an essential role in the conformation of the
framework, as the meta (or 1,3) disposition of their donor
nitrogen atoms imposes a particular orientation on the basal
coordination planes [Fe-(NCAg-)4]. Thus, the dihedral angle
between two consecutive [Fe-(NCAg-)4] planes is about 628
instead of 08 as seen in the pz derivative (see Figure 5b).
This arrangement of the [Ag(CN)2]


� and [Ag2(CN)3]
� li-


gands in the equatorial coordination plane, together with
the five different Fe centers, generates an intricate network,
which can be considered as self-interpenetrated. The con-
nectivity of a particular chain, for example, -[Fe(2)-pmd-
Fe(3)]¥-, to four other chains (-[Fe(1)-pmd-Fe(1)]¥- and
-[Fe(4)-pmd-Fe(5)]¥-), shows the (6,6) topology of the net-
work (Figure 6a).[19] Each approximately rectangular circuit
{(Fe(2)-pmd-Fe(3)-pmd-
Fe(2))2-L2} and {(Fe(3)-pmd-
Fe(2)-pmd-Fe(3))2-L2} (where
L=[Ag(CN)2]


� or [Ag2(CN)3]
�),


radiates in a different direction
towards the surrounding
chains. These circuits are inter-
penetrated by other circuits
defined by adjacent -[Fe-pmd-
Fe]¥- chains and [Ag(CN)2]


�/
[Ag2(CN)3]


� groups (see Fig-
ure 6b). To the best of our
knowledge, the structure of the


Figure 2. Coordination environments of the five crystallographically
inequivalent Fe atoms.


Figure 3. a) View of the -[Fe-pmd-Fe]¥- chains running along the c axis.
b) View of the packing down the c axis. Hydrogen atoms have been omit-
ted for clarity.


Figure 4. Ligand unsupported argentophilic interactions.


Table 4. Shortest Ag–Ag contacts at the different temperatures [�].


Species Distances [�] T [K]
290 220 170 90 30 30i


trinuclear Ag(1)···Ag(2) 3.242(2) 3.226(2) 3.184(3) 3.096(2) 3.087(3) 3.166(3)
angular Ag(1)···Ag(3) 3.268(2) 3.260(2) 3.262(3) 3.257(2) 3.238(3) 3.214(3)
trinuclear Ag(4)···Ag(5) 2.993(2) 2.991(2) 2.963(3) 2.942(2) 2.936(3) 3.003(3)
linear Ag(4)···Ag(6) 2.997(2) 2.988(2) 2.975(3) 2.945(2) 2.946(3) 2.981(3)


Ag(7)···Ag(8) 3.015(2) 3.017(2) 3.017(3) 2.942(2) 2.934(3) 3.025(3)
Ag(8)···Ag(9) 2.984(2) 2.987(2) 2.983(3) 2.944(2) 2.940(3) 2.997(3)


hexanuclear Ag(9)···Ag(10) 3.202(2) 3.187(2) 3.180(3) 3.153(2) 3.141(3) 3.150(3)
Ag(10)···Ag(11) 3.286(2) 3.260(2) 3.196(3) 3.106(2) 3.097(3) 3.200(3)
Ag(11)···Ag(12) 3.235(2) 3.217(2) 3.223(3) 3.159(2) 3.141(3) 3.164(3)
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title compound provides the first example of a new type of
3D four-connected net, in which the zig-zag nature of the
-[Fe-pmd-Fe]¥- chains imposes the generation of such an un-
usual coordination network.


Crystal structure at 220 K : At 220 K, the average Fe�N
bond lengths are still consistent with a HS state. However,
the average Fe�N bond length for Fe(5) is appreciably
shorter [2.08(5) �] than for Fe(1)–(4) [2.17(4), 2.17(4),
2.15(4) and 2.16(5) �, for Fe(1), Fe(2), Fe(3) and Fe(4), re-
spectively]. This is in line with the ~4 % LS state observed
from the magnetic data at this temperature and is consistent
with a change in volume between 290 K and 220 K of only
around 0.4 %.


The Fe–Fe distances within the -[Fe-pmd-Fe]¥- chains
have shortened by an average of 0.022(2) � with respect to
their values at 290 K [Fe(1)···Fe(1) 6.1274(2) �; Fe(2)···Fe(3)
6.155(1) �, Fe(3)···Fe(2) 6.131(1) � and Fe(4)···Fe(5)
6.1270(2) �]. The shortest Ag···Ag contacts are still in the
same range as at 290 K.


Crystal structure at 170 K : At 170 K, the system is situated
half-way between the first and the second step of the spin
transition (Figure 1). The change in the unit cell volume be-
tween the HS state (220 K) and the intermediate state
(170 K) is around 3.3 %, clearly indicating the presence of a
HS Q LS spin transition (Table 1). The variation of the unit
cell volume associated with the first step has been evaluated
as DV1 = V(220 K)*�V(170 K)=215 �3, where V(220 K)* is
the volume at 220 K corrected for the smooth spin change


of ~4 % (~30 % of the Fe(5) ions) in the temperature range
290–220 K (see Supporting Information for more details).
This corresponds to 26.9 �3 per spin changing complex in
the high-temperature step. In addition, this change in the
spin state is accompanied by a sharp change of the crystal�s
color from yellow to red.


The average Fe–Nav bond lengths (Table 2) show that now
only those bond lengths corresponding to Fe(2)�N and
Fe(4)�N [2.16(5) and 2.15(3) �, respectively] are consistent
with a HS state. While those for Fe(3)�N and Fe(5)�N are
consistent with a LS state [1.96(2) � and 1.94(3) �, respec-
tively], the Fe(1)�N distance appears to be in an intermedi-
ate situation [2.04(3) �]. The average change DR(Fe–N) on
spin change, 0.2 �, is consistent with a full HS-to-LS change
for Fe(3)�N and Fe(5)�N while DR(Fe–N)= 0.11 � for
Fe(1)–N suggests a mixing of HS and LS states. In terms of
volumes of the coordination octahedrons, those for Fe(2)
and Fe(4) are 13.40 and 13.26 �3, those for Fe(3) and Fe(5)
are 10.01 and 9.72 �3, while for Fe(1) there is an intermedi-
ate value of 11.33 �3; these values are in agreement with
the rationalization above.


The Fe–Fe distances within the -[Fe-pmd-Fe]¥- chains
have also shortened on average by a further 0.165(4) �,


Figure 5. a) Triple interpenetrated networks in {Cd(pz)[Ag(CN)2]
[Ag2(CN)3]} (pz=pyrazine).[18] b) Different arrangement of the basal co-
ordination planes [Fe-(NCAg-)4] in {Cd(pz)[Ag(CN)2][Ag2(CN)3]} and
the title compound.


Figure 6. Schematic representations of the connectivity of a particular
-[Fe(2)-pmd-Fe(3)]¥- chain with four -[Fe(1)-pmd-Fe(1)]¥- and -[Fe(4)-
pmd-Fe(5)]¥- chains belonging to adjacent iron(ii) layers a) and to a com-
plete unit cell b), showing the (6,6) topology of the network and the in-
terpenetration of the (6,6) circuits.
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with respect to their values at 220 K [Fe(1)···Fe(1)
5.9637(3) �, Fe(2)···Fe(3) 5.987(2) �, Fe(3)···Fe(2)
5.966(2) � and Fe(4)···Fe(5) 5.9633(3) �]. The shortest
Ag···Ag contacts now split in two groups, one around
2.97(1) � and the other at 3.00(1) �, the latter still in the
same range as at 290 K (see Table 4).


The data reveal that an alternating arrangement exists of
-[HS-LS-HS]¥- states in the two chains formed by two ineq-
uivalent iron atoms, namely -[Fe(2)-pmd-Fe(3)]¥- and
-[Fe(4)-pmd-Fe(5)]¥-). Meanwhile, from the Fe–N distances
and octahedral volume, it seems that only half of the Fe(1)
atoms change spin state, as the diffraction technique only
“sees” an average of these two states. In principle, if this
change were produced in an orderly manner, a change of
the symmetry should be observed in the diffraction data.
However, any additional reflections that would arise from
this change would be very weak. As the present diffraction
data is not of sufficiently high quality, the apparent absence
of additional reflections at the plateau temperature does not
exclude long-range ordering and the formation of alternat-
ing -[HS-LS-HS]¥- Fe(1) chains. Indeed, a random distribu-
tion of half of these ions in different spin states within the
crystal could produce strains which could lead to the de-
struction of the crystal itself, which was not observed. In ad-
dition, the formation of alternating high- and low-spin iron
centers in the other chains supports the idea that ordering
may be present in the Fe(1) chain.


It is worthwhile pointing out that only a few well-docu-
mented examples of two-step SCO transitions have been re-
ported. The first of these examples is the mononuclear com-
plex [Fe(2-pic)3]Cl2·EtOH (2-pic = 2-picolyl-amine).[20] For
this compound, there is only one crystallographically distinct
iron center in both the HS state and in the LS state.[21] The
nature of the intermediate phase formed in the plateau has
been revealed in a recent detailed structural study per-
formed over a wide range of temperatures.[22] In contrast to
previous studies,[23] this new structural analysis clearly estab-
lishes that long-range order occurs defining infinite -[LS-
HS-LS]- chains of [Fe(2-pic)3]


2+ molecules in the plateau.
Within each chain, the molecules interact with each other
strongly via hydrogen bonding through Cl� anions and
EtOH solvent molecules. Using synchrotron radiation, B�rgi
and co-workers found additional Bragg reflections that indi-
cated the presence of a superstructure caused by the separa-
tion of the unique iron center into two and, consequently, a
doubling of the unit cell size.[22] However, these reflections
had not been observed for this compound during earlier ex-
periments using laboratory X-ray sources.


A second relevant example of two-step SCO is provided
by the monomeric compound {Fe[5-NO2-sal-N(1,4,7,10)]},
where 5-NO2-sal-N(1,4,7,10) is a hexadentate ligand synthe-
sized from the condensation of 5-NO2-salicylaldehyde with
1,4,7,10-tetraazadecane. For this compound the two-step
conversion occurs in the same temperature range as two
crystallographic phase transitions, which enables the identifi-
cation of two equally distributed sets of molecules in the
crystal.[24] Another case of interest here is that of


{Fe[HC(3,5-Me2pz)3]2}(BF4)2 (where HC(3,5-Me2pz)3 =


tris(3,5-dimethylpyrazolyl)methane), in which there is only
one iron(ii) site at room temperature, but following a crys-
tallographic phase transition, two different sites, one in the
LS state and the other in the HS state, appear in the middle
of the plateau.[25]


Thermal and pressure induced step-wise transitions have
also been observed in the binuclear compounds
{Fe[L(NCX)2]2(bpym)} where bpym is 2,2’-bipyrimidine, X=


S or Se and L=bpym or bt (bt=2,2’-bi-2-thiazoline).[26] The
crystal structure of {Fe[bt(NCS)2]2(bpym)} has been recently
studied at different temperatures including the plateau
where the iron(ii) ions in each binuclear unit are expected
to define non-centrosymmetric HS–LS spin pairs.[27a] In this
compound the two-step character cannot be attributed to
the existence of two crystallographically inequivalent iron(ii)
sites, as all the Fe atoms are equivalent in the whole range
of temperatures. The occurrence of two steps was attributed
to a synergistic effect between intramolecular interactions
favoring HS–LS species and intermolecular interactions fa-
voring HS–HS or LS–LS species. Studies on two new dimer-
ic SCO iron(ii) compounds {Fe[phdia(NCS)2]2(phdia)}[27b]


(phdia =4,7-phenantroline-5,6-diamine) and {[Fe(bt-
pen)]2[N(CN)2]}(BF4)3


[27c] (btpen= N,N’,N’-tris(2-pyridylme-
thyl)ethylenedy-amine) give support to this statement.


Finally, the only polymeric system in which a two-step
spin transition has been described is the 3D compound
[Fe(btr)3](ClO4)2 (btr=4,4’-bis-1,2,4-triazole). In this partic-
ular case, the reason for the observation of the two steps is
the occurrence of two crystallographically inequivalent
iron(ii) sites with slightly different ligand field strengths and,
consequently, different values of DH and DS and critical
temperatures.[28]


So, in these cases a variety of behavior has been seen, but
these examples demonstrate that there is precedence for or-
dering and the examples like those discussed by B�rgi and
co-workers show how an inability to find evidence of order-
ing may be due to limitations of the experiment rather than
an absence of order.


Thus, despite the differences, a comparison deserves to be
made between the title compound and the bpym-bridged
iron(ii) dinuclear compounds. In the dinuclear compounds
the species that determine the occurrence of the plateau
have been identified as distinct HS–LS spin pairs, by using a
combination of Mçssbauer spectroscopy in the presence of a
magnetic field (5 T) and the LIESST effect at 4.2 K.[29] Simi-
larly, the pmd bridged iron chains in the present work form
alternating -[HS-LS-HS]¥- chains unequivocally for Fe(2)–
Fe(3) and Fe(4)–Fe(5) atoms. Consequently, it is reasonable
to think that the bridging ligand (bpym or pmd) plays an im-
portant role in the stabilization of the unlike-spin species in
the plateau. Indeed, electronic communication between the
iron(ii) centers takes place through the bpym bridge, hence
similar effects should be expected for the pmd bridge. For
this reason and despite the lack of crystallographic evidence,
we believe that there may be a HS–LS ordering in the Fe(1)
chains at the plateau between the transitions.
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Crystal structures at 90 and 30 K : At these temperatures the
spin transition is complete, and the values of the reported
structural parameters adjust accordingly. The change of the
unit cell volume (Table 1) between the intermediate state
(170 K) and the LS state (90 and 30 K) is around 4.1 %,
clearly indicating a further HS–LS spin transition and the
crystal�s color goes now from red to a darker red. The aver-
age Fe–Neq and Fe–Nax bond lengths of 1.96 � for all iron
centers (Table 2) are now consistent with an overall LS state
as observed from the magnetic data. As above, the unit cell
volume difference due to the spin transition for the second,
low-temperature step DV2 =V(170 K)�V(90 K)=250.6 �3


or 31.3 �3 per spin changing center.
The Fe–Fe distances within the -[Fe-pmd-Fe]¥- chains


have shortened now by an average of 0.173(4) � with re-
spect to their values at 170 K [Fe(1)···Fe(1) 5.7935(3) �,
Fe(2)···Fe(3) 5.812(2) �, Fe(3)···Fe(2) 5.7887(2) � and
Fe(4)···Fe(5) 5.7919(3) �]. The shortest Ag···Ag contacts are
again back in one group at around 2.94(1) � (see Table 4).


Crystal structure at 30 K after irradiation with light : The
change of the unit cell volume (see Table 1) between the LS
state (30 K) and the light induced HS state (30 K) is around
7.4 %, clearly suggesting a substantial LS to HS spin conver-
sion. In addition, the crystal color goes from red back to
yellow. As seen in Table 2, the average Fe–Neq and Fe–Nax


bond lengths for Fe(1) to Fe(4) are consistent with a HS
state, as observed from the magnetic data. The values for
Fe(5), however, are consistent with a LS state. Fe(5) repre-
sents 12.5 % of the total iron centers in the unit cell. We
have already noted that Fe(5) is more prone to adopt the
LS state than Fe(1) to Fe(4) and as we have indicated
above, ~30 % of Fe(5) is in the LS spin state at 220 K
(~4 % of the total Fe content). Thus, Fe(5) must have a
larger energy difference between the HS and LS potential
energy wells and, consequently, a lower HS!LS activation
energy barrier than the rest of the other iron atoms. A simi-
lar reasoning may be applied to 1=2Fe(1) and Fe(3) with re-
spect to the other iron atoms [1=2Fe(1), Fe(2) and Fe(4)] as
the former set of iron atoms are the next to change their
spin state, as shown by the structural data at 170 K.


Thus at 30 K 87.5 % of the spin centers possess a lifetime
of the light-induced HS state as long as required for the crystal-
lographic measurements carried out in this case. Upon irra-
diation the unit cell volume was found to have increased by
460 �3, corresponding to 32.9 �3 per spin changing center.


The Fe–Fe distances within the -[Fe-pmd-Fe]¥- chains
have increased by an average of 0.319(5) � with respect to
their values at 30 K before irradiation and differ from their
values at 290 K by only 0.057(2) � [Fe(1)···Fe(1) 6.092(1) �,
Fe(2)···Fe(3) 6.116(5) �, Fe(3)···Fe(2) 6.100(5) � and
Fe(4)···Fe(5) 6.091(1) �]. The shortest Ag···Ag contacts are
back in the range 2.98–3.02 �, almost the same range as at
290 K (Table 4).


Differential scanning calorimetry (DSC) measurements : The
calorimetric measurements were carried out in the 300–


120 K temperature range. A smooth line was interpolated
from the values in the normal regions. The heat capacity
due to the transition was deduced by subtraction of this
baseline. The temperature dependence of the anomalous
heat capacity, Dcp, in the warming mode is shown in
Figure 7. The Dcp versus T curve shows the occurrence of


two asymmetric peaks, one for each step, at Tc1 = 185.2 and
at Tc2 =147.7 K. These values agree well with those observed
from the cMT versus T plot in the heating mode. The overall
enthalpy (DH) and entropy (DS) variations associated with
each step determined from the DSC curves are, DH1 = 3.6 �
0.4 kJ mol�1, DH2 =4.8 � 0.4 kJ mol�1 and DS1 =19.5 �
3 J K�1 mol�1, DS2 = 33.5�3 J K�1 mol�1. The overall varia-
tions DH= 8.4 kJ mol�1 and DS=53 J K�1 mol�1 are within
the experimental range generally observed for iron(ii) SCO
compounds.[30] It is worth noting that a symmetric distribu-
tion of DS between the two steps should be expected. How-
ever, DS1 is significantly smaller than DS2. This fact is most
probably related to the different unit cell volume variations
associated with the two steps: DV1 =215 and DV2 =250.6 �3


for the first and the second step, respectively. As DV2 >


DV1, the contribution of low frequency phonons to the en-
tropy change is expected to be larger for the second step.


Closely related to these facts are the changes observed in
the intermetallic Ag···Ag distances upon SCO. The most sig-
nificant variations range between 0.040 �, [Ag(8)···Ag(9)],
and 0.180 � [Ag(10)···Ag(11)], in the temperature interval
290–90 K. When comparing the variations of the Ag···Ag
distances occurring in each thermally induced step (first step
is 170–290 K and second step is 90–170 K), it becomes appa-
rent that only 37.5 % of the total variation takes place in the
first step. This is probably the reason why the title com-
pound displays an asymmetric variation in the unit cell
volume and, consequently, in DS and Dcp. In addition, the
structure at 30 K after irradiation also shows significant
changes in the Ag···Ag distances stemming exclusively from
the spin change (see Table 4). These results support the oc-
currence of a synergy between SCO and metallophilic inter-
actions and as such are only the second example where this


Figure 7. Differential scanning calorimetric measurement of the title
compound with the normal lattice contribution subtracted.
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has been seen (the first was recently observed in the com-
pound {Fe(3-cyanopyridine)2[Ag(CN)2]2}·


2=3H2O, which is
made up of triple interpenetration of an expanded version
of the NbO structure).[7d]


Visible absorption spectroscopy : Figure 8a and b display the
single crystal absorption spectra obtained during the thermal
transition for descending and ascending temperatures, re-
spectively. As the temperature is lowered a band grows in
intensity with a maximum at ~525 nm. At the same time
there is an important increase in intensity below 500 nm, so
that the 525 nm band appears only as a shoulder on the tail
of the intense high-energy transition. Whereas this high-
energy transition can be attributed to a metal-ligand charge
transfer (MLCT) transition, the intensity of the band at
525 nm is in line with a d–d transition of the low spin state,
more precisely with the spin-allowed 1A1!1T1 transition. Al-
ready qualitatively there is a clear indication of a step-wise
transition. The molar fraction of iron(ii) centers in the high-
spin state, gHS, can be determined from the relative integrat-
ed intensity of the characteristic LS absorption between 500
and 650 nm. The corresponding two-step thermal spin transi-
tion curve is presented in Figure 9. It closely resembles the
cMT curve of Figure 1. In particular, the critical temperature
for the high temperature step, Tc1 =185 K is identical. The
lower temperature step is accompanied by a small hysteresis,
with descending and ascending critical temperatures Tc2fl
and Tc2› of 147.5 and 150.0 K, respectively. At 2.5 K, the
hysteresis is slightly larger than in the corresponding mag-
netic measurements and the curves are somewhat more
abrupt. The key difference between the magnetic and the
optical measurements is that the latter were performed on
one single crystal, whereas for the former, a collection of
micro-crystals with a certain size distribution were used.
This is reflected in the apparently less abrupt transition ob-
served in the magnetic measurements.


Even though according to the crystallographic measure-
ments the spin transition for Fe(5) begins at a slightly higher
temperature than for all the other iron centers, the five iron
centers can thermodynamically be broken down into two
sets: the first set contains Fe(3), Fe(5) and half of the Fe(1)
atoms, which undergo the SCO transition during the high
temperature step; the second set contains Fe(2), Fe(4) and
the other half of Fe(1), which undergo the SCO transition
during the low temperature step. Each set thus contains the
same number of centers. In order to simulate the thermal
spin transition, a simple model, which implies the presence
of just two different sets of iron centers, was considered.
The variation of the Gibbs free energy for the two sets can
be written as Equation (1):


DG1 ¼ DH1ðgHS1,gHS2Þ�TDS1 ð1aÞ


DG2 ¼ DH2ðgHS1,gHS2Þ�TDS2 ð1bÞ


where DH1,2 are the enthalpy variations, and DS1,2 are the
entropy variations for the two sets. gHS1 and gHS2 are high


Figure 8. Single crystal absorption spectra of the title compound obtained
for a) descending and b) ascending temperatures, and c) during photoex-
citation at 10 K with 647 nm light, light-intensity 11 mW mm�2, spectra re-
corded in intervals of 20 s. Inset: corresponding excitation curve.


Figure 9. Thermal spin transition curve for the title compound as ob-
tained from optical measurements. Experimental data (! descending
temperature, ~ ascending temperature) and simulation (c) as de-
scribed in the text.
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spin fractions for each step and both taken to go from 0 to
1, and the total high spin fraction gHS = (gHS1 + gHS2)/2. DS1


and DS2 can directly be identified with the entropy varia-
tions associated with the two steps obtained by the calori-
metric measurements according to Equation (2):


DS1 ¼ 2DSexp
1 ¼ 38:0 J K�1 mol�1 ð2aÞ


and


DS2 ¼ 2DSexp
2 ¼ 67:0 J K�1 mol�1 ð2bÞ


For the enthalpy variation this is not the case. As a result of
cooperative effects of elastic origin, DH1 and DH2 are func-
tions of the HS fractions on both sets, gHS1 and gHS2. The
values determined from the calorimetric measurements cor-
respond to the value at the transition temperature of each
partial transition according to Equation (3):


DH1ðgHS1 ¼ 1=2,gHS2 ¼ 1Þ ¼ DH 0
1 ¼ 2DH exp


1 ¼ 7:2 kJ mol�1


ð3aÞ


DH2ðgHS1 ¼ 0,gHS2 ¼ 1=2Þ ¼ DH 0
2 ¼ 2DH exp


2 ¼ 9:6 kJ mol�1


ð3bÞ


In mean-field approximation DH1 and DH2 as functions of
the high-spin fractions in the two sets can be expressed as
follows:[31]


DH1ðgHS1,gHS2Þ ¼ DH 0
1 � 2G11ðgHS1� 1=2Þ� 2G12ðgHS2� 1Þ


ð4aÞ


DH2ðgHS1,gHS2Þ ¼ DH 0
2 � 2G22ðgHS2� 1=2Þ� 2G21gHS1 ð4bÞ


where G11 and G22 are the interaction constants for the inter-
action within the two sets and G12 and G21 are the interaction
constants between the two sets. Whereas the former are
always positive, that is favoring the majority species in a
“ferromagnetic-like” fashion, the latter can have either sign.
From these expressions the following system of coupled
equations can be obtained by Equation (5):


gHS1


1� gHS1
¼ exp


�
� DH 0


1 �TDS1� 2G11ðgHS1� 1=2Þ� 2G12ðgHS2� 1Þ
kBT


�


ð5aÞ


gHS2


1� gHS2
¼ exp


�
�DH 0


2 �TDS2� 2G22ðgHS2� 1=2Þ�2 G21gHS1


kBT


�


ð5bÞ


This system of coupled equations can be solved numerically
for any set of parameters. In order to reduce the number of
parameters taken into account in the simulations, G12 = G21 is
assumed. The numerical solution obtained by using the
above values for DH 0


1, DH 0
2, DS1, and DS2 and by optimizing


G11 and G22 are presented in Figure 9, together with the ex-


perimental data. Because of the large difference in the criti-
cal temperatures of the two steps, the simulations are insen-
sitive to the value of G12, that is, to the interaction constant
between the sets. The step is basically due to the two differ-
ent values of DH 0 for the two sets of centers. With values of
2.8 kJ mol�1 and 3.1 kJ mol�1 for G11 and G22, respectively, the
interaction constants within each set are quite large. While
they are not quite large enough to produce a hysteresis in
the first step at 185 K they produce a small hysteresis for
the second step at 148 K. The discrepancy between the cal-
culated and the experimental curves at high temperatures
results because the model with just two sets of centers is too
crude. The fact that the experimental curves for the first
step are much steeper than predicted by the simple model
indicates that G12 and G21 are not zero. Although it is not
possible to quantify them, the interactions between the two
sets of centers are thought to be responsible for the splitting
of the Fe(1) centers into the two sets, and therefore are of
an “antiferromagnetic-like” nature.


LIESST effect and relaxation of the light-induced HS state :
Figure 8c shows the bleaching of the band at 525 nm upon
irradiation at 10 K with 647 nm light from a Kr+ laser. Even
though this wavelength is in the low energy tail of the in-
tense low spin band, the light induced conversion to the HS
state is quite efficient (see inset Figure 8c). A rough esti-
mate indicates a quantum efficiency of at least 50 %. The
complete bleaching of the absorption band signifies that in
the thin single crystal the light-induced conversion to the
HS state occurs quantitatively at 10 K. Relaxation of the
light induced HS state was followed both by magnetic sus-
ceptibility measurements as well as by absorption spectro-
scopy.


Figure 10 shows HS!LS relaxation curves in the dark
using the latter technique for temperatures between 15 and
55 K. At the lowest temperature, a fraction of between 5
and 10 % of all iron centers relaxes comparatively rapidly,
that is within less than 3 h. In accordance with the structural
results at 290, 220, 170 and particularly at 30 K after irradia-
tion, this fraction has to be attributed to Fe(5), which has
the largest driving force for the relaxation back to the LS
state at low temperatures. At 15 K, around 12.5 % of iron


centers relax in 20 h. This amount coincides with
the percentage of Fe(5) in the unit cell. The remain-
ing iron centers do not noticeably relax back to the
LS state within the same period. At 25 K a total


fraction of about 40 % relax to the LS state within 15 h.
Thus, in addition to the 12.5 % of Fe(5) centers another
27.5 % relax at this temperature within this time. The crys-
tallographic data recorded at 170 K indicate that the most
destabilized HS atoms apart from Fe(5), are the 1=2Fe(1) and
Fe(3) centers (see Table 2), which all belong to the set of
iron atoms undergoing the SCO transition during the first,
high temperature step in the thermal transition. No clear
evidence for the spin state relaxation of the 1=2Fe(1)–Fe(3)
subgroup from the crystallographic data at 30 K, after irradi-
ation, was observed.
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At somewhat more elevated temperatures, that is between
40 and 55 K, all iron centers relax to the LS state within less
than 20 h. In accordance with the thermal spin transition
they do so in two steps. Both steps show the typical sigmoi-
dal self-accelerated shape due to the cooperative effects.[23]


The experimental curves at these elevated temperatures ac-
tually start at a total HS fraction of 85–90 %, because Fe(5)
decays on a much faster time scale at higher temperatures.
Following the spirit of the treatment of the thermal spin
transition and ignoring the finer details, the iron centers can
again be grouped into two sets. As before, set 2 comprises
Fe(2), Fe(4) and half of Fe(1) and set 1 comprises Fe(3) and
the other half of Fe(1). Fe(5) is left out because of its faster
relaxation at these temperatures. In a mean-field approxi-
mation the relaxation rate constants for the two sets at a
given temperature depend upon the LS fraction according
to:[23]


dgHS1


dt
¼ �k 0


HL1 eða11gLS1 þa12 gLS2ÞgHS1 ð6aÞ


dgHS2


dt
¼ �k 0


HL2 eða21gLS1 þa22 gLS2ÞgHS2 ð6bÞ


with gHS1 and gHS2 both going from 1 at the beginning of the
relaxation to 0 at the end. The total HS fraction is given by
gHS = (3=4gHS1 + gHS2)/2. k 0


HL1 and k 0
HL2 are the relaxation


rate constants at a nominal total HS fraction of 7=8, that is at
the beginning of the relaxation curves, and a11 and a22 are
the cooperativity parameters describing the self-accelera-


tion. As for the interaction parameters G12 and G21, a12 and
a21 describe the interaction between the two sets. Since the
two sets of iron centers relax on different time scales, it is
not possible to actually extract a12 and a21 from the experi-
mental data. So, during the first step in the relaxation curve,
gLS2 remains virtually zero, during the second step gLS1 has
essentially reached a value of 1. Thus, with gLSi = 1�gHSi,
Equation (6) can be recast:


dgHS1


dt
� �k 0


HL1
0 eða11ð1�gHS1ÞÞgHS1 ð7aÞ


dgHS2


dt
� �k 0


HL2
0 eða22ð1�gHS2ÞÞgHS2 ð7bÞ


This pair of differential equations can be solved numerically.
The best fit values for a11 and a22 together with k 0


HL1’ and
k 0


HL2’ are given in Table 5. The corresponding calculated re-
laxation curves are included in Figure 10. In mean-field ap-
proximation and in the thermally activated region the accel-
eration factor a �G/kBT.[23] Thus, as expected, a11 and a22


both decrease with increasing temperature and a11 is some-
what smaller than a22. However, the absolute values of the
acceleration parameters are substantially smaller than G/
kBT. There are several reasons for this: a) 40 to 50 K is not
fully in the thermally activated region, b) there is a compa-
ratively large inhomogeneous distribution of the zero-point
energy difference and c) the specific nearest neighbor inter-
actions of the “antiferromagnetic” type influence the relaxa-
tion behavior. Unfortunately, it is not possible to differenti-
ate between the three unambiguously. However, the fact
that the crystallographically equivalent Fe(1) centers are
again shared by the two sets supports the previous conclu-
sion that nearest neighbor interactions of an “antiferromag-
netic-like” type must be present.


Light induced thermal hysteresis : Some years ago, Desaix
et al.[32] and L�tard et al.[33] showed that continuous photoex-
citation can maintain a considerable fraction of the iron cen-
ters in the high spin state at temperatures where normally
the relaxation is already quite fast. This photoexcitation to-
gether with the cooperative relaxation leads to the so-called
Light Induced Thermal Hysteresis (LITH),[32,33] where a
fraction of the complexes is maintained in the HS state in a
pseudo steady-state under continuous irradiation while the
temperature is slowly scanned typically from 10 up to


Figure 10. HS!LS relaxation curves recorded at different temperatures
from optical measurements following quantitative photoexcitation at
10 K. Experimental data (*) and simulations (c).


Table 5. Parameter values obtained from simulation of the two relaxa-
tion steps: a11 and a22 account for cooperativity, k 0


HL1’ and k 0
HL2’ are the in-


itial rate constants.


T [K] a11 a22 k 0
HL1’/s


�1 k 0
HL2’/s


�1


40 3.0 4.1 7.5	 10�5 5.5	 10�6


46 2.6 3.9 3.6	 10�4 2.9	 10�5


48 2.4 3.75 6.5	 10�4 4.4	 10�5


51 2.2 3.4 1.1	 10�3 1.1	 10�4


55 2.1 3.2 4.9	 10�3 3.0	 10�4
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around 80 K and back again. A corresponding LITH cycle
for the title compound, shown in Figure 11, was recorded at
a constant temperature scan rate of 4 K per hour, by using


the 647 nm line of a Kr+ laser with an intensity at the
sample of 4 mW mm�2. As for the thermal spin-transition,
the LITH cycle shows two steps. The set of iron centers be-
longing to the low temperature step in the LITH cycle cor-
responds to the faster relaxing centers in the relaxation
curves of Figure 10 and therefore they belong to the set of
the high-temperature step of the thermal spin transition.
The second step in the LITH curve corresponds to the cen-
ters, which relax slower and therefore belong to the low-
temperature step in the thermal transition curve.


The LITH cycle can be simulated by using the following
system of coupled differential equations with the terms
(1�gHSi)Is added to account for the photoexcitation:


dgHS1


dt
¼ ð1� gHS1ÞIs� k 0


HL1
0ðTÞ gHS1 eða11ðTÞð1�gHS1ÞÞ ð8aÞ


dgHS2


dt
¼ ð1� gHS2ÞIs� k 0


HL2
0ðTÞgHS2 eða22ðTÞð1� gHS2ÞÞ ð8bÞ


where I is the radiation intensity, and s is the absorption
cross section at the irradiation wavelength of 647 nm. The
numerical solution of these equations was performed by
using the parameters for a11, a22, k 0


HL1’ and k 0
HL2’ as a function


of T taken from Table 5, and by setting the temperature
scan speed to the experimental speed of 4 K h�1 and Is


=0.002 s�1. The calculated curves for the up and down tem-
perature scans are included in Figure 11. The agreement be-
tween calculated and experimental curves is satisfactory.
The fact that the hystereses are steeper in the experimental
curves than in the simulations indicates that the mean-field
treatment has its limitations.


Concluding Remarks


In this paper we have described the synthesis, structure and
physical properties of a new coordination polymer, which
presents an unprecedented (6,6)-network topology. This
polymer is a singular material as there are five crystallo-
graphically distinct iron(ii) sites. These sites display small
differences in the axially distorted [FeN6] coordination octa-
hedrons interlinked by three different bridging ligands
namely pmd, [Ag(CN)2]


� and [Ag2(CN)3]
� . These three dif-


ferent ligands impose vastly different iron-to-iron separa-
tions due to the different lengths of the bridges: 6.2, 10.15
and 15.6 �, respectively. The iron(ii) sites are distinguished
via the number and distribution of the [Ag(CN)2]


� and
[Ag2(CN)3]


� ligands that define the equatorial plane of the
octahedrons, as well as the different connectivity between
iron sites through these bridges. The silver–cyanide system
of bridges connects all the iron(ii) atoms together leading
to an intricate 3D network {Fe[Ag(CN)2][Ag2(CN)3]}¥.
Such amazing coordination at each site imposed by the co-
ordination topology of the bridging pmd ligands deter-
mines the occurrence of self-interpenetration of the (6,6)
{(Fe-pmd-Fe-pmd-Fe)2-L2, where L = [Ag(CN)2]


� or
[Ag2(CN)3]


�} circuits. As far as we are aware, no example of
such a network has been reported to date and this coupled
with the occurrence of strong argentophilic interactions
within the network, make the title structure truly remark-
able.


Magnetic susceptibility measurements reflect the occur-
rence of a two-step spin transition involving each step ca.
50 % of the iron(ii) sites. This process is accompanied by a
drastic color change from yellow (HS) to deep red (LS).
Taking advantage of this color change, the two-step transi-
tion has also been monitored using single-crystal electronic
spectroscopic studies in the visible region. The results from
the bulk magnetic studies and single-crystal optical studies
match well. The thermodynamic parameters associated with
the two-step transition have been calculated from the anom-
alous heat capacity, cp, of the title compound. As expected,
a graph depicting cp versus T is characterized by two
maxima centered at around Tc1 =185 K and Tc2 =148 K, re-
spectively. However, the maxima display significantly differ-
ent values of cp and, consequently, different entropic contri-
butions for each step. DS1 (for the high temperature transi-
tion) is noticeably smaller than DS2.


Diffraction studies show a similar structural behavior on
cooling, with two steps clearly visible. Data collected at the
intermediate plateau reveal that only half of the iron centers
are LS, arranged in chains of alternating -LS-HS-LS-HS-
centers. In the same way, argentophilic interactions are
found to follow a stepwise change, with about 40 % of the
total change observed taking place in the high temperature
step. The unit cell volume variation is also noticeably small-
er than that of the second, low temperature step, establish-
ing a direct link between both events and the change in en-
tropy. Synergy between metallophilic interactions and the
SCO phenomenon has already been reported in previous


Figure 11. Light-induced thermal hysteresis (LITH): experimental data
(! descending temperature, ~ ascending temperature) and simulations
(c) as described in the text. The parameter values used for the simu-
lated curves were a11, a22 (given in Table 5) and Is=0.002 s�1.
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work, however, this is the first time in which its effects have
been thermodynamically quantified.


Photomagnetic and photooptical studies show that the
compound undergoes LIESST at low temperature. Relaxa-
tion of the sample at different temperatures (Figure 10)
shows that the iron atoms in the lattice can be divided into
two groups from the point of view of the magnetic and opti-
cal behavior, in agreement with the diffraction results. Re-
lated to the two steps in the thermal transition curve, there
are two distinctly different slopes seen in the relaxation
curves and the first section of the relaxation is faster than
the second section.


Structural studies have led to the identification of the first
iron center (Fe(5)) to undergo thermal spin crossover. Simi-
lar studies carried out at 30 K on the photoexcited state
show that Fe(5) is in the LS state, the others remain trapped
at the HS state. Thus the Fe(5) center appears to show the
lowest activation barrier for the relaxation HS-to-LS and
due to the nature of the diffraction experiment relaxes too
fast to be measured at 30 K.


A full thermodynamic and kinetic analysis of the spin
transitions has been possible from the direct observation of
the thermal- and light-induced structural changes associated
to each iron(ii) site, which have revealed for the first time
the microscopic mechanism of a complex cooperative spin
transition in a fascinating material.


Experimental Section


Materials : Fe(BF4)2·6H2O, K[Ag(CN)2] and pmd were purchased from
commercial sources and used as received.


Preparation : The material was synthesized by slow diffusion, under an
argon atmosphere, of two aqueous solutions containing stoichiometric
amounts of Fe(BF4)2·6H2O (0.185 mmol, 2 mL)/pyrimidine (0.374 mmol,
2 mL) in one side and K[Ag(CN)2] (0.374 mmol, 2 mL) in the other side
of an H-shaped vessel. Over the following three weeks stable pale-yellow
prismatic crystals of {Fe(pmd)(H2O)[Ag(CN)2]2}·H2O (yield ca. 50 %)[9]


were formed, together with well defined clumps of flattened yellow nee-
dles of {Fe(pmd)[Ag(CN)2][Ag2(CN)3]} (yield ca. 10%). The crystals
have a quite different texture and aspect making it easy to separate them
by hand. However, systematic separation of the two compounds was per-
formed with the aid of a binocular lens in order to avoid any contamina-
tion of the massive samples used for magnetic and calorimetric experi-
ments. Elemental analysis calcd (%) for C9H4N7Ag3Fe: C 18.33, H 0.68,
N 16.63; found: C 18.52, H 0.73, N 16.49.


Magnetic and photomagnetic measurements : The variable temperature
magnetic susceptibility measurements were carried out by using samples
(20–30 mg) consisting of small needles of the title compound, using a
Quantum Design MPMS2 SQUID susceptometer equipped with a 5.5 T
magnet, operating at 1 T and at temperatures from 300–1.8 K. The sus-
ceptometer was calibrated with (NH4)2Mn(SO4)2·12H2O. Photomagnetic
experiments were carried out using a Xe lamp with a 350–800 nm filter
system coupled through an optical fiber to the sample chamber of the
SQUID susceptometer; the power output was 2 mW cm�2. Experimental
susceptibilities were corrected for diamagnetism of the constituent atoms
by the use of Pascal�s constants.


X-ray single crystal diffraction : Single crystal X-ray diffraction experi-
ments were carried out at 290, 220, 170, and 90 K, by using graphite-mon-
ochromated MoKa radiation (l =0.71073 �) on a Bruker SMART-CCD
6000 area detector diffractometer equipped with an Oxford Cryostream
N2 open-flow cooling device.[34] Series of narrow w scans (0.38) were per-


formed at several settings in such a way as to cover a sphere of reciprocal
space to a maximum resolution of 0.75 �. Further datasets were collected
from the same crystal, at 30 K and at 30 K after irradiating the crystal
with a He/Ne laser for 2 h, by using graphite-monochromated MoKa radi-
ation (l=0.71073 �) on a Bruker SMART-1 K CCD area detector dif-
fractometer equipped with an Oxford Cryosystems Helix He open-flow
cryostat.[35] The 10 mW 633 nm laser beam was directed onto the crystal
by a combination of mirrors and prisms.[36]


Unfortunately all crystals tried to date have been found to be non-mero-
hedral twins and the crystal used for the diffraction experiments de-
scribed herein is no exception. Cell parameters and corresponding orien-
tation matrices for the two components of the twin were determined sep-
arately and refined by using the SMART software.[37] The relationship
between the components can be described with the matrix:


which approximately corresponds to a 1808 rotation about the c axis. In-
tegration of the raw intensity data for both components was carried out
using SAINT V6.45 A.[38] An absorption correction was performed and
reflections merged by using TWINABS V1.05.[39]


The structure was solved by direct methods using rough intensities de-
rived from the major twin component. The final refinements at each tem-
perature (including refinement of the twin ratio) were carried out by full-
matrix least squares on F 2 (with SHELXTL),[40] using only reflections
containing a contribution from the major component. Crystal data are
listed in Table 1.


Iron and silver atoms were refined with anisotropic displacement param-
eters, but due to difficulties caused by the twinning, carbon and nitrogen
atoms were refined isotropically at all temperatures. In addition, the 30 K
structure (prior to irradiation) was refined with several constraints on the
Ag, C and N thermal displacement parameters. Hydrogen atoms were
positioned geometrically and refined using a riding model.


Differential scanning calorimetry (DSC): Calorimetric measurements
were performed using a differential scanning calorimeter Mettler Toledo
DSC 821e. Low temperatures were obtained with an aluminium block at-
tached to the sample holder, refrigerated with a flow of liquid nitrogen
and stabilized at a temperature of 110 K. The sample holder was kept in
a dry box under a flow of dry nitrogen gas to avoid water condensation.
The measurements were carried out using around 20 mg of powdered
sample sealed in aluminium pans with a mechanical crimp. Temperature
and heat flow calibrations were made with standard samples of indium
by using its melting transition (429.6 K, 28.45 Jg�1). An overall accuracy
of �0.2 K in temperature and �2 % in the heat capacity is estimated.
The uncertainty increases for the determination of the anomalous enthal-
py and entropy due to the subtraction of an unknown baseline.


Visible absorption single crystal spectroscopy : A copper sample holder,
with a single crystal of 21 mm thickness mounted to cover an aperture of
ca. 0.2 mm diameter, was inserted into a closed cycle cryostat (Oxford In-
struments CCC1100T) capable of reaching 11 K with the sample sitting
in helium exchange gas for efficient cooling. Full absorption spectra were
recorded between 450 and 750 nm by using a home built spectrometer
equipped with a CCD camera and light from a 50 W tungsten halogen
source. The light level from the lamp was kept well bellow the threshold
for any noticeable light-induced spin state conversion.


CCDC-249 686–249691 contain the supplementary crystallographic data
for the paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax 1223-
336033; or deposit@ccdc.cam.uk).
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The Interaction of Highly Helical Structural Mutants with the NOP Receptor
Discloses the Role of the Address Domain of Nociceptin/Orphanin FQ


Teodorico Tancredi,[d] Giacomo Carr�,[b] Remo Guerrini,[c] Marika Arduin,[c]


Girolamo Cal�,[b] Domenico Regoli,[b] Severo Salvadori,*[c] and
Piero Andrea Temussi*[a, e]


Introduction


Nociceptin/orphanin FQ (N/OFQ)[1,2] is a 17-amino acid
neuropeptide (H-Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-
Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln-OH) that binds with a


high affinity to the N/OFQ receptor (NOP, formerly known
as ORL1) such that the receptor binding aites are saturated.
The NOP receptor is a member of the super-family of seven
transmembrane G-protein-coupled receptors (GPCR�s) that,
in spite of a high degree of amino acid sequence homology


Abstract: Nociceptin is a heptadeca-
peptide whose sequence is similar to
that of Dynorphin A, sharing a mes-
sage domain characterized by two gly-
cines and two aromatic residues, and a
highly basic C-terminal address domain
but, in spite of these similarities, dis-
plays no opioid activity. Establishing
the relative importance of the message
and address domains of nociceptin has
so far been hampered by its extreme
conformational flexibility. Here we
show that mutants of this peptide, de-
signed to increase the helical content
in the address domain, can be em-
ployed to explain the mode of interac-
tion with the NOP receptor. Nociceptin
analogues in which Ala residues are
substituted with aminoisobutyric acid
(Aib) show a substantial increment of


activity in their interaction with the
NOP receptor. The increment of bio-
logical activity was attributed to the
well-documented ability of Aib to
induce helicity. Here we have verified
this working hypothesis by a conforma-
tional investigation extended to new
analogues in which the role of Aib is
taken up by Leu. The NMR conforma-
tional analysis confirms that all Ala/
Aib peptides as well as [Leu7,11]-N/
OFQ-amide and [Leu11,15]-N/OFQ-
amide mutants (N/OFQ =nociceptin/
orphanin FQ) have comparable helix


content in helix-promoting media. We
show that the helical address domain
of nociceptin can place key basic resi-
dues at an optimal distance from com-
plementary acidic groups of the EL2


loop of the receptor. Our structural
data are used to rationalize pharmaco-
logical data which show that although
[Leu11,15]-N/OFQ-amide has an activity
comparable to those of Ala/Aib pep-
tides, [Leu7,11]-N/OFQ-amide is less
active than N/OFQ-amide. We hy-
pothesize that bulky residues cannot be
hosted in or near the hinge region
(Thr5-Gly6-Ala7) without severe steric
clash with the receptor. This hypothesis
is also consistent with previous data on
this hinge region obtained by systemat-
ic substitution of Thr, Gly, and Ala
with Pro.


Keywords: conformation analysis ·
NMR spectroscopy · nociception ·
peptides · receptors · structure–
activity relationships
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with the cloned opioid receptor types (mMOP, dDOP, and
kKOP), does not selectively bind opioid agonists or antago-
nists.[3–8] It has been demonstrated that N/OFQ, through
NOP activation, modulates several biological functions, in-
cluding pain threshold, morphine analgesia, food intake,
anxiety, locomotor activity, memory processes, and cardio-
vascular, renal, respiratory, and gastrointestinal func-
tions.[9,10]


Over the last few years, systematic structure–activity stud-
ies on N/OFQ, largely performed in our laboratory,[11, 12]


have pinpointed key residues in the N-terminal four residues
(Phe-Gly-Gly-Phe, message domain), in the address domain
(from Arg8 to Gln17) and in the hinge region connecting the
two domains (Thr-Gly-Ala). Initially we studied the activi-
ties of N/OFQ fragments to determine the minimal se-
quence (N/OFQ(1–13)-amide) that retains full agonist activ-
ity.[13] N/OFQ(1–13)-amide has since served as a template
for the design of further compounds. Early attempts to find
more active agonists and/or to change agonists into antago-
nists, focused on the message domain of N/OFQ. In order to
protect the N terminus from degradation by amino pepti-
dases, we prepared [Phe1Y(CH2-NH)Gly2]-N/OFQ(1–13)-
amide and noted that it behaves as a NOP antagonist in a
variety of in vitro assays, while acting as a potent agonist in
most in vivo assays.[14] This compound, which has been
widely used in N/OFQ studies, is in fact a partial agonist
whose intrinsic activity strongly depends on the efficiency of
the stimulus/response coupling (for a detailed discussion of
this topic see reference [10]). Finally, using a variety of dif-
ferent approaches we modified the N-terminal Phe of N/
OFQ(1–13)-amide and identified [NPhe1]-N/OFQ(1–13)-
amide[15] as a pure and selective antagonist in vitro at re-
combinant human NOP receptors,[16] and at native peripher-
al[17–19] and central[20,21] NOP sites.


Overall, a series of structure–activity relationship (SAR)
studies performed on N/OFQ[22–24,11–15] suggests that Phe1


and Phe4 represent the critical residues of the message
domain of N/OFQ (Phe1-Gly2-Gly3-Phe4), which should be
involved in receptor binding and activation, whereas the
positively charged residues that are present in the address
domain of the molecule (Arg8,12, Lys9,13) appear to be crucial
for receptor occupation. As a result, the emphasis in SAR
studies shifted somewhat to the address domain of N/OFQ.
We have previously reported that the main conformational
differences between N/OFQ and Dynorphin A (Dyn-A), the
peptide ligand of k-opioid receptor, seem confined to the
address moieties.[25] According to a detailed conformational
study on Dyn-A performed in our laboratory,[26,27] we found
that the conformation of the address domain of Dyn-A is
dominated by the presence of Pro10 that separates two
groups of basic residues and limits its flexibility, whereas the
corresponding domain of N/OFQ does not contain relevant
constitutional constraints. Accordingly, the whole molecule
is extremely flexible and the placement of key residues of
the two domains inside the receptor is probably directed by
a process of induced fit. In particular, the basic residues of
the address domain can only make a productive interaction


with acidic residues in the receptor if arranged in a precise
conformation. Interestingly, Okada et al.[28] reported a series
of N/OFQ analogues in which additional Arg-Lys dipeptides
were strategically placed at positions 6–7, 10–11, or 14–15
adjacent to the parent Arg-Lys motifs (8–9 and 12–13) in
lieu of existing residue pairs in the address domain of the
peptide. As a result, [Arg14, Lys15]-N/OFQ, emerged as an
analogue 17-fold more potent in the GTPgS functional assay
compared to native N/OFQ. It is fair to hypothesize that the
increase of positive charges can compensate for the lack of
a regular conformation prior to receptor interaction.


A crucial question, as yet partially unanswered, is the rel-
ative spatial disposition of the two domains. A combined
conformational and pharmacological study on analogues of
N/OFQ(1–13)-amide has shown that if one rigidifies the
hinge region (Thr-Gly-Ala) by systematically substituting
each residue with Pro there is a dramatic drop in activity.
The decrease is most pronounced for [Pro5]-N/OFQ(1–13)-
amide and [Pro7]-N/OFQ(1–13)-amide, whereas [Pro6]-N/
OFQ(1–13)-amide retains an activity comparable to that of
other active analogues.[29] This result was interpreted as an
indication that the angle between the two domains ought to
be similar to that imposed by a b-turn centered on Gly6-
Ala7. This hypothesis is of limited validity because both do-
mains are very flexible from a conformational point of view.
However, while it is well known that the N-terminal domain
is intrinsically flexible, like that of opioids,[25,29] the address
domain does have conformational tendencies that can be en-
hanced by environmental conditions and/or specific substitu-
tions. Accordingly, we sought the best conditions to reveal
its intrinsic conformational tendencies.


Zhang et al.[30] designed a series of conformationally con-
strained analogues of N/OFQ and N/OFQ-amide by replac-
ing Ala residues in the address domain of the peptide with
H-Me-Ala (or Aib; Aib=aminoisobutyric acid) residues.
These authors prepared a series of N/OFQ and N/OFQ-
amide analogues containing Aib as a replacement for Ala7,
Ala11, or Ala15. It was anticipated that if the bioactive con-
formation of N/OFQ is characterized by an amphipathic
helix within the address portion of the sequence, the Aib-
containing peptides would have binding affinities and func-
tional potencies similar to, or higher than that of N/OFQ. In
fact, their results show that the adoption of an amphipathic
helix within the “address” segment of N/OFQ in the recep-
tor-bound state leads to binding affinities and potencies su-
perior to those of N/OFQ itself.


Since Aib is known to favor 310 helices,[31] and also consid-
ering that it is not a genetically encoded, that is, “natural”,
residue, we decided to investigate the importance of a heli-
ces, using natural amino acid residues to modify the helical
propensity of N/OFQ sequences. Here we present a confor-
mational study of new N/OFQ analogues, containing Leu
residues in place of Ala: [Leu7,11]-, [Leu11,15]- and
[Leu11,15,Glu16]-N/OFQ-amide. For comparison purposes we
have also studied the parent peptides N/OFQ, N/OFQ-
amide, the peptides originally proposed by Zhang et al.[30]


[Aib7]-, [Aib11]-, [Aib7,11]-N/OFQ-amide, [Glu16]-N/OFQ-
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amide, and [Pro6]-, [Pro7]- and [Pro11]-N/OFQ-amide, as a
negative control, exploiting the helix-breaking property of
Pro.


All the peptides were tested on the mouse vas deferens
(MVD), a pharmacological preparation sensitive to N/OFQ
and the tendency of the peptides to adopt a preferred con-
formation was investigated experimentally by NMR spectros-
copy. The pharmacological profiles of the new peptides
show that helicity does indeed play a key role. However, a
combination of conformational studies in solution and dock-
ing to a reliable receptor model show that it is necessary to
take into account the precise features of residues connecting
the message and address domains.


Results


Peptide design and synthesis : To design possible peptides in
which Ala residues are substituted by natural residues with
helical propensity higher than that of Ala, we used two pop-
ular programs, Agadir[32] and PSIPRED.[33] Agadir, an algo-
rithm based on the helix–coil transition theory, predicts the
helical propensity of isolated peptides. Accordingly, al-
though not written to predict a possible interaction with the
receptor, Agadir is ideal for an appraisal of relative confor-
mational tendencies. PSIPRED, a new accurate secondary
structure prediction method based on neural networks,[33]


yielded comparable results. There are several natural resi-
dues that can impart helicity, but if one wants to keep the
essential distinctive features of the address domain of N/
OFQ, for example, its predominantly basic character, it is
evident that Glu, a powerful helix-inducer, should be ex-
cluded. Actually, we used mutations involving Glu only as a
negative control (vide infra). By the same token, we did not
want to use aromatic residues that could compete with the
message domain. After several trials among possible candi-
dates, we chose Leu as the best natural residue in place of
Aib to substitute Ala residues of the original N/OFQ se-
quence. Both prediction methods yielded low helicity values
for single substitutions, but higher values for double substi-
tutions. Based on these predictions, we designed the follow-
ing peptides: [Leu7,11]-, [Leu11,15]- and [Leu11,15,Glu16]-N/
OFQ-amide. The first two have mutations consistent with
those described by Zhang et al.[30] The last one was synthe-
sized to gauge the balance between increased helicity and
the (likely) detrimental effect on binding caused by the
presence of an acidic residue.


Pharmacological data were also acquired for the parent
peptides N/OFQ and N/OFQ-amide, for all Aib-containing
peptides originally proposed by Zhang et al.,[30] that is,
[Aib7]-, [Aib11]-, [Aib7,11]-N/OFQ-amide, for [Glu16]-N/OFQ-
amide, and finally for [Pro6]-, [Pro7]- and [Pro11]-N/OFQ-
amide. Pro was chosen since it is a widely used helix-break-
er, but [Pro6]- and [Pro7]-N/OFQ-amide, as well as repre-
senting a negative control for helicity, play a crucial role in
connection to the issue of the flexible hinge connecting the
two domains of N/OFQ.[29]


Table 1 shows the ten analogues of N/OFQ, synthesized
according to published methods by using standard solid-
phase synthesis techniques[34] with a Milligen 9050 synthesiz-
er as described in detail in the Experimental Section.


Structural data : To assess conformational tendencies on an
experimental basis we undertook a systematic NMR study
in several media that are known to favor helicity. The
number and intensity of NOE�s and, to some extent, even
the conformation of short linear peptides in solution can be
influenced by the use of cryoprotective mixtures,[35–37] for ex-
ample, solvent mixtures of viscosity higher than that of pure
water but comparable to that of cytoplasm.[38,39] Notwith-
standing, the NOESY spectra of N/OFQ in water, dimethyl
sulfoxide (DMSO), in mixtures of water with DMSO or in
several hydroalcoholic mixtures show a limited spread of
the NH resonances corresponding to little ordering of the
peptide.[29] The same behavior was shown by analogues con-
taining Pro in key positions,[29] including those studied in the
present paper, namely [Pro6]-N/OFQ-amide, [Pro7]-N/OFQ-
amide and [Pro11]-N/OFQ- amide (data not shown) consis-
tently with the low helix-inducing property of this residue.


In contrast, analogues containing Aib or Leu residues in
place of Ala show rich NOESY spectra consistent with a
high helical content in all media that are known to favor
helical conformations. Alcohols, either neat or mixed with
water are the most popular media used to induce helicity in
peptides.[40–43] We ran spectra of nocistatin in mixtures of
water with 2,2,2-trifluoroethanol (TFE) and hexafluoroace-
tone trihydrate (HFA). This last mixture has been shown to
behave like TFE/water mixtures, but with a much higher
helix-inducing propensity.[44] It was also shown that the
structuring effect of HFA/water does not overrule confor-
mational preferences encoded in residue types, but rather
reflects intrinsic residues tendencies faithfully: b-endorphin,
another long-chain opioid, in HFA/water assumes a regular
helical structure only in the C-terminal address domain se-
quence, leaving the first 12 residues completely disor-
dered.[45]


Figure 1 shows the comparison of partial 500 MHz
NOESY spectra of [Aib7,11]- and [Leu7,11]-N/OFQ-amide in


Table 1. Analytical properties of N/OFQ analogues.


tr
[a] [M+H]+ [b]


Abbreviated names I II calcd found


[Aib7]-N/OFQ-amide 13.12 21.17 1823.1 1823.1
[Aib11]-N/OFQ-amide 13.88 21.51 1823.1 1822.8
[Aib7,11]-N/OFQ-amide 14.07 22.17 1837.1 1837.3
[Leu7,11]-N/OFQ-amide 14.88 23.07 1893.2 1893.1
[Leu11,15]-N/OFQ-amide 15.12 23.15 1893.2 1893.2
[Leu11,15, Glu16]-N/OFQ-amide 15.76 23.81 1908.2 1907.9
[Glu16]-N/OFQ-amide 12.76 18.08 1824.1 1824.3
[Pro6]-N/OFQ-amide 13.81 21.51 1849.1 1849.5
[Pro7]-N/OFQ-amide 13.34 21.76 1835.1 1835.3
[Pro11]-N/OFQ-amide 14.22 22.66 1835.1 1835.1


[a] tr is the retention time determined by analytical HPLC. [b] The mass
ion [M+H]+ was obtained by MALDI-TOF mass spectrometry.
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HFA/water (1:1, v:v) at 300 K. Both spectra show NOEs be-
tween protons of residues spaced by three or four positions
along the sequence, consistent with a high helical content.


Figure 2A shows the bar diagrams of the two peptides, sum-
marizing the main diagnostic effects derived from NMR
spectra. Figure 2B shows the corresponding distribution of
NOE-derived constraints along the sequence. The higher
number of constraints that can be measured for [Leu7,11]-N/
OFQ-amide allows a full structure determination. Introduc-
tion of restraints derived from intraresidue, sequential and
medium range NOEs in DYANA[46] generated 20 structures
of [Leu7,11]-N/OFQ-amide with good values of the usual
target function[46] out of 30 randomly generated initial con-
formers. All 20 structures have similar values of the back-
bone torsion angles for the C-terminal part but diverge in
the N-terminal region. The whole sequence from Thr5 to
Ala15 is a fairly regular a helix. Small deviations from a ca-
nonical a-helical structure may originate from an insuffi-
cient number of constraints in the refinement procedure.
Figure 3 shows the bundle of the ten best structures of
[Leu7,11]-N/OFQ-amide calculated by DYANA and refined
by means of restrained simulated annealing (left) and the
ribbon representation of the mean structure (right).


All peptides containing Aib and those with two Leu resi-
dues in lieu of two Ala yield NMR spectra typical of pep-
tides with a high helical content. For all peptides other than
[Leu7,11]-N/OFQ-amide, instead of reverting to the standard
(but time-consuming) structure determination employed for
this peptide, we built models that were subsequently refined
by restrained energy minimization. In order to build good


Figure 1. Comparison of partial 500 MHz 1H NOESY spectra of [Aib7,11]-
and [Leu7,11]-N/OFQ-amide in HFA/water (1:1, v:v) at 300 K. The spectra
were recorded with a mixing time of 200 ms. Water suppression was
achieved either by presaturation or by using the WATERGATE pulse se-
quence.[57]


Figure 2. A) Bar diagrams summarizing the main diagnostic effects involving backbone NH and Ha and Hb atoms derived from NMR spectra of [Aib7,11]-
(left) and [Leu7,11]-N/OFQ-amide (right). B) Distribution of NOE derived constraints along the sequence for the same peptides.
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starting conformations, we adopted f angles close to those
of a regular a helix for the Leu peptides and close to a 310


helix for the Aib peptides, with small manual adjustments to
take into account experimental distance restraints. Each
peptide was energy minimized by using a simple MM2
force-field in vacuo and using NOE-derived interatomic dis-
tances as the only restraints. After several cycles of restrain-
ed minimization, unrestrained energy minimization led to a
final conformation that was checked for consistency against
all NMR parameters. It was reassuring to note that the
model of [Leu7,11]-N/OFQ-amide is very similar to the struc-
ture calculated by using the standard procedure.


Figure 4 shows the comparison of the molecular models
of [Leu7,11]- and [Aib7,11]-N/OFQ-amide.


Pharmacology : The ten analogues of N/OFQ, reported in
Table 1, were tested for their ability to inhibit electrically
evoked contractions (twitch response) of the mouse vas def-
erens (MVD), an N/OFQ sensitive pharmacological prepa-
ration.[10] Results of this biological assay are presented in
Table 2 as a pEC50 to describe agonist potency. The replace-
ment of Ala7, Ala11, and Ala7,11 with Aib in the address se-
quence of N/OFQ improves activity in the MVD assay;
[Aib7]-, [Aib11]-, [Aib7,11]-N/OFQ-amide are approximately
two- and threefold more potent than N/OFQ-amide and N/
OFQ, respectively. These results are in agreement with the
data reported by Zhang et al.[30] determined as a [35S]GTPgS
functional assay. To determine if NOP agonist activities of
[Aib7]-, [Aib11]-N/OFQ-amide were mediated by the NOP
receptor, the pA2 for UFP-101, a selective NOP receptor an-
tagonist,[18] and naloxone were determined in comparison
with N/OFQ. While naloxone does not modify the NOP ag-
onist activity up to 10 mm, the pA2 values obtained for UFP-


101 were comparable for all NOP agonists, confirming that
in the MVD assay agonist activity of Aib peptides was medi-
ated by the NOP receptor (Table 3). As reported in the
paper of Zhang et al. ,[30] these results may be interpreted on
the basis of helicity, imparted by the Aib substitution to the
address domain of the N/OFQ peptide. Amino acids such as
Ala, Asp, Glu, Ile, Leu, and Met favor the formation of a


helices, whereas, Gly and Pro favor disruption of the helix.
This is particularly true for Pro, since it is a pyrrolidine-


Figure 3. Bundle of the ten best structures of [Leu7,11]-N/OFQ-amide cal-
culated by DYANA and refined by means of restrained simulated anneal-
ing (left) and the ribbon representation of the mean structure (right).


Figure 4. Comparison of the molecular models of [Leu7,11]-N/OFQ-amide
(A) and [Aib7,11]-N/OFQ-amide (B). Both models are shown as stick-
and-ball representations. Side chain atoms of Aib and Leu residues are in
darker gray. The views on the right, seen along the axes of the helices,
show that the side chain of Leu7 protrudes beyond the mean encum-
brance of the helix.


Table 2. Effects of N/OFQ and N/OFQ related peptides in the electrical-
ly stimulated mouse vas deferens.


Peptide pEC50 (CL95 %)[a] relative
potency


Emax
[b] [%]


N/OFQ 7.82 (7.64–8.00) 0.7 93�1
N/OFQ-amide 7.97 (7.93–8.01) 1 90�1
[Aib7]-N/OFQ-amide 8.35 (8.24–8.46) 2.4 91�1
[Aib11]-N/OFQ-amide 8.38 (8.07–8.29) 2.6 91�1
[Aib7,11]-N/OFQ-amide 8.18 (8.07–8.29) 1.6 90�2
[Leu7,11]-N/OFQ-amide 7.60 (7.55–7.65) 0.4 84�3
[Leu11,15]-N/OFQ-amide 8.13 (8.08–8.18) 1.4 88�1
[Leu11,15, Glu16]-N/OFQ-amide 7.64 (7.59–7.69) 0.5 84�2
[Glu16]-N/OFQ-amide 7.44 (7.20–7.68) 0.3 87�2
[Pro6]-N/OFQ-amide 6.60 (6.23–6.97) 0.04 92�5
[Pro7]-N/OFQ-amide 6.32 (5.82–6.82) 0.02 99�1
[Pro11]-N/OFQ-amide 6.06 (5.77–6.35) 0.01 90�8


[a] pEC50 is the negative logarithm to base ten of the molar concentration
of agonist that produces 50% of the maximal possible effect. CL95%:
95% confidence limits. [b] Emax is the maximal effect induced by an ago-
nist expressed as percent inhibition of electrically induced twitches.
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based imino acid (HN=) whose structure significantly re-
stricts movement about the peptide bond in which it is pres-
ent, thereby interfering with extension of the helix. We re-
placed Ala7,11 and Ala11,15 with Leu and Gly6, and Ala7 or
Ala11 with Pro, to see if natural amino acids such as Leu or
Pro can confirm or disrupt the tendency of the C-terminal
sequence of the peptide to adopt an ordered conformation
(amphipathic helix) in the receptor interaction.


[Leu7,11]- and [Leu11,15]-N/OFQ-amide maintain good ago-
nist activity in the MVD assay although the first analogue is
2.5-fold less potent than N/OFQ-amide, while the second
one is 1.4-fold more potent than reference peptide. Replace-
ment of Asn16 with an acidic residue, as in the analogue
[Leu11,15, Glu16]-N/OFQ-amide, does not improve the poten-
cy of the analogue. In fact, [Leu11,15, Glu16]-N/OFQ-amide is
twofold less potent than N/OFQ-amide, in spite of the great
helix-inducing propensity of Glu. On the other hand, the
only substitution of Asn16 with Glu, as in [Glu16]-N/OFQ-
amide, is more detrimental for the activity: threefold less
compared to reference N/OFQ-amide. It has been suggested
that positively charged residues (Arg and Lys), in the C-ter-
minal address domain of the peptide, are important for the
interaction with NOP receptor.[22,23,11] Such interactions
probably occur with the second extracellular loop (EL2) of
the NOP receptor that is rich in acidic residues (Asp and
Glu). It is likely that the negative charge of Glu16 can inter-
fere with acidic residues of the second loop of the receptor
or reduce the interactions of basic residues present in the
address domain of the N/OFQ. Considering that [Leu11,15,
Glu16]-N/OFQ-amide is 1.6-fold more potent than [Glu16]-N/
OFQ-amide, we might speculate that Leu residue in the ad-
dress domain of the peptide has a positive contribution in
the bioactive conformation. These results are consistent with
the high activity of [Leu11,15]-N/OFQ-amide that is 3.1-fold
more potent than [Leu11,15, Glu16]-N/OFQ-amide and five-
fold more potent than [Glu16]-N/OFQ-amide, an analogue
without Leu residue in the address domain of the peptide.


The Pro-containing peptides, although still agonists, are
far less potent than N/OFQ-amide, and the corresponding
Aib- and Leu-containing peptides. In particular, the [Pro11]-,
is 210-fold less potent, in the MVD assay, than [Aib11]- and
120-fold if compared with [Leu11,15]-N/OFQ-amide. These
data confirm that since Pro favors disruption of the helix
conformation in the address domain of the N/OFQ, helicity


itself plays an important role. The other two Pro analogues,
that is, [Pro6]-N/OFQ-amide and [Pro7]-N/OFQ-amide,
while still consistent with the role of a helical conformation
in the address domain, shed light on the importance of the
conformation of the hinge region. As discussed at length in
a previous paper,[29] only a b-turn centered on Gly6-Ala7 is
consistent with NOP activity. This observation is particularly
relevant for the relative orientation of the two domains
inside the receptor (vide infra).


Receptor binding in silico : The interaction of N/OFQ with
the NOP receptor, similarly to that of Dyn-A with the k-
opioid receptor,[27,29] is thought to be mediated by EL2, a
very acidic external loop of the receptor. It is not known
whether the function of this loop is to “capture” the agonist
or to contribute also to the binding together with the active
site hosting the message domain. The relevance of helicity
for the interaction with the receptor, suggested by the work-
ing hypothesis of Zhang et al.[30] and confirmed by the data
of the present work, hints at the possibility that a key inter-
action inside the receptor is the helix–helix interaction of
the peptide with one or more of the TM helices, as proposed
by Saviano et al. ,[45] in the case of b-endorphin. If this were
the case, the agonist would eventually find its optimal place-
ment inside the receptor without further involvement of the
loop.


To check this, we explored possible orientations of the
NMR structure of [Leu11,15]-N/OFQ-amide inside the recep-
tor. The NOP receptor has been modeled by Topham
et al.[47a] and more recently by Brçer et al.[47b] We chose the
coordinates (courtesy of Dr. Brçer) of this last model for
our docking. One major difficulty in this in silico complexa-
tion is that the conformations of the peptide and of the re-
ceptor are likely to undergo mutual reorganization. Howev-
er, if we limit ourselves to simple topological and electro-
static considerations, it is possible to reach an unambiguous
result. It is highly probable that the two aromatic rings of
the message domain, that is, Phe1 and Phe4, should be
placed inside the apolar cavity that is able to bind apolar
nonpeptidic agonists.[47b] It is also imperative that the very
basic C-terminal address domain of [Leu11,15]-N/OFQ-amide
can interact with acidic residues of the receptor.


As shown by Figure 5A, if one places the message domain
inside the apolar cavity, the helix–helix interactions occur in
parts of the receptor almost completely devoid of acidic res-
idues. In contrast, if one rotates the model of the peptide by
1808, the basic residues can interact with the very acidic EL2


loop (Figure 5B).
As shown in Figure 5C, manual docking of the peptide


can easily optimize specific interactions between basic resi-
dues of the peptide and corresponding acidic residues of the
receptor: Arg8-Glu203, Lys9-Glu199, Arg12-Asp195, and Lys13-
Glu197. It is interesting to note that the relative orientation
of the two domains in the the NMR structure of [Leu11,15]-
N/OFQ-amide is consistent with the b-turn centered on
Gly6-Ala7.


Table 3. Effects of naloxone and UFP-101 against the actions of N/OFQ-
amide, [Aib7]-, and [Aib11]-N/OFQ-amide in the electrically stimulated
mouse vas deferens.[a]


pKB values (CL95 %)
naloxone UFP-101


N/OFQ-amide <6 7.04 (6.73–7.35)
[Aib7]-N/OFQ-amide <6 7.35 (7.11–7.59)
[Aib11]-N/OFQ-amide <6 7.37 (7.21–7.53)


[a] Antagonist potencies were evaluated using the Gaddum Schild equa-
tion: pA2 = log((CR�1)/[antagonist]) assuming a slope value equal to
unity. Data are the mean � s.e.m. of at least five separate experiments.
For pKB values, the 95% confidence limits are given in brackets.
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Discussion


Helicity as a key factor : The combination of results from
the conformational analysis and the pharmacological assays
shows conclusively that helicity of the address domain of no-
ciceptin plays a key role in the interaction with the NOP re-
ceptor. This result is of particular importance, since the
parent peptide (N/OFQ) has very little tendency to assume
a helical conformation in a variety of media,[29] although
there have been claims to the contrary.[48] In full agreement
with the work of Zhang et al.,[30] we have confirmed that
single or multiple substitutions of Ala residues with Aib in
the address domain of N/OFQ invariably lead to an incre-
ment of activity with respect to NOP interaction. The incre-
ment of biological activity was attributed by Zhang et al.[30]


to the well-documented ability of Aib to induce helicity.[31]


However, since these authors relied entirely on literature
data to evaluate the helix-inducing ability of Aib, and did
not support their hypothesis with an experimental confor-


mational study, we chose to un-
dertake a comparative structur-
al and pharmacological analysis.


We have verified the hypoth-
esis of Zhang et al.[30] experi-
mentally, extending the study to
new analogues in which the
role of Aib is taken up by a
natural amino acid, that is, Leu,
a residue that is known to in-
crement helicity. Predictions of
secondary structure showed
that single Ala/Leu substitu-
tions are not sufficient to in-
crease helicity considerably, but
double substitutions, such as
[Leu7,11]- and [Leu11,15]-N/OFQ-
amide, do give encouraging hel-
icity predictions.


The conformational analysis,
based on NMR spectroscopy,
confirms that all singly substi-
tuted Ala/Aib peptides as well
as the doubly substituted
[Aib7,11]-N/OFQ-amide, which
was studied to compare its con-
formational features to those of
[Leu7,11]-N/OFQ-amide, are
highly helical. The same holds
true also for [Leu7,11]- and
[Leu11,15]-N/OFQ-amide. In
fact, in helix-promoting media,
the helix content of [Leu7,11]- is
even higher than that of
[Aib7,11]-N/OFQ-amide.


Helicity is not the only factor :
[Leu11,15]-N/OFQ-amide has an


activity comparable to those of singly substituted Ala/Aib
peptides and identical to that of [Aib7,11]-N/OFQ-amide.
Helicity is evidently not the only factor affecting the interac-
tion with the receptor. We know that alteration of the basic
nature of the message domain is detrimental for the interac-
tion, as shown by numerous comparisons between N/OFQ
peptides that contain only natural residues: those with a C-
terminal carboxyl group are invariably less active than the
corresponding C-terminal amidated analogues.[11] Confirma-
tion also came from the Aib-containing sequences of Zhang
et al.[30] that, when in the form of peptide amides, are more
active than the corresponding C-terminal free acid deriva-
tives. As an internal control, we studied also [Leu11,15,Glu16]-
N/OFQ-amide: the inclusion of Glu16 enhances the helical
propensity, both owing to the intrinsic properties of Glu and
for the favorable electrostatic interaction with Lys12. Yet,
the biological activity is only half that of the parent peptide
(N/OFQ-amide). The interpretation of this result is straight-
forward, since it is well known that negative charges in the


Figure 5. Two possible orientations of the model of [Leu11,15]-N/OFQ-amide inside the receptor. The model of
[Leu11,15]-N/OFQ-amide is shown in a neon rendering with the backbone in gold and aromatic side chains in
light green. The model of the receptor is shown as a line rendering of the backbone (blue). A) Message
domain inside the apolar cavity and address domain among the TM helices. Backbone atoms of acidic residues
are in neon and highlighted in red. B) Message domain inside the apolar cavity and the address domain in con-
tact with the EL2 loop (backbone as red neon). C) Interactions between basic residues of the peptide and cor-
responding acidic residues of the receptor: Arg8-Glu203, Lys9-Glu199, Arg12-Asp195, and Lys13-Glu197. The model
of [Leu11,15]-N/OFQ-amide and selected side chains of the receptor are shown in a neon rendering with the
backbone in gold, basic side chains in blue, and aromatic side chains in light green. The acidic side chains of
the EL2 loop are shown in red, and the hydrophobic side chains lining the walls of the active site are repre-
sented in dark green.
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address domain decrease binding dramatically. In this case,
the presence of the negative charge of Glu16 more than off-
sets the gain in binding obtained through the stabilization of
the helix, as indicated by the similar pEC50 values of
[Leu11,15, Glu16]-N/OFQ-amide and [Glu16]-N/OFQ-amide.


An important difference among Aib and Leu mutants is
that the biological response of Leu mutations depends
sharply on the position along the sequence. A less predict-
able outcome of our study is the fact that [Leu7,11]-N/OFQ-
amide is even less active than [Leu11,15, Glu16]-N/OFQ-
amide. Since this peptide is as helical as any of the Aib/Ala
peptides and has no significant change in the electrostatic
properties, the only possible explanation is that bulky resi-
dues cannot be hosted in the hinge region (Thr-Gly-Ala)
without severe steric clash with the receptor.


This finding is consistent with previous data on this hinge
region obtained by systematic substitution of Gly and Ala
with Pro. This study[29] showed that the angle between the
two domains is very important for a productive interaction
with the receptor. It is clear that a bulky residue at the end
of the hinge can both change the angle and clash with recep-
tor residues. It is interesting to see from Figure 4 that the
only significant difference between the models of [Aib7,11]-
and [Leu7,11]-N/OFQ-amide is the evident encumbrance of
the side chain of Leu7 with respect to that of Aib7.


Conclusion


In summary, our study confirms the importance of a pre-
dominantly helical conformation for the address domain of
N/OFQ as a key factor for its interaction with the EL2 loop
of the receptor. As previously mentioned, N/OFQ shows
very little tendency to assume ordered conformations, in-
cluding helical ones, in in vitro studies in a variety of
media.[29] The results of our conformational studies suggest
that the helical conformation of the address domain may be
attained, in vivo, through the induced fit with the receptor.
The easy docking of the NMR structure of [Leu11,15]-N/
OFQ-amide inside the receptor lends validity to the relative
location and orientation of the two domains. The message
domain is hosted by the cavity that can bind apolar nonpep-
tidic agonists,[47b] whereas the acidic residues of the EL2 loop
are placed at ideal interacting positions to corresponding
basic residues of [Leu11,15]-N/OFQ-amide by the helical con-
formation of the address domain and by the angle between
the two domains. The response to substitutions in the hinge
region between the message and address domains hints at a
precise spatial requirement for the relative orientation of
the two domains and at a threshold in the bulkiness of resi-
due number seven.


Experimental Section


Materials : Amino acids, protected amino acids, and chemicals were pur-
chased from Bachem, Novabiochem, Fluka (Switzerland) or Chem-


Impex International (USA). The resin [5-(4’-Fmoc-aminomethyl-3’,5’-di-
methoxyphenoxy)valeric acid]polyethyleneglycol/polystyrene support
(Fmoc-PAL-PEG-PS) was from Millipore (Waltham, MA). Naloxone
was from Tocris Cookson (Bristol, UK). Stock solutions (1 mm) of pep-
tides were made up in distilled water and kept at �20 8C until use. Krebs
solution (gassed with 95% O2 and 5 % CO2, pH 7.4) was of the following
composition (in mm): NaCl (118.5), KCl (4.7), KH2PO4 (1.2), NaHCO3


(25), CaCl2 (2.5), and glucose (10). All other reagents were from Sigma
Chemical Co. (Poole, UK) or E. Merck (Darmstadt, Germany) and were
of the highest purity available.


General procedures for the solid phase synthesis : As an illustrative ex-
ample the synthesis of [Aib7]-N/OFQ-amide is described. Fmoc-PAL-
PEG-PS resin, (0.19 mmol g�1, 0.5 g) was treated with piperine 20%
DMF and linked with: Fmoc-Gln(Trt)-OH, Fmoc-Asn(Trt)-OH, Fmoc-
Ala-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, Fmoc-Arg(Pmc)-OH,
Fmoc-Ala-OH, Fmoc-Ser(tBu)-OH, Fmoc-Lys(Boc)-OH, Fmoc-
Arg(Pmc)-OH, Fmoc-Aib-OH, Fmoc-Gly-OH, Fmoc-Thr(tBu)-OH,
Fmoc-Phe-OH, Fmoc-Gly-OH, Fmoc-Gly-OH, and Fmoc-Phe-OH
(4 equiv) by using [O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate] (known as HATU)[49] (4 equiv) as coupling re-
agent. Double coupling was required in the acylation step of the Aib resi-
due. The coupling reaction time was 1 h and piperidine (20 %)/DMF was
used to remove the Fmoc group in every step. The peptide resin was
washed with methanol and dried in vacuo to yield the protected [Aib7]-
N/OFQ-resin. The other peptides were synthesized in a similar manner.
The protected peptide resin was treated with reagent K[50] (TFA/H20/
phenol/ethanedithiol/thioanisole 82.5:5:5:2.5:5; v/v; 10 mL per 0.5 g of
resin) for 1 h at room temperature. After filtration of the exhausted
resin, the solvent was concentrated in vacuo and the residue triturated
with diethyl ether. The crude peptide was purified by preparative re-
verse-phase HPLC to yield a white powder after lyophilization.


Peptide purification and analytical determinations : Crude peptides were
purified by preparative reverse-phase HPLC by using a Waters Delta
Prep 4000 system with a Waters PrepLC 40 mm Assembly column C18


(30 � 4 cm, 300 �, 15 mm spherical particle size column). The column was
perfused at a flow rate of 40 mL min�1 with solvent A (water, 0.1 %
TFA), and a linear gradient from 0 to 35% of solvent B (acetonitrile,
0.1% TFA) over 30 min was adopted for the elution of peptides. Analyti-
cal HPLC analyses were performed on a Beckman 125 liquid chromato-
graph fitted with a Nucleodur C18 column (4.6 � 150 mm, 5 mm particle
size) and equipped with a Beckman 168 diode array detector. Analytical
purity and retention time (tR) of each peptide were determined using
HPLC conditions in the above solvent system (solvents A and B) pro-
grammed at a flow rate of 1 mL min�1 using a linear gradient: I) from
5% to 60 % B over 25 min and II) from 0% to 40 % B over 25 min. All
analogues showed >97% purity when monitored at 220 nm. Molecular
weights of compounds were determined by a MALDI-TOF (matrix-as-
sisted laser desorption ionization time-of-flight) analysis using a Hewlett
Packard G2025 A LD-TOF system mass spectrometer and a-cyano-4-hy-
droxycinnamic acid as the matrix. Values are expressed as [M+H]+ .


The analytical properties of N/OFQ analogues are reported in Table 1.


Model building : Model building was performed by means of the program
Chem3D (Cambridge Soft). Starting models were built from scratch by
using only sequence information and choosing qualitatively the helical re-
gions from the NMR parameters. The resulting conformer was energy
minimized by using a simple MM2 force-field, in vacuo, with a dielectric
constant of 15, and NOE-derived interatomic distances as the only re-
straints. Restrained minimization was continued until low values of the
gradient (<0.001) were reached. Unrestrained energy minimization led
to a final conformation consistent with all NMR parameters.


NMR measurements : Proton NMR spectra were run on Bruker DRX-
500 and on Bruker DRX-600 spectrometers. A conventional set of 2D
spectra, according to the scheme of sequential assignment described by
Wuethrich[51] was recorded: DQF-COSY,[52] TOCSY,[53] and NOESY.[54]


TOCSY spectra were collected with mixing times in the range 50 to
75 ms, using the clean MLEV-17 mixing scheme.[55] The NOESY spectra
were recorded with mixing times of 50, 100 and 200 ms. Time-proportion-
al phase Incrementation (TPPI) was applied to achieve quadrature detec-
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tion in the virtual dimension.[56] Water suppression was achieved either
by presaturation or by using the WATERGATE pulse sequence.[57]


Data processing was performed with standard Bruker software
XwinNMR. Spectral analysis was performed with SPARKY.[58]


Structure calculation : The input data for the structure calculation with
the program DYANA[46] were generated from the peak volumes obtained
from SPARKY.[58] Figure 3 summarizes all measured NOEs, classified as
intraresidue, sequential and medium range (1< j i�j j<5).


Based on the peak volumes observed on the NOESY spectra, the upper
distance limits were generated with the program CALIBA.[46] Computa-
tions were performed on SGI O2 computers. During the DYANA calcu-
lation using the simulated annealing protocol in torsion angle space, we
introduced all available restraints.


To display the final structures, calculations of the mean coordinates of
the ensemble structures and their root mean square deviations (rmsd)
values were carried out with the program MOLMOL.[59]


Bioassay studies : Male Swiss mice weighing 25–30 g were used. The bio-
assay experiments were performed as previously described.[14] The mouse
vas deferens tissues were suspended in 5 mL organ baths containing
Mg2+ free Krebs solution at 33 8C. The tissues were stimulated through
two platinum ring electrodes with supramaximal rectangular pulses of
1 ms duration and 0.05 Hz frequency. The resting tension was maintained
at 0.3 g. The electrically evoked contractions were measured isotonically
by means of a Basile strain gauge transducer and recorded with a PC-
based acquisition system (Autotrace, RCS, Florence, Italy). After an
equilibration period of about 1 h the contractions induced by electrical
field stimulation were stable. At this time, cumulative concentration-re-
sponse curves to N/OFQ and related peptides were performed (0.5 log
unit steps). When required, antagonists (naloxone and UFP-101) were
added to the Krebs solution 15 min before performing the concentration-
response curve to agonists.
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Synthesis, Characterization, and Complexation of Tetraarylborates with
Aromatic Cations and Their Use in Chemical Sensors


Terhi Alaviuhkola,*[a] Johan Bobacka,[b] Maija Nissinen,[c] Kari Rissanen,[c]


Ari Ivaska,[b] and Jouni Pursiainen[a]


Introduction


Tetraphenylborate was introduced in analytical chemistry in
the 1940s, when it was used for the precipitation of mono-
cations such as those of potassium, rubidium, cesium, and
quaternary ammonium compounds.[1] Tetraphenylborate is
an example of a simple organic precipitating reagent, but
there have also been numerous studies of other substituted
borates that form saltlike precipitates.[2] The investigation of
borate complexes containing organic cations as guest mole-


cules has not attracted a great deal of interest, although a
variety of substituted borates bearing aryl groups have been
synthesized.[3,4] Electrochemical sensors constitute an impor-
tant group of chemical sensors that are attractive for practi-
cal applications allowing the use of small-size, portable, and
low-cost instrumentation.[5,6] Potentiometric ion sensors
(ion-selective electrodes, ISEs) based on neutral or charged
carriers (receptors, ionophores) are one of the oldest and
most successful types of chemical sensors in routine use
today, especially in clinical analysis.[7] These ion sensors are
normally based on plasticized polymer membranes contain-
ing specific ionophores and ionic additives.[8]


Tetraphenylborate derivatives have been used as ionic ad-
ditives in ISEs, initially just to reduce the anionic interfer-
ence observed in the presence of lipophilic anions (Donnan
exclusion).[8] They cannot form specific, strong ion pairs due
to their shielded negative charge, but they nevertheless
seem to play an active role as complexing agents, in addition
to bringing negative charge to the sensor surface. For exam-
ple, it has recently been shown that the Hg2+ interference
on Ag+-ISEs can be reduced by six orders of magnitude
when replacing tetrakis(4-chlorophenyl)borate by a weakly


Abstract: Five aromatic borate anions,
namely tetrakis(4-phenoxyphenyl)bo-
rate (1), tetrakis(biphenyl)borate (2),
tetrakis(2-naphthyl)borate (3), tetra-
kis(4-phenylphenol)borate (4), and tet-
rakis(4-phenoxy)borate (5), have been
prepared and tested as ion-recognition
sites in chemical sensors for certain ar-
omatic cations and metal ions. To gain
further insight into the complexation of
the cations, some complexes have been
prepared and structurally character-
ized. The complexation behavior of 1
and 2 towards N-methylpyridinium (6),
1-ethyl-4-(methoxycarbonyl)pyridinium
(7), tropylium (8), imidazolium (9), and


1-methylimidazolium (10) cations has
been studied, and the stability con-
stants of the complexes of 1 with cat-
ions 6 and 8 have been measured to
compare them with the values for the
previously studied complexes of tetra-
phenylborate. The structures of the
borate anions and their complexes
have been characterized by NMR and
mass spectrometric methods. X-ray


crystal structures have been deter-
mined for potassium tetrakis(4-
phenoxyphenyl)borate (K+ ·1), N-meth-
ylpyridinium tetrakis(4-phenoxyphen-
yl)borate (6·1), 1-ethyl-4-(methoxycar-
bonyl)pyridinium tetrakis(4-phenoxy-
phenyl)borate (7·1), tropylium tetra-
kis(4-phenoxyphenyl)borate (8·1), and
imidazolium tetrakis(biphenyl)borate
(9·2). The results show that borate de-
rivatives are potential candidates for a
completely new family of charged car-
riers for use in cation-selective electro-
des.
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coordinating carborane as the anionic additive in the ion-se-
lective membrane.[9] In the complexes of borates, hydrogen-
bonding, p-p, and cation-p interactions are the principal at-
tractive forces.[4,10, 11] Complexation of the organic cations is
an important field in supramolecular chemistry, having ap-
plications in synthetic, analytical, as well as in industrial
fields.


We have previously reported the complexation of tetra-
phenylborate with organic N-heterocyclic cations.[11] Weak,
noncovalent interactions such as C�H···p and N�H···p hy-
drogen bonds or p-stacking were identified as the principal
intermolecular forces between the aromatic p-systems of tet-
raphenylborate and the organic cations in the crystalline
state. Stability constants measured by 1H NMR titrations of
the tetraphenylborate complexes were relatively low.


In this work, we have prepared five different borates (1–
5 ; Scheme 1) to study their properties in chemical sensors.


Of these, tetrakis(4-phenylphenol)borate (4) has not been
characterized previously, whereas tetrakis(4-phenoxyphe-
nyl)borate[12,13] (1), tetrakis(biphenyl)borate[14] (2), tetra-
kis(2-naphthyl)borate[15] (3), and tetrakis(4-phenoxy)bo-
rate[16] (5) were prepared by modification of the literature
procedures. Additionally, we have studied the complexation
of the N-methylpyridinium (6), 1-ethyl-4-(methoxycarbo-
nyl)pyridinium (7), tropylium (8), imidazolium (9), and 1-
methylimidazolium (10) cations with borates 1 and 2
(Scheme 1) by means of NMR and mass spectrometry and
in some cases also by X-ray crystallography. Stability con-
stants of complexes of N-methylpyridinium (6) and 1-ethyl-
4-(methoxycarbonyl)pyridinium (7) with 1 have been mea-
sured by 1H NMR titration in a mixture of [D3]acetonitrile
and [D4]methanol (1:1, v/v).


Scheme 1. Structural formulae and crystallographic numbering of tetrakis(4-phenoxyphenyl)borate (1), tetrakis(biphenyl)borate (2), tetrakis(2-naphthyl)-
borate (3), tetrakis(4-phenylphenol)borate (4), tetrakis(4-phenoxy)borate (5), N-methylpyridinium (iodide) (6), 1-ethyl-4-(methoxycarbonyl)pyridinium
(iodide) (7), tropylium (tetrafluoroborate) (8), imidazolium (perchlorate) (9), and 1-methylimidazolium (perchlorate) (10).
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Results and Discussion


Synthesis of borates : Lithium tetrakis(2-naphthyl)borate
was originally prepared by Williams et al.[15] in 1968 accord-
ing to the general method described by Wittig and Raff.[17]


A modification of this procedure was used in the prepara-
tion of sodium tetrakis(2-naphthyl)borate (3) and sodium
tetrakis(biphenyl)borate[14] (2). Sodium tetrakis(4-phenoxy)-
borate (5) was synthesized by a modification of the proce-
dure reported by Cole et al. ,[16] in which sodium borohydride
in THF was reported to react with three equivalents of
phenol to give NaBH(OPh)3. In our studies, this method
produced NaB(OPh)4, and we used an analogous procedure
to prepare the new compound sodium tetrakis(4-phenylphen-
ol)borate (4). The synthesis of tetrakis(4-phenoxyphenyl)-
borate (1) from bromodiphenyl ether and potassium tetra-
fluoroborate in THF has been described previously.[12]


Ion-selective electrodes : We find it of particular interest to
vary the aryl substituents on boron in tetraarylborates to de-
termine their influence on the sensitivity and selectivity of
ion-selective electrodes (ISEs). The tetraarylborates 1–4
were incorporated as ion receptors (charged carriers) in
plasticized poly(vinyl chloride) (PVC) membranes by using
2-nitrophenyl octyl ether (o-NPOE) as plasticizer. The ion-
selective membranes contained around 30 mmol g�1 of the re-
spective tetraarylborate. Borate 5 could not be evaluated
due to its limited solubility in THF, the solvent used to dis-
solve the membrane components. The distinguishing struc-
tural features of the borate anions used here in comparison
with BPh4


� are the nature of the aromatic units (1–3) and
the oxygen bridge between boron and the aromatic moiety
(4, 5). In borates 1 and 4, the oxygen bridges impart flexibil-
ity to the structure, which could have an effect on the com-
plex formation.


The ISEs were constructed by using poly(3,4-ethylene-
dioxythiophene) (PEDOT) as the solid contact material, fol-
lowing the same procedure as described earlier.[9] The ISEs
were investigated as potentiometric sensors for the N-meth-
ylpyridinium cation, which was used as a model aromatic
cation.


Typical potentiometric responses of the ISEs in N-methyl-
pyridinium iodide solutions (10�2–10�6


m) are shown in
Figure 1. ISEs based on the tetraarylborates 1, 2, and 3
show Nernstian responses in the concentration range 10�5–
10�2


m, with a detection limit of about 10�5.4
m. The responses


of these ISEs based on borates 1–3 are similar to that previ-
ously observed for BPh4


� .[12] On the contrary, the ISE based
on tetraarylborate 4 shows only a slight response to N-meth-
ylpyridinium. The potentiometric selectivity coefficients esti-
mated by using the separate solution method are summar-
ized in Table 1. It can be seen that all the ISEs are more se-
lective towards N-methylpyridinium than to the other cat-
ions tested (logKN-MePy, j<0), except for the ISE based on
borate 4, which is more selective towards pyridinium than
towards N-methylpyridinium (logKN-MePy, Py>0). For exam-
ple, ISEs based on borates 1–3 are 2–3 orders of magnitude


more selective towards N-methylpyridinium than towards
alkali metal ions. The selectivity obtained by using tetraaryl-
borate 4 clearly deviates from that seen with borates 1–3.
Results obtained previously with BPh4


� are included in
Table 1 for comparison.[12]


In compounds 1–3, the boron center is bound to four aryl
groups, while in compound 4, the boron center is bound to
four oxygen atoms, which obviously has a large effect on the
ion sensitivity. When the oxygen centers are located further
away from the boron center, as in compound 1, they have
only a small effect on the ion-recognition process. These re-
sults indicate that the substituents closest to boron play a
determining role in ion recognition of N-methylpyridinium
by tetraarylborates. A detailed comparison of borates 1–3,
and BPh4


� (Table 1) clearly shows that the nature of the ar-
omatic unit bound to the boron center also has some effect
on the selectivity.


The ISE based on tetraarylborate 4 was further studied by
using the local anaesthetic bupivacaine as the primary ion,
yielding a linear response in the concentration range 10�2–
10�4 (slope = 53 mV/dec) and a detection limit of about
10�4.4


m. Here again, the selectivity coefficients for the ISE
based on 4 differ from those obtained with ISEs based on 1
and 2, as shown in Table 2.


It is noteworthy that the ISE based on 4 shows a signifi-
cantly higher selectivity towards pyridinium than towards N-
methylpyridinium (Table 1 and Table 2), despite the greater
lipophilicity of the latter. This indicates some specific inter-


Figure 1. Calibration plots for ISEs based on tetraarylborates 1 (*), 2
(~), 3 (!), and 4 (&) in 10�6–10�2


m N-methylpyridinium iodide.


Table 1. Potentiometric selectivity coefficients for ISEs based on the
tetraarylborates 1–4 using N-methylpyridinium as primary ion.


logKN-MePy, j


j 1 2 3 4 BPh4
�[b]


Li+ �3.0 �3.4 �3.1 �0.7 �2.8
Na+ �3.1 �3.3 �3.1 �0.7 �2.7
K+ �2.6 �2.4 �2.7 �0.7 �2.9
NH4


+ �2.6 �3.0 �3.0 �0.5 �2.9
Ca2+ �4.2 �4.9 �4.5 �1.7 �4.0
Mg2+ �4.1 �4.7 �4.6 �1.6 �4.0
Py+ �0.6 �1.1 �0.6 0.8 �1.5
TMA+ [a] �0.4 �0.7 �0.1 �0.4 �0.4


[a] TMA+ = tetramethylammonium. [b] Data from reference [12].
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actions between 4 and pyridinium cations. Furthermore, a
“dummy” membrane containing only PVC and o-NPOE
without any borate showed a significantly lower selectivity
towards pyridinium (logKBupivacaine, Py = �3.0) compared to
the membrane containing borate 4 (logKBupivacaine, Py = �0.6).
These results show that substituted borates offer interesting
possibilities for the design of new charged carriers for use in
cation-selective electrodes.


Complexation studies : The complexation of borates 1 and 2
with selected aromatic cations was studied to gain further
information about the nature of the complexes. Delocalized
p systems were chosen on the basis of our previous stud-
ies,[11] in which these five selected cations were found to
form complexes with tetraphenylborate.


The complexes of cations 6–8 with borate 1 and of cation
9 with borate 2 could be prepared in a straightforward
manner. In a suitable solvent (methanol, ethanol, or aceto-
nitrile), the formation of a 1:1 complex was observed in
each case by NMR spectroscopy and later verified by X-ray
crystallography. The complexes precipitated immediately
upon mixing of the warm solutions, and X-ray quality single
crystals could be grown direct from the reaction solutions by
slow evaporation of the solvent. The complex formation of
cations 9 and 10 with borate 1 and of cations 7, 8, and 10
with borate 2 was detected by mass spectrometry and NMR
spectroscopy, but the crystal structures of these five com-
plexes could not be determined due to the poor quality of
the crystals.


The stability constants of the complexes of N-methylpyri-
dinium (6) and 1-ethyl-4-(methoxycarbonyl)pyridinium (7)
with borate 1 were measured by 1H NMR titration in
[D3]acetonitrile/[D4]methanol solution (Table 3). This mix-
ture of solvents was chosen because methanol increases the
solubility of the tetrakis(4-phenoxyphenyl)borate (1), there-
by allowing comparison with the previously studied tetra-
phenylborate systems.[11] No precipitation occurred during
the stability constant measurements. Tropylium, however,
decomposes in the presence of alcohols,[18] so the stability
constant of the tropylium complex could not be measured in
[D3]acetonitrile/[D4]methanol solution.


When borate was added to a solution of the respective
cation in [D3]acetonitrile/[D4]methanol, an upfield shift was
observed in the proton resonance. The stability constants for
the complexation were calculated directly from the chemical
shift differences of the cation protons in the borate com-
plexes and in the free form using the Benesi–Hildebrand
equation. The errors in Ka and DdC were evaluated numeri-
cally based on the standard deviations of single Ka and DdC


values, usually obtained from measurements. In each case,
the differences in the chemical shifts of the free and com-
plexed cations proved to be a linear function of the inverse
of the borate concentration ([borate]�1), indicating 1:1 stoi-
chiometry. The regression values for the least-squares fitting
were generally better than 0.99, reflecting also the goodness
of the fitting. The measurements would not have been relia-
ble had there been prominent deviations from linearity. De-
viations from linearity would also have indicated the forma-
tion of higher aggregates than 1:1 complexes. The stability
constant determined for N-methylpyridinium tetrakis(4-phen-
oxyphenyl)borate (6·1) was 12 � 2 dm3 mol�1, while that for
1-ethyl-4-(methoxycarbonyl)pyridinium tetrakis(4-phen-
oxyphenyl)borate (7·1) was 13�1 dm3 mol�1. These values
are similar to the stability constants determined for the pre-
viously studied tetraphenylborate complexes (17�2 and
10�1 dm3 mol�1, respectively[11]). In our previous studies,
corresponding measurements were also made for imidazoli-
um and 1-methylimidazolium tetraphenylborates (19�4 and
46�2 dm3 mol�1, respectively[11]), and the stability constants
of these complexes were also of similar magnitude. As a
polar solvent, methanol was also studied, which has a
marked effect on the complexation environment. It increas-
es the solubility of the charged species, decreasing the
degree of association of the complexes and thereby lowering
the stability constants.


As a complexing agent, tetrakis(4-phenoxyphenyl)borate
(1) differs from tetraphenylborate in that the additional
phenyl rings may also take part in the binding and even en-
capsulate the cation. The anion also contains electronegative
oxygens, which make the structure flexible and provide hy-
drogen-bonding sites for suitably predisposed guests. How-
ever, the stability constants do not indicate any significant
positive impact of these two structural features on the com-
plexation. In addition, the crystal structures show that the
cations are situated between the inner aromatic rings, closer
to the boron, while the outer phenyl rings have no interac-


Table 2. Potentiometric selectivity coefficients for ISEs based on the
tetraarylborates 1, 2, and 4 using bupivacaine as primary ion.


logKBupivacaine, j


j 1 2 4


Li+ �3.1 �3.0 �2.2
Na+ �3.1 �2.9 �2.2
K+ �3.0 �2.9 �2.2
NH4


+ �2.6 �2.3 �1.9
Ca2+ �4.0 �3.8 �3.2
Mg2+ �4.1 �3.9 �3.2
Py+ �1.8 �1.7 �0.6
N-MePy+ �1.6 �1.6 �1.8
lidocaine �1.1 �1.1 �0.8
procaine �1.2 �1.2 �0.9
TMA+ [a] �2.0 �2.0 �1.9


[a] TMA+ = tetramethylammonium.


Table 3. Stability constants (Ka) of the complexes of borate 1 with two
six-membered aromatic cations in [D3]acetonitrile/[D4]methanol solution
at 30 8C determined by 1H NMR titration. Tetraphenylborate complexes
are included for comparison.


Complex Ka [dm3 mol�1] DdC [ppm] r2[a]


6·1 12�2 �0.35�0.03 0.997
7·1 13�1 �0.37�0.03 0.999
6·BPh4


[b] 17�2 �0.43�0.05 0.998
7·BPh4


[b] 10�1 �1.4�0.1 0.997


[a] Regression correlation for Benesi–Hildebrand plot. [b] Data from ref-
erence [11].
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tions with the cations, as might be expected in view of the
similarity of the stability constants to those of the tetraphe-
nylborate complexes.


X-ray crystallographic studies : The crystal structures of po-
tassium tetrakis(4-phenoxyphenyl)borate (K+ ·1), N-methyl-
pyridinium tetrakis(4-phenoxyphenyl)borate (6·1), 1-ethyl-4-
(methoxycarbonyl)pyridinium tetrakis(4-phenoxyphenyl)bo-
rate (7·1), tropylium tetrakis(4-phenoxyphenyl)borate (8·1),
and imidazolium tetrakis(biphenyl)borate (9·2) were deter-
mined.


The starting compound, potassium tetrakis(4-phenoxyphe-
nyl)borate (K+ ·1), was crystallized from a mixture of ben-
zene and ethanol. Potassium cations and the borate anions
form a beautiful complex, in which each potassium cation is
packed between two hosts with strong cation–p interactions
(Figure 2) (potassium–centroid distances are K···Ct1


2.917(1), K···Ct2 3.020(1), K···Ct3* 2.932(1), and K···Ct4* =


2.997(1) �), forming continuous chains of potassium tetra-
kis(4-phenoxyphenyl)borate. An interesting feature is that,
as noted above, the potassium is situated between the inner
aromatic rings, that is, between the rings closer to boron,
while the outer phenyl rings have no interactions with the
cation. This can be attributed to the more electronegative
nature of the closer rings, and also to the packing efficiency:
potassium fits perfectly into the cavity formed by the inner
aromatic rings. The outer aromatic rings point outwards, al-
lowing ethanol solvent molecules to occupy interstitial sites
in the crystal lattice.


In the crystal structures of planar aromatic cations with
tetrakis(4-phenoxyphenyl)borate (1) and tetrakis(biphenyl)-
borate (2), the significance of p-interactions in the complex
formation is obvious. They all show relatively short face-to-
face p···p contacts and also edge-to-face-type C�H···p inter-
actions. In all of the complexes, most of the interactions be-
tween the anion and cation involve the inner, more electro-
negative aromatic rings.


The crystal structure of N-methylpyridinium tetrakis(4-
phenoxyphenyl)borate (6·1) was somewhat problematic to
determine because the crystals decomposed at low tempera-
tures and to some extent also at room temperature. The
data collection was performed at two temperatures (173 K
and 263 K), giving the same result in both cases, with almost
equal R values (R = 0.127 at 173 K and 0.115 at 263 K).
Due to the instability of the crystals, the resulting structure
is not excellent but still good enough to give information
about the solid-state structure of the complex.


N-Methylpyridinium tetrakis(4-phenoxyphenyl)borate
(6·1) also forms continuous chains, in which each cation is
located between two hosts (Figure 3). The complexation


stems from the sandwich-type of face-to-face packing of the
cation and the aromatic rings of the adjacent anions (cent-
roid-to-centroid distances between the cation and the anion
are 3.63(1) �) and, on the other hand, from the edge-to-face
interactions between the cation and other aromatic rings of
the anion (edge-to-face distances between C29 of the cation
and the centroid of the aromatic ring are 3.82(1) �). As in
the potassium structure, the cation is located between the
inner rings while the outer rings do not interact with the
cation. Instead, the outer aromatic units are edge-to-face
connected to nearby anions, thereby connecting the adjacent
chains together.


The 1-ethyl-4-(methoxycarbonyl)pyridinium tetrakis(4-
phenoxyphenyl)borate complex (7·1) shows the greatest de-
viation from the structures of the other complexes since the
cation interacts with more than two anions and even slightly
with the outer aromatic units of the anion owing to the in-
teractions of the extended side chains of the larger cation.
However, the most important and the strongest intermolecu-
lar interactions are still the slightly offset face-to-face-type


Figure 2. Top: Crystal structure of potassium tetrakis(4-phenoxyphenyl)-
borate (K+ ·1) showing potassium with VDW radius. Potassium fits per-
fectly into the cavity formed by the inner aromatic rings of two adjacent
borate anions. Bottom: Crystal packing reveals continuous chains of
anions connected by strong cation···p interactions.


Figure 3. Crystal structure of N-methylpyridinium tetrakis(4-phenoxyphen-
yl)borate (6·1). The cation and anion are in face-to-face p···p contact
forming infinite chains.
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p···p interactions between the cation and two adjacent
anions (centroid-to-centroid distances are 3.647(2) � and
4.122(2) �) and edge-to-face interactions (C58···Ct1
3.434(2) �) (Figure 4). No clear chain or column type of
packing pattern can readily be discerned in this case.


The crystal data for tropylium tetrakis(4-phenoxyphenyl)-
borate (8·1) were obtained from a weakly diffracting crystal
crystallized from acetonitrile. The tropylium cation is disor-
dered so that it can only be described as an eight-membered
ring. Even though the formation of continuous chains of
anions mediated by the cations is again observed in this
case, the anions also interact with each other forming a sub-
structure which could be described as two facing “tweezers”.
The cation–anion interactions are very similar to those ob-
served in N-methylpyridinium tetrakis(4-phenoxyphenyl)bo-
rate (6·1). Thus, tropylium is “sandwiched” between two ar-
omatic rings of the adjacent hosts, and there are additional
edge-to-face p···p interactions with two other rings
(Figure 5). The centroid-to-centroid distances between the
cation and the anions are 3.653(3) � and the closest edge-
to-face distance, C54···Ct2, is 3.431(3) �.


The only tetrakis(biphenyl)borate (2) structure that we
succeeded in crystallizing was imidazolium tetrakis(biphen-
yl)borate (9·2), which was obtained from ethanol solution.
Imidazolium is a somewhat smaller cation than the other
cations used in this study and tetrakis(biphenyl)borate is a
more rigid anion than tetrakis(4-phenoxyphenyl)borate (1),
hence the properties and interactions of this structure are
slightly different. Imidazolium is also complexed by p-inter-
actions, but instead of the sandwich-type of face-to-face
p···p interactions, the cation here is offset face-to-face
stacked with one of the inner phenyl rings (C50 of imidazo-
lium is directly above the center of the inner phenyl ring
C37–C42; C50···Ct4 3.296(7) �) and edge-to-face (C�H···p)
connected to three other aromatic units (C50···Ct3
3.277(6) �, C52···Ct1* 3.397(6) �, and C53···Ct2*
3.602(7) �; Figure 6). There are also some p-interactions
with the outer aromatic rings of the anion owing to the
shorter distance and rigid bridge between the two aromatic


moieties. Owing to the rigid nature of the anion and the
small size of the cation, the packing of the anion–cation ad-


Figure 4. 1-Ethyl-4-(methoxycarbonyl)pyridinium tetrakis(4-phenoxyphen-
yl)borate complex (7·1) with offset face-to-face-type p···p interaction.


Figure 5. Top: Infinite chains of anions and cations of tropylium tetra-
kis(4-phenoxyphenyl)borate complex (8·1) with face-to-face p···p inter-
action. Bottom: Adjacent chains of tweezer-like borate anions depicted
in red and blue. Cations have been omitted for clarity.


Figure 6. Top: Imidazolium tetrakis(biphenyl)borate complex (9·2). The
complexation involves both offset face-to-face p···p interactions and
edge-to-face C�H···p interactions. Bottom: The packing of the anion–
cation complexes is similar to that of tetrakis(4-phenoxyphenyl)borate
complexes, that is, chainlike.
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ducts is not as efficient as with tetrakis(4-phenoxyphenyl)-
borate. Consequently, there is space in the crystal lattice for
ethanol solvent molecules, which occupy interstitial sites be-
tween the anions and cations and are hydrogen-bonded to
the N�H groups of the imidazolium, thus preventing the
latter from participating in NH–p interactions. The packing,
however, is still similar to that of the other complexes, being
also a chain-like assembly of anions and cations.


Conclusion


The present results indicate that the synthesized borate
structures can form complexes with aromatic cations and
metal ions. This has been shown by the stability constant
measurements, as well as by spectroscopic and crystallo-
graphic methods. The complexation involves weak, noncova-
lent interactions between the aromatic cation and the aro-
matic rings closest to the boron atom. We directed our stud-
ies with a view to highlighting the influence of borate struc-
ture modification on the sensitivity and selectivity of ion-se-
lective electrodes. Borates were used as ion receptors for
certain selected organic cations and metal ions. The research
described in this paper has shown that borate structure mod-
ification influences the selectivity of potentiometric ion sen-
sors. The borates gave different results when incorporated
into chemical sensors, indicating that they play an active
role. Thus, they show potential for the future development
of anionic receptor molecules in chemical sensors. The re-
sults strongly indicate that borate derivatives may give rise
to a new family of charged carriers for cation-selective elec-
trodes.


Experimental Section


General procedures : The basic 1H and 11B NMR measurements were car-
ried out at room temperature on a 200 MHz Bruker Avance DPX 200
spectrometer and the 13C NMR measurements on a Bruker DRX 500
spectrometer. Complex formation was also studied by MS analysis. Elec-
trospray ionization mass spectra (ESI-MS) were recorded on an LCT
(Micromass, Ltd.) time-of-flight mass spectrometer equipped with an
OpenLynx 3 data system. Exact mass peaks of the borates were deter-
mined on a Micromass LCT using ESI� or ESI+ methods. ESI mass spec-
tra showed 2:1 complexation in the gas phase, where two cation mole-
cules formed a complex with one borate molecule. No 1:1 complexes
were observed in ESI-MS.


All operations were carried out under a nitrogen atmosphere using stan-
dard Schlenk techniques. 2-Bromonaphthalene, 4-bromobiphenyl,
phenol, boron trifluoride diethyl etherate, sodium tetrahydroborate, po-
tassium tetrafluoroborate, 1-ethyl-4-(methoxycarbonyl)pyridinium iodide
(7), and tropylium tetrafluoroborate (8) were obtained from commercial
sources and were used without further purification or drying. The compo-
sitions of the products were verified crystallographically and by NMR
and MS analyses. Chemical shifts in the 11B NMR spectra are reported in
ppm with respect to external BF3·Et2O (with CD3CN as solvent).


Synthesis


Potassium tetrakis(4-phenoxyphenyl)borate (1): The synthesis of potassi-
um tetrakis(4-phenoxyphenyl)borate has been described previously.[12] X-


ray quality crystals of this compound were grown by slow evaporation of
the solvents from a solution in a benzene/ethanol mixture.


Sodium tetrakis(biphenyl)borate (2): One-fifth of a solution of 4-bromo-
biphenyl (3.78 g, 16.2 mmol) in THF (20 mL) was slowly added to Mg
turnings (0.39 g, 16.0 mmol) containing an I2 crystal. The mixture was stir-
red under nitrogen and warmed until the reaction started. The rest of the
solution was then slowly added, and the mixture was stirred for 1.5 h
with occasional warming. A solution of boron trifluoride diethyl etherate
(0.45 g, 3.2 mmol) in THF (10 mL) was added to the aryl Grignard re-
agent thus produced over a period of about 30 min. The reaction mixture
was stirred for an additional 45 min, warming occasionally. It was then
poured into a solution of Na2CO3 (1.7 g) in distilled water (40 mL), and
the resulting mixture was stirred vigorously for 20 min, during which the
inorganic material separated, which could be filtered off. The aqueous fil-
trate was extracted with THF (3 � 25 mL) and the combined THF frac-
tions were dried over Na2CO3 overnight. The solution was then filtered
and the solvent was removed under reduced pressure, whereupon a pre-
cipitate formed. The crude product was redissolved in acetone (20 mL),
and benzene (60 mL) was added. The mixture was concentrated to a
quarter of its original volume and the precipitated product was collected
by filtration and dried in vacuo. 11B NMR (200 MHz, CD3CN): d =


�6.30 ppm; 1H NMR (200 MHz, CD3CN): d = 7.2–7.6 ppm (m, arom.);
13C NMR (500 MHz, CD3CN): d = 125.62 and 125.63 (arom., 3C), 127.3
(arom., 1C), 127.6 (arom., 2C), 129.8 (arom., 2C), 135.7 (arom., 1C),
137.3 (arom., 2 C), 143.6 ppm (arom., 1 C); ESI-MS: m/z : 622 [�B(-Ph-
Ph)4], 669 [�B(-Ph-Ph)4+2 Na+]; exact mass: 669.2715 [M+2 Na]+ (calcd.
for C48H36BNa2, 669.2705).


Sodium tetrakis(2-naphthyl)borate (3): The procedure used for the prep-
aration of sodium tetrakis(2-naphthyl)borate was similar to that de-
scribed for the synthesis of sodium tetrakis(biphenyl)borate (2). The re-
action set-up was identical. One-fifth of a solution of 2-bromonaphtha-
lene (3.40 g, 16.4 mmol) in THF (20 mL) was slowly added to Mg turn-
ings (0.39 g, 16.0 mmol). The mixture was stirred under nitrogen and
warmed until the reaction started. The rest of the solution was added and
the reaction mixture was stirred. A solution of boron trifluoride diethyl
etherate (1.89 g, 13.3 mmol) in THF (10 mL) was slowly added to the
Grignard reagent. The reaction mixture was stirred for 45 min and then
poured into a solution of Na2CO3 (1.7 g) in distilled water (40 mL), and
the resulting mixture was stirred, filtered, and extracted. The combined
organic layers were dried and purified. The product was dried in vacuo.
11B NMR (200 MHz, CD3CN + THF): d = �5.68 ppm; 1H NMR
(200 MHz, CDCl3): d = 5.8–6.6 ppm (m, arom.); 13C NMR (500 MHz,
CDCl3): d = 125.9 (arom., 1C), 126.2 (arom., 1C), 126.3 (arom., 1C),
126.6 (arom., 1 C), 127.9 (arom., 1 C), 128.4 (arom., 1C), 128.7 (arom.,
1C), 132.7 (arom., 1C), 133.8 (arom., 1 C), 138.5 ppm (arom., 1 C); ESI-
MS: m/z : 565.5 [�B(-2-naphthalene)4+2Na+]; exact mass: 519.2286 [M]�


(calcd. for C40H28B, 519.2284).


Sodium tetrakis(4-phenylphenol)borate (4): A solution of 4-hydroxybi-
phenyl (1.37 g, 8.0 mmol) in THF (25 mL) was slowly added to a solution
of sodium tetrahydroborate (0.08 g, 2.1 mmol) in THF (10 mL). The reac-
tion mixture was warmed and then stirred for 24 h at room temperature.
The solvent was evaporated and the product was dried under vacuum
with heating by means of a water bath for 6 h. The crude product was
dissolved in acetone and three times the volume of benzene was added.
The mixture was concentrated to a quarter of its original volume under
reduced pressure and the precipitate formed was collected by filtration.
The product was washed with cyclohexane and dried in vacuo. 11B NMR
(200 MHz, CD3CN + THF): d = 3.21 ppm; 1H NMR (200 MHz,
CD3CN): d = 6.9 (d, arom., 8H), 7.3–7.6 ppm (m, arom., 28H); 13C
NMR (500 MHz, CD3CN): d = 116.7 (arom., 2C), 127.5 (arom., 2C),
127.7 (arom., 1 C), 129.2 (arom., 2 C), 130.0 (arom., 2C), 133.5 (arom.,
1C), 141.8 (arom., 1C), 157.9 ppm (arom., 1C); ESI-MS: m/z : 687 [�B-
(-O-Ph-Ph)4]; exact mass: 687.2723 [M]� (calcd for C48H36O4B, 687.2707).


Sodium tetrakis(4-phenoxy)borate (5): A solution of phenol (0.75 g,
8.0 mmol) in THF (15 mL) was slowly added to a solution of sodium tet-
rahydroborate (0.0767 g, 2.1 mmol) in THF (10 mL). The reaction mix-
ture was stirred for 24 h at room temperature. The solvent was removed
and the product was dried under vacuum with heating by means of a
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water bath for 6 h. 11B NMR (200 MHz, CD3CN): d = �3.06 ppm; 1H
NMR (200 MHz, CD3CN): d = 6.6–7.3 ppm (m, arom.); 13C NMR
(500 MHz, CD3CN): d = 116.7 (arom., 2C), 119.6 (arom., 1C), 130.6
(arom., 2C), 159.6 ppm (arom., 1C); ESI-MS: m/z : 429 [�B(-O-
Ph)4+2 Na+]; exact mass: 429.1245 [M+2Na]+ (calcd for C24H20O4BNa2,
429.1250).


Synthesis of the complexes


N-Methylpyridinium tetrakis(4-phenoxyphenyl)borate (6·1): The cation
was prepared according to the literature procedure.[16] The complex was
prepared by mixing equimolar amounts of solutions of N-methylpyridini-
um iodide (6) and borate 1 in acetonitrile (no precipitate). X-ray quality
crystals were grown from acetonitrile by slow evaporation. 1H NMR
(200 MHz, CD3CN + TMS): d = 4.3 (s, 3H; N-CH3), 6.7–7.2 (m, 36 H;
borate), 8.0 (m, 2H; Me-pyridinium), 8.5 (t, 1H; Me-pyridinium),
8.6 ppm (d, 2H; Me-pyridinium); ESI-MS: m/z : 876 [2·(6)+�B(-Ph-O-
Ph)4]; exact mass: 875.4012 [M+2·6]+ (calcd. for C60H52O4N2B, 875.4020).


1-Ethyl-4-(methoxycarbonyl)pyridinium tetrakis(4-phenoxyphenyl)borate
(7·1): The complex was prepared by mixing equimolar amounts of solu-
tions of 7 and borate 1 in methanol. The solid complex formed immedi-
ately upon mixing of the solutions. X-ray quality crystals were grown
from a solution in acetonitrile by slow evaporation. 1H NMR (200 MHz,
CD3CN): d = 1.6 (t, 3 H; N-CH2CH3), 4.0 (s, 3 H; OCH3), 4.6 (q, 2 H; N-
CH2CH3), 6.8–7.4 (m, 36 H; borate), 8.4 (m, 2H; arom. cation), 8.8 ppm
(d, 2H; arom. cation); ESI-MS: m/z : 1020 [2·(7)+�B(-Ph-O-Ph)4]; exact
mass: 1019.4431 [M+2·7]+ (calcd for C66H60O8N2B, 1019.4443).


Tropylium tetrakis(4-phenoxyphenyl)borate (8·1): The complex was pre-
pared by mixing equimolar amounts of solutions of 8 and borate 1 in ace-
tonitrile. The crystalline complex formed immediately. 1H NMR
(200 MHz, CD3CN): d = 6.7–7.4 (m, 36 H; borate), 9.2 ppm (s, 7H; tro-
pylium); ESI-MS: m/z : 869 [2·(8)+�B(-Ph-O-Ph)4]; exact mass: 869.3832
[M+2·8]+ (calcd for C62H50O4B, 869.3802).


Imidazolium tetrakis(4-phenoxyphenyl)borate (9·1): The cation was pre-
pared according to the literature procedure.[20] The complex was prepared
by mixing equimolar amounts of solutions of imidazolium perchlorate (9)
and borate 1 in acetonitrile (no precipitate). 1H NMR (200 MHz,
CD3CN): d = 6.7–7.4 (m, 36H; borate + 2 H; imidazolium), 8.4 ppm (s,
1H; imidazolium); ESI-MS: m/z : 826 [2·(9)+�B(-Ph-O-Ph)4]; exact
mass: 825.3588 [M+2·9]+ (calcd. for C54H46O4N4B, 825.3612).


1-Methylimidazolium tetrakis(4-phenoxyphenyl)borate (10·1): The cation
was prepared according to the literature procedure.[20] The complex was
prepared by mixing equimolar amounts of solutions of 1-methylimidazoli-
um perchlorate (10) and borate 1 in acetonitrile (no precipitate). 1H
NMR (200 MHz, CD3CN): d = 3.8 (s, 3H; N-CH3), 6.7–7.3 (m, 36H;
borate), 8.3 ppm (s, 1 H; 1-Me-imidazolium); ESI-MS: m/z : 854
[2·(10)+�B(-Ph-O-Ph)4]; exact mass: 853.3959 [M+2·10]+ (calcd for
C56H50O4N4B, 853.3925).


N-Methylpyridinium tetrakis(biphenyl)borate (6·2): The complex was
prepared by mixing equimolar amounts of solutions of N-methylpyridini-
um iodide (6) and borate 2 in acetonitrile. The solid complex formed im-
mediately upon mixing of the solutions. Crystals were grown from aceto-
nitrile by slow evaporation. 1H NMR (200 MHz, CD3CN + CD3OD): d


= 4.3 (s, 3H; N-CH3), 7.3–7.6 (m, 36 H; borate), 8.0 (m, 2H; Me-pyridi-
nium), 8.5 (t, 1H; Me-pyridinium), 8.6 ppm (d, 2 H; Me-pyridinium);
ESI-MS: m/z : 812 [2·(6)+�B(-Ph-Ph)4]; exact mass: 811.4194 [M+2·6]+


(calcd for C60H52N2B, 811.4224).


1-Ethyl-4-(methoxycarbonyl)pyridinium tetrakis(biphenyl)borate (7·2):
The complex was prepared by mixing equimolar amounts of solutions of
7 and borate 2 in acetonitrile. The yellow solid complex formed immedi-
ately upon mixing of the solutions. 1H NMR (200 MHz, CD3CN): d =


1.6 (t, 3 H; N-CH2CH3), 4.0 (s, 3H; OCH3), 4.6 (q, 2 H; N-CH2CH3), 7.2–
7.7 (m, 36H; borate), 8.4 (m, 2 H; arom. cation), 8.9 ppm (d, 2H; arom.
cation); ESI-MS: m/z : 956 [2·(7)+�B(-Ph-Ph)4]; exact mass: 955.4621
[M+2·7]+ (calcd for C66H60O4N2B, 955.4646).


Tropylium tetrakis(biphenyl)borate (8·2): The complex was prepared by
mixing equimolar amounts of solutions of tropylium tetrafluoroborate (8)
and borate 2 in acetonitrile (no precipitate). Black crystals formed within
a few hours. 1H NMR (200 MHz, CD3CN): d = 6.9–7.9 (m, 38 H;


borate), 9.2 ppm (s, 7 H; tropylium); ESI-MS: m/z : 806 [2·(8)+�B(-Ph-
Ph)4]; exact mass: 805.3981 [M+2·8]+ (calcd for C62H50B, 805.4006).


Imidazolium tetrakis(biphenyl)borate (9·2): The complex was prepared
by mixing equimolar amounts of solutions of imidazolium perchlorate (9)
and borate 2 in ethanol (no precipitate). X-ray quality crystals were
grown from ethanol by slow evaporation. 1H NMR (200 MHz, CD3CN):
d = 7.2–7.7 (m, 36H; borate + 2 H; imidazolium), 8.5 ppm (s, 1 H; imi-
dazolium); ESI-MS: m/z : 761 [2·(9)+�B(-Ph-Ph)4]; exact mass: 761.3792
[M+2·9]+ (calcd for C54H46N4B, 761.3816).


1-Methylimidazolium tetrakis(biphenyl)borate (10·2): The complex was
prepared by mixing equimolar amounts of solutions of 1-methylimidazoli-
um perchlorate (10) and borate 2 in acetonitrile (no precipitate). 1H
NMR (200 MHz, CD3CN): d = 3.6 (s, 3H; N-CH3), 7.2–7.6 (m, 36H;
borate + 2H; 1-Me-imidazolium), 8.2 (s, 1H; 1-Me-imidazolium); ESI-
MS: m/z : 790 [2·(10)+�B(-Ph-Ph)4]; exact mass: 789.4108 [M+2·10]+


(calcd for C56H50N4B, 789.4129).


Ion-selective electrodes : Plasticized polymer membrane-based ion-selec-
tive electrodes (ISEs) were prepared by using poly(3,4-ethylenedioxy-
thiophene) (PEDOT) as a solid contact material.[12] PEDOT was deposit-
ed on a glassy carbon (GC) disk electrode (area = 0.07 cm2) by galvano-
static electrochemical polymerization (current = 0.014 mA, time =


714 s) from a deaerated aqueous solution containing 0.01 m 3,4-ethylene-
dioxythiophene and 0.1m sodium poly(sodium 4-styrenesulfonate). The
electropolymerization was performed by using an Autolab General Pur-
pose Electrochemical System (Eco Chemie B.V., The Netherlands) con-
nected to a conventional one-compartment, three-electrode electrochem-
ical cell. The GC disk electrode was used as the working electrode, a GC
rod as an auxiliary electrode, and an Ag/AgCl (3 m KCl) electrode as the
reference electrode. Prior to electropolymerization, the GC disk elec-
trode was polished with 0.3 mm alumina, rinsed with deionized water, and
cleaned ultrasonically. After electropolymerization, the GC/PEDOT elec-
trodes were rinsed with deionized water and conditioned for at least 24 h
in 0.01 m N-methylpyridinium iodide solution. The GC/PEDOT electro-
des were then coated with ion-selective membranes of the following com-
position (w/w): tetraarylborate (1.6–2.2 %), PVC (32–33 %), and o-NPOE
(65–66 %). The components of the membrane were dissolved in THF and
applied by means of a micropipette onto the GC/PEDOT electrode.
After evaporation of the THF, the resulting ion-selective membrane cov-
ered the underlying PEDOT film completely. The resulting ISEs were
conditioned in 0.01 m N-methylpyridinium iodide for at least 24 h. Poten-
tiometric measurements were performed with a home-made multichannel
mV meter, using an Ag/AgCl (3 m KCl) electrode as the reference elec-
trode. Activity coefficients were calculated by using the extended
Debye–H�ckel equation.[21] Selectivity coefficients were estimated by the
separate-solution method (SSM) employing 0.01 m concentrations of dif-
ferent cations (chloride or iodide salts).[22] The measurements were con-
ducted at room temperature (23�2 8C). Selected ISEs were also studied
by using bupivacaine as the primary ion. Bupivacaine (1-butyl-N-[2,6-di-
methylphenyl]-2-piperidinecarboxamide) is an aromatic cation that is
used as a local anaesthetic and is commercially available (Sigma Chemi-
cal Co.) in the form of a hydrochloride salt. Two other local anaesthetics,
namely lidocaine (2-diethylamino-N-[2,6-dimethylphenyl]acetamide) and
procaine (p-aminobenzoic acid diethylaminoethyl ester), in the form of
their hydrochloride salts (Sigma Chemical Co.), were used for compari-
son purposes.


Stability constant determination by 1H NMR titration : A standard so-
lution of the guest in [D3]acetonitrile/[D4]methanol (1:1, v/v) was pre-
pared at a concentration of 2� 10�3


m, just sufficient to give an observable
NMR signal. A series of donor solutions (0.01–1.0m) were prepared by
weighing out appropriate amounts of the donor. A 2-mL portion of the
standard solution was then added and the flask was re-weighed. The solu-
tions were thoroughly mixed and the spectrum was measured immediate-
ly; 5 mm NMR tubes sealed with Parafilm to avoid evaporation were
used. The temperature (303 K) was held constant during the measure-
ments. The stability constant Ka for the complexation was calculated
from NMR chemical shifts using the Benesi–Hildebrand least-squares
line-fitting procedure.[23]
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Crystal structures : X-ray crystallographic data for the complexes were re-
corded with a Nonius Kappa CCD diffractometer using graphite-mono-
chromated MoKa radiation (l = 0.71073 �) at a temperature of 173.0�
0.1 K, except for the structure of 6·1, which was measured both at 173�
0.1 and 263.0�0.1 K due to the decay of the crystals at low temperatures.
The CCD data were processed with the Denzo-SMN v.0.93.0 program[24]


and all reflections were corrected for Lorentz and polarization effects.
An absorption correction was not applied. The structures were solved by
direct methods (SHELXS-97[25]) and refined against F2 (SHELXL-97[26]).
The hydrogen atoms were calculated to their idealized positions with iso-
tropic temperature factors (1.2 or 1.5 times the carbon temperature
factor) and refined as riding atoms. The solvent ethanol in K+ ·1 was
found to be disordered over two positions with site occupancies of 0.5.
The hydrogen of the hydroxy group could not be determined for disor-
dered ethanol. N27, C30, and C33 of the N-methylpyridinium molecule
of 6·1 were found to be disordered over two positions with occupancies
of 0.50. The tropylium cation of 8·1 proved to be disordered as an eight-
membered ring, with C56 having a site occupancy of 0.50. The -CH2- unit
of one of the ethanol molecules in 9·2 was found to be disordered over
two positions (0.702:0.298), and two other ethanols have occupancies of
0.5. The hydroxy hydrogen of one of the ethanol molecules could not be
reliably determined. Detailed crystal data for the complexes are present-
ed in Table 4. CCDC-250232–250237 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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Compound K+ ·1 6·1 at 263.0 K 6·1 at 173.0 K 7·1 8·1 9·2
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C48H36O4B


�·C6H8N
+ C48H36O4B
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+ C48H36O4B
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+ C48H36O4B


�·C7H7
+ C48H36B


�·C3H4N2
+ ·


2 CH3CH2OH
formula weight 749.71 781.71 781.71 853.77 778.70 784.80
crystal system monoclinic orthorhombic orthorhombic monoclinic monoclinic monoclinic
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final R indices
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hole [e ��3]


0.571/�0.257 0.594/�0.417 0.377/�0.280 0.129/�0.193 0.319/�0.385 0.788/�0.362
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Pseudorotation Barriers of Biological Oxyphosphoranes:
A Challenge for Simulations of Ribozyme Catalysis


Carlos Silva L�pez,[a, b] Olalla Nieto Faza,[b] Angel R. de Lera,[b] and Darrin M. York*[c]


Introduction


The chemistry of biological phosphate systems is seamlessly
linked to life supporting processes such as the regulation of
blood pH, energy transfer, cell signaling and recognition,[1]


and RNA catalysis.[2] Of particular interest are the molecu-
lar mechanisms of phosphoryl transfer reactions catalyzed
by enzymes and ribozymes.[3,4] In order to provide insight
into these mechanisms, a tremendous amount of experimen-
tal and theoretical work has focused on the characterization
of key factors that influence the reactivity of biological


phosphates and quantification of the energy barriers associ-
ated with transition states and reactive intermediates along
the pathways that lead to different products.[5–8] An under-
standing of these factors provides insight into biological ac-
tivity and may assist in the design of new pharmaceutical
compounds or biotechnology.


A common mechanism for the transesterification or hy-
drolysis reactions of biological phosphates involves an in-
line nucleophilic attack to a phosphate center that results in
the displacement of a leaving group. The intermediates and/
or transition states for this type of reaction are pentavalent
phosphorane species. According to the rules of Westheim-
er,[9] bond formation and cleavage are likely to occur only in
the axial position of the phosphorane. The lifetime of the
phosphorane intermediate depends upon the nature of the
phosphorane (i.e. , the ligands around the phosphorus
center), its charge (protonation) state, and its interaction
with solvent, metal ions and functional groups that occur in
a macromolecular (e.g., enzyme) environment. If a phos-
phorane intermediate is sufficiently long-lived, it may under-
go a process of pseudorotation that alters the stereochemis-
try and/or the distribution of reaction products. Consequent-
ly, it is of considerable interest to characterize the barriers


Abstract: Pseudorotation reactions of
biologically relevant oxyphosphoranes
were studied by using density function-
al and continuum solvation methods. A
series of 16 pseudorotation reactions
involving acyclic and cyclic oxyphos-
phoranes in neutral and monoanionic
(singly deprotonated) forms were stud-
ied, in addition to pseudorotation of
PF5. The effect of solvent was treated
by using three different solvation
models for comparison. The barriers to
pseudorotation ranged from 1.5 to
8.1 kcal mol�1 and were influenced sys-
tematically by charge state, apicophilic-
ity of ligands, intramolecular hydrogen


bonding, cyclic structure and solvation.
Barriers to pseudorotation for mono-
anionic phosphoranes occur with the
anionic oxo ligand as the pivotal atom,
and are generally lower than for neu-
tral phosphoranes. The OCH3 groups
were observed to be more apicophilic
than OH groups, and hence pseudoro-
tations that involve axial OCH3/equa-
torial OH exchange had higher reac-
tion and activation free energy values.


Solvent generally lowered barriers rela-
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tion that dianionic phosphoranes are
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pseudorotation. Comparison of the
density functional results with those
from several semiempirical quantum
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of pseudorotation for different biologically relevant oxy-
phosphoranes.


The Berry pseudorotation process[10] involves an intercon-
version of a pentacoordinate trigonal bipyramidal species
whereby there is an exchange of two ligands in the axial po-
sitions with two ligands in the equatorial positions
(Scheme 1). The process can be visualized as a conforma-
tional re-arrangement that involves two concerted bending
motions (a contraction and a widening of the angle between
exchanging axial and equatorial ligands, respectively) with
one of the equatorial ligands (the “pivotal” atom) held
fixed. After a square pyramidal transition state, the system
regains bipyramidal structure resulting in an apparent rota-
tion (pseudorotation) of the original trigonal bipyramid
structure.


Theoretical electronic structure methods, and in particular
hybrid density functional theory (DFT) methods, have been
extensively applied to pentavalent phosphoranes and shown
to be considerably reliable. Some recent applications include
analysis of anharmonic frequencies[11] and pseudorotation[12]


of PF5, the calculation of phosphorane pKa values,[13] and
phosphate hydrolysis reactions.[14] Very recently, hybrid DFT
has been applied to the study of biological metaphosphate,
phosphate and phosphorane compounds,[15] including bind-
ing of divalent Mg2+ ions,[16] and pseudorotation barriers of
chemically modified phosphoranes.[17]


The present work is focused on the characterization of
key factors that influence the rate of pseudorotation of bio-
logically relevant oxyphosphoranes including: 1) protonation
state, 2) degree of esterification, 3) acyclic and cyclic ligand
structure and 4) solvation. Density functional calculations
are performed on a series of 16 pseudorotation reactions of
oxyphosphoranes, and also for the pseudorotation of PF5 as
a baseline comparison. The effect of solvation is considered


with three different implicit solvation models. The DFT re-
sults are compared with those of several semiempirical
Hamiltonian models that are routinely used in hybrid quan-
tum mechanical/molecular mechanical (QM/MM) simula-
tions of phosphoryl transfer reactions in aqueous[18,19] and
enzymatic environments[14] in order to identify potential
problem areas for these methods when modeling biological
reactions. The DFT results presented here can be used
toward the design of new semiempirical quantum models
that more accurately represent the potential energy surface
for phosphoryl transfer reactions.


Methods


Density functional calculations : Electronic structure calcula-
tions for the biological oxyphosphoranes presented in this
work (Table 1) were performed by using Kohn–Sham densi-
ty functional theory (DFT) with the hybrid exchange func-
tional of Becke[20,21] and the Lee, Yang, and Parr correlation
functional[22] (B3LYP). Energy minimum and transition state
geometry optimizations were performed in redundant inter-
nal coordinates with default convergence criteria,[23] and sta-
bility conditions of the restricted closed shell Kohn–Sham
determinant for each final structure were verified.[24, 25] Fre-
quency calculations were performed to establish the nature
of all stationary points and to allow evaluation of thermody-
namic quantities.


The geometry optimization and frequency calculations
were performed by using the 6-31++G(d,p) basis set. Elec-
tronic energies and other properties of the density were fur-
ther refined via single point calculations at the optimized ge-
ometries by using the 6-311++G(3df,2p) basis set and the
B3LYP hybrid density functional. The basis sets used for ge-
ometry optimization and frequency calculations in the pres-
ent work are slightly larger than the corresponding basis
sets used in the G2[26, 27] and G3[28,29] methods, and similar to
the basis sets used in the G3X[30] method that typically yield
atomization energies within 1 kcal mol�1 or less of experi-
mental values. Single point calculations were run with con-
vergence criteria on the density matrix tightened to 10�8 au
on the SCF wave function to ensure high precision for prop-
erties sensitive to the use of diffuse basis functions.[31] This
protocol applied to obtain the (refined energy)//(geometry
and frequencies) is designated by the abbreviated notation
B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p). All den-
sity functional calculations were performed with the GAUS-
SIAN03[32] suite of programs (with the exception of the SM5
solvation calculations, see below). Thermodynamic proper-
ties at 298.15 K were obtained from the density functional
calculations using standard statistical mechanical expressions
for separable vibrational, rotational and translational contri-
butions within the harmonic oscillator, rigid rotor, ideal gas/
particle-in-a-box models in the canonical ensemble,[33] and
have been described in detail elsewhere.[15] The standard
state in the gas phase is for a mole of particles at T=


298.15 K and 1 atm pressure.


Scheme 1. Abbreviated nomenclature and structural notation for station-
ary points of pseudorotation reactions involving acyclic and cyclic phos-
phoranes. The pseudorotation reactants and products are trigonal bipyra-
midal structures, and the transition states (indicated by brackets) are
square pyramidal structures. Acyclic and cyclic phosphoranes are indicat-
ed by subscripts “A” and “C”, respectively. The N and M stand for the al-
phanumeric index associated with one of the particular trigonal bipyrami-
dal phosphorane listed in Table 1. A transition state that connects two
minima is indicated by a set of brackets with both minima separated by a
comma.
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Solvation models : Solvent effects were taken into account
with sequential single point calculations at the gas phase-op-
timized B3LYP/6-31++G(d,p) geometries as in previous
work.[15, 17] Three different solvation models[34] were consid-
ered for comparison: 1) the polarizable continuum model
(PCM),[35–37] 2) a variation of the conductor-like screening
model (COSMO)[38] (employing the parameters provided by
Klamt and co-workers[39]) as implemented in Gaussi-
an03,[32, 40] and 3) the SM5.42R solvation model (SM5)[41] as
implemented in MN-GSM.[42]


The solvation free energy, DGsol, is defined as:


DGsol ¼ Gaq�Ggas ð1Þ


where Ggas and Gaq are the molecular free energies in the
gas phase and in aqueous solution, respectively. In the pres-
ent work the approximation is made that the gas-phase ge-
ometry, entropy and thermal corrections to the enthalpy do
not change upon solvation. This approximation is consistent
with that of recent work on related systems[15–17] where the
protocol was tested against the most relevant available ex-
perimental values and found to be reliable for the models
considered. The practical reason for introducing this approx-
imation resides in the difficulty and computational cost asso-


ciated with the calculation of
stationary points and Hessians
with the boundary element sol-
vation methods.


Within these approximations,
the solvation energy is given by


DGsol ¼ ðE½Y sol� þ Esol½1sol�Þ
�E½Ygas�


ð2Þ


where E[Ygas] and E[Ysol] are
the Kohn–Sham energy func-
tionals that take as arguments
the Kohn–Sham single determi-
nant wave function optimized
in the gas phase (Ygas) and in
solution (Ysol), and Esol[1sol] is
the solvation energy that takes
as argument the polarized elec-
tron density in solution 1sol


(which can be derived from
Ysol).


All PCM and COSMO calcu-
lations were performed by
using the UAKS radii at the
B3LYP/6-311++G(3df,2p)//
B3LYP/6-31++G(d,p) level as
for the gas-phase calcula-
tions.[43] All SM5.42R calcula-
tions were carried out using the


B3LYP functional and the MIDI! basis set[44] at the opti-
mized gas-phase geometries. The SM5.42R/B3LYP/MIDI!
model was parameterized using HF/MIDI! derived geome-
tries; however, the original SM5.42R model does not appear
to be overly sensitive to small changes in geometry.[41] Addi-
tional details on the application of this method to related
systems is discussed elsewhere.[15]


Results and Discussion


This section presents results and discussion of density func-
tional calculations on biologically important oxyphosphor-
ane pseudorotation reactions. The first subsection introduces
an abbreviated nomenclature convention to facilitate further
presentation and discussion. The following subsections are
organized into topical areas that involve: geometrical struc-
ture, kinetic barriers and reaction thermodynamics, and sol-
vation effects, respectively.


Nomenclature


Scheme 1 illustrates the structure and general symbolic no-
menclature for acyclic and cyclic phosphorane minima and
pseudorotation transition states. The series of phosphorane


Table 1. Definition of phosphorane geometry and motion in pentavalent phosphorous pseudorotation reac-
tion.[a]


Molecule Symbol R S E A B


fluorinated model system
P(F)(F)(F)(F)(F) PðVÞF �1 F F F F F
acyclic phosphoranes
P(OH)(OCH3)(OCH3)(OCH3)(OCH3) PðVÞA �1 OH OCH3 OCH3 OCH3 OCH3


P(O�)(OCH3)(OCH3)(OCH3)(OCH3) PðVÞA �1� O� OCH3 OCH3 OCH3 OCH3


P(OH)(OH)(OCH3)(OCH3)(OCH3) PðVÞA �2a OH OH OCH3 OCH3 OCH3


P(OH)(OCH3)(OCH3)(OH)(OCH3) PðVÞA �2b OH OCH3 OCH3 OH OCH3


P(O�)(OH)(OCH3)(OCH3)(OCH3) PðVÞA �2a� O� OH OCH3 OCH3 OCH3


P(O�)(OCH3)(OCH3)(OH)(OCH3) PðVÞA �2b� O� OCH3 OCH3 OH OCH3


P(OH)(OH)(OCH3)(OH)(OCH3) PðVÞA �3a OH OH OCH3 OH OCH3


P(OH)(OH)(OCH3)(OH)(OCH3) PðVÞA �3b OH OH OCH3 OH OCH3


P(O�)(OH)(OCH3)(OH)(OCH3) PðVÞA �3a� O� OH OCH3 OH OCH3


P(O�)(OH)(OCH3)(OH)(OCH3) PðVÞA �3b� O� OH OCH3 OH OCH3


P(OH)(OH)(OH)(OH)(CH3) PðVÞA �4a OH OH OH OH OCH3


P(OH)(OH)(OCH3)(OH)(OH) PðVÞA �4b OH OCH3 OH OH OH
P(O�)(OH)(OH)(OH)(OCH3) PðVÞA �4a� O� OH OH OH OCH3


P(O�)(OH)(OCH3)(OH)(OH) PðVÞA �4b� O� OCH3 OH OH OH
P(OH)(OH)(OH)(OH)(OH) PðVÞA �5 OH OH OH OH OH
P(O�)(OH)(OH)(OH)(OH) PðVÞA �5� O� OH OH OH OH
cyclic phosphoranes
P(OH)(OCH3)(-O-CH2CH2-O-)(OCH3) PðVÞA �1a OH OCH3 -O-CH2CH2-O- OCH3


P(OH)(OCH3)(-O-CH2CH2-O-)(OCH3) PðVÞA �1b OH OCH3 -O-CH2CH2-O- OCH3


P(O�)(OCH3)(-O-CH2CH2-O-)(OCH3) PðVÞA �1a� O� OCH3 -O-CH2CH2-O- OCH3


P(O�)(OCH3)(-O-CH2CH2-O-)(OCH3) PðVÞA �1b� O� OCH3 -O-CH2CH2-O- OCH3


P(OH)(OH)(-O-CH2CH2-O-)(OCH3) PðVÞA �2a OH OH -O-CH2CH2-O- OCH3


P(OH)(OCH3)(-O-CH2CH2-O-)(OH) PðVÞA �2b OH OCH3 -O-CH2CH2-O- OH
P(O�)(OH)(-O-CH2CH2-O-)(OCH3) PðVÞA �2a� O� OH -O-CH2CH2-O- OCH3


P(O�)(OCH3)(-O-CH2CH2-O-)(OH) PðVÞA �2b� O� OCH3 -O-CH2CH2-O- OH
P(OH)(OH)(-O-CH2CH2-O-)(OH) PðVÞA �3 OH OH -O-CH2CH2-O- OH
P(O�)(OH)(-O-CH2CH2-O-)(OH) PðVÞA �3� O� OH -O-CH2CH2-O- OH


[a] The phosphorane ligands are generically labeled “A” and “B” in the axial positions, and “R”, “S”, and “E”
in the equatorial positions (Scheme 1). For pseudorotation reactions, the pivotal ligand is indicated by boldface
type. See text for additional discussion of the nomenclature convention adopted in this work.
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minima with their abbreviated symbolic nomenclature defi-
nitions are listed in Table 1. The phosphorane ligands, ar-
ranged in order of increasing complexity, are generically la-
beled “A” and “B” in the axial positions, and “R”, “S”, and
“E” in the equatorial positions (Scheme 1). This nomencla-
ture is consistent with that of previous work on biological
metaphosphate, phosphate and phosphorane compounds.[15]


A minimum energy phosphorane structure is designated in
the general expanded notation as P(R)(S)(E)(A)(B), as
shown under the column heading “Molecule” in Table 1.
Since cyclic phosphoranes with a five-membered ring must
have one end of the ring in the equatorial position and one
in the axial position,[9] the notation can also be made to ac-
commodate this situation as P(R)(S)(-EA-)(B). The nomen-
clature convention described only leaves unattended the
fact that enantiomers may occur. In the present work, enan-
tiomers are not enumerated, and geometric quantities are
reported in such a way as to avoid the need for stereochemi-
cal distinction.


In order to avoid propagating the rather cumbersome ex-
panded phosphorane notation “P(R)(S)(E)(A)(B)” through-
out the manuscript, the following abbreviated symbolic no-
tation is introduced (Table 1):


P ðRnÞ
A=C � # charge ð3Þ


where P stands for phosphorous, Rn is the Roman numeral
that gives the coordination number for the phosphorous
(always “V” in the present work, but can vary as in previous
work),[15] A/C stands for “acyclic”/“cyclic”, respectively, and
# is an alphanumeric index assigned to each of the trigonal
bipyramidal phosphorane minimum structures in Table 1.
Phosphoranes with different chemical formulas have differ-
ent leading integers in their alphanumeric index. If there are
two conformers with the same chemical formula, the desig-
nations “a” or “b” are appended to the leading integer to
form the alphanumeric index in order of increasing gas


phase free energy (“a” has a lower gas phase free energy
than “b”). For the sake of clarity structures have been ar-
ranged in Table 1 so that the numeric value in # coincides
with the number of hydroxy ligands in the neutral molecule.
Abbreviations for monoanionic (i.e. , singly deprotonated)
phosphoranes are based on the neutral phosphorane abbre-
viation and indicated by a minus superscript.


Pseudorotation reactions and corresponding rate-control-
ling transition states are designated by bracketing the alpha-
numeric index of the related minima. In the Berry pseudo-
rotation process[10] one ligand (the “pivotal” group) remains
immobile while the other two pairs of ligands interchange
their respective axial and equatorial positions (Scheme 1).
For reactions, the pivotal ligand is indicated by boldface
type in Table 1. Unless otherwise explicitly stated, all depro-
tonation occurs at the pivotal atom position in the pseudoro-
tation reaction since a pseudorotation that involves an oxy-
anion in the axial position is considerably unfavorable. This
situation will be revisited as a special case at the end of the
Section on Kinetic Barriers and Reaction Thermodynamics.


Structure


Minimum energy structures : The structures of the oxyphos-
phoranes corresponding to the local minimum energy initial
and final states of pseudorotation have predominantly trigo-
nal bipyramidal character (Table 2). The pattern of bond
lengths and deviation from ideal trigonal bipyramidal struc-
ture (i.e., q1 =180 and q2 =1208, Scheme 1), can be traced
back to the charge state of the system and/or the cyclic or
acyclic character of the substituents. Thus, the following gen-
eral trends can be derived.


For oxyphosphorane bond lengths:


* axial (P�Oax) bond lengths are greater than equatorial
(P�Oeq) bond lengths


* for monoanionic phosphoranes, axial and equatorial (P�
Oax and P�Oeq) bond lengths to neutral ligands are great-


Table 2. Average geometrical quantities for minimum energy structures of oxyphosphoranes.[a]


Neutral Monoanionic


Quantity acyclic cyclic acyclic cyclic


bond lengths
P�Oeq(H) 1.638 (0.006) 1.633 (0.005) 1.671 (0.004) 1.662 (0.009)
P�Oax(H) 1.689 (0.006) 1.681 (0.005) 1.778 (0.022) 1.726 (0.028)
P�Oeq(C) 1.630 (0.007) 1.646 (0.016) 1.684 (0.005) 1.693 (0.014)
P�Oax(C) 1.710 (0.028) 1.749 (0.027) 1.779 (0.022) 1.827 (0.105)
P�O�


eq – (–) – (–) 1.526 (0.007) 1.513 (0.005)
bond angles
Oax-P-Oax 176.8 (1.6) 175.7 (3.0) 166.6 (3.0) 164.9 (2.6)
Oax-P-Oeq 90.0 (1.8) 90.0 (2.1) 86.6 (2.3) 86.1 (2.9)
Oeq-P-Oeq 119.9 (3.1) 119.9 (3.8) 113.7 (2.5) 114.4 (2.7)
Oax-P-O�


eq – (�) – (�) 96.4 (1.6) 97.3 (3.6)
Oeq-P-O�


eq – (�) – (�) 123.1 (2.9) 122.5 (3.4)


[a] Average bond lengths are in �, and average bond angles are in degrees. Oxygen atoms bonded to phosphorus are classified into different types distin-
guished by their ligand positions, indicated as the subscripts ax (axial) and eq (equatorial), their connectivity with other atoms, indicated by parentheses
around the atom covalently bonded to oxygen, and in the case of monoanionic phosphoranes, by formal charge O/O� . Averages are calculated over neu-
tral and monoanionic acyclic and cyclic phosphoranes, and root-mean-square deviations are given in parentheses.
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er than the corresponding bond lengths in the neutral
phosphoranes due, in part, to larger repulsions arising
from the anionic oxo ligand


* for monoanionic phosphoranes, the anionic P�O�eq bond
length is shorter than all other equatorial bond lengths
due to partial double bond character that develops to
delocalize the formal negative charge


* for a given charge state, axial P�Oax(C) bonds are longer
than the corresponding P�Oax(H) bonds


* for cyclic phosphoranes, endocyclic P�Oax(C) bond
lengths are greater than exocyclic P�Oax(C) bond lengths
(by about 0.05 �), in agreement with previous theoreti-
cal work[15] and with the experimental enhanced suscept-
ibility to hydrolysis of cyclic versus acyclic phosphates[5]


(although the role of solvation is important[45]).
* for acyclic phosphoranes, P�Oax(H) and P�Oeq(H) bond


lengths are slightly greater than the corresponding bond
lengths of cyclic phosphoranes.


and for oxyphosphorane bond angles:


* for neutral phosphoranes, Oax-P-Oax, Oax-P-Oeq and Oeq-
P-Oeq bond angles are close to the ideal values of 180, 90
and 1208, respectively while the increased repulsion of
the pivotal anionic oxo ligand in monoanionic phosphor-
anes distorts their structures from these values


* for monoanionic phosphor-
anes, Oax-P-Oax, Oax-P-Oeq


and Oeq-P-Oeq bond angles
are smaller than those of
corresponding neutral phos-
phoranes


* for monoanionic phosphor-
anes, Oeq-P-O�


eq and Oax-P-
O�eq bond angles are larger
than those of corresponding
neutral phosphoranes


* for acyclic and cyclic phos-
phoranes in the same
charge state, corresponding
O-P-O bond angles are very
similar ; that is, O-P-O bond
angles are largely unaffect-
ed by acyclic versus cyclic
structure.


Transition-state structures :
Mean structural parameters for
the rate-controlling pseudorota-
tion transition states for the
oxyphosphoranes are summar-
ized in Table 3. Also included
for comparison is a well-studied
benchmark model phosphorane,
PF5. For the purposes of discus-
sion a parameter to measure
the square pyramid character of


the transition states has been defined as %SP = [1� jq1�
q2 j /60] � 100. For the prototypical PF5, which exhibits an
ideal square pyramidal pseudorotation transition state, the
%SP value is then 100 % (Scheme 1), this parameter would
be 0 for an ideal bipyramid. The %SP parameter correlates
well with other parameters, such as bond lengths, used to
characterize the transition states. For the neutral systems,
the mean axial and equatorial bond lengths are in general
more similar to one another for the transition state struc-
tures that have greater square pyramidal character; that is,
hblaxi � hbleqi for %SP �100. The largest difference be-
tween hblaxi and hbleqi for neutral phosphorane transition
states is 0.021 � for PðVÞA � [4a,4 b] that has the least square
pyramidal character (%SP=92.2).


The monoanionic structures exhibit a greater degree of
structural diversity. For two of the monoanionic acyclic mol-
ecules, the pseudorotation proceeds through a symmetric,
square-pyramidal transition state (PðVÞA � [1,1] and
PðVÞA � [5,5]�), similar to those found for the neutral phos-
phoranes, with only moderate deviations. These structures
display slightly bigger distortions in bond lengths and small-
er overall q1 and q2 angles with %SP values of 100. The dif-
ferences between these monoanionic phosphorane transition
states and those of the corresponding neutral phosphoranes
arise from the greater repulsion of the pivotal atom in the
former, which holds localized negative charge. The other


Table 3. Geometrical quantities for pseudorotation transition state structures of oxyphosphoranes.[a]


TS Structure hblaxi hbleqi Dhblaxi Dhbleqi q1 q2 %SP


fluorinated model system
PðVÞF �[1,1] 1.597 1.597 �0.009 0.023 155.1 155.1 100.0
neutral acyclic phosphoranes
PðVÞA �[1,1] 1.666 1.668 �0.029 0.038 155.6 155.0 99.0
PðVÞF �[2 a,2 b] 1.676 1.664 �0.026 0.030 155.0 155.3 99.6
PðVÞF �[3 a,3 b] 1.673 1.670 �0.030 0.037 154.0 155.6 97.3
PðVÞF �[4 a,4 b] 1.681 1.660 �0.020 0.025 156.8 152.1 92.2
PðVÞF �[5,5] 1.674 1.673 �0.028 0.038 154.0 154.6 99.0
anionic acyclic phosphoranes
PðVÞF �[1,1]� 1.730 1.730 �0.035 0.043 143.1 143.1 100.0
PðVÞF �[2 a,2 b]� 1.699 1.758 �0.087 0.082 123.0 159.9 38.5
PðVÞF �[3 a,3 b]� 1.734 1.739 �0.047 0.064 140.9 144.8 93.5
PðVÞF �[4 a,4 b]� 1.706 1.763 �0.085 0.094 128.0 155.9 53.5
PðVÞF �[5,5]� 1.739 1.739 �0.045 0.070 142.6 142.6 100.0
neutral cyclic phosphoranes
PðVÞC �[1 a,1 b] 1.675 1.674 �0.024 0.034 155.5 155.2 99.6
PðVÞC �[2 a,2 b] 1.682 1.668 �0.019 0.027 156.7 153.4 94.5
PðVÞC �[3,3] 1.677 1.676 �0.023 0.033 154.7 155.0 99.6
anionic cyclic phosphoranes
PðVÞC �[1 a,1 b]� 1.764 1.716 �0.014 0.019 152.5 132.5 66.6
PðVÞC �[2 a,3 b]� 1.707 1.765 �0.137 0.092 124.0 159.5 40.9
PðVÞC �[3,3]� 1.730 1.765 �0.124 0.096 145.8 139.3 89.2


[a] Each of the transition state structures listed above uniquely connects two of the minimum energy structures
indicated in brackets. The designation of “axial” and “equatorial” have little meaning for the actual transition
state structures themselves that have largely a square-pyramidal structure. Nonetheless, it is useful to distin-
guish those bonds in the transition state that correspond to the axial and equatorial bonds of the reactant, that
by convention are defined as the lowest of the two energy minima connected by the transition state. The quan-
tities hblaxi and hbleqi refer to the average bond lengths in the transition state that correspond to the axial and
equatorial bonds being exchanged, respectively, of the reactant structure. The quantities Dhblaxi and Dhbleqi
measure the change in the average axial and equatorial bond lengths that occur in going from reactant to tran-
sition state. All average bond length quantities are in �. Also listed are the axial and equatorial O-P-O bond
angles (q1 and q2, respectively) in degrees and the “square-pyramidal character” percentage (%SP) defined by
the empirical formula %SP = [1�jq1�q2 j /60] � 100.
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monoanionic acyclic pseudorotation reactions proceed
through distorted transition states with considerably less
square pyramidal character (%SP values ranging between
38.5 and 93.5). For these systems the change in the average
bond lengths in the reactants and transition structures is
also considerably larger and the differences q1 � q2 range
from 15 to 308.


The largest change (contraction) in axial bond lengths is
observed in the monoanionic cyclic phosphorane transition
states, due in part to the fact these bond lengths are particu-
larly long in the corresponding minima. The longer bond
lengths of the cyclic structures are due in part to ring strain,
and related to the experimentally observed enhanced reac-
tivity of cyclic phosphates.[6] Pseudorotation of the mono-
anionic phosphoranes tend to exhibit early or late transition
states that influence the pseudorotation barriers in accord
with the Hammond postulate[46] (see below).


Kinetic barriers and reaction thermodynamics : The kinetic
and thermodynamic characterization of pseudorotation reac-
tions of oxyphosphoranes is important for the understanding
of non-enzymatic and enzymatic phosphoryl transfer reac-
tions. If a phosphorane generated in a hydrolysis or transes-
terification reaction is sufficiently long-lived, it may undergo
pseudorotation, altering the stereochemical outcome of the
reaction or leading to different products such as those of
phosphate migration[5–7] (Scheme 2). The key kinetic and
thermodynamic quantities for the pseudorotation process of
the present work are listed in Table 4, where the direction
of the reactions is chosen so that the DG values are greater
than or equal to zero.


Three main factors govern the kinetics and thermodynam-
ics of the gas-phase reactions: 1) the apicophilicity of the
substituents, 2) the protonation state of the phosphoranes
and 3) the changes in intramolecular hydrogen bonding. The


profiles for acyclic and cyclic,
neutral and monoanionic pseu-
dorotation reactions are illus-
trated as a function of the reac-
tion coordinate (q1�q2)/60 in
Figure 1.


From the DG values for the
endothermic reactions, it is evi-
dent that an OH group is con-
siderably less apicophilic than
an OCH3 group,[15,47] since all
the entries with DH>0 and
DG>0 involve one or moreScheme 2. Role of pseudorotation in the process of RNA phosphate migration.


Table 4. Calculated thermodynamic data for gas-phase pseudorotation reactions of oxyphosphoranes.[a]


Net reaction Rate-limiting TS


Reaction DH �TDS DG DnHB DH � �TDS � DG � Dn�
HB


fluorinated model system
PðVÞF �[1,1] – – – 0 3.12 0.01 3.14 0
neutral acyclic phosphoranes
PðVÞA �[1,1] – – – 0 6.50 0.52 7.02 �1
PðVÞA �[2 a,2 b] 3.04 �0.79 2.25 �1 7.45 0.62 8.07 �1
PðVÞA �[3 a,3 b] 0.21 �0.16 0.06 0 5.54 0.73 6.27 0
PðVÞA �[4 a,4 b] 0.46 �0.02 0.45 0 5.07 0.90 5.97 0
PðVÞA �[5,5] – – – 0 5.24 0.91 6.24 0
monoanionic acyclic phosphoranes
PðVÞA �[1,1]� – – – 0 1.12 2.24 3.35 0
PðVÞA �[2 a,2 b]� 5.74 �0.29 5.45 0 5.85 0.86 6.71 �1
PðVÞA �[3 a,3 b]� 3.79 0.12 3.92 0 3.54 1.39 4.93 0
PðVÞA �[4 a,4 b]� 4.71 �0.39 4.32 0 7.54 0.19 7.73 �2
PðVÞA �[5,]� – – – 0 6.08 1.11 7.19 �4
neutral cyclic phosphoranes
PðVÞC �[1 a,1 b] 5.13 �0.45 4.67 0 6.86 0.77 7.62 �1
PðVÞC �[2 a,2 b] 4.15 �0.86 3.29 �1 6.82 0.62 7.23 �1
PðVÞC �[3,3] – – – 0 4.48 0.90 5.38 0
monoanionic cyclic phosphoranes
PðVÞC �[1 a,1 b]� �0.05 0.14 0.08 0 0.43 1.06 1.49 0
PðVÞC �[2 a,2 b]� 3.88 0.28 4.16 0 4.08 1.17 5.25 �1
PðVÞC �[3,3]� – – – 0 1.71 1.34 3.05 �1


[a] Values for the change free energy (DG) in the gas phase are listed along with the enthalpic (DH) and entropic (�TDS) contributions, and change in
the number of intramolecular equatorial$axial hydrogens bonds (DnHB). Thermodynamic changes are with respect to reactants, defined as the lower
free energy isomer, and correspond to a temperature T =298.15 K. All units are kcal mol�1. The pseudorotation “reaction” is indicated by the abbrevia-
tion for the rate-limiting transition state that connects the reactant and product isomers. The change in thermodynamic quantities for the net reaction
are shown without superscript, and the corresponding change in thermodynamic quantities for the rate-limiting transition state are given by a superscripted �.
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OCH3 groups in the axial position interchanging with OH in
the equatorial position. These results are consistent with
other work on biological phosphorus compounds.[15]


As a result, processes that involve the greater number of
exchanges of equatorial OH groups with axial OCH3 groups
generally have higher reaction enthalpies and free energies
that serve to raise the kinetic barriers of the forward reac-
tion in accord with the Hammond postulate.[46] For example,
the acyclic/cyclic and neutral/monoanionic pseudorotation
reactions (PðVÞA � [3a,3 b] , PðVÞA � [3 a,3 b]� , PðVÞC � [3,3] and
PðVÞC � [3,3]�) that involve no net OH/OCH3 exchanges all
have lower reaction free energies and activation barriers
than the corresponding reactions that involve a single net
OH/OCH3 exchange (PðVÞA � [2 a,2 b] , PðVÞA � [2 a,2 b]� ,
PðVÞC � [2 a,2 b] and PðVÞC � [2a,2 b] , respectively).


As discussed in the previous Section “Structure”, monoa-
nionic phosphoranes present considerable geometric distor-
tions compared with the more symmetric neutral phosphor-
anes. Distortion of the monoanionic phosphoranes from a
trigonal bipyramidal structure toward that of a transition
state-like square pyramid is one of the key factors that
result in the general lowering of the monoanionic pseudoro-
tation transition state barriers. The range of activation barri-
ers for the monoanionic phosphoranes (1.5–7.7 kcal mol�1) is
considerably larger than for the neutral phosphoranes (5.4–


8.1 kcal mol�1). The lower barri-
ers observed for anionic sys-
tems that have the negatively
charged pivotal oxygen can be
readily explained by the in-
creased axial–equatorial repul-
sions that arise from the shorter
P�O bond length and the delo-
calized negative charge of this
ligand. These repulsions lead to
distorted minima (e.g., with
axial angles typically bent by
around 148) that are closer both
in structure and in energy to
the square pyramidal transition
states.


For most pseudorotation re-
actions in the present work, the
change in the number of intra-
molecular hydrogen bonds that
occurs in going from the reac-
tant to the product (DnHB) is 0
and in going from reactant to
the transition state (Dn�


HB) is 0
or �1 (Table 4). In general,
pseudorotations of neutral
phosphoranes where a single
hydrogen bond is broken
during the reaction (Dn�


HB =�1,
corresponding DG � values
range from 7.0–8.1 kcal mol�1)
have transition state structures


that are moderately more destabilized than those where no
disruption is observed (Dn �


HB = 0, corresponding DG �


values range from 5.4–6.3 kcal mol�1). Hence, an estimate
for the destabilization energy due to intramolecular hydro-
gen bond disruption for neutral phosphorane pseudorotation
reaction ranges between 0.7–2.7 kcal mol�1 per hydrogen
bond with a mean value of approximately 1.7 kcal mol�1.
The anionic phosphorane pseudorotation reactions exhibit a
higher degree of variation with respect to changes in intra-
molecular hydrogen bonding. This large variation stems
from the more diverse hydrogen bonding environment in
the anionic phosphoranes. Relatively weak intramolecular
hydrogen bonds can form between neutral ligands (OH!
OH and OH!OCH3), or stronger intramolecular hydrogen
bonds can occur between a neutral and an anionic ligand
(OH!O�). As mentioned previously, the repulsive interac-
tions of the negative oxo ligand in the anionic phosphoranes
also have a large effect on the activation barriers that is
only mildly correlated with Dn�


HB. Together, these competing
factors tend to obscure the general trends in the activation
barriers for the anionic pseudorotation reactions compared
with the neutral pseudorotation reactions.


Pseudorotation of an oxyanion to the axial position : In
order to quantify the generally accepted assertion that the


Figure 1. Reaction diagrams for pseudorotation of cyclic and acyclic oxyphosphoranes. Shown are neutral
(top)/anionic (bottom) species, and acyclic (left)/cyclic (right) species. The lines are labeled with the conven-
tion proposed in Section on “Nomenclature” 3.1 and summarized in Table 1. Dotted vertical lines at reaction
coordinate values (q= (q1�q2)/60)) of 0 and �1 correspond to ideal square pyramidal transition state struc-
tures and trigonal bipyramidal reactant and product structures, respectively.
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pseudorotation process for anionic phosphoranes proceed
with the anionic oxo ligand as the pivotal atom, the pseudor-
otation of PðVÞA �5� was considered where the oxo ligand is a
basal atom in the reactant and occupies an axial position in
the product (i.e., one of the equatorial OH ligand was taken
as the pivotal atom).


The structure of this transition state exhibits a shorter
average equatorial bond length (1.639 � opposed to 1.739 �
in PðVÞA �[5,5]�) due mainly to the shorter P�O� bond that
has moderate double bond character in order to delocalize
the negative charge. The angles at the transition state, q1 =


163.7 and q2 = 147.0 lead to a %SP value of 72.2 %. The
product of this pseudorotation process exhibits a structure
with a mean O�-P-OH angle of 94.38 and the three equatori-
al OH ligands forming hydrogen bonds with the axial anion-
ic oxo group (Figure 2).


The reaction free energy and activation barrier for the
pseudorotation of the anionic oxo ligand from the equatorial
position to the axial position are 9.68 and 11.75 kcal mol�1,
respectively. These values are considerably higher than the
corresponding values (0.0 and 7.19 kcal mol�1, respectively)
for the alternate pseudorotation path that proceeds through
the PðVÞA �[5,5]� transition state. Consequently, it is unlikely
that at physiological temperatures the pseudorotation that
positions the anionic oxo ligand axially would be kinetically
or thermodynamically significant. The transition state and
the product of this pseudorotation bear resemblance in both
geometric and energetic features, in accord with the Ham-
mond postulate.[46] This behavior can be readily understood
from a simple VSEPR model: anionic substituents have
greater repulsion and prefer to occupy equatorial positions
to alleviate the strain with other electron pairs at (roughly)
908 associated with an apical position. These results are con-
sistent with previous calculations that indicate that anionic
axial phosphorane ligands are considerably less stable than
the neutral ones.[15]


Solvation effects : Solvation provides tremendous stabiliza-
tion of phosphate and phosphorane anions,[15] influences the
conformational flexibility of phosphate esters[48] and has a


profound effect on the free energy profile for hydrolysis re-
actions.[45,49] Pseudorotation reactions of model phosphate
systems, such as methyl ethylene phosphate, connect reac-
tion paths that lead to products of endocyclic and exocyclic
cleavage.[5,6] In fact, it has been proposed that in the hydrol-
ysis of methyl ethylene phosphate under alkaline conditions,
the attack of a hydroxyl group is concerted with pseudorota-
tion.[50] Despite numerous studies on the effect of solvation
on phosphate hydrolysis in-line attack mechanisms[45,51–56]


and associative and dissociative pathways,[49,57–59] considera-
bly less attention has been paid to the more subtle influence
of solvation on pseudorotation reactions of biological phos-
phoranes.[17] This topic is addressed in the present Section.


Solvation effects were treated by using the PCM,[35]


COSMO[38] and SM5[34] solvation models (see Methods).
Table 5 compares values for the change in solvation free
energy for the net reaction (DDGsol) and for the rate-con-
trolling transition state (DDG �


sol) calculated with each of the
solvation models. The non-zero DDGsol values are generally
in reasonable agreement between the PCM and COSMO
methods (these methods are similar in that they are both
types of boundary element methods that use a common set
of parameterized radii), the largest variation being
0.5 kcal mol�1 for PðVÞA �[2 a,2 b] and PðVÞA �[1 a,1 b] . The SM5
DDGsol values differ slightly from the corresponding PCM
and COSMO values, the former being generally smaller in
magnitude, and in three instances PðVÞA �[3a,3 b] ,
PðVÞA �[4 a,4 b] and PðVÞA �[1a,1 b]�) differ in sign.


Overall, the DDGsol values tend to be negative and fairly
small, the most negative values being �2.45, �2.58 and
�1.79 kcal mol�1 for PCM, COSMO and SM5, respectively.
Phosphoranes with OCH3/OH occupying the equatorial/
axial positions tend to have more favorable solvation energy
values relative to the axial/equatorial isomers. For neutral
phosphoranes, the DDGsol values tend to become less favora-
ble with increasing number of OH groups, whereas the op-
posite trend occurs for the monoanionic phosphoranes.
Given that the gas-phase DG values are positive or zero (by
convention), the negative DDGsol values increase the equili-
brium constant for the reactions in solution relative to that
in the gas phase, but (with two exceptions, see below) are
not sufficient in magnitude to result in an exergonic reac-
tion.


The solvent stabilization of the transition states are indi-
cated by the DDG �


sol values in Table 5. Overall, the corre-
spondence between the PCM, COSMO and SM5 values for
DDGsol is closer than for the DDG�


sol values (due in part to
the fact that the geometric changes are smaller in going
from reactant to transition state as opposed to going from
reactants to products). As expected, the reference system
(PðVÞF �1) is not strongly affected by the presence of solvent,
the estimated magnitude of the DDG�


sol values all falling
below 0.1 kcal mol�1. As with the values for DDGsol in
Table 5, the DDG�


sol values are predominantly negative, and
lower the free energy of activation for pseudorotation in so-
lution relative to the gas phase. With the exception of
PðVÞA �[1,1]� and PðVÞA �[1 a,1 b]� that have positive DDG �


sol


Figure 2. High-energy structure of phosphorane with anionic oxo group
in the axial position. Labeled distances are in angstrom.
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values, the solvent stabilization of the transition states rela-
tive to the reactants is generally larger for the monoanionic
phosphoranes. The monoanionic phosphoranes for which
DDG �


sol is the least favorable involve transition states where
the intramolecular hydrogen bonding arrangement is pre-
served (i.e., Dn �


HB = 0: PðVÞA �[1,1]� , PðVÞC �[1 a,1 b]� and
PðVÞA �[3 a,3 b]�).


The calculated total reaction and activation free energy
values are listed in Table 6. Only in the case of the PCM
and COSMO calculations for PðVÞA �[3 a,3 b]� and
PðVÞC �[1 a,1 b]� does the inclusion of solvent change the sign
of the net reaction free energy. The activation barriers in so-
lution are considerably lower than in the gas phase. For the
most part, the general conclusions regarding the trends in
activation barriers observed in the gas phase are maintained.
Of particular significance are the observations that:


* pseudorotation barriers for oxyphosphoranes in solution
are fairly low, ranging from about 1.5–7.5 kcal mol�1


* pseudorotation barriers for monoanionic phosphoranes
are lower than for neutral phosphoranes


* pseudorotation barriers for cyclic phosphoranes are
slightly lower than for corresponding acyclic phosphor-
anes.


As an example, for the PCM solvation model, the activa-
tion barriers for neutral acyclic and cyclic oxyphosphoranes


range from 5.53–7.20 and 5.03–
6.27 kcal mol�1, respectively,
and for monoanionic acyclic
and cyclic oxyphosphoranes
range from 3.44–4.35 and 1.60–
2.64 kcal mol�1, respectively.
Similar trends are evident from
the COSMO and SM5 solvation
models, although the ranges of
activation barriers are some-
what larger for the SM5 solva-
tion model.


An important consequence of
this work involves the interpre-
tation of kinetic data for the hy-
drolysis of phosphates in so-
lution that serve as model sys-
tems to characterize the factors
that govern biological phos-
phate reactivity. For example,
the hydrolysis of methyl ethyl-
ene phosphate (MEP), first dis-
cussed by Westheimer,[9] is de-
scribed schematically as involv-
ing fast pseudorotation under
acidic conditions where the
phosphorane intermediate is
neutral, and slow pseudorota-
tion under mildly alkaline con-
ditions where the phosphorane


is monoanionic.[5] The present calculations suggest that pseu-
dorotation of the phosphorane intermediate in the hydroly-
sis of MEP (Figure 3) is not a result of the barriers to pseu-
dorotation being increased for the monoanionic cyclic oxy-
phosphorane relative to the neutral one. Instead, it is more
likely that pseudorotation occurs more readily under acidic
conditions due to a prolonged lifetime of the neutral phos-
phorane intermediate.


Pseudorotation in ethylene phosphate can be measured
experimentally by the uptake of 18O from isotopically la-
beled water molecules[5] (Scheme 3). In order for 18O to be
incorporated, an isotopically labeled water makes an in-line
nucleophilic attack to the phosphate to form an oxyphos-
phorane intermediate. The reaction can either proceed to
the endocyclic cleavage product, or revert back to the reac-
tants via exocyclic cleavage of the nucleophile–phosphate
bond. Alternately, if the lifetime of the phosphorane inter-
mediate is sufficiently long for pseudorotation to occur, sub-
sequent exocyclic cleavage results in 18O incorporation to
form isotopically labeled ethylene phosphate. It has been
observed experimentally that incorporation of 18O in ethyl-
ene phosphate occurs only under non-alkaline conditions.[5]


The results of the present work suggest that pseudorotation
of the monoanionic phosphorane is not rate-limiting since
the barrier for this process is only around 1.6 kcal mol�1 in
solution (Table 6). This supports the hypothesis[5] that the
observed 18O exchange is due to the fact that, under suffi-


Table 5. Calculated change in solvation free energy for pseudorotation reactions of oxyphosphoranes.[a]


DDGsol-Net reaction DDG �


sol-Rate-limiting TS


Reaction PCM COSMO SM5 PCM COSMO SM5


fluorinated model system
PðVÞF �[1,1] – – – �0.03 �0.04 0.08
neutral acyclic phosphoranes
PðVÞA �[1,1] – – – �1.01 �0.78 �0.71
PðVÞA �[2 a,2 b] �1.24 �0.74 �0.07 �0.87 �1.01 �0.50
PðVÞA �[3 a,3 b] �0.57 �0.23 0.29 �0.50 �0.48 �0.25
PðVÞA �[4 a,4 b] 0.73 1.14 �0.07 �0.16 0.31 �0.52
PðVÞA �[5,5] – – – �0.62 �0.47 �0.39
monoanionic acyclic phosphoranes
PðVÞA �[1,1]� – – – 0.64 0.51 0.05
PðVÞA �[2 a,2 b]� �1.48 �1.24 �0.91 �2.36 �2.28 �1.44
PðVÞA �[3 a,3 b]� �2.25 �2.29 �0.91 �1.05 �1.19 �0.80
PðVÞA �[4 a,4 b]� �0.97 �0.97 �0.81 �3.82 �3.84 �2.07
PðVÞA �[5,5]� – – – �3.75 �3.66 �1.54
neutral cyclic phosphoranes
PðVÞC �[1 a,1 b] �2.08 �2.58 �1.31 �1.62 �1.51 �0.94
PðVÞC �[2 a,2 b] �1.11 �1.23 �0.69 �0.96 �0.83 �0.91
PðVÞC �[3,3] – – – �0.35 �0.26 �0.66
monoanionic cyclic phosphoranes
PðVÞC �[1 a,1 a]� �0.52 �0.40 0.15 0.74 0.68 0.19
PðVÞC �[2 a,2 a]� �2.45 �2.16 �1.79 �2.61 �2.50 �2.25
PðVÞC �[3,3]� – – – �1.45 �1.41 �1.52


[a] Values for the change in solvation free energy (DDGsol) are listed for three different solvation methods:
PCM, COSMO and SM5 (see text). All values correspond to a temperature T =298.15 K. All units are kcal
mol�1. The pseudorotation “reaction” is indicated by the abbreviation for the rate-limiting transition state that
connects the reactant and product isomers. The change in solvation free energy for the net reaction are shown
without superscript, and the corresponding change in solvation free energy for the rate-limiting transition state
are given by a superscripted �.
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ciently alkaline conditions, the dianionic phosphorane is a
transition state, or else a kinetically insignificant intermedi-
ate,[6] that is not sufficiently long lived to undergo protona-
tion by solvent and subsequent pseudorotation. The results
presented here are consistent with calculations on pseudoro-
tation of chemically modified cyclic biological phosphor-
anes.[17]


Semiempirical calculations : The resolution of atomic-level
details and quantitative assessment of reaction barriers for
catalytic RNA processes remains a challenge for theoretical
methods. Simulations of reactions in non-enzymatic and en-
zymatic environments by using hybrid QM/MM calcula-
tions[60–62] afford a particularly promising strategy for inclu-
sion of the complex characteristics of condensed-phase envi-
ronment and sampling of the many degrees of freedom.
These methods, however, require very fast quantum meth-
ods in order to be feasible. The most commonly applied
class of quantum methods in QM/MM calculations are self-


consistent semiempirical Hamil-
tonian models. These methods
have been recently applied to
study transphosphorylation thio
effects of a 3’ ribose-phosphate
model system in solution.[18,19]


Conventional semiempirical
Hamiltonian models are limited
in their accuracy in simula-
tions[61,62] and linear-scaling cal-
culations[63,64] of enzyme or ri-
bozyme reactions. Due to the
importance of these applica-
tions, the field continues to
work toward improvement of
these models,[65–67] especially for
thermochemistry and kinetics.
It has been well established
that two major problem areas
involve the development of
methods that can accurately
predict barriers to reactions
that involve chemical bond for-
mation and cleavage, and that
accurately reproduce correct
relative conformational ener-
gies and barriers. The former
problem can be partially allevi-
ated with careful re-parameteri-


zation of the models so as to include data for reaction barri-
ers.[67] A more satisfactory solution to both of these prob-
lems involves re-design of the semiempirical model itself to
include features such as “orthogonalization corrections”[68]


and other terms that correct systematic problems.[65,66] A
recent, but related, alternative to these semiempirical
models is a self-consistent density functional method[69] that


appears to be very promising
and has been successfully ap-
plied to some biological reac-
tions.[70, 71]


The data presented in the
current work represents an im-
portant set of benchmarks for
new quantum models designed
to model phosphoryl transfer
reactions. Pseudorotation of


biological phosphoranes involve a concerted conformational
transition of a hypervalent phosphorus that may be further
complicated by anionic character and intramolecular hydro-
gen bonding interactions. These factors combine to make ac-
curate semiempirical modeling of pseudorotation reactions
particularly challenging.


Table 7 compares DH and DH � values for pseudorotation
processes computed with several established semiempirical
Hamiltonians (see Section on “Methods”) with those of the
present work. It is evident from Table 7 that all of the semi-
empirical methods perform poorly for these processes. Dif-


Figure 3. Pseudorotation diagram of methyl ethylene phosphorane, an intermediate in the hydrolysis of methyl
ethylene phosphate: A) neutral state under acidic conditions; B) monoanionic state under neutral conditions;
labeled distances are in angstrom and angles are in degrees.


Scheme 3. Incorporation of 18O in ethylene phosphate under non-alkaline conditions via a mechanism that in-
volves pseudorotation.
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ferent Hamiltonians offer not
only quantitatively different
values, but also qualitatively
different results: sometimes
predicting reaction enthalpies
of the wrong sign, barrierless
transitions, or else finding
minima where there should be
a transition state. Generally, the
differences between the semi-
empirical and DFT results
exceed 50 % of the actual DH
obtained with DFT calculations.
A general trend is that the sem-
iempirical methods underesti-
mate the pseudorotation activa-
tion barriers, and also predict
five-membered ring structures
that are not properly puckered
(e.g., are predicted to be too
planar). These problems are
likely inherent to the NDDO
approximation, whereby the
overlap matrix is treated as the
unit matrix, that affects two-
center exchange interactions.
These problem might be over-
come in new-generation semi-
empirical models that properly


Table 6. Calculated change in aqueous-phase free energy for pseudorotation reactions of oxyphosphoranes.[a]


DGaq-Net reaction DG �


aq-Rate-limiting TS


Reaction PCM COSMO SM5 PCM COSMO SM5


fluorinated model system
PðVÞF �[1,1] – – – 3.11 3.10 3.22
neutral acyclic phosphoranes
PðVÞA �[1,1] – – – 6.01 6.24 6.31
PðVÞA �[2 a,2 b] 1.01 1.51 2.19 7.20 7.06 7.57
PðVÞA �[3 a,3 b] �0.51 �0.17 0.35 5.77 5.79 6.02
PðVÞA �[4 a,4 b] 1.18 1.59 0.38 5.81 6.28 5.45
PðVÞA �[5,5] – – – 5.53 5.68 5.76
monoanionic acyclic phosphoranes
PðVÞA �[1,1]� – – – 3.99 3.86 3.41
PðVÞA �[2 a,2 b]� 3.97 4.21 4.54 4.35 4.43 5.26
PðVÞA �[3 a,3 b]� 1.67 1.63 3.01 3.88 3.74 4.13
PðVÞA �[4 a,4 b]� 3.35 3.35 3.51 3.91 3.89 5.66
PðVÞA �[5,5]� – – – 3.44 3.53 5.65
neutral cyclic phosphoranes
PðVÞC �[1 a,1 b] 2.59 2.09 3.36 6.00 6.11 6.68
PðVÞC �[2 a,2 b] 2.18 2.06 2.59 6.27 6.40 6.32
PðVÞC �[3,3] – – – 5.03 5.12 4.72
monoanionic cyclic phosphoranes
PðVÞC �[1 a,1 b]� �0.44 �0.32 0.23 2.23 2.17 1.69
PðVÞC �[2 a,2 b]� 1.71 2.00 2.37 2.64 2.75 3.00
PðVÞC �[3,3]� – – – 1.60 1.64 1.53


[a] Values for the change in aqueous-phase free energy (DGaq) are listed for three different solvation methods:
PCM, COSMO and SM5 (see text). All values correspond to a temperature T =298.15 K. All units are kcal
mol�1. The pseudorotation “reaction” is indicated by the abbreviation for the rate-limiting transition state that
connects the reactant and product isomers. The change in aqueous-phase free energy for the net reaction are
shown without superscript, and the corresponding change in aqueous-phase free energy for the rate-limiting
transition state are given by a superscripted �.


Table 7. Comparison of calculated density functional and semiempirical gas-phase enthalpies for pseudorotation reactions of oxyphosphoranes.[a]


DH-Net reaction DH �-Rate-limiting TS


Reaction DFT MNDO AM1 PM3 MNDO/d DFT MNDO AM1 PM3 MNDO/d


fluorinated model system
PðVÞF �[1,1] – – – – – 3.12 3.81 2.77 4.10 3.57
neutral acyclic phosphoranes
PðVÞA �[1,1] – – – – – 6.50 4.71 5.36 7.59 5.58
PðVÞA �[2 a,2 b] 3.04 �0.63 �1.33 �2.05 1.07 7.45 2.79 4.74 � 5.03
PðVÞA �[3 a,3 b] 0.21 �1.34 �0.92 �2.70 �0.09 5.54 2.59 3.50 � 5.12
PðVÞA �[4 a,4 b] 0.46 1.66 �0.06 1.69 2.06 5.07 4.55 1.94 2.06 –
PðVÞA �[5,5] – – – – – 5.24 3.25 2.58 0.67 3.92
monoanionic acyclic phosphoranes
PðVÞA �[1,1]� – – – – – 1.12 2.54 – – 3.81
PðVÞA �[2 a,2 b]� 5.74 5.48 – 0.02 3.44 5.85 5.75 � – 4.10
PðVÞA �[3 a,3 b]� 3.79 1.04 1.33 �0.21 0.55 3.54 3.31 1.15 – 2.14
PðVÞA �[4 a,4 b]� 4.71 2.36 – -0.81 4.47 7.54 3.18 4.29 – 4.68
PðVÞA �[5,5]� – – – – – 6.08 1.16 0.08 – 1.61
neutral cyclic phosphoranes
PðVÞC �[1 a,1 b] 5.13 2.73 3.85 �1.68 0.11 6.86 1.64 5.72 3.06 3.41
PðVÞC �[2 a,2 b] 4.15 0.47 1.65 �0.02 1.08 6.82 3.03 4.34 3.00 4.77
PðVÞC �[3,3] – – – – – 4.48 2.27 3.42 1.85 4.08
monoanionic cyclic phosphoranes
PðVÞC �[1 a,1 b]� �0.05 0.00 0.00 0.00 0.06 0.43 1.26 – – 1.45
PðVÞC �[2 a,2 b]� 3.88 1.35 – – 3.34 4.08 1.59 3.44 4.16 3.47
PðVÞC �[3,3]� – – – – – 1.71 1.19 – – 0.56


[a] Values for the change in enthalpy (DH) are listed for four different semiempirical methods: MNDO, AM1, PM3 and MNDO/d (see text). All values
correspond to a temperature T=298.15 K. All units are kcal mol�1. The pseudorotation “reaction” is indicated by the abbreviation for the rate-limiting
transition state that connects the reactant and product isomers. The change in enthalpy for the net reaction are shown without superscript, and the corre-
sponding change in enthalpy for the rate-limiting transition state are given by a superscripted �.
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include this type of exchange effect.[68, 69] The MNDO/d
method gives the best overall description of phosphorane
structure, with the exception that it does not predict intra-
molecular hydrogen bonding. For pseudorotation reactions,
however, there remains room for considerable improve-
ment.


Conclusion


The present work describes results of hybrid density func-
tional calculations of oxyphosphorane pseudorotations. The
results provide quantitative insight into the factors that in-
fluence the structure, free energies and activation barriers of
these processes, and have implications into related steps in
non-enzymatic and enzymatic phosphoryl transfer reactions
that involve phosphorane intermediates.


Hydroxy ligands were observed to be less apicophilic than
methoxy groups. Pseudorotation reactions for neutral and
monoanionic phosphoranes were fairly low, ranging from 1.5
to 8.1 kcal mol�1. Barriers to pseudorotation for monoanion-
ic phosphoranes occur with the anionic oxo ligand as the
pivotal atom, and were generally lower than for neutral
phosphoranes. The lowering of the monoanionic pseudorota-
tion barriers results from distortion of the phosphorane by
repulsions of the pivotal anionic oxo ligand to form a more
transition state-like square pyramidal structure.


These results, together with isotope 18O exchange experi-
ments, support the assertion that dianionic phosphoranes
are not sufficiently long-lived to undergo pseudorotation.[5]


Cyclic phosphoranes undergo pseudorotation slightly more
readily than do acyclic phosphoranes with the same number
of carbon atoms. Solvation generally has a preferential stabi-
lization effect on the transition states that tends to lower the
pseudorotation barriers relative to the gas phase values.


Results of conventional semiempirical calculations for
pseudorotation processes are shown not to be reliable.
These results highlight a new challenge for the new-genera-
tion semiempirical quantum models for phosphoryl transfer
reactions: the accurate modeling of pseudorotation process-
es. The results presented here provide insight into the fac-
tors that influence the pseudorotation rates of biological
phosphoranes and serve as benchmark data for the design of
new quantum models for non-enzymatic and enzymatic
phosphoryl transfer.
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Introduction


In the course of our investigation on the double/multiple
salts of silver acetylenediide (Ag2C2), a series of complexes
were prepared by using perfluoroalkyl carboxylates as co-
existing anions together with various ancillary ligands.[1]


With quaternary ammonium cations of different shapes and
sizes (e.g. Et4N


+ and Me3BzN+) as structure-inducing
agents, anionic discrete and polymeric silver(i) aggregates
with embedded C2


2� species were successfully prepared and
characterized.[2] To obtain neutral aggregates, a conceivable
strategy is to incorporate the carboxylate and ammonio
functional groups into the same ligand, that is, to employ a
class of zwitterionic compounds whose prototype is the tri-
methylammonio derivative commonly called betaine


(Me3N
+CH2COO� , IUPAC name trimetylammonioace-


tate).[3,4] Owing to their permanent bipolarity and overall
charge neutrality, betaine and its derivatives (considered as
carboxylate-type ligands) have distinct advantages over
most carboxylates in the study of coordination polymers: 1)
synthetic access to water-soluble metal carboxylates; 2) gen-
eration of new structural varieties, such as complexes with
metal centers bearing additional anionic ligands, and those
with variable metal to carboxylate molar ratios; 3) easy syn-
thetic modification of ligand property by varying the sub-
stituents on the quaternary nitrogen atom or the backbone
between the two polar terminals.[5]


It is of interest to incorporate betaine and its derivatives
into the Ag2C2/AgRfCO2 system, as each zwitterionic ligand
furnishes a carboxylate group without bringing in an accom-
panying silver(i) ion. Thus, the resulting silver(i) complex
may comprise more carboxylate groups than that when or-
ganic cations are employed to provide charge balance in the
assembly of anionic aggregates in some double salts of silver
acetylenediide.[6] Moreover, the substituents on the quater-
nary nitrogen atom can be modified to explore the influence
of the polarity and steric bulk of various betaines. Further-
more, the effect of different co-existing perfluorocarboxylate
anions is also a factor to be investigated. Herein we report
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the structural diversity observed in a series
of ten new double salts of silver(i) acetyle-
nediide 1–10 :


½ðAg2C2Þ2ðAgCF3CO2Þ9ðL1Þ3� 1


½ðAg2C2Þ2ðAgCF3CO2Þ10ðL2Þ3� �H2O 2


½ðAg2C2ÞðAgCF3CO2Þ4ðL3ÞðH2OÞ� � 0:75 H2O 3


½ðAg2C2Þ1:5ðAgCF3CO2Þ7ðL4Þ2� 4


½ðAg2C2ÞðAgCF3CO2Þ7ðL5Þ2ðH2OÞ� 5


½ðAg2C2ÞðAgC2F5CO2Þ7ðL1Þ3ðH2OÞ� 6


½ðAg2C2ÞðAgCF3CO2Þ7ðL1Þ3ðH2OÞ� � 2 H2O 7


½ðAg2C2ÞðAgC2F5CO2Þ6ðL3Þ2� 8


½ðAg2C2Þ2ðAgC2F5CO2Þ12ðL4Þ2ðH2OÞ4� �H2O 9


½ðAg2C2ÞðAgCF3CO2Þ6ðL3Þ2ðH2OÞ� �H2O 10


Results and Discussion


As described in our previous reports,
Ag2C2 readily dissolves in a concentrated
aqueous solution of one or more silver(i)
salts to form labile polyhedral species of
the type C2@Agn (n=6–10). Introduction
of betaine and its derivatives then affects
the assembly process of these species
during crystallization. The same prepara-
tive procedure under hydrothermal condi-
tions was used for all compounds except 1
(Scheme 1). It is of interest that new aspects of structural di-
versity are observed in not only the specific geometries of
the C2@Agn silver cages, but also their organization into
one- and two-dimensional structures in the crystalline state.


[(Ag2C2)2(AgCF3CO2)9(L1)3] (1): Compound 1 is composed
of two kinds of silver cages: a triangulated dodecahedron
(cage A) and a bicapped trigonal prism (cage B), each en-
capsulating an acetylenediide dianion (Figure 1).


Cage A is composed of two atom sets Ag1a-Ag1-Ag2-
Ag3 and Ag4-Ag5-Ag6-Ag7, which are each coplanar with
mean deviation of 0.04 and 0.09 � from the corresponding
least-squares plane, respectively, making a dihedral angle of
87.28. This cage encloses a C2


2� species with Ag�C bond
lengths in the range of 2.181(9)–2.700(9) �. Cage A and A’
share edge Ag1···Ag1a to form a centrosymmetric double
cage AA’.


In cage B, two triangular faces Ag3-Ag8-Ag9 and Ag10-
Ag11-Ag13b constitute a trigonal prism, and Ag12 and


Scheme 1.


Figure 1. Double cages AA’ and B’B sharing vertices of type Ag3 to gen-
erate an infinite chain B’B AA’ B’B AA’······ running along the a direc-
tion in 1. A : triangulated dodecahedron; B : bicapped trigonal prism. The
Ag···Ag distances longer than 3.4 � (twice the van der Waals radius of
silver) are represented by thick broken lines. The Ag�C bonds are repre-
sented by thin broken lines. Selected bond lengths [�]: C1�C2 1.23(1),
C1�Ag1 2.317(8), C1�Ag2 2.181(9), C1�Ag4 2.366(9), C1�Ag1a 2.514-
(9), C1�Ag7 2.362(9), C2�Ag1a 2.522(8), C2�Ag3 2.283(8), C2�Ag4
2.700(9), C2�Ag5 2.199(8), C2�Ag6 2.201(9), C3�C4, 1.18(1), C3�Ag3
2.403(9), C3�Ag9 2.428(8), C3�Ag10 2.260(8), C3�Ag12 2.143(8), C3�
Ag13b 2.573(9), C4�Ag8 2.256(9), C4�Ag9 2.491(9), C4�Ag11 2.284(9),
C4�Ag13 2.316(9), C4�Ag13b, 2.627(9). Symmetry code: a: 1�x, �y, �z ;
b: �x, �y, �z.
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Ag13 each caps a rectangular face. The mean least-squares
plane deviation of the atoms constituting the three rectangu-
lar faces of the trigonal prism lies in the range 0.04–0.12 �.
A C2


2� dianion is also accommodated in this cage and lies
closer to the uncapped rectangular face Ag3-Ag10-Ag11-
Ag8. The Ag�C bond lengths vary between 2.143(8) and
2.627(9) �. Similar to the case of AA’, cage B and B’ share
edge Ag13···Ag13b to give the centrosymmetric double cage
B’B.


A linear array of double cages AA’ and B’B share vertices
of type Ag3 with additional Ag6···Ag10 contacts to generate
an infinite silver column B’BAA’B’BAA’··· running along
the a direction (Figure 1).


The trifluoroacetate and L1 ligands function as m2- or m3-
bridges across the Ag···Ag edges of the silver column to
form a hydrophobic coat around it, a cross-sectional view is
presented in Figure 2 to show the inner silver column and its


surrounding sheath. This columnar structure is totally neu-
tral, as opposed to the case of the mixed-valence silver(i,ii)
complex that contains an anionic column [AgI


6(C2)-
(CF3CO2)5(H2O)] accompanied by [AgII(tmc)(BF4)]+ ion
(tmc=1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane)
for charge balance.[6a] In the crystal structure of 1, the col-
umns are packed in parallel arrangement along the a direction.


[(Ag2C2)2(AgCF3CO2)10(L2)3]·H2O (2): When L2 with a
more flexible arm that links the two polar terminal groups,
as compared to L1, was used in the reaction under hydro-
thermal condition, neutral compound 2 crystallized as the
principal product. The core is a double cage comprising fif-
teen silver atoms with each single cage encapsulating an ace-
tylenediide dianion. As shown in Figure 3, the double cage
is generated from the edge-sharing of a square-antiprism
(cage A) and a distorted bicapped trigonal-prism (cage B).
For cage A, atom sets Ag1-Ag2-Ag3-Ag4 and Ag5-Ag6-
Ag7-Ag8 are each coplanar within 0.06 �, making a dihe-
dral angle of 9.88. A C2


2� species is accommodated in the
silver cage and stabilized by eight s and one p bonding in-


teractions with its vertices in the range 2.131(9)–2.70(1) �.
Atom Ag9 further bridges two silver atoms Ag3 and Ag6
with bond lengths Ag3···Ag9 3.038(1) �, Ag6···Ag9 3.379-
(1) �.


Cage B is best described as a distorted bicapped trigonal
prism, in which atoms sets Ag1-Ag10-Ag11 and Ag12-Ag13-
Ag14 constitute two triangular faces making a dihedral
angle of 14.58. Atoms Ag2 and Ag6a cap the faces Ag1-
Ag10-Ag11 and Ag12-Ag13-Ag14, respectively. The en-
closed C2


2� species is coordinated to the silver atoms
through six s and one p interactions in the range 2.179(8)–
2.70(1) �.


Cage A and cage B share the face Ag1···Ag2···Ag8 to
form a double cage. Double cages of the type share vertices
of the type Ag6a, together with further connection of
Ag4a···Ag12 and Ag5a···Ag14, to form a helical column
along the a direction. Also, complex 2 represents the first
and only example of a helical silver(i) column with encapsu-
lating C2


2� dianion.
Similar to the case of 1, such a column is surrounded by a


hydrophobic sheath composed of trifluoroacetate and L2 li-
gands. Monodentate, m2-O,O’ together with m3-O,O,O’ coor-
dination modes of trifluoroacetate co-exist in compound 2.
An interesting feature is the rare coordination mode of L2,
which function as both m4-O,O,O,O’ and m2-O,O’ at the outer
surface of the helical silver column (Figure 4).


[(Ag2C2)(AgCF3CO2)4(L3)(H2O)]·0.75 H2O (3): When the
synthetic procedure of 2 was repeated with L3 instead of L2


at 80 8C, compound 3 was obtained. In the crystal structure
of 3, the core is a centrosymmetric double cage composed of
twelve silver(i) atoms, with each single cage encapsulating
an acetylenediide dianion. Each single cage is in the form of
an irregular monocapped trigonal prism. Atom sets Ag1-
Ag2-Ag3 and Ag1a-Ag4-Ag5 constitute two triangular faces
making a dihedral angle of 2.48. Atom Ag6 caps Ag1a-Ag4-
Ag5, and two such single cages share an edge Ag1-Ag1a to
form the double cage. A C2


2� species is enclosed in each


Figure 2. Perspective view along the a direction showing a hydrophobic
sheath surrounding the silver column with enclosed C2


2� species in 1.


Figure 3. Double cage in 2 arising from the fusion of a square-antiprism
with a distorted bicapped trigonal-prism. Polyhedral edges that are
longer than 3.40 � are represented by thick broken lines. Selected bond
lengths [�]: C1�C2 1.15(1), C3�C4 1.17(1), C1�Ag1 2.53(1), C1�Ag2
2.24(1), C1�Ag3 2.70(1), C1�Ag7 2.39(1), C1�Ag8 2.19(1), C2�Ag3 2.34-
(1), C2�Ag4 2.131(9), C2�Ag5 2.53(1), C2�Ag6 2.413(9), C3�Ag1 2.40-
(1), C3�Ag10 2.18(1), C3�Ag11 2.18(1), C3�Ag14 2.704(9), C4�Ag6a
2.289(9), C4�Ag12 2.297(9), C4�Ag13 2.18(1), C4�Ag14 2.506(9). Sym-
metry code: a: x+ 1=2, �y+ 1=2, �z +1.
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silver polyhedron and stabilized by multiple s and p Ag–C
interactions in the range 2.077(9)–2.491(8) �. Of the water
molecules in the asymmetric unit, one serves as an aqua
ligand bonded to Ag1 at 2.368(8) �, and the other are locat-
ed in lattice sites.


Each double cage is connected to an adjacent cage
through linkage of the type Ag3–Ag6b, Ag2–Ag5b, Ag6–
Ag3b, and Ag5–Ag2b to generate an infinite column along
the a direction (Figure 5).


Both the trifluoroacetate and L3 ligands function as m2-
bridges across the Ag···Ag edges of the silver column to
form a hydrophobic coat around it (Figure 5).


[(Ag2C2)1.5(AgCF3CO2)7(L4)2] (4): Compound 4 contains a
Ag15 double cage, which is generated from vertex-sharing of
two types of polyhedra each encapsulating an acetylenediide
dianion, namely a distorted triangulated dodecahedron
(cage A) and a slightly distorted cube (cage B ; Figure 6).


Figure 5. Left: Portion of silver column generated from fusion of the cen-
trosymmetric double cages in 3. Symmetry code: a: �x, �y+1, �z; b:
�x+1, �y+1, �z. Selected bond lengths [�]: C1�C2 1.23(1), C1�Ag1a
2.321(7), C1�Ag4 2.491(8), C1�Ag5 2.211(8), C1�Ag6 2.095(8), C2�Ag1
2.335(7), C2�Ag2 2.077(9), C2�Ag3 2.300(8), C2�Ag4 2.469(8). Right:
Perspective view of the infinite silver(i) column with C2


2� species embed-
ded in its inner core and an exterior coat comprising anionic and zwitter-
ionic carboxylates.


Figure 4. Left: Space-filling drawing of a portion of the helical column of 2. Center: Trace of acetylenediide dianions hidden inside helical column; note
that the broken lines do not indicate interactions. Right: Perspective view of the infinite silver(i) column with C2


2� species embedded in its inner core
and an exterior coat comprising anionic and zwitterionic carboxylates.


Figure 6. Top: Portion of an infinite column generated from cage A (dis-
torted triangulated dodecahedron), A’ and B (slightly distorted cube) in
the A’ABA’AB··· sequence along the a direction in 4. Polyhedral edges
that are longer than 3.40 � are represented by thick broken lines; the
Ag�C bonds are represented by thin broken lines. Selected bond lengths
[�]: C1�C2 1.174(9), C3�C3a 1.21(1), C1�Ag1a 2.587(6), C1�Ag3 2.499-
(7), C1�Ag4 2.560(7), C(1)�Ag(5) 2.157(7), C1�Ag6 2.384(7), C2�Ag1
2.313(7), C2�Ag2 2.216(6), C2�Ag4 2.434(6), C2�Ag7 2.238(7), C2�
Ag1a 2.617(6), C3�Ag9 2.362(6), C3�Ag10 2.198(6), C3�Ag3a 2.548(6),
C3�Ag8a 2.279(6). Bottom: Space-filling drawing of the infinite silver(i)
column with C2


2� species embedded in its inner core and an exterior coat
comprising anionic and zwitterionic carboxylates.
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For cage A, atoms sets Ag1-Ag2-Ag3-Ag1a and Ag4-
Ag5-Ag6-Ag7 are each coplanar within 0.20 and 0.09 �, re-
spectively, making a dihedral angle of 98.28. This cage enclo-
ses a C2


2� species with Ag�C bond lengths in the range of
2.157(7)–2.617(6) �. Cage A and A’ share edge Ag1···Ag1b
to form a centrosymmetric double cage AA’.


For cage B, the edge lengths of the cube lie in the range
2.8235(7)–3.505 �. A C2


2� ion is also accommodated in this
cage and is s-bonded to its adjacent silver atoms in the
range 2.198(6)–2.548(6) �.


Cage A and B are further fused together through sharing
of the vertex Ag3, with further connection of Ag5–Ag10
(3.3293(8) �) Ag5–Ag8a (3.3537(8) �) to generate a double
cage. A linear array of double cage AA’ and B result in an
infinite column AA’BAA’B··· along the a direction. The
silver column in 4 is also surrounded by a hydrophobic
sheath composed of m2-O,O and m3-O,O,O’ coordination
modes of trifluoroacetate and L4 ligands (Figure 6).


[(Ag2C2)(AgCF3CO2)7(L5)2(H2O)] (5): Compound 5 was ob-
tained by hydrothermal synthesis using the same starting
materials Ag2C2/AgBF4/AgCF3CO2 for compounds 1–4 with
the addition of ligand L5. The basic building block is a dis-
torted monocapped cube. Atom sets Ag1-Ag2-Ag3-Ag2a
and Ag4-Ag5-Ag6-Ag5a are each coplanar with a maximum
deviation of 0.08 and 0.06 �, respectively, making a dihedral
angle of 3.78. Atom Ag7 caps the upper face. A C2


2� species
is enclosed in the silver polyhedron and is stabilized by six
s-type and one p-type interactions. The Ag�C bond lengths
range from 2.21(2) to 2.58(2) �. The C1�C2 bond length
(1.10(3) �) lies close to the lower limit of 1.175(7)–1.225-
(7) � found in the double and triple salts of silver acetylene-
diide, suggesting that the degree of metal-to-ligand back-
bonding is very low in such a silver-rich environment.


In contrast to compounds 1–4, in which a silver column is
generated from fusion of double cages of various geome-
tries, in 5 one of the seven independent trifluoroacetate
groups and both L5 ligands act as m3-bridges across adjacent
single cage blocks to form a beadlike infinite chain along
the c direction (Figure 7).


Starting with the same reaction system Ag2C2/AgCF3CO2/
AgBF4, but under different reaction conditions (evapora-
tion, hydrothermal method at different temperature) and
the influence of the versatile ancillary ligands L1–L5, an in-
finite silver column or beaded chain with embedded C2


2�


anion in its inner core and an exterior coat comprising
anionic and zwitterionic carboxylates is generated in com-
pounds 1–5.


[(Ag2C2)(AgC2F5CO2)7(L1)3(H2O)] (6): In the crystal struc-
ture of 6, the core is a distorted monocapped square prism,
as shown in Figure 8. Atom sets Ag1-Ag2-Ag3-Ag4 and
Ag5-Ag6-Ag7-Ag8 are each coplanar within 0.07 and
0.04 �, respectively, making a dihedral angle of 4.98. Atom
Ag9 caps the upper face. A C2


2� species is enclosed inside
and stabilized by seven s-type and one p-type interactions
in the range 2.2053(8)–2.5752(8) �.


The trifluoroacetate ligands exhibit different kinds of co-
ordination modes in 6, that is, m-O,O’, m-O, m3-O,O,O’ and m-
O,O. Another interesting feature of 6 is the role played by
the L1 ligands: they act in both m4-O,O,O’,O’ and m3-O,O,O’
modes, which together with the m3-O,O,O’ trifluoroacetate li-
gands link the C2@Ag9 motif into a beaded chain (Figure 8).


The replacement of trifluoroacetate ligands in 1 with pen-
tafluoropropionate ligands to give 6 and the modification of
the reaction conditions successfully lead to the rupture the
fused silver column and result in the beaded chain of con-
nected single cages. A plausible explanation is that the em-
ployment of the bulkier pentafluoropropionate ligand pro-
hibited the fusion of the silver cages.


[(Ag2C2)(AgCF3CO2)7(L1)3(H2O)]·2 H2O (7): An attempt to
trap the CN� ion inside the silver cage by introducing
AgCN into the reaction system failed, and instead com-


Figure 7. Left: The basic building block of 5 in the shape of distorted
monocapped cube. Ag···Ag distances longer than 3.4 � are represented
by thick broken lines. Selected bond lengths [�]: C1�C2 1.10(3), C1�Ag1
2.45(2), C1�Ag2 2.356(4), C1�Ag3 2.30(2), C1�Ag7 2.40(2), C2�Ag1
2.58(2), C2�Ag4 2.21(2), C2�Ag5 2.25(1). Right: Perspective view of
silver(i) chain constructed from C2@Ag9 polyhedra connected by L5 and
trifluoroacetate bridges. Hydrogen atoms have been omitted for clarity.


Figure 8. Left: Distorted monocapped square prism in 6. Ag···Ag distan-
ces longer than 3.4 � are represented by thick broken lines. Right: Por-
tion of silver(i) chain generated from the linkage of discrete silver cage
through m3-O,O,O’ trifluoroacetate and L1 ligands acting in m4-O,O,O’,O’
and m3-O,O,O’ coordination modes. Selected bond lengths [�]: C1�C2
1.199(1), C1�Ag1 2.5752(8), C1�Ag2 2.3509(6), C1�Ag3 2.2053(8), C1�
Ag4 2.3641(7), C1�Ag9 2.2236(8), C2�Ag1 2.3899(8), C2�Ag5 2.2214(9),
C2�Ag6 2.2739(9), C2�Ag7 2.2383(8).
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pound 7 was obtained with a structure quite different from
that of 1, showing that the influence of a subtle change for
such a reaction system. X-ray single crystal analysis revealed
that 7 is a beaded chain composed of L1-linked discrete C2@
Ag9 cages. The basic building block is a distorted monocap-
ped square antiprism (Figure 9). Atoms sets Ag1-Ag2-Ag3-
Ag4 and Ag5-Ag6-Ag7-Ag8 are each coplanar within


0.03 and 0.18 �, respectively, making a dihedral angle of
4.88. Atom Ag9 caps the Ag5-Ag6-Ag7-Ag8 face. A C2


2�


ion is enclosed in such a polyhedron and stabilized by six s-
type and two p-type interactions. The Ag�C bond lengths
range from 2.10(2) to 2.64(2) �. The C1�C2 bond length of
1.29(3) � lies close to the upper limit of 1.175(7)–1.225(7) �
found in the double and triple salts of silver acetylenediide.


The trifluoroacetate ligands, which exhibit only one kind
of coordination mode, namely m2-O,O’, surround the core in
7, while m2-O,O, m3-O,O,O’ L1 ligands connect the discrete
polyhedra into a beadlike chain (Figure 9).


[(Ag2C2)(AgC2F5CO2)6(L3)2] (8): When the procedure for 6
was repeated with L3 instead of L1, colorless blocklike crys-
tals of 8 were obtained. Single-
crystal X-ray analysis revealed
that the basic building unit in 8
is a centrosymmetric double
cage composed of sixteen silver-
(i) atoms, in which each single
cage encapsulates an acetylene-
diide dianion. Each single cage
is an irregular monocapped
trigonal prism with one addi-
tional atom. Atoms sets Ag1-
Ag2-Ag3 and Ag4-Ag5-Ag6
constitute two triangular faces
making a dihedral angle of 7.58,
and atom Ag7 caps the face
Ag4-Ag5-Ag6. Two such single


cages are linked together to form a double cage through
Ag7�Ag7a, Ag7a�Ag5, and Ag7�Ag5a bonds. A C2


2� ion is
enclosed in each silver polyhedron and is stabilized by
mixed (s, p) Ag�C interactions in the range 2.19(1)–2.64-
(1) �.


The (C2)2@Ag16 double cage in 8 is surrounded by twelve
pentafluoropropionate ligands acting in the m-O,O’ coordi-
nation mode. As regards L3, although it exhibits only one
coordination mode, namely m2-O,O’, it can be divided into
two types: one kind bridges an Ag–Ag edge, the other kind
links a pair of double cages to form an infinite chain, as
shown in Figure 10.


[(Ag2C2)2(AgC2F5CO2)12(L4)2(H2O)4]·H2O (9): In contrast to
compounds 1–8, in which only an infinite column or chain is
formed, compound 9 has a quite different two-dimensional
architecture composed of Ag�Ag-bond-linked silver col-
umns. The basic building unit in 9 is a double cage of four-
teen silver atoms, in which each cage is a monocapped trigo-
nal prism (Figure 11). For the left cage, atom sets Ag1-Ag2-
Ag3 and Ag4-Ag5-Ag6 constitute two triangular faces


Figure 9. Left: Distorted monocapped square antiprismatic single cage in
7. The Ag8�Ag9 edge that is longer than 3.40 � is indicated by a thick
broken line. Selected bond lengths [�]: C1�C2 1.29(3), C1�Ag2 2.23(2),
C1�Ag3 2.13(2), C1�Ag5 2.64(2), C1�Ag6 2.22(2), C1�Ag7 2.57(2), C2�
Ag1 2.31(2), C2�Ag4 2.31(2), C2�Ag5 2.40(2), C2�Ag7 2.39(2), C2�Ag8
2.10(2). Right: Beadlike chain composed of C2@Ag9 cages linked by L1 li-
gands.


Figure 10. Left: Central core (double cage) consisting of 16 silver(i)
atoms in 8. Polyhedral edges that are longer than 3.40 � are represented
by thick broken lines. Selected bond lengths [�]: C1�C2 1.21(2), C1�Ag3
2.64(1), C1�Ag4 2.25(1), C1�Ag5 2.30(2), C1�Ag6 2.32(1), C1�Ag7 2.30-
(1), C2�Ag(1) 2.23(1), C2�Ag2 2.19(1), C2�Ag3 2.31(1), C2�Ag6 2.48-
(1). Right: Silver(i) chain generated from the linkage of (C2)2@Ag16


double cages by m-O,O’ L3 ligands.


Figure 11. Left: (C2)2@Ag14 double cage in 9, with each single cage taking the shape of a monocapped trigonal
prism. Polyhedral edges longer than 3.40 � are represented by broken lines. Right: Two-dimensional architec-
ture generated from the linkage of silver(i) chains by [Ag2(C2F5CO2)2] units. Selected bond lengths [�]: C1�C2
1.09(2), C3�C4 1.16(2), C2�Ag1 2.13(2), C2�Ag2 2.32(1), C2�Ag3 2.30(2), C2�Ag4 2.51(2), C1�Ag4 2.62(2),
C1�Ag5 2.24(2), C1�Ag6 2.27(2), C1�Ag7 2.24(2), C4�Ag8 2.21(2), C4�Ag9 2.16(2), C4�Ag10 2.26(2), C3�
Ag11 2.33(1), C3�Ag12 2.36(2), C4�Ag12 2.69(2), C3�Ag13 2.42(2), C4�Ag13 2.69(2), C3�Ag14 2.12(2).
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making a dihedral angle of 68, and Ag7 caps the lower face.
As regards the right trigonal prism on the right side, the two
triangular faces Ag8-Ag9-Ag10 and Ag11-Ag12-Ag13 are
almost parallel, making a dihedral angle of 3.38, and Ag14
caps the Ag11-Ag12-Ag13 face. Two such single cages fused
together to form a double cage through linkage of Ag1�
Ag14, Ag4�Ag14, Ag4�Ag11, Ag7�Ag9, Ag7�Ag13, and
Ag5�Ag13.


Three kinds of coordination mode of the pentafluoropro-
pionate exist in 9, that is, m-O, m2-O,O’, m3-O,O,O’. The m3-
O,O,O’ type of pentafluoropropionate, together with the m4-
O,O,O’,O’ mode of L4, link the discrete double cages into a
beaded chain. Cross-linkage of such chains through [Ag2-
(C2F5CO2)2] bridging groups gives rise to a two-dimensional
architecture for 9, as shown in Figure 11.


It is noteworthy that the employment of the bulkier pen-
tafluoropropionate ligand yielded a two-dimensional archi-
tecture for 9, which is at variance with our pervious observa-
tion, for example, where the introduction of the bulkier pen-
tafluoropropionate ligand led to discrete supermolecules
with ancillary ligation of either [15]crown-5 or [18]crown-6.
The compound Ag2C2·9 AgC2F5CO2·3 MeCN·H2O is also a
discrete high-nuclearity cluster with bulky acetonitrile as a
terminal ligand.


[(Ag2C2)(AgCF3CO2)6(L3)2(H2O)]·H2O (10): Compound 10
was obtained in a similar way to that for 7 except that L3


was used instead of L1. Single-crystal analysis revealed that
10 has a two-dimensional architecture. The basic building
block in 10 is a centrosymmetric double cage with two em-
bedded C2


2� ions in each triangulated dodecahedron cage
(Figure 12). Atom sets Ag1-Ag2-Ag3-Ag4 and Ag5-Ag6-
Ag7-Ag7a are each coplanar within 0.02 and 0.23 �, respec-
tively, making a dihedral angle of 1018. A C2


2� species is en-
closed in each silver polyhedron and is stabilized by multiple
s- and p-interactions with silver(i) in the range of 2.121(9)-
2.701(9) �.


Similar to the case of 8, L3 acts only in the m2-O,O’ mode
to connect the double cages into an infinite chain. An inter-
esting feature of 10 is that the aqua ligands serve as bridging
ligands within a chain, as shown in Figure 12. The two-di-
mensional structure of 10 is consolidated by cross-linkage of
the chains through [Ag2(CF3CO2)2] bridging.


A common structural feature in compounds 5, 6, and 9 is
that both the betaine derivatives and the perfluoroalkyl car-
boxylates are involved in the connection of the silver(i)
cages into an infinite chain. For compounds 7, 8, and 10,
only the betaine derivatives take part in the linkage of dis-
crete silver(i) cages into infinite chains. Another point
worthy of note is that irregular or highly distorted silver(i)
cages generally occur in all the compounds, which may be
due to the competition of the zwitterionic carboxylate
groups with the C2


2� dianion for coordination sites around
the silver(i) atoms. When the bulky pentafluoropropionate
anion is used in place of trifluoroacetate, no fused silver(i)
column is generated, although in the case of compound 9
this leads to a layer-type architecture.


Conclusion


In summary, we have shown that it is practicable to incorpo-
rate betaines of both trialkylammonio and pyridinio classes,
each playing the role of a zwitterionic carboxylate, as new
components in the formation of double salts of silver(i) ace-
tylenediide and silver(i) perfluorocarboxylate, leading to the
generation of neutral infinite columns of fused silver(i) poly-
hedra or chains of linked polyhedra, with C2


2� species em-
bedded in the inner core and hydrophobic groups as a sur-
face coat. The work here may shed some light on the self-as-
sembly of fluorinated ligands and carboxylate networks.[7]


Since silver(i) coordination compounds of a wide variety of
betaines,[8] double betaines,[9] and their tertiary phosphonio
analogues[10] have been reported, the present investigation
opens the way to further studies on supramolecular assem-
bly with silver acetylenediide.


Experimental Section


Ag2C2 was prepared as described previously.[1] Ligand L1 was commer-
cially available from Aldrich. Ligands L2, L3, L4, L5 were synthesized ac-
cording to the literature methods.[5] CAUTION! Thoroughly dried Ag2C2


detonates easily upon mechanical shock, and only a small quantity should
be used in any chemical reaction. Excess amounts can be disposed of by
slow decomposition in an alkaline solution.[11] To ensure safety, we used
moist Ag2C2 in all preparations. Although the double salts of Ag2C2 are
less prone to explosion, they should be handled with extreme care.


Preparation of [(Ag2C2)2(AgCF3CO2)9(L1)3] (1): Freshly prepared Ag2C2


was added to an aqueous solution (1 mL) of AgCF3CO2 (0.442 g,
2 mmol) in a plastic beaker with stirring until saturated. The excess
amount of Ag2C2 was filtered off, and L1 (33 mg) was added to the fil-
trate. The resulting solution was allowed to stand without disturbance,
and pale yellow needles of 1 were obtained in almost quantitative yield
(based on Me3bet). Compound 1 is stable in the dark but readily decom-
poses in common solvents such as water and ethanol. Elemental analysis


Figure 12. Left: Centrosymmetric double cage in 10, with each half
taking the shape of a triangulated dodecahedron. Selected bond lengths
[�]: C1�C2 1.22(1), C1�Ag1 2.256(9), C1�Ag4 2.351(9), C1�Ag5 2.576-
(9), C1�Ag6 2.190(9), C1�Ag7 2.362(9), C1�Ag7a 2.701(9), C2�Ag2
2.436(9), C2�Ag3 2.121(9), C2�Ag4 2.443(9), C2�Ag5 2.455(9), C2�
Ag7a 2.447(9). Right: Two-dimensional structure formed from the link-
age of columns by [Ag2(CF3CO2)2] units. Some of the L3 and trifluoroace-
tate ligands, the CF3 groups of bridging trifluoroacetate ligands, and hy-
drogen atoms have been omitted for clarity.
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calcd (%) for C37H33Ag13F27N3O24: C 15.77, H 1.18, N 1.49; found: C
15.90, H 1.14, N 1.40.


Preparation of [(Ag2C2)2(AgCF3CO2)10(L2)3]·H2O (2): Excess moistened
Ag2C2 (ca. 0.5 g, 2 mmol) was added to 1 mL of a concentrated aqueous
solution of AgCF3CO2 (0.446 g, 2 mmol) and AgBF4 (0.409 g, 2.1 mmol)
in a plastic beaker with stirring. The undissolved amount of Ag2C2 was
filtered off, and then L2 (42 mg) was added to the filtrate. The resulting
suspension was placed in a 25-mL Teflon-lined stainless steel reaction
vessel and subjected to hydrothermal conditions at 110 8C for 36 h, and
then cooled to room temperature at 6 8C h�1. Colorless blocklike crystals
of 2 were isolated in about 60% yield. Elemental analysis calcd (%) for
C42H41Ag14F30N3O27: C 16.27, H 1.33, N 1.36; found: C 16.32, H 1.31, N
1.40.


Preparation of [(Ag2C2)(AgCF3CO2)4(L3)(H2O)]·0.75H2O (3): When the
procedure for 2 was repeated with L3 instead of L2 at 80 8C, a mixture of
needlelike and blocklike crystals were obtained, which can be separated
manually. The needlelike crystals were poor quality and not suitable for
X-ray analysis, on the other hand the blocklike crystals of 3 were charac-
terized by X-ray structure analysis. Yield: ca. 20%. Elemental analysis


calcd (%) for C17H10.5NO11.75F12Ag6: C 15.86, H 0.82, N 1.09; found: C
15.78, H 0.79, N 1.04.


Preparation of [(Ag2C2)1.5(AgCF3CO2)7(L4)2] (4): The synthetic proce-
dure for 2 was repeated by using L4 instead of L2. Colorless blocklike
crystals of 4 were obtained in about 63% yield. Elemental analysis calcd
(%) for C33H18Ag10F21N2O18: C 18.02, H 0.83, N 1.27; found: C 17.98, H
0.79, N 1.31.


Preparation of [(Ag2C2)(AgCF3CO2)7(L5)2(H2O)] (5): Compound 5 was
synthesized in a similar manner to 2 except that L5 was used instead of
L2. Colorless blocklike crystals were obtained in about 45% yield. Ele-
mental analysis calcd (%) for C32H36Ag9F21N2O19: C 18.17, H 1.72, N
1.33; found: C 18.32, H 1.69, N 1.35.


Preparation of [(Ag2C2)(AgC2F5CO2)7(L1)3(H2O)] (6): Excess Ag2C2 (ca.
0.5 g) was added to 1 mL of a concentrated aqueous solution of
AgC2F5CO2 (0.44 g, 2 mmol) and AgBF4 (0.40 g, 2 mmol) in a plastic
beaker with stirring until saturated. The undissolved amount of Ag2C2


was filtered off, and then L1 (50 mg) was added to the filtrate. The result-
ed suspension was treated under hydrothermal conditions at 110 8C for
48 h, and then cooled to room temperature at 6 8C h�1. Colorless block-
like crystals were isolated in about 42% yield. Elemental analysis calcd


Table 1. Crystal data for compounds 1–10.


1 2 3 4 5


formula C37H33Ag13F27N3O24 C42H41Ag14F30N3O27 C17H10.5Ag6F12NO11.75 C33H18Ag10F21N2O18 C32H34Ag9F21N2O19


crystal system monoclinic orthorhombic triclinic monoclinic orthorhombic
space group P21/c (no. 14) P212121 (no. 19) P1̄ (no. 2) P21/c (no. 14) Cmc21 (no. 36)
a [�] 18.7164(5) 15.500(1) 8.3681(5) 13.4828(8) 26.814(1)
b [�] 14.2127(4) 19.005(1) 12.0944(7) 25.250(1) 13.0947(7)
c [�] 25.5025(8) 25.529(2) 15.9243(9) 15.2296(8) 15.8528(8)
a [8] 90 90 107.866(1) 90 90
b [8] 100.007(1) 90 98.819(1) 103.702(1) 90
g [8] 90 90 96.667(1) 90 90
V [�3] 6680.7(3) 7520.1(9) 1492.8 (2) 5037.2(5) 5566.3(5)
Z 4 4 2 4 4
T [K] 293(2) 293(2) 293(2) 293(2) 293(2)
l [�] 0.71073 0.71073 0.71073 0.71073 0.71073
m [mm�1] 3.865 3.704 3.990 3.946 3.231
1calcd [gcm�3] 2.803 2.736 2.866 2.912 2.530
total refl. 44 940 51288 8268 33757 19236
unique refl. 16 107 18116 5193 12122 5694
data [I>2s(i)] 7200 11300 4496 8830 4736
parameters 960 1124 440 757 403
R1 (obs.) 0.0499 0.0445 0.0617 0.0425 0.0687
wR2 (all data) 0.1367 0.1114 0.1673 0.1202 0.1710


6 7 8 9 10


formula C38H33Ag9F35N3O21 C31H33Ag9F21N3O23 C34H14Ag8F30N2O16 C56H18Ag16F60N2O33 C28H14Ag8F18N2O18


crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group P21/c (no. 14) Cc (no. 9) P21/c (no. 14) P21/n (no. 14) P21/c (no. 14)
a [�] 16.0427(8) 14.7622(8) 10.7789(9) 9.9166(7) 9.7561(5)
b [�] 28.045 (1) 26.258(1) 17.709(1) 36.400(3) 16.3890(9)
c [�] 16.3879(8) 15.7780(8) 28.183(2) 28.644(2) 28.707 (2)
a [8] 90 90 90 90 90
b [8] 112.091(1) 102.683(1) 97.293(2) 95.766(2) 91.327(1)
g [8] 90 90 90 90 90
V [�3] 6831.9(6) 5966.8(5) 5336.0(8) 10287(1) 4588.9(4)
Z 4 4 4 4 4
T [K] 293(2) 293(2) 293(2) 293(2) 293(2)
l [�] 0.71073 0.71073 0.71073 0.71073 0.71073
m [mm�1] 2.684 3.024 3.042 3.150 3.483
1calcd [gcm�3] 2.434 2.433 2.663 2.655 2.709
total refl. 29 829 15 949 22990 55944 25329
unique refl. 12 038 9514 9363 18096 8083
data [I>2s(i)] 7721 6527 5547 8336 6692
parameters 955 759 805 1514 695
R1 (obs.) 0.0541 0.0870 0.0815 0.0712 0.0554
wR2 (all data) 0.1541 0.2027 0.2265 0.2255 0.1238
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(%) for C38H35Ag9F35N3O21: C 18.27, H 1.41, N 1.68; found: C 18.35, H
1.36, N 1.72.


Preparation of [(Ag2C2)(AgCF3CO2)7(L1)3(H2O)]·2 H2O (7): This com-
pound was obtained serendipitously in an attempt to trap CN� inside the
silver cage by introducing AgCN into the reaction system. Excess Ag2C2


(ca. 0.5 g) and AgCN (ca. 0.53 g, 4 mmol) were added to 1 mL of a con-
centrated aqueous solution of AgCF3CO2 (0.447 g, 2 mmol) and AgBF4


(0.213 g, 1 mmol) in a plastic beaker with stirring until saturated. The un-
dissolved amount of Ag2C2 and AgCN was filtered off, and L1 (52 mg)
was added to the filtrate. The resulting suspension was treated by the hy-
drothermal method as described above. Colorless blocklike crystals were
isolated in about 30% yield. Elemental analysis calcd (%) for
C31H39Ag9F21N3O23: C 17.05, H 1.80, N 1.92; found: C 16.99, H 1.79, N
1.87.


Preparation of [(Ag2C2)(AgC2F5CO2)6(L3)2] (8): When the procedure for
6 was repeated with L3 instead of L1, colorless blocklike crystals of 8
were obtained in about 65% yield. Elemental analysis calcd (%) for
C34H14N2O16F30Ag8: C 19.09, H 0.66, N 1.31; found: C 19.22, H 0.65, N
1.27.


Preparation of [(Ag2C2)2(AgC2F5CO2)12(L4)2(H2O)4]·H2O (9): Compound
9 was synthesized in a similar manner to compound 6 using L4. Colorless
blocklike crystals of 9 were obtained in about 35% yield. Elemental anal-
ysis calcd (%) for C56H28N2O33F60Ag16: C 16.36, H 0.69, N 0.68; found: C
16.44, H 0.63, N 0.67.


Preparation of [(Ag2C2)(AgCF3CO2)6(L3)2(H2O)]·H2O (10): When the
procedure for 7 was repeated with L3 instead of L1, colorless blocklike
crystals of 10 were obtained in about 40 % yield. Elemental analysis
calcd (%) for C28H18N2O18F18Ag8: C 17.93, H 0.97, N 1.49; found: C
17.41, H 0.86, N 1.37.


X-ray crystallography : Data collection was performed at 293 K on a
Bruker SMART 1000 CCD diffractometer using frames of oscillation
range 0.38, with 1.58<q<288. An empirical absorption correction was ap-
plied by using the SADABS program[12] to all the compounds except
compound 3. The structures were solved by direct methods, and non-hy-
drogen atoms were located from difference-Fourier maps. All the non-hy-
drogen atoms were refined anisotropically by full-matrix least-squares on
F2 using the SHELXTL program.[13] Some of the water oxygen atoms in
3 have 1/4 occupancies. The crystal data and details of refinement are
given in Table 1.


CCDC-256251—CCDC-256260 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.


Acknowledgement


Financial support from the Hong Kong Research Grants Council (CERG
Ref. No. CUHK 401704) is gratefully acknowledged.


[1] a) G.-C. Guo, Q.-G. Wang, G.-D. Zhou, T. C. W. Mak, Chem.
Commun. 1998, 339 –340; b) G.-C. Guo, G.-D. Zhou, Q.-G. Wang,
T. C. W. Mak, Angew. Chem. 1998, 110, 652 – 654; Angew. Chem. Int.
Ed. 1998, 37, 630 – 632; c) G.-C. Guo, G.-D. Zhou, T. C. W. Mak, J.
Am. Chem. Soc. 1999, 121, 3136 –3141; d) Q.-M. Wang, T. C. W.
Mak, J. Am. Chem. Soc. 2001, 123, 7594 –7600; e) Q.-M. Wang,
T. C. W. Mak, J. Am. Chem. Soc. 2001, 123, 1501 –1502; f) Q.-M.


Wang, T. C. W. Mak, J. Am. Chem. Soc. 2000, 122, 7608 –7609; g) for
a convenient summary, see M. I. Bruce, P. J. Low, Adv. Organomet.
Chem. 2004, 50, 188.


[2] a) Q.-M. Wang, T. C. W. Mak, Angew. Chem. 2002, 114, 4309 –4311;
Angew. Chem. Int. Ed. 2002, 41, 4135 – 4137; b) Q.-M. Wang,
T. C. W. Mak, Chem. Commun. 2002, 2682 –2683; c) Q.-M. Wang,
T. C. W. Mak, Dalton Trans. 2003, 25– 27.


[3] J. T. Esdall, J. Wyman, J. Am. Chem. Soc. 1935, 57, 1964 –1975.
[4] R. Ciszewska, Postepy, Postepy Nauk Roln. 1981, 28, 55 –69.
[5] a) M. R. Silva, J. A. Paixao, A. M. Beja, L. A. da Weiga, J. Martin-


Gil, J. Chem. Crystallogr. J. Chem. Cryst. 2001, 31, 167 –171; b) X.-
M. Chen, T. C. W. Mak, J. Chem. Soc. Dalton Trans. 1992, 1585 –
1590; c) X.-M. Chen, X.-L. Feng, Y.-X. Tong, X.-H. Zhang, T. C. W.
Mak, Polyhedron 1996, 15, 3585 – 3588; d) X.-M. Chen, T. C. W.
Mak, J. Chem. Soc. Dalton Trans. 1991, 3253 – 3258; e) M. Szafran,
M. Jaskolski, I. Kowalczyk, Z. Dega-Szafran, J. Mol. Struct. 1998,
448, 77 –89; f) Z. Dega-Szafran, M. Gdaniec, M. Grundwald-Wy-
spiaÇska, I. Kowalczyk, M. Szafran, J. Mol. Struct. 1994, 322, 297 –
308; g) X.-M. Chen, X.-L. Feng, Z.-T. Xu, X.-H. Zhang, F. Xue,
T. C. W. Mak, Polyhedron 1996, 15, 2639 –2646; g) W.-Y. Huang, L.
Lv, X.-M. Chen, T. C. W. Mak, Polyhedron 1991, 10, 2687 – 2691.


[6] a) Q.-M. Wang, T. C. W. Mak, Chem. Commun. 2001, 807 –808;
b) Q.-M. Wang, H. K. Lee and T. C. W. Mak, New J. Chem. 2002, 26,
513 – 515; c) Q.-M. Wang, T. C. W. Mak, Chem. Eur. J. 2003, 9, 43–
50.


[7] a) A. Hori, K.-I. Yamashita, T. Kusukawa, A. Akasaka, ; K. Biradha,
M. Fujita, Chem. Commun. 2004, 1798 – 1799; b) A. Hori, H. Katao-
ka, T. Okano, S. Sakamoto, K. Yamaguchi, M. Fujita, Chem.
Commun. 2003, 182 –183; c) K. Kasai, M. Aoyagi, M. Fujita, J. Am.
Chem. Soc. 2000, 122, 2140 –2141; d) N. L. S. Yue, D. J. Eisler, M. C.
Jennings, R. J. Puddephatt, Inorg. Chem. 2004, 43, 7671 –7681;
e) E. Y. Tshuva, S. J. Lippard, Chem. Rev. 2004, 104, 987 –1011;
f) M. Eddaoudi, D. B Moler, H. Li, B. Chen, T. M Reineke, M.
O�Keeffe, O. M Yaghi, Acc. Chem. Res. 2001, 34, 319 –330.


[8] a) X.-M. Chen, T. C. W. Mak, J. Chem. Soc. Dalton Trans. 1991,
3253 – 3258; b) M.-Y. Chow, Z.-Y.Zhou and T. C. W. Mak, Inorg.
Chem. 1992, 31, 4900 –4902; c) X.-M. Chen, T. C. W. Mak, Inorg.
Chem. 1994, 33, 2444 –2447.


[9] a) D.-D. Wu, T. C. W. Mak, J. Chem. Soc. Dalton Trans. 1995, 2671 –
2678; b) D.-D. Wu, T. C. W. Mak, Aust. J. Chem. 1996, 49, 689 –696;
c) P.-R. Wei, D.-D. Wu, T. C. W. Mak, Inorg. Chim. Acta 1996, 249,
169 – 174; d) L.-P. Zhang, C.-K. Lam, H.-B. Song, T. C. W. Mak,
Polyhedron 2004, 23, 2413 –2425.


[10] a) S.-L. Li, T. C. W. Mak, J. Chem. Soc. Dalton Trans. 1995, 1519 –
1524; b) S.-L. Li, T. C. W. Mak, Polyhedron 1996, 15, 3755 –3759;
c) S.-L. Li, T. C. W. Mak, Aust. J. Chem. 1997, 50, 79 –83; d) S.-L. Li,
T. C. W. Mak, Inorg. Chim. Acta 1997, 258, 11 –224; e) S.-L. Li,
T. C. W. Mak, Polyhedron 1997, 16, 199 –205; f) S.-L. Li, T. C. W.
Mak, Struct. Chem. 1997, 7, 49 –63.


[11] Synthetic Methods of Organometallic and Inorganic Chemistry,
Vol. 5 (Eds.: D. K. Breitinger, W. A. Herrmann), Thieme, Stuttgart,
1999, pp. 38–39.


[12] G. M. Sheldrick, SADABS: Program for Empirical Absorption Cor-
rection of Area Detector Data, University of Gçttingen, Germany,
1996.


[13] G. M. Sheldrick, SHELXTL 5.10 for Windows NT: Structure Deter-
mination Software Programs, Bruker Analytic X-Ray Systems, Inc.,
Madison, Wisconsin, USA, 1997.


Received: November 20, 2004
Published online: February 15, 2005


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2094 – 21022102


T. C. W. Mak et al.



www.chemeurj.org






Benzoyl Transfer Reactivities of Racemic 2,4-Di-O-acyl-myo-inosityl 1,3,5-
Orthoesters in the Solid State: Molecular Packing and Intermolecular
Interactions Correlate with the Ease of the Reaction


Manash P. Sarmah,[a] Rajesh G. Gonnade,[b] Mysore S. Shashidhar,*[a] and
Mohan M. Bhadbhade*[b]


Introduction


Acyl-transfer reactions, ubiquitous in natural systems,[1] have
been extensively studied in the solution state;[2] the only
report on acyl-transfer reactions in the solid state was from
this laboratory.[3] Solid-state organic reactions,[4] offering a
potential for carrying out solvent-free reactions, are attrac-


tive from a synthetic as well as a mechanistic point of view.
Single-crystal to single-crystal chemical transformations pro-
vide valuable information on the mechanism of reactions,
but relatively few examples of such reactions are known in
the literature.[5] In most solid-state reactions, the crystal lat-
tice of the reactants collapses with the onset of the reaction.
However, a reactant crystal structure alone can provide val-
uable information on the mechanism of a reaction.[6] Earlier,
we reported a very facile transesterification reaction of 1
(Scheme 1) in the crystalline state;[7] the reaction efficiency
was correlated with the juxtaposition of the reactants in
crystals.[3,6] The structure of 1 showed helical self-assembly[8]


formed through O�H···O hydrogen bonding, which prompt-
ed us to investigate the solid-state acyl-transfer reactivities
of a few more hydroxyl ester derivatives based on myo-ino-
sityl 1,3,5-orthoesters to assess the influence of the “pre-or-
ganization” factor of reactants in crystals on the solid-state
intermolecular acyl-transfer reactivity. In this paper, we
have correlated the acyl-transfer efficiencies of diesters 1–3
with the molecular packing and intermolecular interactions


Abstract: Racemic 2,4-di-O-acyl-myo-
inosityl 1,3,5-orthoesters undergo trans-
esterification catalyzed by sodium car-
bonate with varying ease of reaction in
the solid state; reactions in solution
and melt do not show such varied dif-
ferences. An interesting crystal of a 1:1
molecular complex of highly reactive
racemic 2,4-di-O-benzoyl-myo-inosityl
1,3,5-orthoformate and its orthoacetate
analogue exhibited better reactivity
than the latter component alone.
Single-crystal X-ray structures of the
reactants have been correlated with the
observed differences in the acyl-trans-
fer efficiencies in the solid state. Al-


though each of the derivatives helically
self-assembles around the crystallo-
graphic 21 axis linked through O�H···O
hydrogen bonding, the pre-organization
of the reactive groups (C=O [El] and
OH [Nu]), C�H···O and the C�H···p
interactions are significantly more fa-
vourable for the reactive derivatives
than the less reactive ones. Bond-
length distributions also showed differ-
ences; the O�C bond of the axial ben-


zoyl group, which gets cleaved during
the reaction, is longer (1.345–1.361 �)
relative to the chemically equivalent
O�C bond of the equatorial benzoyl
group (1.316–1.344 �) in the reactive
derivatives. These bond-length differ-
ences are not significant in the less re-
active derivatives. The overall molecu-
lar organization is different too; the
strikingly discrete helices, which may
be viewed as “reaction tunnels” and
are held by interhelical interactions,
are clearly evident in the reactive de-
rivatives in comparison with the less re-
active ones.
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that exist in their crystals. Our studies strongly suggest that
both the “right” orientation of the neighboring reacting mol-
ecules and intermolecular interactions that maintain the
topochemical control are important[9] in determining the
ease and specificity of the reaction. A co-crystal of 1 and 2
(hereafter 1·2), which exhibited better reactivity than its
component 2, reinforces the importance of intermolecular
interactions present in crystals.


Results and Discussion


The structures of myo-inosityl orthoester derivatives investi-
gated for solid-state reactivity in the present study are
shown in Scheme 1. The racemic diester 2 was prepared by
the dibenzoylation of myo-insoityl 1,3,5-orthoacetate, while
racemic 3 was prepared by the sequential acylation of myo-
insoityl 1,3,5-orthoformate with pivaloyl chloride followed
by benzoyl chloride. The details of synthesis and characteri-
zation are described in the Experimental Section.


Since the crystal structures (described later) of 1, 2, and 3
showed similar molecular organization, we attempted co-
crystallizations of various combinations, such as 1 with 2, 1
with 3, and 2 with 3 and also a ternary complex of 1, 2, and
3 together in various stoichiometries. Of all the trials, we
were fortunate to obtain crystals of the “molecular hybrid”
1·2 by co-crystallization. Interestingly, crystals of 1·2 always
had a 1:1 composition of 1 and 2, although the solution from
which it was crystallized contained 1 and 2 in different
ratios (in different trials).


Transesterification of myo-inosityl 1,3,5-orthoester deriva-
tives : The transesterification in solid state was carried out
by heating the crystals of each of the diesters (2, 3, and 1·2)
with solid sodium carbonate as per the procedure reported
earlier.[3] Unlike crystals of 1, the diesters 2 and 3 produced
lower yields of the transesterified products (Scheme 1) even
after allowing for longer reaction times (168 h). Further-
more, the reactions resulted in the formation of several
other products and were not as clean as observed for 1.[3] In
contrast to 2 and 3, the transesterification reaction of the di-
benzoates 1 and 2 in the hybrid crystals of 1·2 proceeded
smoothly to afford the corresponding tribenzoates 4 and 5
(total isolated yield 41 %, 4 :5= 67:33, by 1H NMR spectros-
copy) and the diols 7 and 8 (35 %, 7:8=35:65) as major
products in good yields, but in differing ratios.


All the reactions in the solid state were carried out at
temperatures well below the melting point of the reactants
to ensure that the reactions took place in the crystalline
state only and not in their molten forms. However, to rule
out any possibility of liquid phases being involved below the
melting points of the reactants and products in these multi-
component reaction mixtures, we examined the reactivities
of diesters at comparable temperatures. For instance, at
100 8C, the dibenzoate 1 underwent clean reaction, while 2
and 1·2 were unreactive. At 110 8C and above, crystals of 2
and 1·2 began to react (although slowly) to give the transes-
terified products. At still higher temperatures, compound 2
gave a mixture of products as described earlier. None of the
diesters underwent any reaction in the molten state
(~180 8C) in the absence of sodium carbonate. Reactions of
1–3 and 1·2 in a melt with sodium carbonate afforded a mix-
ture of products resulting from the transesterification not
only from the C6-axial ester but also from C2-equatorial
ester. These results exclude the possibility of formation of
any molten phases during the reaction of crystals below
their melting points; such an occurrence would have result-
ed in a loss of specificity of the transesterification reaction
(under the conditions shown in Scheme 1).


The diesters 1–3 and the hybrid 1·2 underwent transesteri-
fication in solution as expected,[3] to afford the correspond-
ing triesters and diols (Scheme 1). Yields for the reactions of
1, 2, and 3 in acetonitrile in the presence of triethylamine
(144 h) were: 4 32 %, 7 31 %, 5 30 %, 8 29 %, 6 23 %, and 9
25 %. Transesterification of hybrid crystals 1·2 also proceed-
ed smoothly in solution to yield a mixture of triesters 4 and
5 (32 %, 4 :5= 55:45) as well as diols 7 and 8 (28 %, 7:8=


56:44). The acyl-transfer reaction (Scheme 1) involves the
specific transfer of the C6-O-benzoyl group (electrophile,
El=C=O) of one molecule of the diester to the C4-hydroxyl
group (nucleophile, Nu =OH) of another in the crystalline
state as well as in solution. We have shown[10] that this spe-
cific transesterification reaction in solution is due to the in-
tramolecular catalysis of the C4-axial hydroxyl group for the
transfer of the C6-O-benzoyl group. Comparable yields in
solution in contrast to the significant variations in the solid
state reactivities of 1–3 and 1·2 can be attributed to the dif-
ferences in the molecular packing in crystals.


Crystal-structure analyses of the diesters 1–3 and 1·2 were
carried out to gain further insight of the differences in their
solid-state reactivities. Thermal analysis of the inositol deriv-
atives showed that the crystals did not undergo any phase
transition upon heating. As was seen for 1 by X-ray powder
diffraction, the mixing and grinding of the diesters 2, 3, and
1·2 with sodium carbonate did not result in a new crystalline
phase.[3] The crystal structure of 1 re-determined at higher
temperature (60 8C) did not show any significant increase of
the anisotropies of the reactive functional groups (benzoyl
and hydroxyl).


Structures of 2, 3, and 1·2 : The relevant crystallographic
data for the diesters 2, 3, and 1·2 are recorded in Table 1.
All the structures belong to monoclinic space groups with a


Scheme 1. Structures of myo-inosityl orthoester derivatives 1–3 and their
transesterification reactions in the crystalline state.
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strikingly similar unique b axis (~10 �, Figure 1). In crystals
of 1–3, the molecules assemble to form a helix around the
crystallographic twofold screw axis (Figure 1A, B, and C),
while in crystals of 1·2 such a molecular association is


around a noncrystallographic
axis (Figure 1D). The successive
molecules along the helix are
linked by O�H···O hydrogen
bonding; the OH group at the
C4 position donates its H atom
to the carbonyl oxygen O7 of
the C2-O-acyl group. It is worth
noting that O···O distances
(Table 2) are somewhat longer
in the reactive crystals of 1 and
1·2 (ranging from 2.816(5)–
2.871(7) �) with respect to the
less reactive compounds 2 and
3 (2.775(2)–2.782(2) �); angles
D�H···A do not show any
marked differences. The car-
bonyl oxygen atom O8 of the
reactive C6-O-benzoyl group
does not take part in any O�
H···O hydrogen bonding. The
helical assembly across the two-
fold axis through O�H···O
bonding[8] appears to be a con-
sistent feature in the organiza-
tion of these molecules. The
asymmetric unit of 1·2 consists


of one molecule each of 1 and 2, which repeats along the b
axis to create a pseudo-twofold screw axis, therefore the
crystal space group is pseudo C2/c. The space group C2/c
embodies a twofold axis and a twofold screw axis alternating


Table 1. Summary of crystal data, data collection, structure solution, and refinement details.


2 3 1·2


formula C22H20O8 C19H22O8 C43H38O16


Mr 412.38 378.37 810.73,
crystal size [mm] 0.75 � 0.50 � 0.17 0.51 � 0.50 � 0.49 0.58 � 0.24 � 0.18
T [K] 293(2) 293(2) 293(2)
crystal system monoclinic monoclinic monoclinic
space group P21/n P21/n Cc
a [�] 13.592(6) 11.4581(13) 27.291(9)
b [�] 9.677(4) 10.1522(11) 9.483(3)
c [�] 15.298(6) 16.7158(18) 16.880(5)
b [8] 97.762(7) 104.731(2) 116.944(5)
V [�3] 1993.7(14) 1880.5(4) 3894(2)
Z 4 4 4
F(000) 864 800 1696
1calcd [gcm�3] 1.374 1.336 1.383
m [mm�1] 0.105 0.105 0.107
absorption correction multiscan multiscan multiscan
max/min transmission 0.9820/0.9250 0.9502/0.9481 0.9807/0.9407
reflns collected 9736 11 323 17787
unique reflns 3513 3292 6835
observed reflns 2710 2892 5290
index range �10�h�16, �13�h�13, �32�h�32,


�11�k�11, �11�k�12, �11�k�11,
�18� l�18 �19� l�19 20� l�20


R1 [I>2s(I)] 0.0457 0.0522 0.0506
wR2 0.1229 0.1416 0.1191
goodness-of-fit 1.046 1.057 1.059
D1max/min [e ��3] �0.166/0.175 �0.235/0.312 �0.180/0.357


Figure 1. Helical self-assembly through O�H···O hydrogen bonding in crystals of 1 (A), 2 (B), 3 (C), and 1·2 (D) along the 21 axis with a similar pitch
value.
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along the a axis. As the two-fold screw axis is not a true
symmetry element in crystals of the 1·2 complex, the crystals
belong to the space group Cc.


Acyl-transfer reactivities and intermolecular interactions :
The helical self-assemblies in all the crystals place the reac-
tive C6-O-benzoyl group (El) and the C4-hydroxyl group
(Nu) along the helix in varying degrees of “pre-organized”
geometry (Figure 2 and Table 3).[11] The El···Nu geometries
are quite comparable in 1, 2, and 1·2, showing favorable
El···Nu interactions. In 1·2 there are two types of El···Nu in-
teractions; one between the C6-O-benzoyl group of 1 and
the C4’-hydroxyl group of 2 (benzoyl transfer at I) and the
other between the C6’-O-benzoyl group of 2 and the C4-hy-
droxyl group of 1 (benzoyl transfer at II). However, El···Nu
geometry in 3 deviates from these; the distance is somewhat
longer (3.533 �) and the angle O4···C13�O8 is 70.28 (much
less than that found in reactive crystals of 1). The low reac-


tion efficiency of 3 relative to 1 and 1·2 can perhaps be ra-
tionalized on the basis of El···Nu geometry, but the lower re-
activity of 2 cannot (Table 3). The explanation for this was
sought in terms of other interactions made by the reactive
groups in the crystal lattice (see below). El···Nu interactions
have earlier been observed in crystals of simple organic
compounds[3,12] as well as in macromolecules.[13]


Although the gross organization of the molecules in crys-
tals of 1–3 and 1·2 is similar, significant differences are no-
ticeable in the O�C bond lengths, and C�H···p[14] and C�
H···O[15] contacts (see the Supporting Information for geo-
metrical parameters). The O�C bond-length distribution
shows a significant trend in accordance with acyl-transfer re-
activities. The O6�C15 bond of the axial benzoyl group,
which gets cleaved during the reaction, is consistently longer
(1.345–1.361 �) in the reactive crystals of 1 and 1·2 than the
chemically equivalent O2�C8 bond (1.316–1.344 �) of the
equatorial benzoyl group. The difference in the correspond-
ing axial and equatorial O�C bond lengths in 2 and 3 is not
very significant. The lengthening of the O�C bond in 1 and
1·2 could be due to stronger El···Nu interactions. The geom-
etry of C�H···p contacts made by the C3�H3 of the inositol
ring with the phenyl ring of the C6-O-benzoyl group from
the next molecule along the helix in 1 and 1·2 is significantly
better than in 2 and 3. It is interesting to note a significant
improvement in these contacts in the molecular complex 1·2
(Figure 2D) with respect to the crystals of 2 alone. In crys-
tals of 1–3 and 1·2 the carbonyl oxygen atom O8 of the axial
benzoate makes short contacts with C1�H1. Additionally in
crystals of 1, the C6-O-benzoyl group of one of the mole-
cules in the asymmetric unit makes two C�H···O contacts
along the helix, while in 1·2 such a short contact is some-
what compromised on the angles along the helix. Another
notable feature that separates reactive crystals from the less
reactive ones is the packing of the helices. Helices in 1 and
1·2 are packed much more discretely than those in 2 and 3
providing a well-guided “reaction tunnel” throughout the
crystal (Figure 3).


The results presented so far and the foregoing discussion
can be summarized as follows. The structure correlation,[11]


and computational[16] and experimental studies[3] in the crys-
talline state suggest that the “pre-organization” of the El
(C=O) and Nu (OH) groups close to the tetrahedral angle


Table 2. Hydrogen-bonding parameters.[a] Atom numbers refer to
Figure 1.


D�H···A H···A [�] D···A [�] D�H···A [8]


1 O4�H4A···O7[b] 1.94 2.871(7) 158
O4’�H4A’···O7’[c] 1.91 2.853(7) 166


2 O4�H4A···O7[d] 1.93 2.775(2) 175
3 O4�H4A···O7[e] 1.98 2.782(2) 165
1·2 O4�H4A···O7’[f] 2.06 2.848(5) 161


O4’�H4A’···O7[g] 2.00 2.816(5) 172


[a] Values for 1 from reference [3]. [b] 1�x, �0.5 +y, 0.5�z. [c] 2�x,
0.5+ y, 0.5�z for the second independent molecule. [d] 1.5�x, �0.5 +y,
0.5�z. [e] 1.5�x, �0.5+y, 0.5�z. [f] x, y, z. [g] x, 1+ y, z.


Figure 2. Relative orientation of the reacting molecules in crystals of 1
(A), 2 (B), 3 (C), and 1·2 (D) showing El···Nu and C�H···p interactions.
The 2-O-acyl group is omitted for clarity.


Table 3. Geometry of the reacting groups. Atom numbers refer to
Figure 2 [distances in �, angles in 8].


1 2 3 1·2


C15(C13)···O4 3.226[a] 3.299[c] 3.533[c] 3.170[d]


3.249[b] 3.155[e]


aO4····C15(C13)�O8 88.1[a] 84.01[c] 70.21[c] 85.9[d]


89.9[b] 88.4[e]


aC4�O4····C15(C13) 117.6[a] 97.20[c] 97.65[c] 117.6[d]


113.1[b] 116.1[e]


aH4A�O4····C15(C13) 113.1[a] 105.8[c] 112.68[c] 107.9[d]


110.0[b] 119.8[e]


[a] 1�x, �0.5+ y, 0.5�z. [b] 2�x, 0.5+ y, 0.5�z for the second indepen-
dent molecule [c] 1.5�x, �0.5+ y, 0.5�z. [d] x, y, z. Benzoyl transfer at I
1!2. [e] x, 1 +y, z. Benzoyl transfer at II 2!1.
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(Nu···C=O ~1108) is an essential pre-requisite for the addi-
tion of the Nu to a carbonyl group. A comparison of the
structures of 1–3 and 1·2 show (Figure 1A, B, C, and D) that
self-assembly around the twofold axis in 2, 3, and 1·2 results
in moderate to excellent (as observed in crystals of 1) juxta-
position of the reactive groups. However, the favorable ge-
ometry of the reactants alone does not completely explain
the facility of the transesterification reaction (Scheme 1).
The reaction efficiencies can be explained if the variation in
O�C bond lengths and the geometry of weak interac-
tions[14,15] that the reactive benzoyl group makes with the
neighboring molecules are taken into account. The clean re-
actions in 1 and 1·2 and not so clean reactions, with the
emergence of other side products, in 2 and 3 imply the in-
volvement of weak intermolecular interactions during the
reaction in crystals, and the facile reaction in hybrid crystals
of 1·2 (as above) supports this line of thought. The signifi-
cance of weak intermolecular interactions is recognized in
solid-state topochemical polymerization, in solid-to-solid
transformations,[6c,9] and they have also been suggested to
play a significant role in the stability of peptides,[17] pro-


teins,[18] and in the conformation of small organic mole-
cules.[14a, 19] However, further examples and calculations are
necessary to establish the effect of weak interactions on the
efficiency of the reactions in crystals discussed here.


Proposed reaction mechanism in crystals : Usually chemical
reactions in crystals lead to the distortion of the crystal lat-
tice due to the appearance of products, the only exceptions
to this being single-crystal to single-crystal transforma-
tions.[5] These distortions in the starting material are usually
large enough to cause a collapse of the original crystal lat-
tice, which results in rather low conversion to the product
due to loss of topochemical control. However, if the reac-
tion proceeds in a domino fashion along an axis in the crys-
tal of the reactant, higher conversion and better yield of the
products can be expected. The examples of 1 and 1·2, which
easily undergo the heterogeneous transesterification reac-
tion that proceeds to greater than 90 % completion (re-
vealed by the absence of the starting material), can be cate-
gorized in the above class with the reaction proceeding
along the helix (Figure 3). A schematic representation of
the progress of the reaction along the helix in crystals of 1
and 1·2 is shown in Scheme 2. It is very likely that the base


(Na2CO3) initiates the reaction at one end of the helix by
aiding the deprotonation of the C4-hydroxyl group, which
enables the oxygen to attack the C6-O-benzoyl carbonyl
group of the neighboring diester molecule along the helix
(10, Scheme 2). Acyl-group transfer along the helix then
generates a molecule of the triester and the corresponding
diol-oxyanion (11). The latter functions as a base and de-
protonates the hydroxyl group of its neighboring diester
within the helix (12). The oxyanion of the dibenzoate so
generated functions as a nucleophile for the attack on the


Figure 3. Packing of helices in crystals of 1 (A), 2 (B), 3 (C), and 1·2 (D).
Discrete helices are seen in reactive crystals of 1 (A) and 1·2 (D), where-
as such well-defined channels are not noticeable in less reactive 2 (B)
and 3 (C). The colour scheme is used to distinguish the neighboring heli-
ces in A, B, and C; molecules of 1 (light pink or light blue) and 2 (dark
pink or dark blue) make a single hybrid helix seen in D. Dotted lines in
all the figures indicate C�H···O or C�H···p contacts.


Scheme 2. The reaction along the helix in crystals of 1 and 1·2.
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C4-O-benzoyl carbonyl group of the next molecule to gener-
ate another molecule of the tribenzoate and the diol anion
(13). Thus in a domino fashion, these two steps lead to the
generation of the two transesterification products resulting
in the destruction of the helix (and eventually of the crystal)
as the reaction proceeds. As mentioned above, the relative
ease of reaction and yield of products correlate well with
the intra- and interhelical interactions, the latter hold these
helices tightly in crystals of 1 and 1·2. In the absence of
these organizations, the progress of the reaction along the
helix is not likely to proceed in a domino fashion and the
group transfer could terminate prematurely, lowering the
yield and facility of transesterification (as in the case of 2
and 3). The formation of other products and incomplete
consumption of the starting diester as observed for the reac-
tion of 2 and 3 can thus be rationalized.


Conclusion


We have reported a systematic investigation of the transes-
terification reaction of myo-inosityl orthoformate deriva-
tives in their crystals and correlated the reaction efficiencies
with the intermolecular interactions. This reaction belongs
to the class of group-transfer reactions in crystals that are
rarely encountered. The fact that the less reactive 2 could
be co-crystallized[14d,20] with the more reactive 1, producing
an overall reactive lattice opens up avenues for enhancing
solid-state reactivities by molecular complexation.[4b] Con-
sidering the tendency of myo-inosityl 1,3,5-orthoester deriv-
atives to self-assemble through O�H···O hydrogen bonds to
form helices, crystal engineering studies by varying other
groups on inosityl orthoesters with the aim of having a con-
trol on the regio- and/or stereospecificities of the products
are underway.


Experimental Section


General methods : All the asymmetrically substituted myo-inositol deriva-
tives mentioned in this paper are racemic. myo-Inosityl 1,3,5-orthofor-
mate,[21] myo-inosityl 1,3,5-orthoacetate[21] , and 2-O-pivaloyl-myo-inosityl
1,3,5-orthoformate[22] were prepared as reported earlier. Compounds pre-
viously reported in the literature were characterized by comparison of
their melting points and 1H NMR spectra with those of authentic sam-
ples.


Racemic 2,4-di-O-benzoyl-myo-inosityl 1,3,5-orthoacetate (2): myo-Inosi-
tol (5.400 g, 30.00 mmol) was allowed to react with triethyl orthoacetate
(7.342 g, 45.26 mmol) in the presence of p-toluenesulfonic acid (0.500 g,
2.91 mmol) at 100 8C in dry DMF (50 mL) for 4 h. The reaction mixture
was then cooled to room temperature, triethylamine (2 mL) was added,
and the solvents were evaporated under reduced pressure to obtain a
gum. The gum obtained was dissolved in dry pyridine (15 mL) and
cooled in an ice bath. Benzoyl chloride (9.083 g, 64.65 mmol) was added
and the solution was stirred at room temperature for 12 h. The reaction
mixture was diluted with chloroform (after the evaporation of pyridine),
and washed with water, saturated sodium bicarbonate solution, and
brine. The chloroform extract was then dried over anhydrous sodium sul-
fate and chloroform was removed under reduced pressure to obtain a
gum. The products were isolated by flash chromatography to obtain 2


(7.590 g, 61%) and 5 (3.54 g, 22%). Data for 2 : M.p. 164–165 8C;
1H NMR (500 MHz, CDCl3,25 8C, TMS): d=1.56 (s, 3 H), 2.60–2.61 (d,
J(H,H) =5.1 Hz, 1H; D2O exchangeable), 4.47–4.50 (m, 1 H), 4.53–4.57
(m, 1 H), 4.58–4.62 (m, 1 H), 4.66–4.70 (m, 1 H), 5.60–5.62 (t, J(H,H) =


1.6 Hz, 1H), 5.77–5.81 (m, 1H), 7.43–7.49 (m, 4H), 7.56–7.62 (m, 2 H),
8.03–8.06 (m, 2 H), 8.13–8.16 ppm (m, 2 H); 13C NMR (50.3 MHz, CDCl3,
25 8C): d= 24.1, 63.0, 67.2, 68.7, 70.4, 72.4, 108.9, 128.4, 128.5, 129.1,
129.9, 133.5, 165.3, 166.3 ppm; IR (Nujol): n =1703 (C=O), 1724 (C=O),
3469 cm�1 (OH); elemental analysis calcd (%) for C22H20O8 (412.40): C
64.08, H 4.89; found: C 63.70, H 4.99.


Racemic 2-O-pivaloyl-4-O-benzoyl-myo-inosityl 1,3,5-orthoformate (3):
A solution of pivaloyl chloride (0.390 g, 3.24 mmol) in dry pyridine
(3 mL) was added to a stirred, cooled (in an ice bath) solution of myo-in-
osityl 1,3,5-orthoformate (0.570 g, 3.00 mmol) in dry pyridine (5 mL), and
the reaction mixture was allowed to reach room temperature. After 12 h,
pyridine was evaporated under reduced pressure, the white solid ob-
tained was dissolved in chloroform, washed with water, saturated sodium
bicarbonate solution, and brine, and then dried over anhydrous sodium
sulfate. The solid obtained from the organic layer on evaporation of the
solvent under reduced pressure was crystallized from a mixture of chloro-
form and petroleum ether to obtain 2-O-pivaloyl-myo-inosityl 1,3,5-or-
thoformate (0.520 g, 63 %). mp 159 8C.


Benzoyl chloride (0.240 g, 1.71 mmol) was added to a stirred, cooled so-
lution (in an ice bath) of 2-O-pivaloyl-myo-inosityl 1,3,5-orthoformate
(0.440 g, 1.61 mmol) in dry pyridine (6 mL), and the reaction mixture was
allowed to come to room temperature. Stirring was continued for 12 h
and pyridine was removed under reduced pressure to obtain a gum,
which was worked up with chloroform as above. The unreacted starting
material (0.110 g, 25%) and racemic 2-O-pivaloyl-4-O-benzoyl-myo-ino-
sityl 1,3,5-orthoformate (0.430 g, 71%) were obtained from the mixture
of products by chromatography. M.p 160–161 8C; 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=1.28 (s, 9 H), 2.50–2.90 (br s, 1H; D2O exchange-
able), 4.29–4.38 (m, 1 H), 4.40–4.49 (m, 1H), 4.54–4.63 (m, 1 H), 4.64–4.75
(m, 1H), 5.35–5.43 (m, 1H), 5.60 (d, J(H,H) = 1.5 Hz, 1 H), 5.75–5.85 (m,
1H), 7.39–7.53 (m, 2H), 7.54–7.65 (m, 1 H), 7.95–8.10 ppm (m, 2H);
13C NMR (50.3 MHz, CDCl3, 25 8C): d=26.9, 38.9, 63.0, 67.2, 68.3, 68.5,
69.4, 71.5, 102.8, 128.5, 128.9, 129.8, 133.6, 165.3, 178.5 ppm; IR (Nujol):
n= 1706 (C=O), 1731 (C=O), 3448 cm�1 (OH); elemental analysis calcd
(%) for C19H22O8 (378.38): C 60.31, H 5.86; found: C 59.93, H 5.69.


Crystals of the 1:1 molecular complex of the orthoformate 1 and the or-
thoacetate 2 (1·2): The orthoformate 1 (0.200 g, 0.50 mmol) and the or-
thoacetate 2 (0.200 g, 0.49 mmol) were dissolved in chloroform (3 mL).
Petroleum ether (bp 60–80 8C) was diffused into this solution over a
period of 7–10 days, to obtain crystals of the 1:1 molecular complex 1·2
(0.300 g, 66%). M.p. 139–140 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d= 1.56 (s, 3H), 2.77–2.82 (d, J(H,H) =6.0 Hz, 1 H; D2O ex-
changeable), 2.88–2.92 (d, J(H,H) =4.0 Hz, 1 H; D2O exchangeable),
5.46–4.53 (m, 2H), 4.53–4.77 (m, 6H), 5.57–5.64 (m, 1 H), 5.64–5.71 (m,
2H), 5.72–5.87 (m, 2H), 7.30–7.71 (m, 12H), 7.98–8.23 ppm (m, 8 H); IR
(Nujol): n =1706 (C=O), 1722 (C=O), 3461 cm�1 (OH); elemental analy-
sis calcd (%) for C43H38O16 (810.76): C 63.70, H 4.72; found: C 63.62, H
4.64.


Solid-state transesterification of myo-inosityl orthoesters—general proce-
dure : Crystals of the required myo-inositol derivative (0.100 g to 0.500 g)
were ground together with sodium carbonate (8 equiv) using a pestle and
mortar and the mixture was heated (60 to 168 h) below the melting point
of the respective inositol derivative in a hard glass tube under a nitrogen
atmosphere. The solid obtained after heating was cooled to ambient tem-
perature, extracted with chloroform followed by methanol; the combined
organic extract was evaporated under reduced pressure and the products
were separated by column chromatography over silica gel.


Solid-state transesterification of 2 : The dibenzoate 2 (0.500 g, 1.25 mmol)
and sodium carbonate (1.060 g, 10.0 mmol) were ground together and
heated at 140 8C in an atmosphere of nitrogen for 168 h. Isolation of the
products as mentioned in the general procedure gave 5[21] (0.125 g, 19%),
4,6-di-O-benzoyl-myo-inosityl 1,3,5-orthoacetate (0.040 g, 8 %), 8[22]


(0.080 g, 21%), racemic 4-O-benzoyl-myo-inosityl 1,3,5-orthoacetate[22]


(0.060 g, 16%), and the starting material 2 (0.070 g, 14%). Data for 4,6-
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di-O-benzoyl-myo-inosityl 1,3,5-orthoacetate: M.p. 160–162 8C; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=1.57 (s, 3H), 3.15–3.19 (d, J(H,H) =


11.9 Hz, 1 H; D2O exchangeable), 4.20–4.24 (d, J(H,H) =11.1 Hz, 1H),
4.43–4.46 (m, 2H), 4.84–4.88 (m, 1 H), 5.74–5.78 (t, J(H,H) =4.0 Hz, 2 H),
7.15–7.20 (m, 4H), 7.44–7.49 (m, 2 H), 7.78–7.81 ppm (dd, J(H,H) =


7.2 Hz, 1.1 Hz, 4H); 13C NMR (50.3 MHz, CDCl3, 25 8C): d=24.2, 60.7,
66.8, 68.6, 72.5, 109.7, 128.3, 128.9, 129.8, 133.4, 165.2 ppm; IR (CHCl3):
n= 1728 (C=O), 3186–3569 cm�1 (OH); elemental analysis calcd (%) for
C22H20O8 (412.40): C 64.08, H 4.89; found: C 64.12, H 5.33.


Solid-state transesterification of 3 : The benzoate 3 (0.100 g, 0.26 mmol)
and sodium carbonate (0.220 g, 2.08 mmol) were ground together and
heated at 140 8C for 168 h. The reaction mixture was worked up as men-
tioned in the general procedure and 6 (0.018 g, 14%) was isolated by
preparative thin-layer chromatography (TLC). M.p. 193–195 8C; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=1.31 (s, 9H), 4.50–4.53 (m, 2H), 4.92–
4.95 (m, 1 H), 5.41–5.43 (m, 1 H), 5.68–5.70 (d, J(H,H) =1.2 Hz, 1H),
5.79–5.82 (t, J(H,H) =3.8 Hz, 2 H), 7.16–7.21 (m, 4H), 7.45–7.50 (m, 2 H),
7.82–7.86 ppm (dd, J(H,H) =7.1 Hz, 1.2 Hz, 4H); 13C NMR (75 MHz,
CDCl3, 25 8C): d=27.0, 39.0, 63.0, 67.0, 68.4, 69.3, 103.3, 128.3, 128.6,
129.8, 133.4, 165.1, 178.2 ppm; IR (CHCl3): n=1726 cm�1 (C=O); ele-
mental analysis calcd (%) for C26H26O9 (482.49): C 64.72, H 5.43; found:
C 64.63, H 5.12. Other products formed in this reaction (eight, as indicat-
ed by TLC) were not isolated.


Solid-state transesterification in molecular crystals 1·2 : Crystals of the
molecular complex 1·2 (0.100 g, 0.12 mmol) and sodium carbonate
(0.102 g, 0.96 mmol) were ground together and heated at 120 8C for
168 h. The reaction mixture was worked up as mentioned in the general
procedure; a mixture (0.052 g, 41 %) of 4 and 5 and a mixture (0.026 g,
35%) of 7 and 8 were isolated by column chromatography over silica gel.
Analysis of these mixtures by 1H NMR spectroscopy showed that the tri-
benzoates 4 and 5 were formed in the ratio 67:33, while the diols 7 and 8
were formed in the ratio 35:65.


Transesterification of 1 in the molten state : Crystals of 1 (0.200 g,
0.50 mmol) were melted in a hard glass tube in an atmosphere of nitro-
gen at 180 8C and sodium carbonate (0.424 g, 4.00 mmol) was added to
this melt and mixed well. The reaction mixture was heated at 180 8C for
36 h. The solid obtained after heating was cooled to ambient tempera-
ture, extracted with chloroform followed by methanol; the combined or-
ganic extract was evaporated under reduced pressure and the products
were separated by preparative thin-layer chromatography to obtain the
tribenzoate 4 (0.040 g, 16 %), the diol 7 (0.022 g, 15%), 4,6-di-O-benzoyl-
myo-inosityl 1,3,5-orthoformate[22] (0.018 g, 9 %), racemic 4-O-benzoyl-
myo-inosityl 1,3,5-orthoformate[22] (0.019 g, 13 %), and unreacted 1
(0.045 g, 23%).


Continuation of the reaction for a longer time (50–100 h) resulted in de-
composition and charring of the reaction mixture. Transesterification of
the diesters 2 and 1·2 in the molten state (as above) also resulted in the
formation of a mixture of products; no attempt was made to isolate
them.


Transesterification of myo-inosityl orthoesters in solution—general pro-
cedure : Crystals of the required myo-inositol derivative (0.100 g) and dry
triethylamine (10 eq�iv) were dissolved in dry acetonitrile (2 mL) and
stirred at ambient temperature under a nitrogen atmosphere for 144 h.
Acetonitrile and triethylamine were evaporated under reduced pressure
and the products were separated by column chromatography over silica
gel.


Transesterification of 2 : Transesterification as above yielded the triben-
zoate 5 (0.038 g, 30 %) and the diol 8 (0.022 g, 29 %) along with unreact-
ed 2 (0.036 g, 36 %).


Transesterification of 3 : Transesterification as above yielded the diben-
zoate 6 (0.030 g, 23 %) and the diol 9 (0.018 g, 25 %) along with unreact-
ed 3 (0.046 g, 46 %).


Transesterification of 1·2 : Transesterification as above yielded a mixture
of tribenzoates 4 and 5 (0.041 g, 32%, in the ratio 55:45 as revealed by
1H NMR spectroscopy), a mixture of the diols 7 and 8 (0.021, 28%, in
the ratio 56:44 as revealed by 1H NMR spectroscopy) and the starting
material (0.030 g, 30%).


Crystal structure analysis : Single crystals of the diesters were obtained
from a chloroform/light petroleum mixture and good quality crystals
were selected by using a Leica Polarising microscope. X-ray intensity
data were collected on a Bruker SMART APEX CCD diffractometer in
omega and phi scan modes, l(MoKa) =0.71073 � at T =293(2) K (except
for 1). All the data were corrected for Lorentzian, polarization and ab-
sorption effects using Bruker�s SAINT and SADABS programs. SHELX-
97[23] was used for structure solution and full-matrix least-squares refine-
ment on F2. Hydrogen atoms were included in the refinement as per the
riding model. Crystal data and details of data collection, structure so-
lution, and refinements for 2, 3, and 1·2 are summarized in Table 1. All
the weak interaction calculations were carried out using PLATON.[24]


CCDC-222392–222394 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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Titanium Imido Complexes of Cyclooctatetraenyl Ligands
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Introduction


Over the last 15 years, the chemistry of Group 4 transition-
metal imides has received considerable attention.[1–7] Both
computational and experimental studies have been per-
formed to probe the structure and reactivity of these sys-
tems. It has been shown that Group 4 transition-metal


imides have potential in C�H activation chemistry,[8–16] ma-
terials chemistry[17–20] and olefin polymerisation catalysis
(with the imide acting as an “ancillary ligand”),[21–23] and
that these systems can be utilised in an wide variety of stoi-
chiometric and sometimes catalytic coupling reactions with
unsaturated substrates.[6] Terminal titanium imido complexes
were first structurally characterised in 1990,[24,25] and since
then a large number of imido complexes with different an-
cillary ligands have been synthesised.[6] A general entry
point to new titanium imido chemistry is gained by way of
the readily prepared synthons [Ti(NR)Cl2(py)3] (R= tBu or
aryl) and their homologues, from which straightforward
metathesis reactions afford a wide range of derivatives.[26]


We noticed that although cyclopentadienyl and to a lesser
extent arene co-ligands have been widely used in transition-
metal imido chemistry, there has only been one report of
imido complexes bearing cyclooctatetraenyl co-ligands,
namely the dinuclear m-arylimido derivatives [M2(m-N-2,6-
iPr2C6H3)2(h8-COT)2] (M=Zr, Hf).[27] Therefore, we were
interested to see if using the smaller titanium congener
would lead to a mononuclear derivative. Only two families
of one-legged piano stool (’pogo stick’) imido complexes


Abstract: Reaction of [Ti(NR)Cl2(py)3]
(R= tBu or 2,6-iPr2C6H3) with
K2[COT] (COT= C8H8) or Li2[COT’’]
(COT’’= 1,4-C8H6(SiMe3)2) gave the
monomeric complexes [Ti(NR)(h8-
COT)] or [Ti(NR)(h8-COT’’)], respec-
tively. The pseudo-two coordinate,
’pogo stick’ geometry for these com-
plexes is unique in both early transi-
tion-metal and cyclooctatetraenyl
ligand chemistry. In contrast, reaction
of [Ti(N-2,6-Me2C6H3)Cl2(py)3] with
K2[COT] gave the m-imido-bridged
dimer [Ti2(m-N-2,6-Me2C6H3)2(h8-
COT)2]. It appears that as the steric
bulk of the imido and C8 ring substitu-
ents are decreased, dimerisation be-


comes more favourable. Aryl imido
COT complexes were also prepared by
imido ligand exchange reactions be-
tween anilines and [Ti(NtBu)(h8-COT)]
or [Ti(NtBu)(h8-COT’’)]. The com-
plexes [Ti(NtBu)(h8-COT)], [Ti(N-2,6-
iPr2C6H3)2(h8-COT)] and [Ti2(m-N-2,6-
Me2C6H3)2(h8-COT)2] have been crys-
tallographically characterised. The
electronic structures of both the mono-
meric and dimeric complexes have


been investigated by using density
functional theory (DFT) calculations
and gas-phase photoelectron spectro-
scopy. The most striking aspect of the
bonding is that binding to the imido ni-
trogen atom is primarily through s and
p interactions, whereas that to the
COT or COT’’ ring is almost exclusive-
ly through d symmetry orbitals. A
DFT-based comparison between the
bonding in [Ti(NtBu)(h8-COT)] and
the bonding in the previously reported
late transition-metal ’pogo-stick’ com-
plexes [Os(NtBu)(h6-C6Me6)], [Ir(N-
tBu)(h5-C5Me5)] and [Ni(NO)(h5-
C5H5)] has also been undertaken.


Keywords: cyclooctatetraenyl
ligands · density functional cal-
culations · imido compounds · pho-
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have been reported previously and both consisted of later
transition-metal, 18-valence-electron compounds of the type
[Ir(h5-C5Me5)(NR)][28] (R= tBu, SiMe2tBu, 2,6-Me2C6H6 or
2,6-iPr2C6H6) and [Os(h6-C6Me6)(NtBu)] or [Os(h6-p-cyme-
ne)(NR)] (R= tBu or 2,6-Me2C6H6).[29] Here we report a
unique series of monomeric and dimeric cyclooctatetraenyl
titanium imido complexes whose structures depend on the
steric bulk of the imido and/or C8 ring substituents. We de-
scribe the solid-state structures of two of the novel pseudo-
two-coordinate titanium imido species, along with a compu-
tational study of the electronic structure of cyclooctatetraen-
yl titanium imido complexes. Part of this work has been
communicated previously.[30]


Results and Discussion


Synthesis and characterisation of cyclooctatetraenyl titanium
imido complexes : Titanium imido dichloride starting materi-
als [Ti(NR)Cl2(py)3] (R= tBu, 2,6-Me2C6H3, 2,6-iPr2C6H3


and 2-tBuC6H4) were prepared according to previously de-
scribed routes.[21, 26] Reaction of these with either K2[COT]
(COT= C8H8) or the more sterically bulky Li2-
[COT’’]·1.8THF (COT’’=1,4-bis(trimethylsilyl)-1,3,5,7-cyclo-
octatetraenyl) gave products that depended critically on the
exact nature of both the imido and cyclooctatetraenyl ring
substituents. Addition of one equivalent of either K2[COT]
or Li2[COT’’]·1.8 THF to [Ti(NtBu)Cl2(py)3] in THF at
�50 8C gave a dark red solution. After standard work-up,
spectroscopically clean samples of the pseudo-two-coordi-
nate complexes [Ti(NtBu)(COT)] (1) or [Ti(NtBu)(COT’’)]
(2), respectively, were isolated as yellow solids [Eq. (1)].
The NMR spectra of 1 contained singlet resonances for a
tert-butylimido group and an h8-coordinated COT ring. The
1H NMR spectrum of 2 was more complicated due to the
decrease in symmetry in the COT’’ ring. In this case the pre-
cise assignments of the COT’’ protons were determined by
using NOE difference spectroscopy. The nuclearity of 1 was
confirmed by X-ray diffraction analysis (vide infra), and by
analogy 2 is also proposed to be monomeric. The presence
of the SiMe3 groups on the COT ring appears to increase
the solubility of 2 in hydrocarbon solvents relative to 1.


The methodology used to synthesise 1 and 2 was extended
to prepare titanium COT complexes which contain aryl
imido substituents. The reactions of the aryl imido precur-
sors [Ti(NR)Cl2(py)3] (R=2,6-Me2C6H3, 2,6-iPr2C6H3 and 2-
tBuC6H4) with either K2[COT] or Li2[COT’’]·1.8 THF gave
two types of products depending on the exact nature of the
cyclooctatetraenyl ligand. The reaction of [Ti(N-2,6-


iPr2C6H3)Cl2(py)3] with K2[COT] in THF gave the crystallo-
graphically characterised (vide infra) monomeric orange
complex [Ti(N-2,6-iPr2C6H3)(COT)] (3). Although [Ti(N-
2,6-iPr2C6H3)(COT’’)] (4) appeared to be formed in an
NMR-tube-scale reaction between [Ti(N-2,6-iPr2C6H3)Cl2-
(py)3] and Li2[COT’’]·1.8 THF, the product could not be
cleanly isolated from larger scale reactions. The monomeric,
asymmetrically substituted arylimido complex [Ti(N-2-
tBuC6H4)(COT’’)] (5) was prepared from the reaction be-
tween [Ti(N-2-tBuC6H4)Cl2(py)3] and Li2[COT’’]·1.8 THF in
THF. Surprisingly, the analogous reaction between [Ti(N-2-
tBuC6H4)Cl2(py)3] and K2[COT] did not produce any tracta-
ble products.


The most striking difference between the reaction prod-
ucts of K2[COT] and Li2[COT’’]·1.8 THF was observed with
the moderately bulky arylimido derivative [Ti(N-2,6-
Me2C6H3)Cl2(py)3]. The reaction of this compound with
K2[COT] in THF resulted in the formation of the crystallo-
graphically characterised (vide infra), dimeric imido-bridged
complex [Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6) (Scheme 1).


Unlike the lightly-coloured, highly soluble monomeric spe-
cies 1–4, this complex was dark red and only slightly soluble
in most common organic solvents. Differences were also ob-
served between the UV/Vis spectra of compounds 1 and 6.
The spectrum of compound 1 consisted of three principle
transitions with the lowest energy one at 373 nm, whereas
that of compound 6 contained four main transitions includ-
ing a broad band at 686 nm.


The dimeric structure of 6 was maintained in solution as
established from NOE experiements. A significant NOE en-
hancement was detected between the methyl protons of the
2,6-Me2C6H3 aryl substituent and the protons of the COT


Scheme 1. Mono- and binuclear derivatives formed with the N-2,6-
Me2C6H3 ligand.
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ring. This enhancement is only expected in a dimeric system
in which the bent geometry around the bridging nitrogen
atom brings the imido substituent into closer proximity to
the COT ring. The solid-state structure of 6 indicates that
the distance between the methyl protons of the 2,6-Me2C6H3


aryl substituent and the protons of the COT ring can be as
small as 2.35 �, which is well within the range for observing
NOE interactions. The corresponding distance between the
methine proton of the isopropyl groups and the COT ring in
the solid state of the monomeric species [Ti(N-2,6-
iPr2C6H3)(COT)] (3) is 3.64 �. Given this large distance, it
is not surprising that no NOE enhancement was observed
between the methine proton and the COT ring in compound
3. Presumably, the less sterically bulky 2,6-Me2C6H3 imido
substituent allows dimerisation to occur, whereas when the
imido substituent is either tBu or 2,6-iPr2C6H3 steric factors
prevent dimerisation.


The reaction of [Ti(N-2,6-Me2C6H3)Cl2(py)3] with Li2-
[COT’’]·1.8 THF yielded the monomeric orange complex
[Ti(N-2,6-Me2C6H3)(COT’’)] (6) (Scheme 1). This complex is
proposed to be monomeric based on its solubility, colour
and a NOE experiment which showed that there was no en-
hancement between the methyl protons of the N-2,6-
Me2C6H3 imido substituent and the protons of the COT’’
ring. In this case dimerisation is probably unfavourable due
to the more sterically demanding COT’’ ring.


The complexes [Ti(N-2,6-iPr2C6H3)(COT)] (3), [Ti(N-2,6-
Me2C6H3)(COT’’)] (7), [Ti(N-2-tBuC6H4)(COT’’)] (5) and
[Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6) could also be synthes-
ised by tert-butylimido–aniline exchange by reaction of the
appropriate tert-butylimido precursor (1 or 2) with the cor-
responding arylamine.[26, 29] This method was problematic be-
cause the ligand exchange was slow even at elevated tem-
peratures and it was difficult to remove any trace excess ar-
ylamine from the product. However, the ligand–exchange
method was successfully utilised to synthesise the ring-un-
substituted phenyl-imido complex [Ti2(m-NPh)2(COT’’)2] (8)
[Eq. (2)]. Compound 8 was proposed to be dimeric on the
basis of its solubility (insoluble in most common solvents),
colour (dark red) and a significant NOE enhancement be-
tween the ortho and meta protons of the m-NPh ligand and
the protons of the COT’’ ring. The nuclearity of this species
supports the observation that as the steric bulk of the imido
substituent is decreased, dimerisation becomes more favour-
able.


Solid-state structures : Crystals of monomeric [Ti(NtBu)-
(COT)] (1) and [Ti(N-2,6-iPr2C6H3)(COT)] (3) suitable for
X-ray diffraction analysis were obtained by careful high-
vacuum-tube sublimation. The solid-state structures of
[Ti(NtBu)(COT)] and [Ti(N-2,6-iPr2C6H3)(COT)] are shown
in Figure 1. Selected bond lengths and angles are presented
in Table 1 and Table 2 together with those calculated by


DFT analysis (vide infra). The
pseudo-two-coordinate, ’pogo-
stick’ or ’one-legged piano
stool’ geometry observed for
these complexes is unique in
early transition-metal imido
and cyclooctatetraenyl ligand
chemistry.[1,31] A search of the
Cambridge Structural Database
for complexes of the type
[Ti(h8-COT)(L)n] showed that


Figure 1. Displacement ellipsoid plots (30 % probability) of [Ti(NtBu)-
(COT)] (1, top) and [Ti(N-2,6-iPr2C6H3)(COT)] (3, bottom). H atoms
omitted for clarity.
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the formal value of n is at least three.[32, 33] Although there
has previously been one report of imido complexes bearing
cyclooctatetraenyl co-ligands, these complexes were neither
monomeric nor structurally characterised.[27]


The Ti=N�tBu and Ti···COT (ring centroid) distances of
1.699(6) and 1.369 � in 1 are within the expected ranges for
terminal titanium tert-butylimido and titanium(iv) h8-cyclo-
octatetraenyl complexes, respectively.[32,33] The COT ring is
planar and the complex is approximately Cs symmetric. The
near-linearity of the Ti=N�tBu angle (Ti(1)-N(1)-C(1)
177.1(5)8) is consistent with the imido ligand acting as a
four-electron donor to the titanium center, giving the com-
plex an overall metal valence-electron count of 16.


Compound 3 lies on a crystallographic two-fold rotation
axis. As a consequence of the crystallographic symmetry, the
ring centroid, Ti(1), N(1), and C(1) and C(4) atoms of the
phenyl group are all required to be colinear and this axis is
required to be exactly perpendicular to the COT plane. As
for 1, within experimental error the COT ring is planar and
the Ti atom lies 1.35 � from the best plane of this ligand.
The Ti(1)�N(1) bond length in 3 of 1.7217(18) � is consis-
tent with typical literature values for titanium imido com-
pounds with an arylimido substituent.[32,33] However, the
Ti(1)�N(1) bond length in 3 is significantly longer
(0.023(6) �) than the corresponding bond length in 1. This
is probably the result of the electron-withdrawing nature of


aryl groups, compared to the inductively electron-donating
alkyl group, and is well precedented.[26] Presumably, this
causes a difference in the availability of the Nimido lone pair
for donation to the metal.


X-ray diffraction quality crystals of dimeric [Ti2(m-N-2,6-
Me2C6H3)2(COT)2] (6) were grown from a saturated ben-
zene solution at room temperature. The solid-state structure
is shown in Figure 2. Selected distances and angles are given
in Table 3, along with those calculated from DFT analysis
(vide infra). The dimeric complex lies on a crystallographic
centre of inversion and contains two pseudo-three coordi-
nate titanium centres linked by two bridging N-2,6-Me2C6H3


ligands, with the remainder of each metal coordination
sphere consisting of an h8-coordinated COT ring. The Ti···Ti


Table 1. Comparison between selected experimental and calculated bond
lengths and angles for [Ti(NtBu)(COT)] (1).


Bond lengths or angles Experimental values
[� or 8]


Calculated values
[� or 8]


Ti�C ring 2.267(8)–2.290(8) 2.28
Ti(1)�N(1) 1.699(6) 1.69
N(1)�C(1) 1.45(5) 1.43
C�C ring 1.37(2)–1.44(2) 1.41
C�CH3(tBu) 1.51(1)–1.52(1) 1.52
C-C-C ring 133.9(9)–136.5(9) 135
C ring-Ti(1)-N(1) 125.9(3)–127.7(3) 126


Table 2. Comparison between selected experimental and calculated bond
lengths and angles for [Ti(N-2,6-iPr2C6H3)(COT)] (3).


Bond lengths or angles Experimental values
[� or 8]


Calculated values
[� or 8]


Ti�C ring 2.2778(16)–2.2885(16) 2.28
Ti(1)�N(1) 1.7217(18) 1.70
C�C ring (COT) 1.406(3)–1.413(3) 1.41
N(1)�C(1) 1.381(3) 1.37
C�C ring (aryl) 1.3918(19)–1.4209(18) 1.41
C(2)�C(5) 1.515(2) 1.50
C(5)�C(6) 1.529(3) 1.54
C(5)�C(7) 1.535(3) 1.54
C ring-Ti(1)-N(1) (COT) 125.9(3)-127.7(3) 126
Ti(1)-N(1)-C(1) 180 180
C-C-C ring (aryl) 118.61(14)-121.20(14) 119
C(1)-C(2)-C(5) 119.03(14) 121
C(3)-C(2)-C(5) 122.33(13) 121
C(2)-C(5)-C(6) 109.85(13) 111
C(2)-C(5)-C(7) 114.12(15) 111
C(6)-C(5)-C(7) 110.39(16) 112


Figure 2. Displacement ellipsoid plot of [Ti2(m-N-2,6-Me2C6H3)2(COT)2]
(6) (15 % probability). H atoms omitted for clarity.


Table 3. Comparison between selected experimental and calculated bond
lengths and angles for [Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6).


Bond lengths or angles Experimental values
[� or 8]


Calculated values
[� or 8]


Ti(1)�N(1) 2.022(2) 1.95
Ti(1)�N(1A) 1.883(2) 1.92
Ti(1)�C(9) 2.380(3) 2.40
Ti(1)�C(10) 2.420(3) 2.44
Ti(1)�C(11) 2.357(3) 2.35
Ti(1)�C(12) 2.328(3) 2.31
Ti(1)�C(13) 2.427(3) 2.42
Ti(1)�C(14) 2.473(3) 2.46
Ti(1)�C(15) 2.397(3) 2.37
Ti(1)�C(16) 2.320(3) 2.32
N(1)�C(1) 1.411(3) 1.38
C(1)�C(2) 1.413(4) 1.41
N(1)-Ti(1)-N(1A) 81.82(10) 83
N(1)-Ti(1)-C(9) 156.25(10) 159
N(1 A)-Ti(1)-C(9) 97.66(10) 94
N(1)-Ti(1)-C(10) 169.60(11) 167
N(1)-Ti(1)-C(11) 137.30(10) 136
N(1)-Ti(1)-C(12) 107.62(10) 107
N(1)-Ti(1)-C(13) 89.9(1) 91
N(1)-Ti(1)-C(14) 87.78(9) 90
N(1)-Ti(1)-C(15) 99.67(10) 102
N(1)-Ti(1)-C(16) 124.32(10) 127
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distance of 2.952 � is not unusually short for a binuclear ti-
tanium(iv) complex, and similar distances have been ob-
served in related species.[34–37] The Ti atom lies 1.54 � from
the centroid of the C8 ring, which is significantly longer than
in either of the monomeric compounds 1 and 3, and the
Ti···Ti···ring centroid angle is 173.58 suggesting some slip-
page of the ring. The bridging region of the complex is
asymmetric, such that the Ti�N bond lengths are different
(Ti(1)�N(1) 2.022(2), Ti(1)�N(1 A) 1.883(2) �). Unsymmet-
rically bridging imides have previously been observed for
several different transition-metal complexes and this effect
increases p donation to the metal centre.[27,35, 38]


The ligands of the complex are slightly distorted from
their regular geometries. The dimethylphenyl group of the
imide is bent slightly towards the Ti atom in the same asym-
metric unit, so the Ti···Ti vector makes an angle of 84.78
with the best plane of the phenyl ring. Neither of the ipso-
carbon atoms of the bridging m-N-2,6-Me2C6H3 ligands dis-
plays any interaction with the Ti centre in contrast to the
significant interactions seen in similar zirconium,[27] samari-
um[38] and uranium[39–42] complexes. This lack of interaction
could be for steric reasons or because titanium is smaller
than these other metals. The COT ligand is distorted slightly
from planarity towards a shallow saddle shape. This distor-
tion presumably arises as a result of the strong trans influ-
ence of the imido nitrogen atoms. The carbon atoms of the
COT ligand that are directly trans to the imido groups
(namely C(10), C(13) and C(14)) show the largest Ti(1)�
Cring distances.


Density functional theory analysis of monomeric titanium
imido compounds containing the cyclooctatetraenyl ligand :
The electronic structure of [Ti(NtBu)(COT)] (1) was com-
pared with the electronic structures of [Ti(NtBu)(COT’’)]
(2) and [Ti(N-2,6-iPr2C6H3)(COT)] (3). Density functional
theory was used to model the related sets of compounds 1, 2
and 3. Geometry optimisations were performed assuming Cs


symmetry for 1 and 2 and C2v symmetry for 3. Important cal-
culated bond lengths and angles are compared with the ex-
perimental ones in Table 1 and Table 2. For compounds 1, 2
and 3 a fragment analysis was performed in which the mole-
cule was broken into a metal-ring fragment and an imido
fragment.


As can be seen from Table 1 calculated bond lengths and
angles for 1 generally showed good agreement. Although
calculations were performed on 1 assuming the highest pos-
sible symmetry namely, Cs, for the purposes of this discus-
sion the complex can be considered as having C8v or C¥v


symmetry. This is because only the s- and p-metal–ligand in-
teractions of the nitrogen atom are important and conse-
quently NtBu can be thought of as a generic and cylindrical-
ly symmetric linear NR. It is also useful to characterise orbi-
tals according to the s, p and d notation even though the
actual symmetry of 1 is much lower than cylindrical. A MO
diagram for 1 has been constructed in Figure 3.


There are three types of orbital interactions (p, s and d)
for d2 Ti(COT), which has local C8v symmetry. The p orbi-


tals of the carbocylic ring have a low-lying s-symmetry orbi-
tal (a1), a pair of p-symmetry orbitals (e1) and a pair of d-
symmetry orbitals (e2) all with respect to the metal–ring axis
(z). Increasing the number of atoms in a carbocyclic ring de-
creases the energies of the p and d molecular orbitals, but
increases their occupancies.[43] Therefore, in the eight-mem-
bered COT ring the d-symmetry orbitals become compara-
ble in energy to the metal dx2�y2 and dxy orbitals, and the p-
symmetry orbitals are lower in energy than the metal dxz


and dyz orbitals. As a result, the predominant interaction in
the binding of the COT ring to the titanium atom is through
the d orbitals (e2), while the p orbitals are primarily non-
bonding. The 2a1 and 2e1 orbitals of the Ti(COT) fragment
are non-bonding orbitals and contain large contributions
from the titanium 3dz2 orbital for the 2a1 molecular orbital
and from the degenerate titanium 3dxz and 3dyz orbitals for
the 2e1 molecular orbitals. For the second fragment the
imido ligand has a s-type orbital (1a1) and two p-type orbi-
tals (1e1) for bonding. The imido ligand forms a triple bond
(s2, p4-configuration) with the metal centre.


Isosurfaces for the 1e2, 1e1 and 2e1 orbitals and the 2a1 N-
Ti s-bonding orbital are shown in Figure 4. The 1e2 orbital
can clearly be seen to be concerned with the bonding of the
ring to the titanium atom, using the 3dx2�y2 and 3dxy metal or-
bitals and the ring d-symmetry orbitals. The 2e1 molecular
orbital shows that the principle bonding of the imido group
to the metal is through the two nitrogen 2p orbitals and 3dxz


and 3dyx metal orbitals. Finally, the 1e1 orbital shows very
little metal character, instead it is dominated by the ring p-
symmetry orbitals and may be classed as metal–ligand non-
bonding.


Good agreement was observed between the experimental
and calculated bond lengths and angles for [Ti(N-2,6-
iPr2C6H3)(COT)] (3) (Table 2). The bonding between the
metal center and the C8H8 ring in complex 3 is similar to
that described for complex 1. However, differences were ob-
served in the bonding of the imido ligand to the metal


Figure 3. Partial molecular orbital diagram for [Ti(NtBu)(COT)] (1).
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center. The pair of titanium–imido p-bonding orbitals (2e1)
which are degenerate in 1 are not degenerate in 3
(Figure 5). Instead, the titanium–imido p-bonding orbital


which is formed through the 2px orbital of the imido nitro-
gen is higher in energy than the corresponding p-bonding
orbital which forms through the 2py orbital of the imido ni-
trogen atom. The loss of degeneracy arises because when
the 2px orbital of the imido nitrogen forms a p-bond with
the metal center there is also
an unfavourable anti-bonding
interaction between the 2px or-
bital of the nitrogen and the p-
bonding orbitals of the aryl
ring. As the 2py orbital of the
imido nitrogen atom is orthogo-
nal to the p-bonding orbitals of
the aryl ring there is no anti-
bonding interaction between
these sets of orbitals when the


2py orbital of the imido nitrogen atom forms a p-bond with
the metal centre.


The electronic structure of [Ti(NtBu)(COT’’)] (2) is ex-
tremely similar to that described for 1. Fragment calcula-
tions indicated that the ordering and composition (deter-
mined by Mulliken population analysis) of the bonding orbi-
tals in 1 and 2 were almost identical. From these calculations
it is clear that although it has been shown experimentally
that the introduction of SiMe3 groups to the COT ring
changes the solubility and steric properties of the complex,
the presence of the SiMe3 groups has almost no impact on
the electronic properties of 2 compared with those of 1.


General comparison of the bonding in the monomeric and
dimeric complexes : To gain further insights into factors dis-
criminating between monomeric and dimeric complexes, cal-
culations were also performed on the models shown in
Figure 6. The types of calculations performed and the ener-
gies of the models are summarised in Table 4.


The calculation performed on model compound 9 showed
good agreement with the experimental bond lengths and
angles for [Ti(NtBu)(COT)] (1) (Table 5). Since the values
are in excellent agreement with the experimental values, it
is possible to consider 9 as a very good model for 1.


For dimerisation of a linear cyclooctatetraenyl imido com-
plex to occur, the ring centroid-Ti-N angle (a) must change


Figure 4. Selected isosurfaces of [Ti(NtBu)(COT)] (1).


Figure 5. Isosurfaces and energies of Ti–N p-bonding orbitals in [Ti(N-
2,6-iPr2C6H3)(COT)] (3).


Figure 6. Model complexes 9–14 on which calculations were performed.


Table 4. Calculations performed on 1 and 9–14 and associated energies.


Structure Calculation Total energy [eV]


1 geometry optimisation �182.545
9 geometry optimisation �117.519


10 single point (angle a varied from
180–1208)


�114.981 (a= 1208)


11 single point (a =1378, Ti-N-H=1808) �115.894
12 single point (a =1378, Ti-N-H=1258) �116.064
13 geometry optimisation �235.969
14 geometry optimisation �363.806


Table 5. Comparison between selected experimental and calculated bond
lengths and angles for [Ti(NtBu)(COT)] (1) and [Ti(NH)(COT)] (9).


Bond lengths or angles Experimental values
[� or 8]


Calculated values
[� or 8]


Ti�C ring 2.267(8)–2.290(8) 2.28
Ti(1)�N(1) 1.699(6) 1.68
C�C ring 1.37(2)–1.44(2) 1.41
C-C-C ring 133.9(9)–136.5(9) 135
C ring-Ti(1)-N(1) 125.9(3)–127.7(3) 126
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from linear (ca. 1808) to bent (ca. 1208, actually 1378 in 6)
and the Ti=N�R angle must also decrease significantly.
Linear transit calculations were first performed on the sim-
plified [Ti(NH)(COT)] molecule to analyse the effect of
changing the ring-Ti-N geometry from linear to bent (as-
suming C8v symmetry when the ring-Ti-N angle was 1808
and Cs symmetry otherwise). The variation in the orbital en-
ergies of 10 as a function of the bending angle a (180�1208)
are shown in Figure 7a, while the change in total energy of


10 as a function of the bending angle a(180�1208) is shown
in Figure 7b. Figure 8 shows selected molecular orbitals of
the linear molecule 9 and those of the corresponding bent
molecule 10 with angle a of 1208.


The nitrogen–metal p interactions are stronger than the
ring–metal interactions and so on bending the molecule this
defines the z axis. There is a loss in overlap between the
metal and the ring orbitals on bending which leads to a
weakening of the interaction between the metal center and
the cyclooctatetraenyl ring. This is a contributing factor to
the destabilisation of the 1e2-derived orbitals 5a’ and 3a’’.
However, it is not the only one. On bending the molecule,
strong unfavourable anti-bonding interactions develop be-
tween the ring orbitals and the nitrogen orbitals. As expect-
ed, the extent of this destabilisation increases as the mole-
cule is bent further. This anti-bonding interaction explains
the longer Ti···COT (ring centroid) distance in dimeric com-
pound 6 compared to the monomeric compounds 1 and 3.


In contrast, the 2e1-derived orbitals (4a’ and 2a’’) show a
slight stabilisation when the molecule is bent. In this case,
there are bonding interactions between the ring and the ni-
trogen 2p orbitals, as opposed to the anti-bonding interac-
tions observed in the 1e2-derived orbitals. The 1e1-derived
orbitals (3a’ and 1a’’) show relatively little change in energy,
which is expected since the 1e1 set are metal–ligand non-
bonding orbitals, having mainly ligand character. Interest-
ingly, there is little change in the energy of the LUMO on
bending (3a’ going to 6a’). Since, this orbital stays low in
energy the use of a good Lewis base could allow an 18-va-
lence-electron adduct of bent 10 to be isolated if the shape
changes favourably.[66]


Overall, the destabilisation of the 1e2-derived orbitals is
greater than the stabilisation of the 2e1 orbital and so it is
expected to be unfavourable to bend the molecule. This is
clearly illustrated in Figure 7b, which shows the sharp in-
crease in overall energy as angle a is increased.


Dimerisation of 9 or 1 leads to 13 or 14, respectively
(Figure 6). Geometry optimisation calculations were per-
formed on 13 and 14 (Table 4). The ring-Ti-N and Ti=N-H
angles obtained for 13 were used in single point calculations
on models 11 (only the ring-Ti-N angle a changed from 1808
in 9) and then 12 (both ring-Ti-N and Ti=N-H angles pertur-
bed). As expected, the energy of 11 is significantly greater
than that of 9 (Table 4), whereas 12 is slightly more stable
than 11. It appears that the bending of the Ti=N-H angle in
the distorted complex 11 has an energetically beneficial
effect, at least when the imido N-substituent is a sterically
non-demanding H atom. Despite the stabilisation gained on
going from 11 (Ti=N-H= 1808) to 12 (Ti=N-H =1208) the
energies given in Table 4 show that overall conversion of 9
to 12 is an unfavourable process. However, from Table 4 it
can be seen that the dimer 13 is 0.9 eV (86.8 kJ mol�1) lower
in energy than two hypothetical monomers 9. This can be at-


Figure 7. a) Variation in orbital energies of 10 as a function of the bend-
ing angle a (180�1208); b) change in total energy of 10 as a function of
bending angle a (180 �1208).


Figure 8. Selected MOs of [Ti(NH)(COT)] (9) with the corresponding
MOs in 10 when a =120.
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tributed to the dimer gaining an extra s bond. Since s bonds
are generally stronger than p bonds, the energy gained on
dimerisation more than compensates for the reduced over-
lap and unfavourable interactions between the ring and the
imido group. Although [Ti(NH)(COT)] is expected to exist
as a dimer, the energies from the geometry optimisation cal-
culations of 1 and 14 indicate that the [Ti(NtBu)(COT)]
monomer is approximately 1.23 eV (118.6 kJ mol�1) lower in
energy than the corresponding dimer even without taking
into account the unfavourable entropy effects. Presumably,
this is a result of the bulky tert-butyl groups of the imido
ligand interacting with both rings in the dimer. These calcu-
lations clearly support the experimental results which indi-
cate that formation of a monomer is more likely to be fav-
oured as the steric bulk on the imide is increased.


Density functional theory analysis of [Ti2(m-N-2,6-
Me2C6H3)2(COT)2] (6): The electronic structure of [Ti2(m-N-
2,6-Me2C6H3)2(COT)2] (6) was compared with those of 1, 2
and 3. DFT was used to model compound 6 and a geometry
optimisation was performed on 6 with no symmetry restric-
tions. Important calculated bond lengths and angles are
compared with the experimental ones in Table 3. A frag-
ment analysis was performed where 6 was broken into two
metal–ring fragments and two imido fragments.


The geometry optimisation of 6 showed that there was a
discrepancy between the optimised bond lengths and angles
and the experimental values especially with regard to the
central Ti2(m-N)2 unit of 6, but otherwise there was good
agreement, as shown in Table 3. The degree of asymmetry
present in the Ti2(m-N)2 core
can be quantified by consider-
ing the difference between the
distances Ti(1)�N(1) and Ti(1)�
N(1A). This difference was con-
siderably larger in the experi-
mental structure (0.139(3) �)
than in the calculated structure
(0.03 �). A linear transit calcu-
lation was performed to exam-
ine the changes in the total
energy of 6 when the geometry
of the molecule was optimised
at different Ti(1)�N(1) bond
lengths. For computational sim-
plicity the calculations were
performed assuming the mole-
cule had C2h symmetry. Figure 9
shows the changes in energy of
[Ti2(m-N-2,6- Me2C6H3)2(COT)2]
as the Ti(1)�N(1) bond length
is changed.


This calculation indicates that
there is almost no change in the
overall energy of [Ti2(m-N-2,6-
Me2C6H3)2(COT)2] (6) as the
Ti(1)�N(1) is changed from


1.85 to 1.95 �. The Ti(1)�N(1) bond length is clearly ’soft’
in nature and it is reasonable to conclude that the differen-
ces between the calculated and experimental structures are
due to crystal packing forces.


The major difference between the electronic structures of
monomeric complexes such as 1 and that of 6 relate to the
composition of the HOMO(s). In [Ti(NtBu)(COT)], the
HOMOs represent p bonds between nitrogen 2p orbitals
and metal orbitals of suitable symmetry. However, as a
result of the change of geometry around the imido nitrogens
in 6, there is poor overlap between one of the linear combi-
nations of the nitrogen 2p orbitals and the metal 3dz2 orbital.
Therefore, the HOMO in 6 is non-bonding and consists
mainly of nitrogen p orbital character. Isosurfaces for the
HOMO and LUMO of 6 are shown in Figure 10.


In both 1 and 6 the LUMO has mainly metal d character.
However, as a result of the differences in compositions of
the HOMO, the energy gap between the HOMO and
LUMO in [Ti(NtBu)(COT)] (1) is 3.29 eV (317 kJ mol�1),
whereas the corresponding gap in [Ti2(m-N-2,6-
C6H3Me2)2(COT)2] (6) is 1.14 eV (110 kJ mol�1). Although
the difference in energy between the HOMO and LUMO
can not be used to predict the energies of transitions in the
UV spectrum, the difference between the sizes of the
HOMO–LUMO gap in 1 and 6 are consistent with the ob-
servation of a transition at lower energy in the UV/Vis spec-
trum of 6 compared with 1. This difference in the size of the
HOMO–LUMO gap probably explains why dimeric com-
plexes absorb more in the visible region of the spectrum and
tend to be very dark in colour, while monomeric complexes


Figure 9. Variation in total energy of [Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6) against Ti(1)�N(1) and Ti(1)�N(1A)
bond lengths.


Figure 10. Isosurfaces of selected molecular orbitals of [Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6).
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absorb almost entirely in the near UV with a tail in visible
region of the spectrum and are paler in colour (yellow or
orange).


Photoelectron spectroscopy :
The gas-phase He(I) photoelec-
tron (PE) spectra of [Ti(Nt-
Bu)(COT)] (1), [Ti(NtBu)-
(COT’’)] (2) and [Ti(N-2,6-
iPr2C6H3)(COT)] (3) are shown
in Figure 11 and vertical ionisa-
tion energies (IEs) are summar-
ised in Table 6. Their assign-
ment is made relatively
straightforward by comparison
with related imido and cyclooc-


tatetraenyl compounds.[44, 45] The apparent paucity of low
ionisation energy bands for [Ti(NtBu)(COT)] (1) is ex-
plained by the fact that the 1e2 ionisation of the Ti-COT
ring d-bonding orbitals overlaps with the 2e1 ionisation of


the Ti�N p bonds producing a complex band centred at
8 eV with two distinct maxima. Band C at 10.91 eV may be
assigned to the 1e1 ionisation of the COT ring orbitals. The
relative increase in intensity of bands A and B relative to C
in the He II spectrum (not shown here[30]) indicates that the
1e2 and 2e1 orbitals that give rise to bands A and B have sig-
nificant metal character. Mulliken population analysis of the
ground state structure of [Ti(NtBu)(COT)] (1) gives the Ti
contribution to the 2e1 and 1e2 orbitals as 28 % and 22 %,
while that of the 1e1 is estimated as 8 %. This is consistent
with the intensity increase of bands A and B relative to C as
the photon energy is increased and supports the molecular
orbital diagram that was proposed in Figure 3.


The PE spectrum of [Ti(NtBu)(COT’’)] (2) has a very sim-
ilar low energy structure, though in this case only one verti-
cal IE (B) and a shoulder (A) can be distinguished. The IE
is lower than for 1 reflecting the electron donating effect of
the SiMe3 substituents. The higher energy bands, C and
above, in this case are associated with SiMe3 ionisations,
which overlay the ring 1e1 p band.


The PE spectrum of [Ti(N-2,6-iPr2C6H3)(COT)] (3) differs
from those of 1 and 2 in the low-energy region. The first
band, A, is separated from the principal low-energy band B
by almost 1 eV. Band B occurs in a similar position to the
low-energy bands A and B of 1. Assignment of the IE bands
in 3 is most easily discussed while considering the calculated
IEs. Table 5 gives both experimental and calculated IEs for
1–3.


In the low IE region, agreement is generally very good.
All three calculations suggest that a Ti–N p ionisation is the
lowest in energy. The Ti–COT d ionisations lie very close in
energy to the Ti–N p ionisation but in all three complexes
are predicted to occur at slightly higher energy. For 1,
though the symmetry is only Cs the effective degeneracy of
the calculated IE for the two Ti–N p orbitals and also for
the two Ti–COT d orbitals demonstrates that the assump-
tion of pseudo-C8v is legitimate. For 2 the two Ti–COT’’ d


IEs are separated by 0.13 eV, due to ring substitution, which
accounts for the lack of structure in the band. For 3, band A


Figure 11. Gas-phase He(I) PE spectra of a) [Ti(NtBu)(COT)] (1); b)
[Ti(NtBu)(COT’’)] (2), and c) [Ti(N-2,6-iPr2C6H3)(COT)] (3).


Table 6. Experimental and calculated vertical IEs (eV) for 1, 2 and 3. Cs symmetry was assumed for 1 and 2
and C2v for 3. Ion state calculations that failed to converge are marked with an asterisk.


1 exptl 1 calcd 2 exptl 2 calcd 3 exptl 3 calcd


Ti�N p 7.78 (A) 7.70 (A’) 7.47 (A) * (A’) 7.00 (A) 6.83 (B1)
7.69 (A’’) 7.29 (A’’) 7.85 (B2)


Ti�COT d 8.05 (B) 7.85 (A’) 7.87 (B) 7.42 (A’) 7.98 (B) 7.72 (A2)
7.86 (A’’) 7.55 (A’’) 7.95 (A1)


aryl p 7.46 (A2)
9.64 (C) 9.33 (B1)


COT e1 10.91 (C) * (A’)
10.60 (A’’)
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may be assigned to an out of phase combination of the Ti–N
p-bonding electrons with an aryl p orbital (see Figure 5).
Band B contains, in addition to the orthogonal Ti–N p-
bonding ionisation and the Ti–COT d band, the other aryl
ionisation. The IE calculated for the in-phase combination
of the aryl p orbital with the Np p orbital is 9.33 eV and
may be identified with band C.


An interesting comparison may be made with the 17-va-
lence-electron, d1 compound [Ti(COT)(h5-C5Me5)].[44] In the
PE spectrum of this compound there is an additional low-
lying ionisation band of the extra d electron at 5.28 eV, but
the e2 and 2e1 bands are also found to be coincident with a
maximum at 7.54 eV. Furthermore, the 1e1 band lies at
10.5 eV which is of a very similar energy to that for [Ti(N-
tBu)(COT)] (1). Thus we may conclude that the cyclopenta-
dienylimido analogy[45] holds for these compounds and that
the tert-butylimido ligand is electronically similar to the pen-
tamethylcyclopentadienyl ligand though it provides one less
electron.


General comparison of bonding in ’pogo-stick’ complexes :
In the early 1990s Bergman and co-workers reported the
late transition metal ’pogo-stick’ complexes [Os(NtBu)(h6-
C6Me6)][29] and [Ir(NtBu)(h5-C5Me5)].[28] Many years earlier
the Group 10 ’pogo-stick’ complex [Ni(NO)(h5-C5H5)] (14)
had been reported by King et al.[46] The geometry of these
18-electron complexes is similar to that of 1 and so a DFT-
based comparison between the bonding in early transition
metal ’pogo-stick’ and late transition metal ’pogo-stick’ com-
plexes has been performed. For computational simplicity
[Os(NtBu)(h6-C6Me6)] and [Ir(NtBu)(h5-C5Me5)] were mod-
elled as [Os(NtBu)(h6-C6H6)] (15) and [Ir(NtBu)(h5-C5H5)]
(16), respectively. DFT analyses have previously been per-
formed on 14[47,48] and the bonding in compounds 15 and 16
studied by using extended H�ckel MO theory.[45] However,
our present DFT analyses were performed on 14, 15 and 16
for the purpose of directly comparing the bonding in these
compounds with the bonding in compound 1. Geometry op-
timisations were performed on 14, 15 and 16 assuming C5v,
C3v and Cs symmetry, respectively. In addition, fragment
analyses were performed in which 14 was broken into a
metal–ring fragment and a nitrosyl fragment, and 15 and 16
were broken into a metal–ring fragment and an imido frag-
ment.


The bonding in the closely related compounds [Os(N-
tBu)(h6-C6H6)] (15) and [Ir(NtBu)(h5-C5H5)] (16) is extreme-
ly similar. As described earlier for the COT ring, the C6H6


and C5H5 rings have a low-lying s-symmetry orbital (a1), a
pair of p-symmetry orbitals (e1) and a pair of d-symmetry
orbitals (e2) all with respect to the metal–ring axis. However,
in the smaller carbocyclic rings the d-symmetry orbitals (e2)
are raised in energy and as a result there is no significant in-
teraction between the metal dx2�y2 and dxy orbitals and the d-
symmetry orbitals of the carbocyclic rings in 15 and 16. (It
should also be noted that the size of the COT ring compared
to a C6H6 or C5H5 ring allows for better orbital overlap be-
tween the relevant metal d orbitals and the ring d-symmetry


orbitals). In both compounds 15 and 16 the metal dx2�y2 and
dxy orbitals are primarily non-bonding. Instead, the predomi-
nant metal–ring bonding interaction occurs between the
metal dxz and dyz orbitals and the p-symmetry orbitals (e1) of
the carbocyclic ring. The imido ligand also provides a set of
p-symmetry orbitals (e1) for bonding with the metal dxz and
dyz orbitals. The mixing of the p-symmetry orbitals (e1) of
both ligands and the metal 5dxz, 5dyz and 6px and 6py orbitals
results in three sets of MOs of e1 symmetry. Isosurfaces for
the 1e1, 2e1 and 3e1 MOs of [Os(NtBu)(h6-C6H6)] (15) are
shown in Figure 12a. The 3e1 orbital which is anti-bonding
with respect to both the metal–imide and metal–ring p


bonds is the LUMO in 15.


This mixing of the p-symmetry orbitals between the li-
gands is in direct contrast to the partitioning of the metal or-
bitals that occurs in compound 1, where only the imido
ligand interacts with the metal dxz and dyz orbitals and the
metal dx2�y2 and dxy orbitals interact with the carbocyclic
ring. The other major difference between the bonding in
compounds 15 and 16 and compound 1 is that the metal dz2


orbitals in both 15 and 16 are occupied and are the HOMO
whereas the metal dz2 orbital is unoccupied and the LUMO
in 1. The total metal-valence-electron count for the osmium
and iridium complexes is 18 compared to 16 for compound
1.


The bonding between the C5H5 ring and the metal centre
in [Ni(NO)(h5-C5H5)] (14) is similar to that described for
the iridium and osmium complexes and consistent with pre-
vious descriptions of the bonding between M–Cp and M–
arene fragments.[43] The predominant metal–ring bonding in-
teraction occurs between the metal dxz and dyz orbitals and
the p-symmetry orbitals (e1) of the carbocyclic ring to form
a bonding as well an anti-bonding pair of occupied MOs of
e1 symmetry. The only orbitals of the NO fragment which in-
teract with the Ni(h5-C5H5) fragment are the nitrogen–
oxygen p anti-bonding orbitals which also have e1 symmetry.
The p anti-bonding orbitals of the NO fragment interact


Figure 12. a) Selected isosurfaces of [Os(NtBu)(h6-C6H6)] (15); b) select-
ed isosurfaces of [Ni(NO)(h5-C5H5)] (14).
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with the higher lying anti-bonding e1 pair of MOs of the
Ni(h5-C5H5). This results in the strengthening of the metal–
ring bond because the ring–metal anti-bonding orbital is
now delocalised onto the NO fragment. Iso-surfaces for the
1e1, 2e1 and 3e1 MOs of [Ni(NO)(h5-C5H5)] (14) are shown
in Figure 12 b. As with compounds 15 and 16 the 3e1 orbital
is anti-bonding with respect to both the metal–nitrosyl and
metal–ring p bonds and is the LUMO in 14.


In comparing the bonding in compounds 1, 14, 15 and 16
it is clear that the crucial factor in determining which metal
orbitals interact with the carbocyclic ring is the number of
carbon atoms in the carbocyclic ring. The Group 10 complex
[Ni(NO)(h5-C5H5)] (14) is interesting because the nitrosyl
ligand interacts with a metal–ring anti-bonding orbital as op-
posed to the imido ligand which interacts with a metal–ring
bonding orbital in compounds 15 and 16 and a non-bonding
metal based orbital in compound 1. Therefore the introduc-
tion of the second ligand increases the strength of the
metal–ring bonding in 14, weakens the strength of the
metal–ring bonding in 15 and 16 and does not significantly
affect the strength of the metal–ring bonding in 1. Only
compound 1 has a completely metal-based LUMO and this
probably indicates that nucleophiles are more likely to react
at the 16-valence-electron metal centre in 1 than with com-
pounds 14, 15 or 16. It has previously been shown that [2 +


2] cycloadditions occur between the metal–NtBu fragments
in 15 and 16 and unsaturated substrates such as isocyanates
and isocyanides.[28,29] Given the similarity in the bonding be-
tween the metal and NtBu fragments in compounds 15, 16
and 1, we predict that compound 1 will also undergo cyclo-
addition reactions with unsaturated substrates.


Conclusion


In conclusion, we have firmly established a new class of
early transition-metal cyclooctatetraenylimido complexes
through structural, spectroscopic and theoretical studies.
The steric bulk on both the imido substituent and cycloocta-
tetraenyl ring are crucial factors in determining the nucleari-
ty of the product. Increasing the steric bulk of either ligand
increases the likelihood of forming a monomeric complex.
Density functional theory analysis indicates that the most
striking aspect of the metal–ligand bonding orbitals is that
binding to the imido group is primarily through s and p in-
teractions, whereas that to the COT or COT’’ ring is almost
exclusively through d-symmetry orbitals. Recent preliminary
studies suggest that the Ti=NR linkages in complexes of the
type [Ti(NR)(COT)] are reactive towards a range of organic
substrates. Our work in this area and syntheses of other
early transition-metal cyclooctatetraenylimido complexes is
continuing.


Experimental Section


General methods and instrumentation : All manipulations were carried
out using standard Schlenk line or dry-box techniques under an atmos-
phere of argon or dinitrogen. Solvents were pre-dried over activated 4 �
molecular sieves and were refluxed over appropriate drying agents under
a dinitrogen atmosphere and collected by distillation. Deuterated sol-
vents were dried over appropriate drying agents, distilled under reduced
pressure, and stored under dinitrogen in Teflon valve ampoules. NMR
samples were prepared under dinitrogen in 5-mm Wilmad 507-PP tubes
fitted with J. Young Teflon valves. 1H and 13C spectra were recorded on
Varian Unity Plus 300 and Varian Mercury spectrometers. 1H and 13C as-
signments were confirmed when necessary with the use of NOE, and
two-dimensional 1H–1H and 13C–1H NMR experiments. All spectra were
referenced internally to residual protio-solvent (1H) or solvent (13C) reso-
nances and are reported relative to tetramethylsilane (d=0 ppm). Chem-
ical shifts are quoted in d (ppm) and coupling constants in hertz. Infrared
spectra were prepared as Nujol mulls between NaCl or KBr plates and
were recorded on Perkin-Elmer 1600 and 1700 series spectrometers. In-
frared data are quoted in wavenumbers (cm�1). UV absorption spectra
were recorded on a Perkin-Elmer Lambda 19 UV-visible spectrophotom-
eter. Molar absorption coefficients are reported in Lmol�1 cm�1. Mass
spectra were recorded by the mass spectrometry service of the University
of Oxford�s Inorganic Chemistry Laboratory. Combustion analyses were
recorded by the analytical services of the University of Oxford�s Inorgan-
ic Chemistry Laboratory or by Mikroanalytisches Labor Pascher.


Despite numerous attempts, low %C analyses were consistently found
for all of the new compounds even after purification by tube sublimation
or recrystallisation. This is attributed to incomplete combustion. X-ray
crystal structures of the key compounds 1, 3 and 6 have been reported
and several compounds give well-defined molecular ions in their high-
resolution EI mass spectra. All new compounds were spectroscopically
pure by NMR spectroscopy.


PE spectra were measured by using a Helectros 0078 spectrometer with a
He discharge lamp capable of producing both He I and He II spectra.
The spectrometer was interfaced with an Atari processor, which enabled
spectral acquisition by repeated scans. The samples were calibrated by
using He, Xe, and N2 and band intensities were estimated by using the
Gaussian fitting program available in the IGOR program suite. Band po-
sitions and widths were obtained by a free fit to the He I spectra and
were maintained at the same IE and proportionate widths for the lower
resolution He II spectra.


Density functional calculations were carried out using the Amsterdam
Density Functional program suite ADF 2002.02.[49] Scalar relativistic cor-
rections were included via the ZORA method.[50–54] The generalised gra-
dient approximation was employed, using the local density approxima-
tion of Vosko, Wilk, and Nusair[55] together with non-local exchange cor-
rection by Becke[56, 57] and non-local correlation corrections by Perdew.[58]


TZ2P basis sets were used with triple-accuracy sets of Slater type orbitals
and two polarisation functions added to the main group atoms. The cores
of the atoms were frozen up to 1s for C and N, 2p for Ti, Si and Ni and
4f for Ir and Os. Vertical ionisation energies (IE) were estimated by cal-
culating the energy of the molecular ions in their ground or excited states
with the optimised geometry of the molecule. The IEs were found by the
energy differences from that of the parent molecule.


Literature preparations : [Ti(NtBu)Cl2(py)3],[26] [Ti(N-2,6-Me2C6H3)Cl2-
(py)3],[26] [Ti(N-2,6-iPr2C6H3)Cl2(py)3],[26] [Ti(N-2-tBuC6H4)Cl2(py)3],[21]


K2[COT],[59] and Li2[COT’’]·1.8 THF[60] were prepared by using literature
methods.


[Ti(NtBu)(COT)] (1): To a stirred solution of [Ti(NtBu)Cl2(py)3] (4.00 g,
9.36 mmol) in THF (70 mL) at �50 8C was added a solution of K2[COT]
(1.71 g, 9.36 mmol) in THF (30 mL) over 15 min. The reaction mixture
was warmed to room temperature and stirred for 16 h, during which time
it became dark brown. The volatiles were removed under reduced pres-
sure and the residue extracted into Et2O (3 � 30 mL) and filtered. The
volatiles were removed again and the residue was washed with pentane
(3 � 15 mL) and dried in vacuo. This afforded 1 as a light brown/yellow
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solid. Analysis by 1H NMR spectroscopy indicated that the sample was
sufficiently pure for further studies. Yield: 1.40 g (67 %). Spectroscopical-
ly pure samples were obtained by tube sublimation (100–110 8C, 5�
10�4 mbar). Yellow crystals suitable for X-ray diffraction were obtained
by tube sublimation (100–110 8C, 5� 10�4 mbar).
1H NMR data (C6D6, 300.0 MHz, 298 K): d =6.69 (s, 8H; C8H8),
0.71 ppm (s, 9H; NtBu); 13C-{1H} NMR data (C6D6, 75.5 MHz, 298 K):
d=95.6 (C8H8), 71.1 (NCMe3), 32.9 ppm (NCMe3); IR data (NaCl plates,
Nujol mull): ñ =1260 (sh, s), 1234 (sh, s), 1092 (br, s), 1020 (br, s), 800
(s), 730 cm�1 (m); UV data (benzene): lmax =280 (2044), 328 (1361),
373 nm (1042); EI-MS: m/z : 223 ([M]+), 209 ([M�Me]+), 167
([M�NtBu]+), 104 ([COT]+), 58 ([NtBu]+); HR EI-MS for [Ti(NtBu)-
(COT)]; found (calcd for C12H17NTi): m/z : 223.0840 (223.0840); elemen-
tal analysis calcd (%) for C12H17NTi: C 64.6, H 7.7, N 6.3; found: C 63.6,
H 7.4, N 6.1.


[Ti(NtBu)(COT’’)] (2): To a stirred solution of [Ti(NtBu)Cl2(py)3]
(1.80 g, 4.20 mmol) in THF (40 mL) at �50 8C was added a solution of
Li2[COT’’]·1.8 THF (1.65 g, 4.20 mmol) in THF (20 mL) over 15 min. The
reaction mixture was warmed to room temperature and stirred for 16 h,
during which time it became dark brown. The volatiles were removed
under reduced pressure and the residue extracted into pentane (3 �
15 mL) and filtered. Subsequent removal of the volatiles under reduced
pressure afforded 2 as a light brown solid. Analysis by 1H NMR spectro-
scopy indicated that the sample was sufficiently pure for further studies.
Yield: 0.83 g (54 %). Spectroscopically pure samples were prepared by
tube sublimation (130 8C, 5� 10�4 mbar).
1H NMR data (C6D6, 300.0 MHz, 298 K): d=7.29 (s, 2H; 2- and 3-
C8H6(SiMe3)2), 7.15 (m, 2 H; 5- and 8-C8H6(SiMe3)2), 6.89 (m, 2 H; 6- and
7-C8H6(SiMe3)2), 0.66 (s, 9H; NtBu), 0.55 ppm (s, 18 H; SiMe3); 13C{1H}
NMR data (C6D6, 75.5 MHz, 298 K): d= 105.6 (1- and 4-C8H6(SiMe3)2),
102.0 (2- and 3-C8H6(SiMe3)2), 99.8 (5- and 8-C8H6(SiMe3)2), 97.8 (6- and
7-C8H6(SiMe3)2), 70.8 (NCMe3), 33.1 (NCMe3), 0.7 ppm (SiMe3); IR
(Nujol mull, NaCl plates): ñ =1250 (sh, s), 1236 (s), 1044 (m), 836 (s),
754 cm�1 (m); EI-MS: m/z : 367 ([M]+), 352 ([M�Me]+), 248 ([COT’’]+),
73 ([SiMe3]


+); HR EI-MS for [Ti(NtBu)(COT’’)]: found (calcd for
C18H33Si2NTi): m/z : 367.1631 (367.1631); elemental analysis calcd (%) for
C18H33Si2NTi: C 58.9, H 9.1, N 3.8; found: C 58.2, H 9.0, N 3.7.


[Ti(N-2,6-iPr2C6H3)(COT)] (3): To a stirred solution of [Ti(N-2,6-
iPr2C6H3)Cl2(py)3] (1.52 g, 2.80 mmol) in THF (40 mL) was added a so-
lution of K2[COT] (0.51 g, 2.80 mmol) in THF (20 mL). The reaction mix-
ture was stirred for 16 h, during which time it became dark brown. The
volatiles were removed under reduced pressure and the residue extracted
into Et2O (2 � 25 mL) and filtered. The volatiles were removed again and
the residue washed with pentane (2 � 25 mL) and dried in vacuo. This af-
forded 3 as an orange solid. Analysis by 1H NMR spectroscopy indicated
that the sample was sufficiently pure for further studies. Yield: 0.53 g
(58 %). Spectroscopically pure samples were obtained by tube sublima-
tion (170–180 8C, 5 � 10�4 mbar). Orange crystals suitable for X-ray dif-
fraction were obtained by tube sublimation (170–180 8C, 5� 10�4 mbar).
1H NMR data (C6D6, 300.0 MHz, 298 K): d= 7.29 (d, 3J= 7.5 Hz, 2 H;
meta-N-2,6-iPr2C6H3), 7.15 (1 H, partially obscured t, para-N-2,6-
iPr2C6H3, coupling unresolved), 6.69 (s, 8H; C8H8), 3.22 (sept, 3J =6.9 Hz,
1H; CHMe2), 1.21 ppm (d, 3J =6.9 Hz, 12H; CHMe2); 13C{1H} NMR data
(C6D6, 75.5 MHz, 298 K): d =159.9 (ipso-N-2,6-iPr2C6H3), 139.3 (ortho-N-
2,6-iPr2C6H3), 121.7 (meta-N-2,6-iPr2C6H3), 120.8 (para-N-2,6-iPr2C6H3),
97.2 (C8H8), 29.1 (CHMe2), 23.1 ppm (CHMe2); IR (Nujol mull, NaCl
plates): ñ=1260 (s), 1094 (br, s), 1018 (br, s), 800 (s), 670 cm�1 (w); EI-
MS: m/z : 327 ([M]+), 177 ([N-2,6-iPr2C6H3]


+), 162 ([2,6-iPr2C6H3]
+). HR


EI-MS for [Ti(N-2,6-iPr2C6H3)(COT)]. Found (calcd for C20H25NTi): m/z :
327.1455 (327.1466); elemental analysis calcd (%) for C20H25NTi: C 73.4,
H 7.7, N 4.3; found: C 70.4, H 7.6, N 4.2.


NMR-tube-scale synthesis of [Ti(N-2,6-iPr2C6H3)(COT’’)] (4): To a so-
lution of [Ti(N-2,6-iPr2C6H3)Cl2(py)3] (10 mg, 18 mmol) in C6D6 (0.3 mL)
was added a solution of Li2[COT’’]·1.8 THF (7.1 mg, 18 mmol) in C6D6


(0.1 mL). The reaction mixture was monitored by 1H NMR for 16 h.
During this time the quantitative conversion of [Ti(N-2,6-iPr2C6H3)Cl2-
(py)3] to [Ti(N-2,6-iPr2C6H3)(COT’’)] (4) was observed.


1H NMR data (C6D6, 300.0 MHz, 298 K): d=7.28 (s, 2H; 2- and 3-
C8H6(SiMe3)2), 7.17 (m, 2 H; 5- and 8-C8H6(SiMe3)2), 6.97 (m, 2 H; 6- and
7-C8H6(SiMe3)2), 6.77 (d, 3J =7.5 Hz, 2 H; meta-N-2,6-iPr2C6H3), 6.66 (t,
3J=7.5 Hz, 1H, para-N-2,6-iPr2C6H3), 3.32 (sept, 3J =6.9 Hz, 1 H;
CHMe2), 1.16 (d, 3J =6.9 Hz, 12H; CHMe2), 0.45 ppm (s, 18H; SiMe3);
13C{1H} NMR data (C6D6, 75.5 MHz, 298 K): d=159.1 (ipso-N-2,6-
iPr2C6H3), 139.1 (ortho-N-2,6-iPr2C6H3), 121.6 (meta-N-2,6-iPr2C6H3),
120.6 (para-N-2,6-iPr2C6H3), 108.1 (1- and 4-C8H6(SiMe3)2), 103.1 (2- and
3-C8H6(SiMe3)2), 101.5 (5- and 8-C8H6(SiMe3)2), 99.3 (6- and 7-
C8H6(SiMe3)2), 28.7 (CHMe2), 23.3 (CHMe2), 0.7 ppm (SiMe3).


[Ti(N-2-tBuC6H4)(COT’’)] (5): To a stirred solution of [Ti(N-2-
tBuC6H4)Cl2(py)3] (0.25 g, 0.50 mmol) in benzene (20 mL) was added a
solution of Li2[COT’’]·1.8THF (0.20 g, 0.50 mmol) in benzene (10 mL)
over 15 min. The reaction mixture was stirred for two days, during which
time it became dark brown. The volatiles were removed under reduced
pressure and the residue washed with pentane (3 � 15 mL). The solid was
dried in vacuo to afford 5 as a light brown gum. Analysis by 1H NMR
spectroscopy indicated that the sample was sufficiently pure for further
studies. Yield: 0.11 g (50 %).
1H NMR data (C6D6, 300.0 MHz, 298 K): d=7.26 (s, 2H; 2- and 3-
C8H6(SiMe3)2), 7.17 (m, 2 H, 5- and 8-C8H6(SiMe3)2), 6.98 (m, 2 H, 6- and
7-C8H6(SiMe3)2), 6.93 (dd, 2J65 =7.5, 3J64 = 5.5 Hz, 2H; 6-N-2-tBuC6H4),
6.71 (app dt, J=7.2 Hz, 1H; 5-N-2-tBuC6H4), 6.49 (app dt, J =6.9 Hz,
1H; 4-N-2-tBuC6H4), 6.18 (dd, J =6.9 Hz, 1H; 3-N-2-tBuC6H4), 1.43 (s,
9H; N-2-tBuC6H4), 0.45 ppm (s, 18H; SiMe3); 13C{1H} data NMR (C6D6,
75.5 MHz, 298 K): d =160.9 (ipso-N-2-tBuC6H4), 137.5 (ortho-N-2-
tBuC6H4), 132.4 (3-N-2-tBuC6H4), 125.7 (5- N-2-tBuC6H4), 125.0 (6- N-2-
tBuC6H4), 119.6 (para- N-2-tBuC6H4), 107.4 (1- and 4-C8H6(SiMe3)2),
103.4 (2- and 3-C8H6(SiMe3)2), 101.5 (5- and 8-C8H6(SiMe3)2), 100.1 (6-
and 7-C8H6(SiMe3)2), 34.8 (NCMe3), 30.4 (NCMe3), 0.5 ppm (SiMe3); IR
(Nujol mull, NaCl plates): ñ =1260 (s), 1091 (br, s), 1040 (s), 1019 (br, s),
837 (s), 831 (s), 751 (w), 721 cm�1 (w); EI-MS: m/z : 429 ([M�Me]+), 281
([Ti[COT’’]�Me]+), 133 ([2-tBuC6H4]


+), 73 ([SiMe3]
+).


[Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6): To a stirred solution of [Ti(N-2,6-
Me2C6H3)Cl2(py)3] (0.44 g, 0.90 mmol) in benzene (20 mL) was added a
solution of K2[COT] (0.16 g, 0.90 mmol) in benzene (10 mL). The reac-
tion mixture was stirred for two days, during which time it became dark
brown and a solid precipitated out of solution. The solution was filtered
and the black solid washed with pentane and dried in vacuo, to afford 6
as a black solid. Analysis by 1H NMR spectroscopy indicated that the
sample was sufficiently pure for further studies. A second crop of 6 was
obtained by reducing the volume of the filtrate and cooling the remaining
solution for one day at �30 8C during which time a black solid precipitat-
ed out of solution. The solid was isolated by filtration, washed with pen-
tane and dried in vacuo to afford a second crop of 6. Yield: 0.12 g
(49 %). Black crystals suitable for X-ray diffraction were obtained from a
saturated solution of [Ti2(m-N-2,6-Me2C6H3)2(COT)2] in benzene at room
temperature.
1H NMR data (C6D6, 300.0 MHz, 298 K): d= 7.10 (d, 3J= 7.2 Hz, 4 H;
meta-N-2,6-Me2C6H3), 6.85 (t, 3J =7.2 Hz, 2 H; para-N-2,6-Me2C6H3), 6.05
(s, 16 H; C8H8), 2.10 ppm (s, 12 H; N-2,6-Me2C6H3); 13C{1H} NMR data
(C6D6, 75.5 MHz, 298 K): d=169.5 (ipso-N-2,6-Me2C6H3), 132.3 (ortho-
N-2,6-Me2C6H3), 121.5 (para-N-2,6-Me2C6H3), 121.2 (meta-N-2,6-
Me2C6H3), 99.7 (C8H8), 20.3 ppm (N-2,6-Me2C6H3); IR (Nujol mull, NaCl
plates): ñ=1260 (m), 1214 (s), 1092 (br, m), 1020 (br, m), 802 (br, m),
770 (br, m), 722 cm�1 (s); UV data (benzene): lmax = 335 (2676), 386
(1901), 459 (850), 686 nm (236); EI-MS: m/z : 542 ([M]+), 271 ([1/2M]+),
167 ([1/2M�COT]+), 152 ([1/2M�N-2,6-C6H3]


+); HR EI-MS for [Ti(N-
2,6-Me2C6H3)(COT)]2: found (calcd for C32H34N2Ti2): m/z : 542.1667
(542.1681); elemental analysis calcd (%) or C32H34N2Ti2: C 70.9, H 6.3, N
5.2; found: C 69.5, H 6.0, N 5.1.


[Ti(N-2,6-Me2C6H3)(COT’’)] (7): To a stirred solution of [Ti(N-2,6-
Me2C6H3)Cl2(py)3] (0.25 g, 0.51 mmol) in benzene (20 mL) was added a
solution of Li2[COT’’]·1.8 THF (0.20 g, 0.51 mmol) in benzene (10 mL)
over 15 min. The reaction mixture was stirred for two days, during which
time it became dark brown. The volatiles were removed under reduced
pressure and the residue washed with pentane (3 � 15 mL). The solid was
dried in vacuo to afford 7 as an orange gum. Analysis by 1H NMR spec-
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troscopy indicated that the sample was sufficiently pure for further stud-
ies. Yield: 0.10 g (47 %).
1H NMR data (C6D6, 300.0 MHz, 298 K): d=7.33 (s, 2H; 2- and 3-
C8H6(SiMe3)2), 7.20 (m, 2 H; 5- and 8-C8H6(SiMe3)2), 6.93 (m, 2 H; 6- and
7-C8H6(SiMe3)2), 6.74 (d, 3J=7.2 Hz, 2H; meta-N-2,6-Me2C6H3), 6.51 (t,
3J=7.2 Hz, 1 H; para-N-2,6-Me2C6H3), 2.06 (s, 1H; N-2,6-Me2C6H3),
0.45 ppm (s, 18 H; SiMe3); 13C{1H} NMR data (C6D6, 75.5 MHz, 298 K):
d=161.5 (ipso-N-2,6-Me2C6H3), 128.9 (ortho-N-2,6-Me2C6H3), 126.9
(meta-N-2,6-Me2C6H3), 119.6 (para-N-2,6-Me2C6H3), 107.2 (1- and 4-
C8H6(SiMe3)2), 103.1 (2- and 3-C8H6(SiMe3)2), 101.2 (5- and 8-
C8H6(SiMe3)2), 99.3 (6- and 7-C8H6(SiMe3)2), 33.1 (N-2,6-Me2C6H3),
0.7 ppm (SiMe3); IR (Nujol mull, NaCl plates): ñ=1260 (s), 1090 (br, s),
1020 (br, s), 838 (s), 804 cm�1 (m); EI-MS: m/z : 415 ([M]+), 248
([COT’’]+), 106 ([N-2,6-C6H3]


+), 73 ([SiMe3]
+); HR EI-MS for [Ti(N-2,6-


Me2C6H3)(COT’’)]: found (calcd for C22H33NSi2Ti): m/z : 415.1614
(415.1631); elemental analysis calcd (%) for C22H33NSi2Ti: C 63.6, H 8.0,
N 3.4; found: C 62.0, H 7.8, N 3.4.


The procedure described below for the synthesis of [Ti2(m-NPh)2(COT’’)2]
(8), is also a representative procedure for tert-butylimido–aniline ex-
change reactions.


[Ti2(m-NPh)2(COT’’)2] (8): To a stirred solution of [Ti(NtBu)(COT’’)]
(0.20 g, 0.54 mmol) in pentane (20 mL) was added a solution PhNH2


(50 mg, 0.54 mmol) in pentane (10 mL). The reaction mixture was stirred
for three days, during which time it became dark brown and a solid pre-
cipitated out of solution. The solid was isolated by filtration, washed with
pentane (2 � 15 mL) and dried in vacuo to afford 8 as a light brown solid.
Analysis by 1H NMR spectroscopy indicated that the sample was suffi-
ciently pure for further studies. Spectroscopically pure samples were ob-
tained by recrystallisation at �30 C from a minimum amount of hexane.
Yield: 0.14 g (68 %).
1H NMR data (C6D6, 300.0 MHz, 298 K): d= 7.25 (t, 2J =7.5 Hz, 4 H;
ortho-N-C6H5), 6.83 (t, 2J =7.5 Hz, 2H; para-N-C6H5), 6.64 (m, 4H; 5-
and 8-C8H6(SiMe3)2), 6.50 (s, 4 H; 2- and 3-C8H6(SiMe3)2), 6.24 (app d,
J =7.5 Hz, 4H,; meta-N-C6H5), 6.03 (m, 2H; 6- and 7-C8H6(SiMe3)2),
0.43 ppm (s, 18 H; SiMe3); 13C{1H} NMR data (C6D6, 75.5 MHz, 298 K):
d=169.1 (ipso-N-C6H6), 128.0 (ortho-N-C6H6, obscured by solvent reso-
nance), 120.3 (para-N-C6H6), 118.0 (meta-N-C6H6), 111.2 (1- and 4-
C8H6(SiMe3)2), 106.4 (2- and 3-C8H6(SiMe3)2), 105.2 (5- and 8-
C8H6(SiMe3)2), 102.1 (6- and 7-C8H6(SiMe3)2), 0.6 ppm (SiMe3); IR
(Nujol mull, NaCl plates): ñ =1260 (s), 1244 (s), 1160 (br, s), 1092 (s),
1036 (s), 1020 (s), 840 (s), 804 (s), 746 cm�1 (m); EI-MS: m/z : 702
([M�SiMe3]


+), 387 ([1/2M]+), 372 ([1/2M�Me]+), 314 ([1/2M�SiMe3]
+),


248 ([COT’’]+), 73 ([SiMe3]
+); elemental analysis calcd (%) for


C40H58Si4N2Ti2: C 62.0, H 7.5, N 3.6; found: C 58.2, H 7.6, N 3.6.


Crystal structure determinations of [Ti(NtBu)(COT)] (1), [Ti(N-2,6-
iPr2C6H3)(COT)] (3), [Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6): Crystal data
collection and processing parameters are given in Table 7. Crystals were
mounted on a glass fibre using perfluoropolyether oil and cooled rapidly
to 150 K in a stream of cold N2 using an Oxford Cryosystems CRYO-
STREAM unit. Diffraction data were measured by using either a Sto�
Stadi-4 four-circle diffractometer (for 1) or an Enraf-Nonius KappaCCD
diffractometer (for 3 and 6). Intensity data for 1 were processed using X-
RED,[61] and those for 3 and 6 were processed using the DENZO-SMN
package.[62] The structures were solved by using the direct methods pro-
gram SIR92,[63] which located all non-hydrogen atoms. Subsequent full-
matrix least-squares refinement was carried out using the CRYSTALS
program suite.[64] Coordinates and anisotropic thermal parameters of all
non-hydrogen atoms were refined. Hydrogen atoms were positioned geo-
metrically. Weighting schemes were applied as appropriate.


Data for 1 were collected to a qmax of only 22.58 due to the weakly dif-
fracting nature of the crystal, to which we also attribute the high conven-
tional R1 value of 0.094. Numerical absorption corrections by means of
face indexing were not applicable due to the irregular shape of the crystal
and its encapsulation in a film of perfluoropolyether. The residual elec-
tron density peaks peaks of +3.2 to �1.6 e��3 found after refinement on
data corrected for absorption using Y scans were considerably reduced
on the application of DIFABS.[65] The value of 0.71 for E2–1 (E=normal-
ised structure factor) suggested possible twinning but no useable twin law


could be found. Repeated attempts to grow better diffraction-quality
crystals were unsuccessful.


CCDC-117841, CCDC-262147 and CCDC-262148 contain the supplemen-
tary 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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Pentafluorophenyl–Phenyl Interactions in Biphenyl-DNA


Alain Zahn, Christine Brotschi, and Christian J. Leumann*[a]


Introduction


Hydrogen bonding and stacking interactions between nucle-
obases are the major noncovalent forces that stabilize the
DNA and RNA double helices.[1,2] The relative contribution
of each to stability has been a matter of debate since the dis-
covery of the structure of the double helix. New insight into
the importance of base stacking for DNA structure and
function was obtained by Kool and co-workers, who investi-
gated shape mimics of complementary natural bases that
were devoid of the possibility to form hydrogen bonds.[3–6]


Although such isosters destabilize DNA duplexes, they can
code for each other with high precision in DNA poly-
merase-mediated replication.[7,8] This finding triggered an
extensive search for hydrophobic, aromatic pairs that are or-


thogonal to the natural base-pairs in their recognition prop-
erties. Such pairs are of interest for the extension of the ge-
netic alphabet.[9–14]


Some insight into the physicochemical nature of stacking
interactions has come from studies of small-molecule inter-
actions, mostly in apolar solvents.[15] The stacking of aromat-
ic hydrocarbons on the corresponding fluorohydrocarbons
has been especially well investigated. It is well known that
benzene and hexafluorobenzene have quadrupole moments
of similar magnitudes, but with inverted signs.[16] These two
compounds, both liquids at room temperature, form a solid
aggregate,[17] which is characterized by not only alternating
p stacks, but also lateral alternation between hexafluoroben-
zene and benzene rings.[18] This stacking arrangement is be-
lieved to result from the minimization of electronic repul-
sion of the p systems and maximization of electrostatic and
dispersion forces, and not from charge-transfer interac-
tions.[19–21] Further support for this comes from studies of the
rotational barriers in 1,8-diarylnaphthalenes[22] and from
recent theoretical studies.[23, 24] This knowledge is being ap-
plied in the field of crystal engineering.[25,26]


Stacking interactions in water are more complicated, as
extensive energetic contributions from solvation/desolvation


Abstract: We prepared and investigat-
ed oligonucleotide duplexes of the se-
quence d(GATGAC(X)nGCTAG)·d(C-
TAGC(Y)nGTCATC), in which X and
Y designate biphenyl- (bph) and penta-
fluorobiphenyl- (5Fbph) C-nucleotides,
respectively, and n varies from 0–4.
These hydrophobic base substitutes are
expected to adopt a zipperlike, inter-
strand stacking motif, in which not only
bph/bph or 5Fbph/5Fbph homo pairs, but
also 5Fbph/bph mixed pairs can be
formed. By performing UV-melting
curve analysis we found that incorpora-
tion of a single 5Fbph/5Fbph pair leads
to a duplex that is essentially as stable
as the unmodified duplex (n=0), and


2.4 K more stable than the duplex with
the nonfluorinated bph/bph pair. The
Tm of the mixed bph/5Fbph pair was in
between the Tm values of the respective
homo pairs. Additional, unnatural aro-
matic pairs increased the Tm by +3.0–
4.4 K/couple, irrespective of the nature
of the aromatic residue. A thermody-
namic analysis using isothermal titra-
tion calorimetry (ITC) of a series of
duplexes with n=3 revealed lower


(less negative) duplex formation en-
thalpies (DH) in the 5Fbph/5Fbph case
than in the bph/bph case, and con-
firmed the higher thermodynamic sta-
bility (DG) of the fluorinated duplex,
suggesting it to be of entropic origin.
Our data are compatible with a model
in which the stacking of 5Fbph versus
bph is dominated by dehydration of
the aromatic units upon duplex forma-
tion. They do not support a model in
which van der Waals dispersive forces
(induced dipoles) or electrostatic
(quadrupole) interactions play a domi-
nant role.
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of the aromatic systems may interfere with the systems� in-
trinsic attractive and repulsive forces. From analysis of the
interactions of cationic or anionic porphyrins with benzoic
acid derivatives in water it is known that dispersive mecha-
nisms are dominant over electrostatic or donor–acceptor in-
teractions.[27] In the field of nucleic acids recognition there is
evidence for advantageous di- or quadrupolar interactions
of aromatic hydrocarbons with fluorohydrocarbons as base
replacements. This has been shown for the phenyl/penta-
fluorophenyl case in DNA[28] and PNA,[29] as well as for iso-
steric fluorobenzene/benzimidazole base replacements in
RNA, in which C�F···H hydrogen bonds were also invoked
as stabilizing forces.[30] More recently, the effects of the
number and position of fluorine atoms within fluorinated
DNA bases on duplex stability were evaluated in the “dan-
gling end” motif.[31] The results were consistent with the
notion that dispersive induced dipole attractions between
fluorohydrocarbons and natural base-pairs, rather than at-
tractions between permanent dipoles or quadrupolar inter-
actions, are relevant to stability. For a duplex containing an
internal aromatic, hydrophobic pair, duplex stability is
always higher for fluorinated base surrogates than for the
parent nonfluorinated analogues. This reinforces the solva-
tion argument.[32]


We recently proposed a novel, zipperlike, interstrand
stacking recognition motif for oligodeoxynucleotide duplex-
es containing bipyridyl- (bpy) or biphenyl- (bph) C-nucleo-
tide pairs, in which the terminal phenyl rings overlap
(Figure 1).[33–35] The model is supported by the results of mo-


lecular dynamics simulations and by preliminary 1H NMR
data. This motif is well suited to a more detailed study of
stacking interactions, as it can be extended to at least seven
internal, consecutive, aromatic pairs in an oligonucleotide
duplex without the break down of the double helix struc-
ture.[35] Here we describe the synthesis and incorporation
into oligonucleotides of the pentafluorobiphenyl (5Fbph) C-
nucleoside (Figure 1). The thermal stabilities (Tm) of duplex-
es containing one, three, and four consecutive 5Fbph/5Fbph,


5Fbph/bph, and bph/bph residues were measured by record-
ing UV-melting curves, and for selected cases the thermody-
namic data of duplex formation were recorded by perform-
ing isothermal titration calorimetry (ITC).


Results


Synthesis of phosphoramidites : The C-nucleoside 7 was syn-
thesized from 2,3,5-tri-O-benzyl-d-ribono-1,4-lactone[36] and
4’-bromo-2,3,4,5,6-pentafluorobiphenyl (1),[37] by using es-
tablished pathways of C-nucleoside chemistry (see Scheme 1
and Supporting Information).[38,39] Lithiation of 1 with
nBuLi, followed by addition to the lactone, resulted in the
formation of the corresponding hemiacetal intermediates.
These were reduced with Et3SiH in the presence of a strong
Lewis acid (BF3·Et2O) to afford only one anomeric form of
the C-nucleoside 2 (b-anomer, as determined by performing
1H NMR nuclear Overhauser effect (NOE) experiments, see
Supporting Information). Debenzylation with BBr3 in
CH2Cl2 (!3) followed by selective protection of the 5’- and
3’-hydroxyl groups with 1,3-dichloro-1,1,3,3-tetraisopropyldi-


Figure 1. Chemical structures of the biaryl nucleoside analogues investi-
gated, and the proposed interstrand stacking recognition motif of such ar-
omatic units (X) in the center of an oligodeoxynucleotide duplex with
the indicated sequence.


Scheme 1. Reagents and conditions: a) 1 (1 equiv), nBuLi (1 equiv), THF,
�78 8C, 1 h, then 2,3,5-tri-O-benzyl-d-ribono-1,4-lactone (1 equiv) in
THF, �78 8C!RT, 16 h; b) Et3SiH (5 equiv), BF3·OEt2 (5 equiv), CH2Cl2,
�78 8C!RT, 16 h; c) BBr3 (3.5 equiv), CH2Cl2, �78 8C, 4 h; d) 1,3-di-
chloro-1,1,3,3-tetraisopropyldisiloxane (1.2 equiv), pyridine, RT, 16 h;
e) 1,1’-thiocarbonyldiimidazole (1.2 equiv), CH3CN, RT, 16 h; f) AIBN
(0.2 equiv), tris(trimethylsilyl)silane (1.5 equiv), toluene, 85 8C, 30 min;
g) (HF)3·NEt3 (10 equiv), THF, RT, 16 h; h) 4,4’-dimethoxytrityl (DMTr)
chloride (1.2 equiv), pyridine, RT, 4 h; i) [(iPr2N)(NCCH2CH2O)P]Cl
(1.5 equiv), iPr2NEt (3 equiv), THF, RT, 1.5 h.
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siloxane (TIPDSCl2) in pyridine afforded the TIPDS-pro-
tected nucleoside 4 in acceptable yield. The 2’-hydroxyl
group was then removed by performing Barton–McCombie
deoxygenation. For this, 4 was converted to the correspond-
ing thiocarbimidazolide 5 by using 1,1’-thiocar-
bonyldiimidazole in CH3CN, followed by treatment with
tris(trimethylsilyl)silane (TTMSS) and catalytic amounts of
a,a’-azoisobutyronitrile (AIBN) in toluene, to give the
TIPDS-protected 2’-deoxynucleoside 6 in high yield. Finally,
cleavage of the TIPDS protection group under mild condi-
tions ((HF)3·NEt3 in THF) afforded the 2’-deoxy-C-nucleo-
side 7 in good yield. The C-nucleoside 7 was subsequently
converted into the corresponding 4,4’-dimethoxytrityl
(DMTr)-protected phosphoramidite building block 9 by
using standard conditions. Treatment of 7 with 4,4’-dime-
thoxytritylchloride (DMTrCl) in pyridine (!8), followed by
addition of [(iPr2N)(NCCH2CH2O)P]Cl under slightly basic
conditions (iPr2NEt) in CH2Cl2, yielded phosphoramidite 9
in an overall yield of 5 %.


Synthesis of oligonucleotides : The 5Fbph-modified oligonu-
cleotides (for sequences see Table 1) were synthesized in the
trityl-off mode on a 1 mmol scale by using standard phos-


phoramidite chemistry. The coupling time was extended to
10 min for the modified units. In the coupling step, tetrazole
was replaced by 5-(ethylthio)-1H-tetrazole. Coupling yields
for the modified units, as judged from detritylation, were
within the same range as for nonmodified building blocks
(>98 %). After detachment from the solid support and de-
protection under standard conditions (conc. NH3, 55 8C,
16 h), the oligomers were purified by conducting HPLC, and
their structural integrity was verified by performing electro-
spray ionization mass spectrometry (ESI-MS, see Supporting
Information). The bph-modified oligonucleotides were pre-
pared as described previously.[35]


Thermal denaturation studies : Complementary oligodeoxy-
nucleotides were mixed in a 1:1 stoichiometry and subjected
to UV-melting curve analysis (Table 1). This data reveals
that insertion of one bph/bph pair decreases the Tm of the
duplex relative to that of the unmodified duplex by 2.5 K,
whereas insertion of a 5Fbph/5Fbph does not change the Tm.
For additionally inserted aromatic couples, an average in-
crease in Tm of 3.0–4.4 K/pair was observed. In all cases, du-
plexes containing only 5Fbph residues are thermally more
stable (+2.2 to + 2.7 K) than duplexes containing the same
number of bph residues. The Tm of mixed bph/5Fbph pairs
are always in between those of the homo pairs.


Isothermal titration calorimetry : To obtain a picture of the
thermodynamic data of duplex formation we performed iso-
thermal titration calorimetry experiments at 301.4�0.1 K
with duplexes containing three consecutive, modified, aro-
matic pairs. The heat versus time signals obtained for a rep-
resentative case (bph/bph) are shown in Figure 2 (top). Nor-


malization and integration of the heat capacity data gives
the enthalpy of duplex formation, which was plotted against
the molar ratio of the two single strands (Figure 2, bottom).
The association constant K and the entropy change (DS)
were obtained by applying a nonlinear fit and were used to
calculate the free energy (DG). The corresponding data for
the three cases with bph/bph, bph/5Fbph, and 5Fbph/5Fbph
pairs are given in Table 2.


The free energy (DG) values are in accordance with the
thermal melting (Tm) data. The duplex containing only
5Fbph residues is 0.9 kcal mol�1 more stable than the corre-
sponding duplex containing only bph residues. The stability


Table 1. Tm data for duplex melting obtained from UV-melting curves
(260 nm).


5’-d(GATGAC(X)nGCTAG)
3’-d(CTACTG(Y)nCGATC)


n X Y Tm [8C][a]


0 – – 45.0
1 T A 47.9
1 5Fbph 5Fbph 44.9
3 5Fbph 5Fbph 52.1
4 5Fbph 5Fbph 55.9
1 5Fbph bph 44.5
3 5Fbph bph 51.9
4 5Fbph bph 55.1
1 bph 5Fbph 44.0
3 bph 5Fbph 51.5
4 bph 5Fbph 55.0
1 bph bph 42.5
3 bph bph 49.9
4 bph bph 53.2


[a] c= 1.2 mm in NaH2PO4 (10 mm), NaCl (150 mm), pH 7.0. Estimated
error in Tm =�0.5 8C.


Figure 2. Isothermal titration calorimetry (T=301.4 K). Top: heat signal
versus time for the titration of d(GATGAC(bph)3GCTAG) (c=10.0 mm)
with d(CTACTG(bph)3CGATC) (c= 99.8 mm) in NaH2PO4 (10 mm),


NaCl (150 mm), pH 7.0; bottom: corresponding normalized heat signal
versus molar strand ratio.
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of the mixed duplex lies within this range. Interestingly, the
enthalpy of duplex formation (DH) is 4.2 kcal mol�1 more fa-
vorable in the bph duplex than in the 5Fbph duplex. Thus,
the higher thermodynamic stability of the 5Fbph duplex is of
entropic and not enthalpic origin.


CD spectroscopy: To follow structural changes as the
number n of 5Fbph pairs increases, and to support the inter-
strand stacking model, we recorded CD spectra of the corre-
sponding duplexes (Figure 3). The CD spectra are reminis-
cent of those for B-DNA. It is very likely that the gradual


red-shift of the negative maximum from 254 nm to 240 nm
for increasing numbers of 5Fbph residues reflects the increas-
ing contribution of the 5Fbph chromophore to the CD, and
not a change in the general structural motif. Furthermore,
the CD spectra are very similar to those of the bph duplex-
es.[35] The CD spectra are thus in accordance with a structure
containing highly ordered, aromatic units.


Discussion and Conclusions


The thermal melting analysis of the duplexes containing one
single 5Fbph/5Fbph or bph/bph pair shows an increased ther-
mal stability of 2.5 K for the former duplex. Interestingly,
this indicates that coplanarity of the two phenyl rings in the
biarylic unit is not necessary for the stability of this motif.
Indeed, both systems are expected to have nonplanar ar-


rangements of the two phenyl rings, although the nonplanar-
ity is much more pronounced in the case of the 5Fbph, as dis-
cernible from the rotation barrier in the gas phase (approxi-
mately 11 kcal mol�1 for 5Fbph and 2 kcal mol�1 for bph).[41]


Thus, the higher stability achieved by the 5Fbph pair may be
explained by superior stacking interactions with the neigh-
boring natural base-pairs rather than by structural factors.


One striking observation from the Tm data is that a
duplex containing a single 5Fbph or bph base-pair has a level
of thermal stability similar to that of the corresponding un-
modified duplex, and that the stability increases as each sub-
sequent hydrophobic base-pair is added. This is not the case
for duplexes containing edge-to-edge arrangements of hy-
drophobic fluorinated or nonfluorinated shape mimics of
natural base-pairs,[32] and demonstrates the importance of in-
terstrand as opposed to intrastrand stacking interactions for
duplex stability.


Although a high resolution structure of this zipper motif
has not yet been characterized, experimental evidence for it
has been obtained from the results of molecular modeling,[33]


1H NMR analysis, and from Tm and CD data in various se-
quence contexts.[35] Therefore, the data described in this
paper are relevant to the discussion of the general contribu-
tion of energy to stacking in an aqueous environment, and
in particular, to fluorinated versus nonfluorinated aromatic
hydrocarbons. In this context, the zipper motif can be re-
garded as an alternative to the “dangling end” model that
has been used by Kool and co-workers to describe base
stacking interactions in DNA.[40] Moreover, it raises the pos-
sibility of studying multiple aromatic residues in the center
of the helix that have stacking contacts to either aromatic
residues in the counter strand, or to natural adjacent base-
pairs on both faces.


Extension of n to three and four in the duplex sequence
results in an alternating stack of aromatic residues from
each strand. If quadrupolar effects were energy determining,
then the duplex with the mixed (5Fbph/bph) stack should
show the highest stability. Considering the calorimetric data
of Table 2 it becomes clear that this is not the case. The sta-
bility of the bph/5Fbph system is similar to that of the 5Fbph/
5Fbph stack and only 0.9 kcal mol�1 greater than the bph/bph
stack. The thermal melting (Tm) data (Table 1) also reflect
this behavior. The insertion of three and four aromatic pairs
results in parallel Tm increases regardless of the nature of
the aromatic unit. Therefore, the difference between Tm


values for duplexes with four 5Fbph and four bph pairs, re-
spectively, (2.7 K) is essentially the same as the difference
for duplexes with only one 5Fbph or bph pair, respectively,
(2.5 K). We can conclude that quadrupolar effects of penta-
fluorophenyl/phenyl interactions do not contribute measura-
bly to the stacking energy in this case. This is in contrast to
aryl/fluoroaryl systems in both the solid state, in which
quadrupolar effects generally dictate structure,[17,18, 26,42] and
in organic solvents, in which electrostatic models also
apply.[22b, 43]


Small, but statistically significant, differences in the en-
thalpies of duplex formation were revealed by ITC analysis,


Table 2. Thermodynamic data of duplex formation obtained by perform-
ing isothermal titration calorimetry (ITC). (For experimental conditions,
see legend for Figure 2.)


5’d(GATGACXXXGCTAG)
3’d(CTACTGYYYCGATC)
X Y -DHITC -DSITC -DGITC


[a]


[kcal mol�1] [cal K�1 mol�1] [kcal mol�1]
5Fbph 5Fbph 84.4�0.5 243�2 11.1�0.1
5Fbph bph 82.4�0.4 237�2 11.0�0.1
bph bph 88.6�0.4 260�2 10.2�0.1


[a] Calculated for T =301.4 K.


Figure 3. CD spectra of duplexes containing 0–4 5Fbph base-pairs (X=


Y = 5Fbph); c =3.6 mm in NaH2PO4 (10 mm), NaCl (150 mm), pH 7.0, T=


20 8C.
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in which bph pairing was more exothermic than 5Fbph pair-
ing (Table 2). Assuming that there is no significant differ-
ence in single-strand energies at the temperature used in the
experiment, the higher thermodynamic stability of the 5Fbph
duplex is of entropic origin. This fact does not support the
dominance of attractive van der Waals or electrostatic inter-
actions between the hydrophobic residues. It is, however, in
accordance with an enhanced hydrophobic effect for 5Fbph,
arising from desolvation. This is supported by the generally
higher values for log P and the larger surface areas of the
fluoroaryls.[32]


In conclusion, our data are compatible with a model in
which the energies of the 5Fbph versus bph interactions are
dominated by dehydration of the aromatic units during
single-strand to duplex transition. They do not support a
model in which van der Waals dispersive forces (induced di-
poles) or electrostatic (quadrupole) interactions play a dom-
inant role.


Experimental Section


Experimental details for the reactions and products of Scheme 1, for oli-
gonucleotides containing 5Fbph residues, as well as for UV-melting curve
analysis, CD spectroscopy, and isothermal titration calorimetry can be
found in the Supporting Information.


Acknowledgements


Financial support from the Swiss National Science Foundation (CJL,
grant number 200020–100178) and from the Roche Research Foundation,
Basel (AZ) is gratefully acknowledged.


[1] C. R. Cantor, P. R. Schimmel, Biophysical Chemistry Part III: The
Behavior of Biological Macromolecules, Vol. 2 (Ed.: P. C. Vapnek),
W. H. Freeman & Co., New York, 1980, pp. 1109 – 1181.


[2] W. Saenger, Principles of Nucleic Acid Structure, Springer, New
York, 1984.


[3] B. A. Schweitzer, E. T. Kool, J. Am. Chem. Soc. 1995, 117, 1863 –
1872.


[4] K. M. Guckian, J. C. Morales, E. T. Kool, J. Org. Chem. 1998, 63,
9652 – 9656.


[5] T. J. Matray, E. T. Kool, J. Am. Chem. Soc. 1998, 120, 6191 –6192.
[6] B. M. O�Neill, J. E. Ratto, K. L. Good, D. C. Tahmassebi, S. A. Hel-


quist, J. C. Morales, E. T. Kool, J. Org. Chem. 2002, 67, 5869 –5875.
[7] J. C. Morales, E. T. Kool, Nat. Struct. Biol. 1998, 5, 950 –954.
[8] S. Moran, R. X.-F. Ren, E. T. Kool, Proc. Natl. Acad. Sci. USA 1997,


94, 10 506 –10 511.
[9] D. L. McMinn, A. K. Ogawa, Y. Wu, J. Liu, P. G. Schultz, F. E. Ro-


mesberg, J. Am. Chem. Soc. 1999, 121, 11 585 –11 586.
[10] M. Berger, A. K. Ogawa, D. L. McMinn, Y. Wu, P. G. Schultz, F. E.


Romesberg, Angew. Chem. 2000, 112, 3069 – 3071; Angew. Chem.
Int. Ed. 2000, 39, 2940 – 2942.


[11] A. K. Ogawa, Y. Wu, D. L. McMinn, J. Liu, P. G. Schultz, F. E. Ro-
mesberg, J. Am. Chem. Soc. 2000, 122, 3274 –3287.


[12] E. L. Tae, Y. Wu, G. Xia, P. G. Schultz, F. E. Romesberg, J. Am.
Chem. Soc. 2001, 123, 7439 –7440.


[13] M. Berger, S. D. Luzzi, A. A. Henry, F. E. Romesberg, J. Am. Chem.
Soc. 2002, 124, 1222 –1226.


[14] C. Yu, A. Henry, F. E. Romesberg, P. G. Schultz, Angew. Chem.
2002, 114, 3997 –4000; Angew. Chem. Int. Ed. 2002, 41, 3841 –3844.


[15] E. A. Meyer, R. K. Castellano, F. Diederich, Angew. Chem. 2003,
115, 1244 –1287; Angew. Chem. Int. Ed. 2003, 42, 1210 –1250.


[16] M. R. Battaglia, A. D. Buckingham, J. H. Williams, Chem. Phys.
Lett. 1981, 78, 421 –423.


[17] C. R. Patrick, G. S. Prosser, Nature, 1960, 187, 1021.
[18] J. H. Williams, J. K. Cockcroft, A. N. Fitch, Angew. Chem. 1992, 104,


1666 – 1669; Angew. Chem. Int. Ed. Engl. 1992, 31, 1655 – 1657.
[19] J. H. Williams, Acc. Chem. Res. 1993, 26, 593 –598.
[20] C. A. Hunter, Angew. Chem. 1993, 105, 1653 –1655; Angew. Chem.


Int. Ed. Engl. 1993, 32, 1584 –1586.
[21] C. A. Hunter, X.-J. Lu, J. Chem. Soc. Faraday Trans. 1995, 91, 2009 –


2015.
[22] a) F. Cozzi, M. Cinquini, R. Annuziata, J. S. Siegel, J. Am. Chem.


Soc. 1993, 115, 5330 – 5331; b) F. Cozzi, F. Ponzini, R. Annuziata, M.
Cinquini, J. S. Siegel, Angew. Chem. 1995, 107, 1092 –1094; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1019 –1020; c) F. Cozzi, J. S. Siegel,
Pure Appl. Chem. 1995, 67, 683 –689.


[23] N. M. D. Brown, F. L. Swinton, J Chem. Soc. Chem. Commun. 1974,
770 – 771.


[24] V. E. Williams, R. P. Lemieux, G. R. J. Thatcher, J. Org. Chem. 1996,
61, 1927 –1933.


[25] G. W. Coates, A. R. Dunn, L. M. Henling, D. A. Dougherty, R. H.
Grubbs, Angew. Chem. 1997, 109, 290 – 293; Angew. Chem. Int. Ed.
Engl. 1997, 36, 248 – 251.


[26] F. Ponzini, R. Zagha, K. Hardcastle, J. S. Siegel, Angew. Chem. 2000,
112, 2413 –2415; Angew. Chem. Int. Ed. 2000, 39, 2323 – 2325.


[27] T. Liu, H.-J. Schneider, Angew. Chem. 2002, 114, 1418 – 1420;
Angew. Chem. Int. Ed. 2002, 41, 1368 –1370.


[28] G. Mathis, J. Hunziker, Angew. Chem. 2002, 114, 3335 –3338;
Angew. Chem. Int. Ed. 2002, 41, 3203 –3205.


[29] K. A. Frey, S. A. Woski, Chem. Commun. 2002, 2206 –2207.
[30] a) J. Parsch, J. W. Engels, Helv. Chim. Acta 2000, 83, 1791 –1808;


b) J. Parsch, J. W. Engels, J. Am. Chem. Soc. 2002, 124, 5664 – 5672.
[31] J. S. Lai, J. Qu, E. T. Kool, Angew. Chem. 2003, 115, 6155 – 6159;


Angew. Chem. Int. Ed. 2003, 42, 5973 –5977.
[32] J. S. Lai, E. T. Kool, J. Am. Chem. Soc. 2004, 126, 3040 –3041.
[33] C. Brotschi, A. Haeberli, C. J. Leumann, Angew. Chem. 2001, 113,


3101 – 3103; Angew. Chem. Int. Ed. 2001, 40, 3012 –3014.
[34] C. Brotschi, C. J. Leumann, Angew. Chem. 2003, 115, 1694 –1697;


Angew. Chem. Int. Ed. 2003, 42, 1655 –1658.
[35] C. Brotschi, G. Mathis, C. J. Leumann, Chem. Eur. J. 2005, in press.
[36] W. Timpe, K. Dax, N. Wolf, H. Weidmann, Carbohydr. Res. 1975, 39,


53– 60.
[37] P. J. N. Brown, M. T. Chaudhry, R. Stephens, J. Chem. Soc. C 1969,


2747 – 2750.
[38] G. A. Kraus, M. T. Molina, J. Org. Chem. 1988, 53, 752 – 753.
[39] K. Krohn, H. Heins, K. Wielckens, J. Med. Chem. 1992, 35, 511 –


517.
[40] a) K. M. Guckian, B. A. Schweitzer, R. X.-F. Ren, C. J. Sheils, P. L.


Paris, D. C. Tahmassebi, E. T. Kool, J. Am. Chem. Soc. 1996, 118,
8182 – 8183; b) K. M. Guckian, R. X.-F. Ren, N. C. Chaudhuri, D. T.
Tahmassebi, E. T. Kool, J. Am. Chem. Soc. 2000, 122, 2213 – 2222.


[41] F. Grein, J. Phys. Chem. A, 2002, 106, 3823 – 3827.
[42] C. P. Brock, D. G. Naae, N. Goodhand, T. A. Hamor, Acta Crystal-


logr. 1978, B34, 3691 – 3696.
[43] H. Adams, J.-L. Jimenez-Blanco, G. Chessari, C. A. Hunter,


C. M. R. Low, J. M. Sanderson, J. G. Vinter, Chem. Eur. J. 2001, 7,
3494 – 3503.


Received: November 8, 2004
Published online: February 15, 2005


Chem. Eur. J. 2005, 11, 2125 – 2129 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2129


FULL PAPERInteractions in Biphenyl-DNA



www.chemeurj.org






Synthesis and Structure of an Unexpected Platinum p Complex Formed from
Substituted 1,4-Diamino Ligands through an Elimination Process


Marina Gay,[a, b] �ngel M. MontaÇa,*[a] Virtudes Moreno,*[b] Merc� Font-Bardia,[c] and
Xavier Solans[c]


Introduction


Since the discovery of cisplatin as an antitumor agent, many
platinum compounds have been synthesized, but only a few
are being currently used in clinical therapy (cisplatin, carbo-
platin, oxaliplatin, and nedaplatin).[1,2] In spite of the great
efficiency of the aforementioned platinum complexes
against ovarian, bladder, and testicular cancers, these drugs
display limited activity against some of the most common
tumors in colon and breast cancer. In addition, other limita-
tions are observed in cisplatin chemotherapy, such as a vari-
ety of adverse effects and acquired resistance. The great suc-
cess of cisplatin on the one hand, and these limitations on


the other, have motivated efforts to develop new antitumor
agents with improved therapeutic properties. The goals for
the design of new platinum complexes are the synthesis of
compounds that remain active against cisplatin-resistant
cells, with a wider spectrum of antitumor activity, and with
lower toxicity than cisplatin. In order to explore possibilities
of improving antitumor activity of these kind of compounds,
we have been working on the design of new platinum(ii)
complexes with cytotoxic activity to establish structure–ac-
tivity relationship rules that could contribute to a better un-
derstanding of their mechanisms of action and to obtain
new hits and leads with promising cytoregulatory properties.


In this context, we have been working on the synthesis of
a chemical library of 1,4-diaminoligands with different de-
grees of substitution on the nitrogen atoms in order to pre-
pare the corresponding platinum(ii) complexes to evaluate
their cytotoxic activity. When we reacted 1,2-bis(N,N-dime-
thylaminomethyl)cyclohexane as a ligand with PtCl2, we ob-
tained an unexpected organometallic compound of plati-
num(ii) instead of the usual seven-membered ring chelate
formed by coordination of a platinum atom to both nitrogen
atoms of the diamino groups. Formally, one of the dimethyl-
amino groups was lost during the reaction, resulting in the
formation of a carbon–carbon double bond that coordi-
nated to platinum(ii). These kind of amino–olefin plati-
num(ii) dichloride complexes have been previously reported
in the literature,[3,4] but what is really new in the present
work, to the best of our knowledge, is the unusual formation
process of a p complex from a N,N-disubstituted 1,4-diamine
ligand.


Abstract: An unusual reactivity of cis-
1,2-bis[(N,N-dimethylamino)methyl]
cyclohexane with PtCl2 was observed,
resulting in the formation of a plati-
num(ii) p-olefin complex instead of the
conventional square-planar cis PtII co-
ordination complex with the diamino
ligand. This behavior was interpreted


on the basis of the steric hindrance of
the dimethylamino groups whose elec-
tron lone pairs are barely accessible to


a platinum atom, which can make it
difficult for both dimethylamino groups
to bind platinum at the same time. This
complex has been physically and spec-
troscopically characterized and its
structure has been confirmed by using
X-ray diffraction analyses on single
crystals.


Keywords: antitumor agents · di-
amines · elimination · pi complex ·
platinum
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The preparation and structural characterization of the
new compound is reported here, and a possible mechanism
to explain its formation from the diamino ligand is also pro-
posed. The organometallic compound is being evaluated as
a potential antitumor compound due to accepted knowledge
that the main pharmacological target of platinum com-
pounds is DNA,[5,2f] so in this case the platinum–carbon
bond could facilitate the formation of a DNA adduct[6] be-
cause of an enhanced trans effect.[3]


Results and Discussion


The synthesis of this new compound was carried out starting
from commercially available cis-3,3,6,6-tetrahydrophthalic
anhydride.[7] Hydrolysis of anhydride 1 led to the formation
of cis-3,3,6,6-tetrahydrophthalic acid 2, whose amidation was
easily accomplished by refluxing it with hexamethylphos-
phorus triamide (HMPT) in benzene. Diamine 4 was ob-
tained by reduction of diamide 3 with LiAlH4. Catalytic hy-
drogenation of 4 afforded the desired saturated diamine 5.
The synthetic pathway to prepare ligand 5 and the yields of
each step are shown in Scheme 1.


The preparation of platinum(ii) complex 6 was carried out
by using PtCl2 as reagent and CH2Cl2 as solvent (see
Scheme 2). Diamine 5 was completely soluble in CH2Cl2,
but PtCl2 was only partially soluble in it at 25 8C, which ex-
plains the low reaction rate (15 days of reaction time were
necessary in order to get complete conversion of the sub-
strate). Complex 6 was isolated as a yellow solid and was
purified by crystallization in hot acetonitrile, affording
yellow crystals suitable for X-ray analysis.


Complex 6 was studied, in the solid state, by using ele-
mental analysis, mass spectrometry, and FTIR spectroscopy
and, in solution, by using high-field 1H NMR spectroscopy.
Its structure was confirmed by X-ray diffraction analysis.


It is worth noting that only one of the two possible dia-
stereoisomers of p complex 6 has been detected and isolat-
ed. Analysis by using molecular modeling suggests that the
p complexation of platinum by the other face of the methyl-
idene group should result in modification of the cyclohexane


conformation, placing the dimethylamino and the methyl-
idene groups in a quasi-diaxial position, thus energetically
unfavorable. Even though the other diastereoisomer could
have formed, but was not detected, the isolated and charac-
terized isomer 6 should be the major isomer according to
the mass balance. The stereoselection in metal–olefin com-
plexation is well known in the literature when applied to
chiral ligands.[8]


NMR studies on complex 6 : The assignment of individual
proton signals in the 1H NMR spectrum was based on
J(H,H) coupling constant values and was confirmed by 2D
COSY experiments. The effect of the coordination of the
methylidene group ligand to platinum and the back-dona-
tion effect were observed by using 1H NMR spectroscopy.
Thus, protons H1’’ in 6 appeared at higher fields (d= 4.21
and 4.51 ppm) than similar hydrogens belonging to a typical
non-coordinated double bond (d= 4.63 and 4.88 ppm, re-
spectively). Moreover, 195Pt satellites were observed in the
1H NMR spectrum for the two protons H1’’ (2J(Pt, H1’’a)=


65.7 Hz, 2J(Pt, H1’’b)=76.8 Hz) (see Figure 1).


Structure determination of complex 6 by X-ray crystallogra-
phy : Details of the structure determination are given in the
Experimental Section. Crystallographic data and selected
bond distances and angles are quoted in Tables 1 and 2. In
Figure 2, an ORTEP view of the X-ray crystal structure of 6
is shown. This molecular representation shows that the
structure of 6 corresponds to the diastereoisomer that has
the lower steric hindrance between the methyl groups and
the cyclohexane ring. Complex 6 adopts a square-planar ge-
ometry, in which the C=CH2 group is located perpendicular
to the plane containing the platinum and chlorine atoms.
Angles of the C=CH2 moiety indicate that the double-bond
geometry is not exactly coplanar. Moreover, the C2’�C1’’
bond length is 1.38 �. These two experimental data are con-
sistent with a back-donation effect. In addition, it is possible


Abstract in Spanish: Se ha observado una reactividad inusual
de cis-1,2-bis[(N,N-dimetilamino)metil]ciclohexano con
PtCl2, que conduce a la formaci�n de un complejo p-olef�ni-
co de platino (ii) en lugar del complejo de coordinaci�n con-
vencional cis cuadrado plano de PtII con el ligando diamina-
do. Este comportamiento se puede interpretar sobre la base
del impedimento est�rico de los grupos dimetilamino, cuyos
pares de electrones solitarios son dif�cilmente accesibles al
�tomo de platino y este hecho dificulta que ambos grupos di-
metilamino puedan coordinarse al platino al mismo tiempo.
Este compuesto se ha caracterizado f�sica y espectrosc�pica-
mente y su estructura se ha confirmado mediante difracci�n
de rayos X de monocristal.


Figure 1. Detail of the 195Pt satellites for the H1’’ signal in the 1H NMR
spectrum of 6 (300 MHz).
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to observe that the cyclohexane ring adopts a chair confor-
mation to minimize the steric repulsions. Finally, the C1-N1-
C1iv angle (105.68) is large enough to minimize the steric re-
pulsion between the methyl groups.


Proposed formation mechanism of compound 6 : A possible
mechanism to explain the formation of complex 6 is shown
in Scheme 3. The first step could be the labile ligand coordi-
nation on the amino groups by platinum, forming an unsta-


ble seven-membered ring chelate 5’. The second step could
be the abstraction of a hydride group by the platinum
atom.[9] A third step, involving a molecular rearrangement,
is imagined to generate the precursory cis-diaminodichloro-
platinum(ii) complex 5’’’. A final step in which the dimethyl-
amine ligand is shifted by the p system of the methylidene
group could afford the final complex 6. This behavior could


Scheme 1. Synthetic pathway of ligand 5. a) H2O/HCl, RT, 16 h; b) HMPT, N2, anhydrous benzene, reflux, 30 min; c) LiAlH4, N2, anhydrous Et2O, reflux,
1 h; d) H2, Pd/C, EtOH, RT, 7 h.


Scheme 2. Synthesis of compound 6. a) CH2Cl2, RT, 15 days.


Table 1. Crystal data for compound 6.


molecular formula C10H19Cl2NPt
formula weight [g mol�1] 419.25
T [K] 293(2)
l (MoKa) [�] 0.71069
crystallographic system monoclinic
space group P21/m
a [�] 8.4980(10)
b [�] 16.5210(10)
c [�] 9.5350(10)
a [8] 90
b [8] 113.106(10)
g [8] 90
V [�3] 1231.3(2)
Z 4
1calcd [Mg m�3] 2.262
m [mm�1] 11.793
F (000) 792
V [8] 2.47–33.40
h, k, l range �11�h�10, 0�k�24,


0� l�13
number of registered reflections 7247
number of independent reflections 2960
[Rint (on F)] 0.0355
method of refinement full-matrix least-squares on F2


number of data 2960
number of parameters 127
goodness-of-fit on F 2 1.117
R final [I>2s(I)] R1 =0.0317, wR2 = 0.0987
R index (all data) R1 =0.0365, wR2 = 0.1021
largest difference peak and hole
[e�3]


0.787 and �0.886


Table 2. Selected bond lengths [�] and angles [8] for compound 6.


Pt�N1 2.077(4) Cl1-Pt-Cl2 95.84(6)
Pt�C1’’ 2.120(4) C1-N1-Pt 104.2(3)
Pt�C2’ 2.149(6) C1’’’-N1-Pt 114.0(3)
Pt�Cl1 2.2876(18) C1iv-N1-Pt 115.4(3)
Pt�Cl2 2.3409(14) C1’’-C2’-Pt 70.0(3)
N1�C1 1.463(8) C1’-C2’-Pt 98.2(4)
N1�C1’’’ 1.520(6) C3’-C2’-Pt 124.1
N1�C1iv 1.526(6) C2’-C1’’-Pt 72.3(3)
C1�C1’ 1.586(8) C1-N1-C1’’’ 108.5(4)
C1’�C6’ 1.485(8) C1-N1-C1iv 108.9(4)
C1’�C7’ 1.529(7) C1’’’-N1-C1iv 105.6(5)
C6’�C5’ 1.624 (10) N1-C1-C1’ 111.4(4)
C5’�C4’ 1.484(10) C1’’-C2’-C1’ 118.3(5)
C4’�C3’ 1.488(8) C1’’-C2’-C3’ 122.0(5)
C3’�C2’ 1.550(8) C6’-C1’-C2’ 103.1(5)
C2’�C1’’ 1.383(6) C6’-C1’-C1 115.2(4)
N1-Pt-C1’’ 97.12(18) C2’-C1’-C1 113.0(4)
N1-Pt-C2’ 91.0(2) C1’-C6’-C5’ 113.1(5)
C1’’-Pt-C2’ 37.79(16) C4’-C5’-C6’ 113.3(5)
N1-Pt-Cl1 179.19(11) C5’-C4’-C3’ 107.4(6)
C1’’-Pt-Cl1 82.63(14) C4’-C3’-C2’ 109.3(5)
C2’-Pt-Cl1 88.35(17) C1’-C2’-C3’ 114.5(4)
N1-Pt-Cl2 84.67(14) H1a’’-C1’’-H1b’’ 113.3
C1’’-Pt-Cl2 158.98(13) C2’’-C1’’-H1a’’ 116.3
C2’-Pt-Cl2 163.12(12) C2’’-C1’’-H1b’’ 116.3


Figure 2. ORTEP view of molecule 6.
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be interpreted on the basis of the steric hindrance of the di-
methylamino groups that would create high steric strain on
the seven-membered ring of the diamino complex 5’. On the
other hand, the electron lone pairs of both nitrogen atoms
are barely accessible simultaneously by the platinum atom
which could destabilize the diamino complex.


Experimental Section


Materials and methods : All reactants were purchased from commercial
suppliers and used without further purification. Reactions that required
an inert atmosphere were conducted under dry nitrogen and the glass-
ware was oven dried (120 8C). THF, Et2O, and benzene were distilled
from sodium/benzofenone prior to use. CH2Cl2 was dried by refluxing it
over CaH2 under nitrogen. Elemental analyses (C, H, N, S) were carried
out on a Carlo Erba EA1108 apparatus. Infrared spectra were recorded
on a FTIR NICOLET 510 spectrophotometer in a 4000–400 cm�1 range.
NMR spectra were obtained on a Varian Gemini-200, a Varian Unity-300
plus, or a Varian VXR-500 apparatus using CDCl3 or [D6]DMSO as sol-
vent. 1H NMR spectra were obtained at 200, 300, or 500 MHz frequencies
and chemical shifts are given in ppm relative to tetramethylesilane
(TMS). 13C NMR and distortionless enhancement by polarization transfer
(DEPT) experiments were recorded at 50 or 75 MHz and were refer-
enced to the 77.0 ppm resonance of CDCl3. Mass spectra were run on a
Fisons VG Quattro triple quadrupole analyzer in the m/z 1800–200
range, using MeCN–H2O as solvent under electrospray (ES-MS), or on a
Hewlett-Packard 5890 mass spectrometer using a chemical ionization
(CI) technique (conditions are specified for each case, DIP =direct inser-
tion probe, FAB-MS = fast atom bombardment mass spectrometry,
NBA= 3-nitrobenzyl alcohol). Melting points were measured on a Galen-
kamp and a Stuart Scientific SMP3 apparatus. Conductivity was mea-
sured on CRISON Micro CM 2200 equipment.


Synthesis of cis-cyclohex-4-ene-1,2-dicarboxylic acid (2): 3,3,6,6-Tetrahy-
drophthalic anhydride (1.178 g, 7.09 mmol) was dissolved in acetic acid
(2 mL) and water (10 mL). To this, four drops of 36% w/w hydrochloric
acid were added. The mixture was stirred overnight at room temperature.
The solvent was removed under vacuum to give a white solid (1.171 g,
100 %). M.p. 169–170 8C; 1H NMR (200 MHz, CDCl3, 25 8C): d =2.36–
2.69 (m, 4 H; H3, H6), 3.10 (dd, J1(H,H) =5.1, J2(H,H) =5.1 Hz, 2H; H1,
H2), 5.69 ppm (s, 2 H; H4, H5); 13C NMR (50 MHz, CD3OD): d=23.2
(C3, C6), 36.8 (C1, C2), 122.3 (C4, C5), 173.3 ppm (C1’, C1’’); IR (KBr):
ñ= 3300–2300 (COO�H), 1680 cm�1 (C=O); MS (70 eV, DIP-CI-NH3):
m/z (%): 205 (10) [M+N2H7]


+ , 188 (100) [M+NH4]
+ , 171 (3) [M+H]+ .


Synthesis of cis-N,N,N’,N’-tetramethylcyclohex-4-ene-1,2-dicarboxamide
(3): To a suspension of 2 (300 mg, 1.765 mmol) in anhydrous benzene


(2 mL), hexamethylphosphorous triamide (0.32 mL, 1.765 mmol) was
added and the mixture refluxed for 30 min. The resulting cloudy solution
was allowed to cool down to room temperature and a saturated aqueous
solution of NaHCO3 (2 mL) was added under strong stirring. The layers
were separated and the aqueous layer was extracted with methylene
chloride (4 � 2 mL). The organic phases were combined, dried over
MgSO4, filtered, and concentrated to dryness to give a colorless oil that
solidified after a few hours to form a white solid. The solid was washed
with hexane and purified by crystallization from ether at �78 8C (348 mg,
88%). M.p. 65–70 8C; 1H NMR (200 MHz, CDCl3, 25 8C): d=2.03–2.12
(m, 2 H; H3, H6), 2.31–2.47 (m, 2H; H3, H6), 2.73 (s, 3H; H1’’’, H1iv,
H1v, or H1vi), 2.75 (s, 3 H; H1’’’, H1iv, H1v, or H1vi), 2.85 (s, 3H; H1’’’, H1iv,
H1v, or H1vi), 2.87 (s, 3 H; H1’’’, H1iv, H1v, or H1vi), 2.85–2.92 (m, 2 H; H1,
H2), 5.52–5.55 ppm (m, 2H; H4, H5); 13C NMR (50 MHz, CD3OD): d=


26.5 (C3, C6), 35.5 (C1iv, C1vi), 36.0 (C1, C2), 37.4 (C1’’’, C1v), 124.9 (C4,
C5), 174.0 ppm (C1’, C1’’); IR (KBr): ñ=3010, 2930, 1645 (C=O),
1090 cm�1; MS (70 eV, DIP-CI-NH3): m/z (%): 225 (100) [M+H]+ , 180
(12) [M�NMe2]


+ , 171 (3) [M+H]+ .


Synthesis of dimethyl-({(1R*,6S*)-6-[(dimethylamino)methyl]cyclohex-3-
en-1-yl}methyl)amine (4): To a suspension of lithium aluminum hydride
(70 mg, 1.837 mmol) in anhydrous diethyl ether (2 mL), a solution of dia-
mide 3 (300 mg, 1.531 mmol) in dry THF (1 mL) was added. The mixture
was refluxed for 1 h and was then quenched by slow and cautious addi-
tion of water (0.12 mL) in an ice bath. Afterwards, NaOH aqueous so-
lution (15 % w/w, 0.12 mL) and water (0.38 mL) were successively added.
The resulting white precipitate was filtered off, washed twice with ether,
and discarded. The organic solutions were combined together, dried over
anhydrous magnesium sulfate, filtered, and concentrated to dryness
under vacuum to give a colorless oil (300 mg, 82 %). 1H NMR (200 MHz,
CDCl3, 25 8C): d= 2.20 (s, 12 H; H1’’’, H1iv, H1v, H1vi), 1.87–2.30 (m, 10 H;
H1’, H2’, H5’, H6’, H1, H1’’), 5.64 ppm (s, 2 H; H3’, H4’); 13C NMR
(50 MHz, CD3OD): d= 28.3 (C2’, C5’), 33.0 (C1’, C6’), 46.0 (C1’’’, C1iv,
C1v, C1vi), 60.6 (C1, C1’’), 125.9 ppm (C3’, C4’); IR (film): ñ =3020, 2970,
2940, 2900, 2860, 2820, 2770, 1650, 1095 cm�1; MS (70 eV, DIP-CI-NH3):
m/z (%): 214 (3) [M+NH4]


+ , 197 (33) [M+H]+ , 184 (100) [M�Me]+ .


Synthesis of dimethyl-({(1R*,2S*)-2-[(dimethylamino)methyl]cyclohex-
yl}methyl)amine (5): A solution of diamine 4 (150 mg, 0.765 mmol) in ab-
solute ethanol (5 mL) was added under a nitrogen atmosphere to a 10%
Pd/C catalyst (30 mg). The reaction mixture was pumped out and back-
filled with hydrogen four times in order to remove traces of oxygen
which could passivate the catalyst. A hydrogen atmosphere was establish-
ed and the reaction mixture was stirred strongly for 7 h. The catalyst was
removed by filtration through Celite	 and the organic solution concen-
trated to dryness to give a colorless oil (133 mg, 88%). The conversion
and the chemical selectivity were observed to be complete by using TLC
and GC analyses but the yield was not quantitative due to the adsorption
of a certain amount of product onto the fine particles of catalyst, even
though we tried to release it by suspending the catalyst fine powder in


Scheme 3. Proposal of a mechanism for the formation of complex 6.
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ethanol in a sonication ultrasound bath. 1H NMR (200 MHz, CDCl3,
25 8C): d =1.34–1.56 (m, 8H; H3’, H4’, H5’, H6’), 1.94–2.03 (m, 2H; H1’,
H2’), 2.19 (s, 12 H; H1’’’, H1iv, H1v, H1vi), 2.25–2.32 ppm (m, H1; H1’’);
13C NMR (50 MHz, CD3OD): d =23.6 (C4’, C5’), 27.6 (C3’, C6’), 35.4
(C1’, C2’), 45.7 (C1’’’, C1iv, C1v, C1vi), 60.0 ppm (C1, C1’’); IR (film): ñ=


2927, 2855, 2815, 2763, 1458, 1261, 1169, 1040 cm�1; MS (70 eV, DIP-CI-
NH3): m/z (%): 200 (15) [M+H]+ , 199 (100) [M+H]+ , 184 (37)
[M�Me]+ .


Synthesis of dichloro{h2-dimethyl[(2-methylidenecyclohex-1-yl)methyl]-
amino}platinum(ii) (6): A solution of 5 (170 mg, 0.859 mmol) in dry
CH2Cl2 (20 mL) was added to a brown suspension of PtCl2 (228 mg,
0.859 mmol) in CH2Cl2 (50 mL), in the dark. The reaction mixture was
stirred at room temperature (25 8C) for fifteen days. After this time, the
formation of metallic platinum (Pt0) was observed. The suspension was
filtered to remove metallic platinum particles and stirred for two addi-
tional days. A yellow solid then formed, which was filtered out and dried.
The mother liquor from the filtration was concentrated to dryness to
obtain an orange oil that was lixiviated with acetonitrile at room temper-
ature. The remaining residue on the flask was a homogeneous yellow
solid of the same composition as the solid obtained by filtration. Both
solids were combined together, dissolved in hot acetonitrile, and left to
stand at room temperature for two days to obtain yellow crystals
(201 mg, 58 %). M.p. 223–225 8C; 1H NMR (300 MHz, [D6]DMSO, 25 8C):
d=1.11 (dddd, J1(H,H) = 3.8, J2(H,H) = J3(H,H) = J4(H,H) = 12.1 Hz, 1 H;
H6’a), 1.35 (ddddd, J1(H,H) =J2(H,H) =3.9, J3(H,H) =J4(H,H) =


J5(H,H) =12.7 Hz, 1H; H4’a), 1.59 (ddddd, J1(H,H) =J2(H,H) =3.9,
J3(H,H) =J4(H,H) =J5(H,H) =12.9 Hz, 1 H; H4’b), 1.75–1.80 (m, 1H;
H5’a), 1.93–2.02 (m, 2H; H5’b, H6’b), 2.22 (dd, J1(H,H) =4.3, J2(H,H) =


12.2 Hz, 1H; H1a), 2.27–2.29 (m, 1H; H3’b), 2.40 (ddd, J1(H,H) =4.1,
J2(H,H) =J3(H,H) =12.3 Hz, 1H; H3’b), 2.67 (dddd, J1(H,H) =J2(H,H) =


3.9, J3(H,H) =J4(H,H) =12.3 Hz, 1 H; H1’), 2.79–2.96 (m, 1H; H1b), 2.83
(s, 3 H; H1’’’), 2.92 (s, 3H; H1iv), 4.21 (s, 1H; H1’’a), 4.21 (d, J(Pt,H) =


65.7 Hz, 1 H; H1’’a), 4.59 (s, 1 H; H1’’b), 4.59 ppm (d, J(Pt,H) =76.8 Hz,
1H; H1’’b); IR (KBr): ñ=3070 (Csp2�H, st), 2927, 2855, 1650 (C=C, st),
1508, 1462, 1451, 1119, 1009, 926, 831 cm�1; FAB-MS (NBA) m/z : 498,
460, 383; elemental analysis calcd (%) for C10H19Cl2NPt (419.25 gmol�1):
C 28.65, H 4.57, N 3.34; found: C 28.96, H 4.79, N 3.45.


X-ray diffraction analysis : A [PtCl2L’] prismatic crystal (0.1 � 0.1�
0.2 mm) was selected and mounted on a MAR345 image plate detector
system. Unit-cell parameters were determined from automatic centering
of 6697 reflections (3<V<318) and refined by using the least-squares
method. Intensities were collected with graphite monochromatized MoKa


radiation. 7247 reflections were measured in the range 2.47<V<33.40,
2960 of which were non-equivalent by symmetry (Rint (on I)=0.035).
2543 reflections were assumed as observed by applying the condition I>
2s(I). Lorentz polarization and absorption corrections were made.


The structure was solved by direct methods using the SHELXS computer
program[10] and refined by using the full-matrix least-squares method
with the SHELXS-96 computer program,[11] using 2960 reflections (very
negative intensities were not assumed to be present). The function mini-
mized was: �w[F2


o�F2
c]


2, where w= [s2(I) + (0.0745P)2 + (0.4463P)]�1, and
P= [F2


o +2F2
c]/3; f, f’, and f’’ were taken from the International Tables of


X-ray Crystallography.[12] All the H atoms were computed and refined
using a riding model with isotropic temperature factor equal to 1.2 times
the equivalent temperature factor of the atoms which are linked. The


final R(on F) factor was 0.031, wR(on [F]2) was 0.098, and goodness of fit
was 1.117 for all observed reflections. The number of refined parameters
was 127. The maximum shift/esd =0.00 and the mean shift/esd =0.00. The
maximum and minimum peaks in the final difference synthesis were
0.787 and �0.886 e��3, respectively.


CCDC-257127 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Is It Possible To Get High TC Magnets with Prussian Blue Analogues?
A Theoretical Prospect


Eliseo Ruiz,*[a] Antonio Rodr�guez-Fortea,[a] Santiago Alvarez,[a] and
Michel Verdaguer[a, b]


The search for molecule-based compounds with long-
range magnetic order at room temperature is one of the cur-
rent goals of research in the field of molecular magnet-
ism.[1,2] Presently, two families of molecule-based materials
behave as room-temperature magnets. The first family can
be formulated as V[TCNE]x·y CH2Cl2 and was obtained by
Manriquez et al. when looking for vanadium-based charge-
transfer materials. The samples decompose below TC and a
complete characterization of this system is still in progress.[3]


The second family of materials that behave as room-temper-
ature magnets, V[Cr(CN)6]x·nH2O, was obtained in 1995 by
Ferlay et al.[4] This amorphous Prussian blue analogue has a
Curie temperature of 315 K and a low magnetization at sat-
uration (0.15 mB). It is an air-sensitive compound that con-
tains VII and VIII cations. Other members of the Prussian
blue family with vanadium and chromium cations have since
been obtained by other authors,[5] and these have higher
Curie temperatures[5,6] and saturation magnetizations in line
with their stoichiometry.[7,8] Two significant improvements of
the synthetic procedure have led to better organized sam-


ples. Thus, a sol–gel approach and the use of potassium
countercations allowed Girolami and Holmes to get a crys-
talline analogue with which a TC value of 376 K was
reached, the highest in the series.[6] On the other hand, the
use of catalytic amounts of VIII during the synthesis allowed
Garde et al. to obtain stoichiometric CrIIIVII compounds
presenting the expected magnetization at saturation.[7]


Few theoretical studies have been devoted to the elec-
tronic structure and magnetic behavior of the Prussian blue
analogues that show magnetic order at room temperature,
probably because its exact crystal structure is unknown and
because the symmetry of the real compounds is low. The
first theoretical studies[9,10] were reported by the same au-
thors who prepared the compound, by using the extended-
H�ckel method for dinuclear models. They applied the
Kahn–Briat model[11,12] and attributed the exchange interac-
tion to the overlap between magnetic orbitals through the p


system. Siberchicot et al. employed the augmented spherical
waves (ASW) method to perform calculations and analyzed
the spin distribution in periodic structures of two well-char-
acterized Prussian blue analogues of formula CsM[Cr(CN)6]
(M= Mn, Ni).[13] Hartree–Fock calculations for idealized pe-
riodic models of KM[Cr(CN)6] (M =VII, MnII and NiII) and
Cr[Cr(CN)6] were reported by Harrison et al. during studies
of the exchange coupling and the electronic structure of
these materials.[14] Nishino et al. employed density functional
methods for a molecular model [(NC)6-M-CN-M’-(CN)6] to
study the exchange interactions, and their results compare
well with experimental data of six different Prussian blue
analogues (M= CrIII, M’=VIII, CrIII, VII, MnII, NiII, and M=


VII, M’=MnII).[15,16] Weihe and G�del have performed a
study of the exchange coupling in Prussian blue analogues
using a valence bond configuration interaction (VBCI)
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Abstract: Theoretical methods based on density functional theory have been em-
ployed to search for Prussian blue analogues with Curie temperatures higher than
the ones reached today. Our study suggests several possible cyano-bridged com-
pounds as candidates to present stronger exchange coupling and higher ordering
temperatures than the well known CrIIIVII derivatives.
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model and some parameterization to obtain estimates of the
critical temperatures for such compounds.[17]


According to well-understood orbital rules,[10,18] exchange
interactions between two transition-metal atoms with local-
ized electrons mediated by bridging ligands are antiferro-
magnetic (i.e., electrons in the two metal atoms prefer to
align their spins in an antiparallel way) if they involve elec-
trons in d orbitals of the same symmetry (e.g., t2g orbitals in
octahedrally coordinated metals), but ferromagnetic (i.e. ,
parallel spins) between orbitals of different symmetry (e.g.,
t2g in one metal and eg in the other). Notice that the symme-
try notations used here are the ones for an idealized local
Oh point group on each metallic center, suitable for a three-
dimensional material, but do not represent a precise symme-
try label in a dinuclear complex or a two-dimensional com-
pound. Although exceptions to these simple rules exist and
have been analyzed by Tsukerblat in the framework of the
Anderson model,[19–21] most of the presently available Curie
temperatures for Prussian blue analogues (Table 1) agree
with those expectations. Thus, among the compounds with
high ordering temperatures one finds C-coordinated CrIII


and N-coordinated VII, both metal ions having a t2g
3 electron


configuration, a situation for which the strongest antiferro-
magnetic interaction and the highest TC are to be expect-
ed.[9,10, 17] Antiferromagnetic coupling in cubic Prussian blue
analogues AM’[M(CN)6] (Figure 1, left), where A is an alka-
line metal cation and both M and M’ are d3 ions, should
result in cancellation of the two local spins (S + S’=3/2�3/
2=0) below the magnetic ordering temperature and one
would be left with a diamagnetic behavior. However, in the
experimentally characterized AzM’[M(CN)6]x compounds,
the stoichiometric ratio between the two metals is 1:x and a
net spin of j3(1�x) j /2 results, responsible for a net magneti-
zation below TC. It follows that, for t2g


3 ions, the closer the
M’:M stoichiometry is to 1:1, the smaller the net magnetiza-
tion is, as actually found by Holmes and Girolami.[6]


With all the other paramagnetic pairs implied in ferrimag-
netically ordered systems, the Curie temperatures are lower
than with CrIII–VII. An alternative way to obtain a net mag-
netization in a Prussian blue with AM’[M(CN)6] stoichiome-
try consists of having ferromagnetic coupling between M
and M’. According to the orbital rules discussed above, the
electron configurations corresponding to the most efficient
ferromagnetic interaction (and highest ferromagnetic order-


ing) are M(t2g
3) and M’(t2g


6 eg
2). Experiment reveals (Table 1)


that this is a much less effective strategy, since the ordering
temperatures achieved in this way are below 90 K (Table 1).
To find Prussian blue analogues with the highest possible or-
dering temperature, it seems appropriate to search for the
strongest antiferromagnetic coupling constant J between


Abstract in Spanish: M�todos te�ricos basados en la Teor�a
del Funcional de la Densidad se han empleado en la bfflsque-
da de compuestos de la familia de los Azules de Prusia con
temperaturas de Curie m�s altas que en los sistemas conoci-
dos actualmente. Nuestro estudio sugiere que varios com-
puestos con puentes cianuro no sintetizados todav�a son
buenos candidatos a presentar un acoplamiento de intercam-
bio m�s fuerte y una temperatura de ordenamiento magn�tico
m�s alta que los compuestos de CrIIIVII ampliamente estudia-
dos.


Table 1. Experimental TC [K] values for some Prussian blue analogues.


MM’ Compound Configuration Tc Ref.


CrIIIVII [a] KV[Cr(CN)6]·2 H2O t2g
3–t2g


3/t2g
2 376 [6]


CrIIIVII/
VIII


K0.058V[Cr(CN)6]0.79(SO4)0.058 t2g
3–t2g


3/t2g
2 372 [5]


K0.50V[Cr(CN)6]0.95·1.7 H2O t2g
3–t2g


3/t2g
2 350 [5]


V[Cr(CN)6]0.86·2.8 H2O t2g
3–t2g


3/t2g
2 315 [4]


V[Cr(CN)6]0.69(SO4)0.23·3.0 H2O t2g
3–t2g


3/t2g
2 315 [8]


CrIIICrII [Cr5(CN)12]·10 H2O t2g
3–t2g


3 eg
1 240 [50]


MnIIVII (Et4N)0.5Mn1.25[V(CN)5]·2H2O t2g
3 eg


2–t2g
3 230 [51]


CrIIICrII Cs2/3Cr[Cr(CN)6]8/9·4.4 H2O
[b] t2g


3–t2g
3 eg


1 190 [50]


VIIMnII Cs2 Mn[V(CN)6] t2g
3–t2g


3 eg
2 125 [51]


CrIIIVIV (VO)[Cr(CN)6]2/3·3.3 H2O t2g
3–t2g


1 115 [52]


CrIIIMnII CsMn[Cr(CN)6] t2g
3–t2g


3 eg
2 90 [53]


(NMe4)Mn[Cr(CN)6] t2g
3–t2g


3 eg
2 59 [54]


MnIVMnII Mn[Mn(CN)6]·1.14 H2O t2g
3–t2g


3 eg
2 49 [55, 56]


CoIICoII Co3[Co(CN)5]2·8 H2O t2g
6 eg


1–t2g
5 eg


2 38 [57]


MnIIMnII K2Mn[Mn(CN)6] t2g
5–t2g


3 eg
2 41 [58]


MnIIIMnII CsMn[Mn(CN)6]·0.5 H2O t2g
4–t2g


3 eg
2 41 [58]


(NMe4)[Mn2(CN)6] t2g
4–t2g


3 eg
2 28 [54]


MnIIMnIII Mn3[Mn(CN)6]2·12H2O t2g
5–t2g


3 eg
1 37 [58]


Mn3[Mn(CN)6]2·12H2O·1.7 CH3OH t2g
3 eg


2–t2g
4 29 [59]


MnIIIMnIII Mn[Mn(CN)6] t2g
4–t2g


3 eg
1 31 [56]


MnIIIVIII V[Mn(CN)6] t2g
4–t2g


2 28 [56]


MnIIICrIII Cr[Mn(CN)6] t2g
4–t2g


3 22 [56]


FeIIICoII Co3[Fe(CN)6]2 t2g
5–t2g


5 eg
2 14 [60]


FeIIIMnII Mn3[Fe(CN)6]2 t2g
5–t2g


3 eg
2 9 [61]


FeIIIFeII Fe4[Fe(CN)6]3·xH2O t2g
5–t2g


4 eg
2 6[c] [62]


FeIIINiII Ni3[Fe(CN)6]2 t2g
5–t2g


6 eg
2 24[c] [60]


MnIIINiII Ni3[Mn(CN)6]2·12H2O t2g
4–t2g


6 eg
2 30[c] [63]


CsNi[Mn(CN)6]·H2O t2g
4–t2g


6 eg
2 42[c] [63]


CrIIINiII Ni3[Cr(CN)6]2·9H2O t2g
3–t2g


6 eg
2 60[c] [63, 64]


CsNi[Cr(CN)6]·2H2O t2g
3–t2g


6 eg
2 90[c] [64]


[a] Although this compound is formulated as stoichiometric, a certain
amount of VIII is present that is responsible for its ferrimagnetic behavior.
[b] Or Cs6Cr9[Cr(CN)6]8·40H2O. [c] The critical temperature in those cases
corresponds to a ferromagnetic state, at difference with other compounds
in which it corresponds to ferrimagnetic ordering.


Figure 1. Ideal lattice corresponding to a Prussian-blue analogue (left)
and molecular model extracted from the periodic lattice (right). In the li-
gands, the black spheres correspond to carbon, white spheres to nitrogen
atoms.
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two metallic sites M and M’ with different local spins, com-
bined with an optimized number of unpaired electrons. We
suggest that this goal can be sensibly achieved by means of
a) calculations of J values on model complexes, using the
nowadays standard computational techniques[22–25] that have
been successfully applied to a variety of di- and polynuclear
transition-metal complexes (see the Computational Details
section), b) using the molecular mean field model to evalu-
ate TC from jJ j . To compute the nearest neighbor coupling
constant J, we use model dinuclear complexes [(NC)5M-CN-
M’(NC)5]


n� (Figure 1, right), coincident with the models pre-
viously used by Nishino et al.,[15, 16] or their protonated ana-
logues [(HNC)5M-CN-M’(NCH)5]


m + . Previous studies on di-
nuclear models showed[26] that the experimental behavior is
intermediate between those calculated for molecular models
with unprotonated and protonated bridging ligands. The dif-
ferent model molecules studied below have been chosen 1)
to check that the calculations reproduce the experimental
trends in the J values; 2) to gain new insights into the gener-
al behavior of this family of compounds and 3) to make pre-
dictions about new Prussian blue analogues that should
present higher magnetic ordering temperatures and yet un-
prepared. The following groups of compounds will be dis-
cussed: a) Compounds with t2g


3 and t2g
3 electron configura-


tions at the two metal atoms, antiferromagnetically coupled,
that could yield high-temperature M’[M(CN)6]x (x<1) mag-
nets; b) potential ferrimagnetic systems formed by metal
ions with electron configurations t2g


m and t2g
n that favor anti-


ferromagnetic nearest-neighbor coupling, resulting in net
magnetization for compounds with the M’[M(CN)6] stoichi-
ometry; c) compounds with electron configurations that pro-
duce ferromagnetic coupling. The comparison of these three
sets of calculations should allow us to evaluate possible
strategies for the design of new high TC Prussian blue mag-
nets.


From electronic structure calculations on a dinuclear
model we can obtain the coupling constant J, but not the
Curie temperature. Instead, we use the approximate mean-
field expression derived from Langevin, Weiss, and N�el
[Eq. (1)],[27,28] which provides a bridge between the experi-
mentally determined TC and the computable exchange cou-
pling constant between nearest M and M’ neighbors, J.


TC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZMZM0
p


jJj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xSMðSM þ 1ÞSM0 ðSM0 þ 1Þ


p


3 kB


ð1Þ


Here SM and SM’ are the local spins on centers M and M’,
ZM and ZM’ the number of nearest neighbors of each type of
metal atom and x corresponds to the stoichiometry of the
M’[M(CN)6]x compound. Although Equation (1) qualitative-
ly indicates the fact that systems with stronger exchange
coupling have higher ordering temperatures for a given stoi-
chiometry, the TC values obtained from calculated coupling
constants in dinuclear models are significantly higher than
the experimental ones. This overestimation of the TC value
is a well-known problem.[29] To obtain a rough estimate of
the TC values from our calculated exchange-coupling con-


stants, we will scale the values by a constant factor that re-
produces the experimental ordering temperature of
V[Cr(CN)6]0.86·2.8 H2O, taking x=2/3, ZM =6 and ZM’=4.


Computational Details


The computational strategy adopted in previous theoretical studies on ex-
change-coupled dinuclear complexes has been applied here.[30] The J
values are obtained by using Equation (2), where S1 and S2 are the total
spins of the paramagnetic centers and S1>S2 has been assumed for heter-
odinuclear complexes.


EHS�ELS ¼ �ð2S1S2 þ S2ÞJ ð2Þ


EHS is the energy for the highest spin state and ELS that of the state
having the two metals with opposite spins (antiferromagnetic coupling).
This expression is obtained without performing a spin-projection of the
energy of the low-spin state. We adopt such an approach because the
non-spin-projected results are systematically in better agreement with ex-
perimental data, a fact that can be attributed to the inclusion of nondy-
namic correlation effects in commonly used exchange functionals, due to
the presence of the self-interaction error. If spin projection is applied to
such density functional calculations, then a cancellation or a double
counting of such effects results, as discussed recently by Polo et al.[31] The
hybrid B3 LYP method[32–34] has been used in all calculations as imple-
mented in Gaussian98 (version A.11).[35] Owing to the complexity of the
electronic structure of the studied compounds, we have employed the
Jaguar code (version 4.1)[36] to generate an appropriate initial wavefunc-
tion, since it provides a better control of the local spin and multiplicities
of the atoms. To maintain the electronic structure during the SCF proce-
dure the quadratic convergence option must be employed. In all calcula-
tions, a triple-z basis set proposed by Ahlrichs et al.[37] was used for the
transition-metal atoms, which included two extra p polarization functions,
whereas the double-z basis set proposed by the same authors was used
for all other atoms.[38] For the calculations containing the molybdenum
atoms we have employed Stoll–Preuss quasi-relativistic pseudopoten-
tials.[39]


To verify the effect of the modeling of the three-dimensional structure
with a dinuclear molecule (Figure 1), we have calculated the J value for
different models and basis sets in the case of CrIIINiII dinuclear com-
pounds (Table 2). All the calculated values correctly reproduce the ferro-


magnetic character of the interaction found experimentally for the ex-
tended CrIIINiII compounds (Table 1, last two entries) and molecular sys-
tems.[40, 41] In what follows, we will employ the [(HNC)5M-CN-
M’(NCH)5]


4+ model for all the metal pairs analyzed, in which the protons
attached to the cyano groups simulate the missing metal atoms of the ex-
tended structure and decrease the overall negative charge. For the most
interesting cases, we will also report the calculations with the [(NC)5M-
CN-M’(NC)5]


6� model to calibrate the effect that the choice of the dinu-
clear model has on the calculated J value. The following bond lengths
were used for the calculations: M�C 2.07, Mo�C 2.17, M’�N 2.10, Mo�N
2.20, C�N 1.13, C�H 1.0, and N�H 1.0 �.


Table 2. Calculated J values[a] using the B3 LYP functional for different
molecular models of the CrIIINiII compound.


Model J [cm�1][b]


[(NC)5Cr-CN-Ni(NC)5]
6� +22.4 (+16.2)


[(HNC)5Cr-CN-Ni(NCH)5]
4+ +27.9 (+19.7)


[(NC)5Cr-CN-Ni(NH3)5]
� +12.9 (+8.6)


[a] Ahlrich	s basis set used. [b] The values in parenthesis were calculated
with the basis set used in the work of Nishino et al.[14]
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Results and Discussion


The results of our calculations on the molecular models with
several combinations of transition metals are collected in
Table 3. We have focused mostly on early transition metals


because they have unpaired electrons in the t2g orbitals that
are appropriate for the interaction with the p system of the
cyanide bridging ligands. Although TC values estimated
from the calculated coupling constants of dinuclear models
are overestimated, as pointed out previously by Nishino et
al,[15,16] we compare the calculated J values with those ob-
tained from experimental TC values by using Equation (1) to
check if the computational results allow us to establish sig-
nificant qualitative trends for the experimental behavior
(Figure 2). It can be seen that a good correlation exists be-
tween the experimentally derived and the theoretical cou-
pling constant, even if the correlation is not linear. In any
event, it becomes clear that a calculated antiferromagnetic
coupling stronger than that obtained for the CrIIIVII model
(J=�241 cm�1) should imply a TC value above room tem-
perature for the corresponding extended solid, other things
being equal (i.e. , local spins and number of nearest neigh-
bors). The main observations that can be made from the re-
sults of our calculations (Table 3) together with the analysis
of the experimental data (Table 1) are summarized as fol-
lows:
1) Four metal pairs present stronger antiferromagnetic cou-


pling than the CrIII–VII couple. These are: MnIII–VII,
MoIII–VII, CrIII–MoII and VIII–VII. For such systems, we


have also performed the calculations with the unpro-
toned model to verify this assumption.


2) The electron configuration of M and M’ affects the
nature and magnitude of the coupling in predictable
ways, with t2g


m–t2g
n pairs giving strong antiferromagnetic


interactions (with the exception of the TiIII compounds,
see below), t2g


m–t2g
neg or t2g


m–t2g
neg


2 pairs weaker antifer-
romagnetic interactions and t2g


m–t2g
6 eg


2 pairs yielding fer-
romagnetic coupling.


3) The metal ions in the M’ site that give strongest antifer-
romagnetic coupling are VII, CrII, and MoII.


4) MoIII at the M site systematically gives stronger antifer-
romagnetic coupling than the CrIII analogues.


5) The magnitude of the coupling for analogous pairs of
electron configurations is strongly affected by the oxida-
tion state of the metal atoms. In particular, for the t2g


3–
t2g


3 pairs, a significantly stronger antiferromagnetic cou-
pling appears for MIII and M’II pairs.


6) Models with TiIII in the M site are in all cases predicted
to be ferromagnetic, even when coupled with a t2g


3 metal
ion at the M’ site.


7) The results for the models with MnII in the M’ site repro-
duce correctly the trend of the experimental data, giving
a slightly stronger antiferromagnetic coupling for the VII


compounds than for the CrIII one.


Let us now discuss in more detail some of these results.
Among metal pairs for which the strongest antiferromagnet-
ic coupling is predicted we find MnIII–VII, VIII–VII, and
MoIII–VII. In the related experimentally characterized Prus-
sian blue analogues, the stoichiometry is M2V


II
3, for which a


ferrimagnetic behavior is expected and the ordering temper-
ature should then be above room temperature. To obtain a
rough idea of the meaning of the calculated exchange cou-
pling constants in terms of the experimentally determinable
TC values, we have calculated from Equation (1) the order-


Table 3. Exchange-coupling constants J for the molecular models
[(HNC)5M-CN-M’(NCH)5]


n+ , and some examples with the [(NC)5M-CN-
M’(NC)5]


n� model (J’ values), calculated with the B3 LYP functional.


M, M’ Configuration J [cm�1] J’ [cm�1]


MnIIIVII t2g
4–t2g


3 �503 �283
MoIIIVII t2g


3–t2g
3 �422 �358


CrIIIMoII t2g
3–t2g


4 �372 �194
VIIIVII t2g


2–t2g
3 �360 �270


CrIIIVII t2g
3–t2g


3 �241 �150
MoIIICrII t2g


3–t2g
3 eg


1 �186
MnIIICrII t2g


4–t2g
3 eg


1 �122
CrIIIVIVO t2g


3–t2g
1 �101


VIIIVIII t2g
2–t2g


2 �99
VIIVII t2g


3–t2g
3 �86


CrIIICrII t2g
3–t2g


3 eg
1 �70


MoIIICrIII t2g
3–t2g


3 �63
CrIIIVIII t2g


3–t2g
2 �56


MoIIIVIII t2g
3–t2g


2 �52
MnIVCrIII t2g


3–t2g
3 �33


MnIIIVIII t2g
4–t2g


2 �31
CrIIICrIII t2g


3–t2g
3 �29


VIIMnII t2g
3–t2g


3 eg
2 �23


CrIIIMnII t2g
3–t2g


3 eg
2 �18


VIIINiII t2g
2–t2g


6 eg
2 +24


CrIIINiII t2g
3–t2g


6 eg
2 +28


TiIIICrIII t2g
1–t2g


3 +37
MnIVNiII t2g


3–t2g
6 eg


2 +121
TiIIIVII t2g


1–t2g
3 +161


Figure 2. Relationship between calculated exchange coupling constants
for dinuclear model complexes (Table 3) and coupling constants for ex-
tended solids estimated from the experimental TC values (Table 1)
through Equation (1).
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ing temperatures for the most strongly coupled dinuclear
models, with a scaling factor such that the value estimated
for V[Cr(CN)6]0.86·2.8 H2O coincides with the experimental
one (Table 1). We thus obtain TC values above room temper-
ature for several MIIIM’II couples (Table 4). It is noteworthy


that in these cases the expected magnetic ordering tempera-
ture is not only above room temperature, but higher than in
the previously known Prussian blue magnets and probably
higher than the decomposition temperature. Although the
MoIIIVII Prussian blue may seem unlikely because the MoIII


cation appears usually with coordination number higher
than six, Beauvais et al. have recently synthesized a dinu-
clear [Mo2(CN)11]


5� complex with octahedral coordination
of the metal atoms and a J value of �226 cm�1,[42] thus sug-
gesting that the type of compound proposed here should be
obtainable. The systems containing MoIII ions show larger
exchange coupling constants than the equivalent compounds
with first transition series elements due to the more diffuse
character of the 4d orbitals in comparison with the 3d ones,
as verified in a recent computational study.[43]


Among the interactions between t2g
m and t2g


n configura-
tions a few cases deserve a more detailed discussion. The
fact that the t2g


3–t2g
2 (CrIII–VIII and MoIII–VIII) and t2g


2–t2g
3


pairs (VIII–VII) present antiferromagnetic coupling of quite
different strengths (jJ j�50 and 360 cm�1, respectively)
might be attributed to the strong asymmetry of the CN
bridge, but in the light of the strong influence that the oxi-
dation state has on the coupling constants for other configu-
rations, it is more likely that it is the choice of metals and
oxidation states that produces such a remarkable difference
(see point 5 above). Also the apparent disagreement be-
tween the low experimental TC in the MnIII–CrIII couple and
the high negative J value calculated for the related MnIII–VII


pair with the same configuration (t2g
4–t2g


3) should be attrib-
uted to the different choices of oxidation states in the two
cases. An interesting possibility is provided by a t2g


3–t2g
4


couple, for which a strong antiferromagnetic coupling is ex-
pected, similar to that found for the t2g


3–t2g
2 pairs, but that is


unlikely for first row transition metals in the M’ site since
the N donor atoms favor the high spin t2g


3 eg
1 configuration


rather than the low spin t2g
4 one. However, the t2g


3–t2g
4 situa-


tion should be possible by using a second- or third-row tran-
sition metal at the M’ site, and our calculations on the CrIII–
MoII compound confirm this idea.


It is not easy to find a simple general explanation for the
large range covered by the experimental (Table 1) and cal-
culated (Table 3) coupling constants. One of the usual ways
of rationalizing the exchange coupling between two un-
paired electrons makes use of the relationships between J
and the overlap integral between the two localized (or
“magnetic”) orbitals bearing such electrons, devised by
Kahn and Briat[11] and by Noodlemann.[44] A unified view of
these models has been presented recently by Mouesca.[45]


Focusing on the Noodlemann approach that involves
broken-symmetry solutions, the aforementioned relationship
is given by Equation (3) where k’ is a ferromagnetic contri-
bution (associated only with t2g–eg interactions), U is the on-
site interelectron repulsion that results from transferring an
electron from one metal to another and Sab is the overlap in-
tegral between a pair of magnetic orbitals a (centered at M)
and b (centered at M’).


J ¼ 2k0�USab
2 ð3Þ


For such a simple system, we and other authors[30,46] have
shown that the overlap between the magnetic orbitals can
be approximately calculated from the spin population of the
transition metal atoms. Thus, for a symmetric homodinu-
clear complex with one unpaired electron at each metal
atom the simple expression (4) results, where a and b are
the localized molecular orbitals, whereas 1T and 1BS are the
spin population at the metal atoms in the triplet and
broken-symmetry states, respectively.[30]


Sab
2 ¼ hajbi2 � 12


T�12
BS ð4Þ


In the appendix we propose that, assuming that the ex-
change coupling constant can be expanded as a sum of
squares of overlap integrals Sab between the non-orthogonal
pairs of localized orbitals, the relationship between J and
the overlap integral ([Eq. (3)]) can be approximately found
to be proportional to a function of the calculated spin densi-
ties at the metal atoms, D ([Eq. (5)]). Here 1HS1 and 1HS2 are
the spin populations at the metal atoms M and M’ in the
high-spin state, whereas 1LS1 and 1LS2 are the corresponding
populations in the low-spin state.


J / D ¼ ½ð12
HS1�12


LS1Þ1=2 þ ð12
HS2�12


LS2Þ1=2�2 ð5Þ


When the coupling constants calculated here are plotted
as a function of the corresponding D values, a fair correla-
tion appears (Figure 3). Deviations from the general trend
may be attributed to the differences in electron configura-
tion, oxidation state and transition series of the metal ions
present, which should be reflected in differences in the k’
and U parameters in Equation (3). This observation is con-
firmed by analyzing the family of complexes with the same
electron configurations (t2g


3–t2g
3), represented by black


Table 4. Curie temperatures for Prussian blue analogues with the stoichi-
ometry M3


II[MIII(CN)6]2, estimated from the calculated coupling constants
J for the molecular models [(HNC)5M-CN-M’(NCH)5]


n+ .


M, M’ Configuration TC [K]


MnIIIVII t2g
4–t2g


3 480
MoIIIVII t2g


3–t2g
3 552


CrIIIMoII t2g
3–t2g


4 355
VIIIVII t2g


2–t2g
3 344


CrIIIVII t2g
3–t2g


3 315
CrIIIMoII t2g


3–t2g
4 185


MoIIICrII t2g
3–t2g


3 eg
1 308


MnIIICrII t2g
4–t2g


3 eg
1 147


CrIIICrII t2g
3–t2g


3 eg
1 116


CrIIIMnII t2g
3–t2g


3 eg
2 36
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squares in Figure 3, for which a
nice linear correlation is found.


A result that should be of in-
terest for the design of new mag-
netic Prussian blue analogues is
the strong dependence of the ex-
change coupling constant on the
oxidation state of the two metal
atoms. If we focus only on the
t2g


m–t2g
n couples, for which no fer-


romagnetic t2g–eg contributions
exist, we can see in Figure 3 that
all complexes with strong antifer-
romagnetic coupling (�503<J<
�122 cm�1) correspond to metal
pairs in oxidation states III–II, ir-
respective of the number of t2g


unpaired electrons. In contrast, if
we consider those pairs in which
the two first row metal atoms have the same oxidation state
(with the exception of Ti compounds, to be discussed
below): VIII–VIII, VII–VII, CrIII–VIII, MnIII–VIII, and CrIII–CrIII,
we observe weaker calculated J values (between �29 and
�99 cm�1, Table 3).


The strong dependence of J on the oxidation state of the
metals can be rationalized by analyzing the composition of
the Kohn–Sham orbitals of the broken-symmetry solution,
taking into account the relationship between the overlap in-
tegral and J ([Eq. (3)]). We will first show how the localiza-
tion of the magnetic orbitals changes with the oxidation
state of the two metal sites, and then interpret the effect on
the exchange coupling according to overlap criteria. We
start by assuming that the metal t2g orbitals appear in the
energy scale somewhere in-between the p and p* orbitals of
the bridging cyanide, consistent with the fact that the un-
paired electrons are metal-centered (Scheme 1). Depending


on the metal oxidation state, the d electrons experience dif-
ferent attraction by the net charge of the atomic core and
the energy of the d orbitals decreases with increasing oxida-
tion state. Since one of the key factors that determines the
magnitude of the interaction between two orbitals is their
being similar in energy, we should expect metals in high oxi-
dation states to interact preferentially with the p orbital of
cyanide and those in low oxidation states to interact mostly
with p*, as depicted in Scheme 2 a and b, respectively. The


present results indicate that the effect of the metal oxidation
state on the d orbital energy is more important than that of
the nuclear charge, which is less effective due to screening
by the core electrons. If we consider systems with the same
combination of oxidation states the exchange coupling is in
most cases stronger for a metal with smaller atomic number,
although then also the electron configuration changes and it
is not straightforward to ascribe such effect to one of these
two factors. This orbital energy scheme is in agreement with
the well-established dependence of atomic orbital energies
on the atomic number[47] and charge.[48]


In a cyano-bridged heterodinuclear compound the t2g or-
bitals of the two metal atoms interact with the p system of
the bridge, giving highly localized magnetic orbitals with
contribution at the bridging atoms, as illustrated in
Scheme 3. To have a large overlap between these, hence
strong antiferromagnetic coupling, we must have the largest


Figure 3. Calculated exchange coupling constants (Table 3) represented
as a function D of the Mulliken spin populations of the metal atoms in
the high- and low-spin states ([Eq. (5)]) of dinuclear complexes with t2g


m–
t2g


n electron configurations. The squares correspond to those complexes
with t2g


3–t2g
3 configuration and the line is a least-squares fitting for those


points only.


Scheme 1.


Scheme 2.
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possible contribution at the bridge in both magnetic orbitals.
This is most efficiently done if one metal interacts mostly
with the p, the other with the p* orbital, that is, if the oxida-
tion states of the two metal atoms are different. Our results
suggest that fine tuning of the metal orbital energies results
in the best choice for a trivalent and a divalent metal atom.
However, if the orbital picture presented here is correct, we
should expect the two combinations MIII–M’II and MII–M’III


to give similarly strong coupling. Since in all our calculations
the high-oxidation-state metal was at the C6 site and the low
oxidation state one at the N6 site, we tested such a predic-
tion by calculating the VII–CrIII complex, for which we also
find a larger coupling constant (�204 cm�1, to be compared
with �241 cm�1 for the CrIII–VII pair) than for metal combi-
nations with the same oxidation state. The fact that only two
of the three t2g orbitals of each metal atom interact with the
bridge may explain the minute differences in exchange-cou-
pling constants found between, for example, the t2g


3–t2g
3 and


t2g
3–t2g


2 pairs in compounds with the same combination of
oxidation states (see above).


An intriguing result of our calculations is the ferromag-
netic interaction predicted for compounds with TiIII at the
M site, in apparent disagreement with the usual expectation
of antiferromagnetic coupling between t2g electrons. Such a
result, however, can be easily understood if we take into ac-
count the real symmetry of the dinuclear [(NC)5-Ti-CN-M’-
(NC)5] models used in our calculations, C4v, in which the
symmetry axis z is coincident with the Ti-CN-M’ skeleton.
In that point group, the xy orbital belongs to the B2 symme-
try representation, whereas the xz and yz orbitals are degen-
erate, of E symmetry. In our model dinuclear compounds,
the Ti orbital bearing the unpaired electron (b2, or xy) hap-
pens to be of d symmetry relative to the Ti�C bond (Sche-
me 4 a) and is therefore forbidden by symmetry to interact
with the d orbitals of M’ through the bridge p orbitals (e).
Therefore, according to the orbital models of magnetic ex-


change interactions, electrons in non-interacting orbitals can
only yield ferromagnetic coupling. Similar considerations
allow us to explain why the antiferromagnetic coupling for,
for example, the VIIIVII pair with t2g


2–t2g
3 configuration (i.e.,


e2–e2b2 in the C4v point group) is stronger than for the t2g
3–


t2g
3 (e2b2)�(e2b2) CrIIIVII pair, since two ferromagnetic con-


tributions (e–b2 and b2–e) are at work in the latter but only
one (e-b2) in the former case.


Coming back to the TiIII systems, it is not obvious, though,
why the electron configuration with the d-type t2g (b2) orbi-
tal of TiIII bearing the unpaired electron is the most stable
one (our calculations indicate that it is 22.1 kJ mol�1 more
stable than the one with the unpaired electron in a p (e) or-
bital of the type shown in Scheme 4 b). The analysis of the
Kohn–Sham orbitals for the two configurations in the TiIII–
VII compound suggests that strong localization of the d orbi-
tal at the Ti site (Scheme 4 a) results in negligible repulsion
with the t2g electrons localized at the V (M’) atom. In con-
trast, for the electron configuration in which the Ti unpaired
electron resides in a p-type orbital, due to significant deloc-
alization through the V atom (Scheme 4 b), a much stronger
interelectronic repulsion results. Such a behavior thus de-
pends on the subtle interplay of one- and two-electron inter-
actions, and experimental verification of the ferromagnetic
behavior of Ti compounds such as those calculated here
would be highly desirable to gain new insights into the unex-
pected subtleties of their exchange interactions.


From our orbital analysis it is clear that ferromagnetism
in the model dinuclear TiIII–CrIII and TiIII–VIII compounds
arises as a result of their one-dimensional nature, since in
2D or 3D cyano-bridged networks the orbital depicted in
Scheme 4a would interact with M’ atoms in the other two di-
rections of space resulting in a non-negligible antiferromag-
netic contribution to the exchange coupling. Does that mean
that we cannot convert our prediction of strong ferromag-
netism in these TiIII compounds into a ferromagnetic extend-
ed structure of the Prussian blues family? On the contrary,
the knowledge we have gained can be applied to designing a
potentially ferromagnetic solid. To have ferromagnetism as
in our dinuclear models we need to preserve the one-dimen-
sional nature around the Ti atom, using as a building block
a trans-dicyano complex (1) to form a network with a sub-
stitution-labile complex of M’. The choice of the Ti building
block is not straightforward, since the room left for the


Scheme 3.


Scheme 4.
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equatorial ligands of Ti is not large, but related buildings
can be found as “super-Prussian blues”.[49] The effect of
spin-orbit coupling in TiIII would add to the complexity of
their magnetic behavior, but the expected novel properties
of such a material are worthy of some synthetic effort.


Conclusion


The goal of this work was to search for new compounds of
the Prussian blue family that could be expected to present
magnetic ordering at room temperature and to establish the
factors that control the exchange coupling in such systems.
To that end we have carried out a theoretical study of the
exchange-coupling constants in a variety of dinuclear molec-
ular models formed by the basic building blocks of the Prus-
sian blues. Since there is a direct relationship between the
ordering temperature and the exchange coupling constant,
the calculated J values should provide reasonable qualitative
hints on the expected ordering temperatures of the new
compounds.


We distinguish three subclasses of Prussian blue ana-
logues: a) Compounds with significant ferromagnetic cou-
pling between the two metals. b) Compounds with strong
antiferromagnetic coupling between two metals bearing the
same local spin, that become ferrimagnetic when the M: M’
stoichiometry is different from 1:1. c) Compounds with
strong antiferromagnetic coupling between two metals with
different spins, leading to ferrimagnetism.


As for the subclass of ferromagnetically coupled Prussian
blues, a high TC is expected for the MnIVNiII pair due to the
interaction between unpaired t2g and eg electrons. Besides,
TiIII at the C-bonded site has been found to be well suited to
forming ferromagnetic systems, provided it forms only two
trans-cyano bridges, with a particularly strong ferromagnetic
coupling (J=++ 161 cm�1) predicted for a TiIIIVII pair. This
behavior is counterintuitive, according to the prevailing or-
bital rules, and represents a novel phenomenon.


The second and third subclasses have in common the anti-
ferromagnetic interaction between nearest-neighbors. The
factors that favor strong antiferromagnetic interactions are:
1) Second- or third-row transition metals give stronger cou-
pling than first row ones. 2) The appropriate electron config-
urations for the two metals are the t2g


m–t2g
n ones. 3) Antifer-


romagnetic coupling is strongly favored by having the C-
bonded metal atom in the +3 oxidation state and the N-
bonded metal in the +2 oxidation state or vice versa. 4)
The strength of the exchange coupling between t2g


m and t2g
n


metals through a cyanide bridge is seen to be roughly corre-
lated to a simple expression of the atomic spin populations
calculated at the metal atoms. According to these results,
among the subclass of ferrimagnetic compounds with the ox-
idation states MIIIM’II, improved ordering temperatures over
the existing CrIIIVII system (TC =315 K, our calculated J=


�241 cm�1) are to be expected for the following pairs of
metal ions: MoIIIVII (estimated TC�552 K), CrIIIMoII (TC�
355 K), MnIIIVII (TC�480 K), and VIIIVII (TC�344 K).


Appendix


Relationship between exchange-coupling constant and over-
lap : We focus here on dinuclear systems bearing three un-
paired electrons in t2g orbitals of transition metal atoms, for
which we can disregard the overlap between the d orbitals
perpendicular to the bridging cyanide. Thus, we consider the
two localized molecular orbitals of p symmetry a and a’,
mostly localized at one metal center (i.e., dxz and dyz), and
the corresponding orbitals b and b’ localized at the second
metal atom. Such molecular orbitals for a nonsymmetric di-
nuclear complex are built up from atomic orbitals at the two
metal centers (c1, c2, c01, c02), and linear combinations of the
two degenerate p-type orbitals of the bridging ligand, f1, f01,
f2, and f02 [see (A1)–(A4)].


a ¼ a1c1 þ b2c2 þ g1f1 ðA1Þ


a0 ¼ a1c01þ b2c02þ g1f01 ðA2Þ


b ¼ b1c1 þ a2c2 þ g2f2 ðA3Þ


b0 ¼ b1c01þ a2c02þ g2f02 ðA4Þ


Furthermore, the following non-diagonal overlap integrals
are strictly orthogonal, since they correspond to orbitals that
are rotated by 908 relative to each other around the M-C-N-
M’ axis [see (A5)].


hajb0i ¼ ha0jbi ¼ 0 ðA5Þ


The overlap integral between the molecular orbitals can
then be written as expression (A6).


hajbi ¼ ha0jb0i ¼a1b1 þ a2b2 þ g1g2hf1jf2iþ
ða1a2 þ b1b2Þhc1jc2i þ g1½b1hc1jf1i þ a2hc2jf1i�þ
g2½a1hc1jf2i þ b2hc2jf2i�


ðA6Þ


Assuming significant localization of the orbitals at the
metal centers (i.e. , a1, a2 @b1, b2, g1, g2), we can neglect in a
first approximation the terms with coefficients such as b1b2,
g1g2 and bigj, as well as the integrals involving cross-terms
with the ligands’ orbitals, such as hc1 jf2i. Furthermore, the
direct overlap between the metal atomic orbitals can be ne-
glected, hc1 jc2i�0, given the long distance between the two
metal atoms. As a result, the only significant overlap inte-
grals between the magnetic orbitals can be approximated as
expression (A7).


hajbi ¼ ha0jb0i � a1b1 þ a2b2 ðA7Þ


On the other hand, the spin density at the metal atoms in
the high- and low-spin solutions can be expressed following
a Mulliken population analysis scheme. For the metal center
M in the high-spin solution we have expression (A8).
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1HS1 ¼ 2a2
1þ 2b2


1þ ða1b2 þ a2b1Þhc1jc2i þ ða1b2 þ a2b1Þhc01jc02i
þg1a1ðhc1jf1i þ hc01jf01iÞ þ g2b1ðhc1jf2i þ hc01jf02iÞ


ðA8Þ


Expression (A8) that can be simplified by adopting the
same approximations employed for the overlap integrals, re-
sulting in expression (A9).


1HS1 � 2a2
1þ 2b2


1 ðA9Þ


Proceeding in a similar way, it is possible to obtain the
equivalent expressions (A10)–(A12) for the other spin popu-
lations at the metals.


1LS1 � 2a2
1�2b2


1 ðA10Þ


1HS2 � 2a2
2þ 2b2


2 ðA11Þ


1LS2 � 2a2
2�2b2


2 ðA12Þ


Finally, the square of the overlap integrals between the lo-
calized molecular orbitals can be expressed from Equa-
tion (A7) as Equation (A13).


hajbi2 þ ha0jb0i2 � 2a2
1b


2
1þ 2a2


2b
2
2þ 4a1b1a2b2 ðA13Þ


By combining Equations (A9)–(A13), the sum of the
overlap integrals can be expressed (A14) as a function of
the atomic spin density at the metal atoms in the high and
low spin solutions.


hajbi2 þ ha0jb0i2 � 8ðð12
HS1�12


LS1Þ1=2 þ ð12
HS2�12


LS2Þ1=2Þ2 ðA14Þ


This expression was used to get Equation (5) and
Figure 3.
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Acidity Trends in a,b-Unsaturated Sulfur, Selenium, and Tellurium
Derivatives: Comparison with C-, Si-, Ge-, Sn-, N-, P-, As-, and Sb-Containing
Analogues


Jean-Claude Guillemin,*[a] El Hassan Riague,[a] Jean-FranÅois Gal,*[b]


Pierre-Charles Maria,[b] Otilia M�,[c] and Manuel Y�Çez*[c]


Introduction


In 1989 Radom et al.[1] demonstrated by theoretical calcula-
tions the dramatic increase of acidity of ethynol relative to
the corresponding saturated derivative, ethanol, in the gas
phase. Since the publication of this article, we have demon-
strated on experimental (Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometry) and theoretical
grounds that such an increase of acidity also occurs for
amines, phosphines, arsines,[2,3] silanes, germanes, and stan-
nanes.[4] However, based on these results we cannot con-
clude that this increase of acidity does exist for any primary
a,b-unsaturated derivatives of any element of the columns
2–16 of the periodic table. Such a generalization is not easy,
because the scarcity of sufficiently stable primary vinyl and
ethynyl heterocompounds limits the experimental part of
this study. Even for arsenic or tin, it is only quite recently
that the corresponding derivatives have been synthesized.[5–8]


On the other hand, the high reactivity of other heterocom-


Abstract: The gas-phase acidity of
CH3�CH2XH (X= S, Se, Te),
CH2=CHXH (X= S, Se, Te) and PhXH
(X=S, Se) compounds was measured
by means of Fourier transform ion cy-
clotron resonance mass spectrometry.
To analyze the role that unsaturation
plays on the intrinsic acidity of these
systems, a parallel theoretical study, in
the framework of the G2 and the G2-
(MP2) theories, was carried out for all
ethyl, ethenyl (vinyl), ethynyl, and
phenyl O-, S-, Se-, and Te-containing
derivatives. Unsaturated compounds
are stronger acids than their saturated
analogues, because of the strong p-
electron donor ability of the hetero-


atoms that contributes to a large stabi-
lization of the unsaturated anions. Eth-
ynyl derivatives are stronger acids than
vinyl compounds, while phenyl deriva-
tives have an intrinsic acidity inter-
mediate between that of the corre-
sponding vinyl and ethynyl analogues.
The CH2=CHXH vinyl compounds
(enol-like) behave systematically as
slightly stronger acids than their CH3�
C(H)X (keto-like) tautomers. Vinyl de-
rivatives are stronger acids than ethyl


compounds, because the anion stabili-
zation attributable to unsaturation is
greater than that undergone in the neu-
tral compounds. Conversely, the en-
hanced acidity of the ethynyl deriva-
tives with respect to the vinyl com-
pounds is due to two concomitant ef-
fects, the stabilization of the anion and
the destabilization of the neutral com-
pound. The acidities of ethyl, vinyl, and
ethynyl derivatives containing hetero-
atoms of Groups 14, 15, and 16 of the
periodic table are closely related, and
reflect the differences in electronega-
tivity of the CH3CH2�, CH2=CH�, and
CH�C� groups.
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pounds under FT-ICR conditions, such as the primary a,b-
unsaturated antimony[9] or mercury derivatives,[10] did not
allow us to measure their gas-phase acidity.


Alcohols and thiols are widely used as reagents in organic
synthesis. For the following elements (selenium and telluri-
um),[11] it is well known that selenols are very important in-
termediates in many living systems,[12] whereas the studies
devoted to the kinetically unstable tellurols are much more
limited. For the heaviest elements of Group 16, the effect of
unsaturation on intrinsic acidity, when compared to the satu-
rated analogue, has never been established by experiments.
The recent preparation by some of us at Rennes of ethene-
selenol and ethenetellurol[13] prompted us to develop this
general study.


In this paper we report a study of the gas-phase acidities
of CH2=CHXH (X= S, Se, Te) and PhXH (X=S, Se) com-
pounds. Ethynyl derivatives were not included in the experi-
mental survey, because all attempts to synthesize them
failed. Nevertheless, in the parallel theoretical study carried
out, we have included all vinyl, ethynyl, and phenyl deriva-
tives. For the sake of a more complete comparison we have
added to these series of compounds that of the correspond-
ing saturated ethyl derivatives, CH3�CH2XH (X= S, Se, Te),
as well as the corresponding oxygen-containing systems,
whose experimental gas-phase acidities, when available,
were taken from the literature.


Through the text, when comparing acidities, we have sys-
tematically used the terminology “stronger/weaker acidity”,
instead of “higher/smaller acidity” to avoid confusion be-
tween strength and numerical values, as stronger acidities
correspond to smaller DacidG or DacidH and vice versa.


Results and Discussion


Structural considerations : Some
structural aspects of the com-
pounds under study deserve
some attention. As it was found
for similar unsaturated com-
pounds containing C, Si, Ge,
Sn, N, P, and As,[3,4] the calcu-
lated C�X bond length decreas-
es in the order ethyl>vinyl>
ethynyl (See Table 1). Also in-
teresting and similarly to what
was found before for a,b-unsa-
turated amines, phosphines, and
arsines,[3] but at variance with
what was found for hydrocar-
bons, silanes, germanes, and
stannanes,[4] the decrease is
larger for systems with second-
and third-row heteroatoms (S
and Se) than for those contain-
ing oxygen. Furthermore, this
effect is observed both in the


neutral compounds and in their deprotonated species. On
going from the ethyl to the vinyl and ethynyl derivatives, the
electronegativity of the group attached to the heteroatom
increases, leading to a polarization of its charge density into
the C�X bonding region. Consistently, the charge density at
the C�X bond critical points (BCPs; See Table 1) increases
and the bond shortens. Evidently, the polarizability of the
heteroatom is larger in the anion and, therefore, the elec-
tron density accumulated into the C�X bonding region is
also larger, explaining why in the unsaturated anions, with
the only exception of the Te-derivatives, the C�X bond is
shorter than in the corresponding neutral compound.


Let us focus now our attention on the structural effects of
the deprotonation process of the unsaturated compounds. In
all cases the C�C bond lengthens significantly, while the C�
X bond, with the only exception of the Te derivatives, be-
comes shorter. It is also apparent from the bond lengths re-
ported in Table 1 that these effects decrease down the
group, with a maximum for the oxygen derivatives. The
shortening of the C�X bond shows the tendency of this
bond to become a double bond, as in a typical aldehyde
function. On the other hand, an inspection of the natural
bond orbital (NBO) second-order orbital interactions re-
veals that after deprotonation the heteroatom becomes an
electron-rich center, and accordingly a good electron donor
(See Table 2). As a matter of fact a quite strong interaction
between the heteroatom lone-pairs and the p*


CC antibonding
orbital (s*


CC antibonding orbital in the case of the saturated
compounds) is taking place. Evidently, the partial occupa-
tion of the p*


CC (s*
CC) antibonding orbital results in the ob-


served lengthening of the C�C bond. In addition, in line


Table 1. Bonding characteristics of CH3CH2XH, CH2=CHXH, CH�CXH (X=O, S, Se, Te) compounds and
their anions obtained by deprotonation at the XH group. Bond lengths[a] (R) are in � and the charge densi-
ties[a] at the BCPs (1(r)) are in e au�3.


CX Bond O S Se Te
R 1(r) R 1(r) R 1(r) R


neutral derivatives
CH3CH2XH 1.427 0.260 1.819 0.186 1.963 0.149 2.251
CH2=CHXH 1.374 0.279 1.759 0.204 1.907 0.160 2.194
CH�CXH 1.324 0.315 1.698 0.212 1.820 0.171 2.149
phenyl 1.373 0.291 1.787 0.190 1.921 0.157 2.224
CC bond
CH3CH2XH 1.516 0.266 1.520 0.258 1.521 0.257 1.528
CH2�CHXH 1.333 0.353 1.337 0.350 1.336 0.351 1.346
CH�CXH 1.215 0.372 1.220 0.388 1.220 0.389 1.232
phenyl 1.396 0.330 1.398 0.320 1.397 0.321 1.407


anions
CX bond
CH3CH2X


� 1.324 0.341 1.820 0.177 1.972 0.136 2.283
CH2=CHX� 1.275 0.367 1.735 0.198 1.880 0.154 2.208
CH�CX� 1.249 0.383 1.674 0.203 1.806 0.165 2.160
phenyl 1.273 0.370 1.736 0.193 1.880 0.158 2.236
CC bond
CH3CH2X


� 1.558 0.243 1.528 0.255 1.524 0.256 1.526
CH2=CHX� 1.380 0.321 1.355 0.338 1.351 0.341 1.353
CH�CX� 1.246 0.350 1.238 0.372 1.234 0.378 1.242
phenyl 1.444 0.301 1.418 0.318 1.414 0.313 1.414


[a] Values obtained at the MP2/6–31G* level of theory.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2145 – 21532146



www.chemeurj.org





with our previous discussion, the interaction energy decreas-
es down the group, because O� is a better electron donor
than S� , Se� , and Te� , due to its higher electronegativity.
Also, the stronger electron-donation effect observed in
CH3CH2O


� , indicates, as Smith et al. have already pointed
out,[1] that the O� substituent is not only a good p-electron
donor, but also a weak s-electron donor. In that respect it is
worth noting that for the three series of compounds, there is
a very good linear correlation between the aforementioned
orbital interaction energies and the lengthening of the C�C
bonds (see Figure 1). The different slopes show that triple
bonds are more difficult to stretch than double or single
bonds. Similar good correlations (not shown in the figure)


can be found between the C�C lengthening and the de-
crease of the charge density at the BCP. Consistently, a sig-
nificant red shift of the C�C stretching frequency is found
for all systems upon deprotonation (see Table 3). It is worth
noting that our calculated stretching frequencies, when
scaled by the empirical factor 0.893,[14] are in good agree-
ment with available experimental data;[15–17] therefore, our
estimates for the corresponding anions can be confidently
assumed to be relatively accurate.


The NBO analysis also shows that for the anions a small
charge donation takes place from the heteroatom lone-pair
into an empty orbital of the substituted carbon atom. As
before, this interaction decreases down the group and is re-
flected in the concomitant shortening of the C�X linkage.
Consistently, the C�O stretching frequencies (see Table 3)
appear normally blue-shifted. This is not the case for the C�
S, C�Se, and C�Te stretching vibrations that shift only
weakly. The reason for this is that although the deprotona-
tion process leads to an increase of the corresponding force
constant, there is also an increase in the reduced mass of the
vibrational mode that nearly balances the first effect.


As far as the phenyl derivatives are concerned, the effects
are similar in the sense that in the anion there is a p-dona-
tion from the lone pairs of the heteroatom towards the anti-
bonding p-orbitals in which the ipso-carbon atom partici-
pates. Accordingly, these two C�C bonds become longer.
Consequently, the two ortho-carbon atoms become electron
deficient and polarize the p-cloud leading to an increase of
the charge density into the other C�C bonds, which, accord-
ingly, become slightly shorter.


Acidities : The calculated gas-phase acidities of the com-
pounds under investigation are summarized in Table 4. The
total energies of the neutral compounds and their anions are
given in Table S1 of the Supporting Information. There is a
good agreement between the calculated and experimental
values,[18–24] considering the quite large errors due to the ex-
perimental difficulties encountered during acidity measure-
ments on these rather unstable compounds. However, for
the vinyl derivatives, the calculated acidities are systemati-
cally slightly stronger than the experimental ones. These dif-
ferences might be due to the occurrence of isomerization
processes along the deprotonation reaction. To investigate


Table 2. Second-order orbital interaction energies [kJ mol�1] for RX�


(X= O, S, Se, Te) anions.


X R=CH3CH2� R=CH2=CH� R=CH�C� R =Ph
LP(X)!s*


CC LP(X)!p*
CC LP(X)!p*


CC LP(X)!p*
CC


O 105 590 845 336
S 33 213 426 225
Se 23 159 326 198
Te 14 84 176 101


Figure 1. Linear correlations between the lengthening of the C�C bonds
upon deprotonation of the XH group and the second-order interaction
energies between the heteroatom lone pair and the s*


CC or p*
CC antibond-


ing orbital in the corresponding anion. These correlations obey the fol-
lowing equations (units of � and kJ mol�1 for DR and Eint respectively):
Ethyl derivatives (^): DR= 4.76 � 10�4 Eint�0.0078, r2 =0.9997; vinyl deriv-
atives (*): DR=7.62 � 10�5 Eint +0.0021, r2 = 0.9989; ethynyl derivatives
(~): DR= 3.22 � 10�5 Eint + 0.0042, r2 =0.999.


Table 3. C�X and C�C stretching frequencies[a] [cm�1] of R�XH (X=O, S, Se, Te) neutral compounds and their R�X� anions.


O S Se Te
R C�X C�C C�X C�C C�X C�C C�X C�C


neutral compounds
CH3CH2� 1217, (1061),[b] 1274 978, (883),[b] 1729 720, (663)[c] 1059, (963)[c] 606 1053 507 1083
CH2=CH� (1118),[d] 1169 (1663),[d] 2480 770 1835, 2365 642 1826 524 1650
CH�C� (1072)[d] (2198)[d] 749 (2065)[d] 602 2358 452 2031
anions
CH3CH2� 1335 890 726 1042 596 1034 488 1069
CH2=CH� 1613[e] 1228 768 1758 618 1765 497 1612
CH�C� 1338 2339 739 2265 577 2270 419 1947


[a] Values obtained at the HF/6–31G* level of theory. [b] Experimental values taken from reference [17]. [c] Experimental values taken from refer-
ence [16]. [d] Experimental values taken from reference [15]. [e] Strongly coupled with the C�C stretch.
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that possibility we have examined also the gas-phase acidity
of the corresponding CH3C(H)X tautomers. As illustrated in
the diagrams of Figure 2, in all cases, with the exception of


the tellurium derivative, the keto tautomer is estimated to
be slightly more stable than the corresponding enol form.
Conversely, the most stable anion corresponds systematical-
ly to that in which the proton is lost from the XH group of
the vinyl derivative, while the CH3�CX� isomer lies much
higher in energy. This means that both CH2=C(H)XH and
CH3�C(H)X compounds yield, upon deprotonation, a
common anion (CH2=C(H)X�). Since the CH3�C(H)X
isomer is more stable than the vinyl one, with the only ex-
ception of the tellurium derivative, for which both isomers
are very close in energy, the CH3�C(H)X form is systemati-
cally a weaker acid than the CH2=C(H)XH isomer. Quite
interestingly, for the sulfur and selenium derivatives the esti-
mated acidity for the CH3�C(H)X isomer is quite close to
the experimental one measured for the vinyl derivative,
CH2=C(H)XH, so we decided to investigate whether the
CH2=C(H)XH!CH3�C(H)X isomerization can be easily
produced in the gas phase. For this purpose we have
evaluated the activation barrier associated with the corre-
sponding 1,3 H transfer at the G2 level of theory. The esti-
mated barriers for both S (317 kJ mol�1) and Se
(331 kJ mol�1) derivatives are very large, and, therefore, in
the absence of some extra-catalytic effects, we have to con-
clude that the CH2=C(H)XH!CH3�C(H)X isomerization
would not take place under normal ICR experimental condi-
tions.


Acidity trends : As was already found for other a,b-unsatu-
rated compounds,[3,4] the acidity of the system increases with
its degree of unsaturation, so vinyl derivatives are more
acidic than ethyl derivatives, and ethynyl derivatives more
acidic than the vinyl ones. In this respect, it is interesting to
note that phenyl derivatives have an intrinsic acidity inter-
mediate between that of vinyl and ethynyl compounds. The
acidity enhancement on going from saturated to unsaturated
systems may have a double origin, either the neutral com-
pound becomes less stable, or the anion becomes more
stable, or both. The relative weight of these two effects may
be easily analyzed by using appropriate isodesmic reactions,
as shown graphically in Figure 3. The first conspicuous fea-
ture in this figure is that the anions are increasingly stabi-
lized as the unsaturation of the system increases. This is a
clear reflection of the p-electron donor ability of the differ-
ent heteroatoms that we discussed above, which is enhanced
upon deprotonation. Hence, on going from the ethyl to the
vinyl derivatives (see Figure 3a), one observes a stabilization
of both the neutral compound and the anion; however, since
this effect is much larger in the latter, the net effect is an
acidity strengthening.


The situation is different on going from the vinyl to the
ethynyl derivatives (see Figure 3b). As was already pointed
out by Radom et al.[1] for the particular case of vinyl alcohol
and ethynol, the neutral compounds are clearly destabilized
because of the unfavorable s interaction of the OH group
with the triple bond. Therefore, the enhanced acidity of
ethynol with respect to vinyl alcohol is due to two concomi-
tant factors, the stabilization of the anion and the destabili-


Table 4. Calculated and experimental gas-phase acidities[a] [298 K,
kJ mol�1].


System DacidH8(calcd) DacidG8(calcd) DacidH8(exptl) DacidG8(exptl)


CH3CH2XH
X =O 1587 1556 1583�4.2[d] 1555�4.6[d]


1582�8.4[e] 1554�8.8[e]


X =S 1490 1460 1486�8.2[f] 1460�8.4[f]


X =Se 1449 1420 – 1416�8.4[g]


X =Te 1405 1377 – 1403�12[g]


CH2=C(H)XH
X =O 1490 1460 1490[f]


X =S 1444 1414 – 1432�16[g]


X =Se 1415 1386 – 1406�29[g]


X =Te 1382 1355 – 1382�11[g]


CH3�C(H)X[b]


X =O 1541 1511 1531�9.2[f] 1502�8.4[f]


X =S 1455 1425 1456�14[h] 1427�13[h]


X =Se 1424 1394 – –
X =Te 1380 1350 – –


CH�CXH
X =O 1391 1380 – –
X =S 1384 1360 – –
X =Se 1364 1340 – –
X =Te 1347 1329 – –
PhXH[c]


X =O 1457 1426 1466�2.5[i]


1461�8.8[j]
1432�8.4[j]


X =S 1425 1397 1424�8.8[k] 1395�8.4[g]


1397�8.4[k]


X =Se 1398 1369 – 1386�10[g]


X =Te 1373 1344 – –


[a] Unless otherwise stated calculated acidities were obtained at the G2
level. [b] To yield the most stable anion CH2=C(H)X� . [c] Values obtained
at the G2(MP2) level of theory. [d] Reference [18]. [e] Reference [19].
[f] Reference [20]. [g] This work. [h] Reference [21]. [i] Reference [22].
[j] Reference [23]. [k] Reference [24].


Figure 2. Thermodynamic cycles connecting the enol- and carbonyl-like
structures of O–, S–, Se–, and Te–vinyl derivatives, and the possible
anions obtained upon deprotonation. All values in kJ mol�1.
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zation of the neutral compound by replacing a double bond
with a triple bond.


The situation is qualitatively similar for the corresponding
sulfur derivatives. However, since sulfur is less s-electron-
withdrawing than oxygen, the destabilization of HC�CSH
with respect to CH2=CHSH is much smaller than that found
for the corresponding O-containing compounds. Since tellu-
rium is a fourth row atom, its electronegativity is smaller
than that of a HC�C� group, and behaves as a s-electron
donor, thereby also stabilizing the neutral system.


Since in other ethynyl derivatives, such as propyne
(HC�C-CH3), the proton is lost from the �CH group,[4] we
have investigated this possibility for ethynol and the S-, Se-,
and Te-containing analogues. However, our results showed
that the �C�C�XH (X= O, S, Se, Te) anion was systemati-
cally less stable (204, 166, 177, and 191 kJ mol�1, respective-
ly) than the HC�CX� (X=O, S, Se, Te) anion. Hence, al-
though these compounds were not experimentally examined,
it is expected that they will all behave as XH acids and not
as�CH acids.


Let us analyze now, why the phenyl derivatives have an
intrinsic acidity intermediate between the acidities of the
corresponding vinyl and ethynyl compounds, taking advan-
tage again of appropriate isodesmic reactions as illustrated
in Figure 4. It seems evident that the acidity enhancement
on going from vinyl to phenyl derivatives is associated with
a larger stabilization of the anion by the phenyl group; this
stabilization energy being larger than that experienced by
the corresponding neutral compound (see Figure 4a). How-
ever, the increase in acidity on going from the phenyl deriv-
atives to the corresponding ethynyl ones is the result of the
stabilization of the anion and of simultaneous destabilization
of the neutral compound due to the unfavorable interaction
of the XH groups with the triple bond already mentioned
(see Figure 4b). It can be also observed that these effects de-
crease down the group.


Comparison with C-, Si-, Ge-, Sn-, N-, P-, As-, and Sb-con-
taining analogues : Since the acidities of most of these com-
pounds were determined only recently, we thought it of in-
terest to compare the intrinsic acidities of the a,b-unsaturat-
ed compounds of Groups 14, 15, and 16 of the periodic
table. For the first two groups we have used the intrinsic


Figure 3. G2 calculated relative enthalpies of species involved in the de-
protonation processes of a) CH3CH2XH versus CH2=CHXH and
b) CH2=CHXH versus HC�CXH (X=O, S, Se, Te). All values in
kJ mol�1.


Figure 4. G2 calculated relative enthalpies of species involved in the de-
protonation processes of a) CH2=CHXH versus PhXH and b) HC�CXH
versus PhXH (X =O, S, Se, Te). All values in kJ mol�1.


Chem. Eur. J. 2005, 11, 2145 – 2153 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2149


FULL PAPERChalcogen Chemistry



www.chemeurj.org





acidities reported in the literature[3,4] calculated at the same
level used in the present paper. For the particular case of
Group 15, only the acidities of the amines, phosphines,
and arsines have been calculated before, so for the sake
of completeness we have evaluated those of the correspond-
ing ethyl, vinyl, and ethynyl stibines by using a similar ap-
proach to that employed for Te-containing compounds and
the extended G2-type basis set reported by Gonz�lez
et al.[25]


As expected compounds of Group 15 and 16 are stronger
acids than compounds of Group 14, showing that more elec-
tronegative heteroatoms confer a greater acidity to the
system. It is worth noting that there is an extremely good
linear correlation between the calculated acidities of the
three series of compounds (see Figure 5), which shows the
existence of proportionality among the acidity increase
down the group for the three series. A similar correlation
has been reported between the experimental gas-phase acid-
ities of the hydrides series HX and YH2, with X and Y
being elements of Groups 17 and 16, respectively.[26]


For ethyl derivatives, the slope of the correlations be-
tween the calculated acidities of compounds of Groups 15
and 16 versus acidities of compounds of Group 14 is signifi-
cantly smaller than unity. This shows that the acidity of com-
pounds of Groups 14 increases faster down the group than
that of compounds of Groups 15 and 16 (see Figure 5a), sim-
ilarly to what is found for the corresponding hydrides (CH4,
SiH4, GeH4, NH3, PH3, AsH3, H2O, SH2, SeH2).[15] As shown
in Figure 5a, both slopes are rather similar, which means
that the acidity of compounds of Group 16 is only slightly
less sensitive to changes in the acidic function than that of
the analogues of Group 15. Actually, the correlation be-
tween both series of acidities fulfills Equation (1) in which
the slope is quite close to unity.


DacidGðGroup 16Þ ¼ 0:9617DacidGðGroup 15Þ�14:776


r2 ¼ 0:9927
ð1Þ


What is important, however, is that this is not the case
when the unsaturated vinyl and ethynyl derivatives are con-
sidered (see Figures 5b, c). Again, for compounds of
Group 14, the acidity is more sensitive to changes in the
acidic function than that of Groups 15 and 16; however,
now the slopes of the correlations are quite different, which
means that for compounds of Group 15 the acidity changes
down the group faster than for derivatives of Group 16. Ac-
tually, for vinyl and ethynyl derivatives the correlations
obey Equations (2) and (3), with slopes much smaller than
unity.


DacidGðGroup 16Þ ¼ 0:7826DacidGðGroup 15Þ þ 258:27


r2 ¼ 0:9975
ð2Þ


DacidGðGroup 16Þ ¼ 0:6611DacidGðGroup 15Þ þ 402:38


r2 ¼ 0:9987
ð3Þ


These findings can be explained in terms of the electro-
negativity gap between the group attached to the hetero-
atom and that of the heteroatom itself. The electronegativity
of an ethyl group is rather small relative to that of the
heteroatom, whether the heteroatom belongs to Group 15
or 16, so the acidity trends are not very different from those
of the corresponding hydrides. The perturbation is, how-
ever, larger in the vinyl and ethynyl derivatives, because


Figure 5. Linear correlations between the gas-phase acidities (kJ mol�1)
of: a) CH3CH2�ZH3 (Z=C, Si, Ge, Sn) versus CH3CH2�YH2 (Y =N, P,
As, Sb) (^) and CH3CH2�XH (X= O, S, Se, Te) (~), which obey the
equations: DacidG8(Group 14)=0.6739DacidG8(Group 15)+482.1, r2 =


0.9994; DacidG8(Group 14)= 0.6495DacidG8(Group 16)+ 446.72, r2 =0.9964;
b) CH2=CH�ZH3 (Z=C, Si, Ge, Sn) versus CH2=CH�YH2 (Y=N, P, As,
Sb) (^) and CH2=CH�XH (X=O, S, Se, Te) (~), which obey the equa-
tions: DacidG8(Group 14)=0.7885DacidG8(Group 15)+275.31, r2 =0.9937;
DacidG8(Group 14)=0.6193DacidG8(Group 16)+470.26, r2 =0.9986;
c) CH�C�ZH3 (Z= C, Si, Ge, Sn) versus CH�C�YH2 (Y=N, P, As, Sb)
(^) and CH�C�XH (X =O, S, Se, Te) (~), which obey the equations:
DacidG8(Group 14)=0.4514DacidG8(Group 15)+769.8, r2 =0.9750;
DacidG8(Group 14)=0.3000DacidG8(Group 16)+908.96, r2 =0.9842.
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CH2=CH� and HC�C� groups are more electronegative
than a CH3CH2� group, and the differences between com-
pounds containing heteroatoms of Groups 15 and 16
become necessarily more evident. In fact, although an OH
group is still clearly more electronegative than a HC�C�
group, an SH group is not. Therefore the intrinsic acidity of
the �SH group will be enhanced by a HC�C� group, to a
greater extent than that of the �OH group, and therefore
the acidity gap must become smaller.


Conclusion


As it has been found before for amines, phosphines, and ar-
sines, as well as for silanes, germanes, and stannanes, a,b-un-
saturated compounds containing O, S, Se, and Te as hetero-
atoms are stronger acids than their saturated analogues, be-
cause the strong p-electron donor ability of the heteroatoms
contributes to a significant stabilization of the unsaturated
anions.


This electron donation, which populates the s*
CC or p*


CC an-
tibonding orbitals, results in a systematic lengthening of the
C�C bond upon deprotonation; this is also reflected in a siz-
able red shifting of the C�C stretching frequency. Simulta-
neously, a shortening of the C�X bond is also observed.


Ethynyl derivatives are stronger acids than vinyl com-
pounds, while phenyl derivatives have an intrinsic acidity in-
termediate between that of the corresponding vinyl and eth-
ynyl analogues. The CH2=CHXH vinyl compounds behave
systematically as slightly stronger acids than their CH3�C-
(H)X isomers. Vinyl derivatives are stronger acids than
ethyl compounds, because the stabilization undergone by
the anion on going from the saturated to the unsaturated
system is greater than that undergone by the neutral com-
pound. The enhanced acidity of the ethynyl derivatives with
respect to the vinyl compounds is due to two concomitant
effects, the stabilization of the anion and the destabilization
of the neutral compound.


Similar arguments explain why phenyl derivatives are
stronger acids than the corresponding vinyl analogues, but
weaker acids than the ethynyl ones.


The acidities of ethyl, vinyl, and ethynyl derivatives con-
taining heteroatoms of Groups 14, 15, and 16 of the periodic
table are closely related. The linear correlations found be-
tween the acidities of the different series of compounds
show that, as expected, the derivatives of Groups 14 and 16
are the less and the most acidic, respectively. Quite impor-
tantly, however, the acidity differences change significantly
from ethyl to vinyl and to ethynyl derivatives, reflecting the
different electronegativity of CH3CH2�, CH2=CH�, and
CH�C� groups.


Experimental Section


Materials : Tetraethyleneglycol dimethyl ether, selenium, tellurium, eth-
anethiol, thiophenol, phenyl selenol, and diphenyldiselenide were pur-


chased from ACROS and used without further purification, except
phenyl selenol which was purified by distillation in vacuo. Divinyldisul-
fide,[27] diethyl-[28] and divinyldiselenide,[29] and diethyl-[30] and divinyldi-
telluride[31] were prepared as previously reported.


General procedure for the preparation of low-boiling thiol,[32] sele-
nols,[13, 33] and tellurols[13, 33] [Eqs. (4)–(6)]:


Caution: Selenols and tellurols are potentially highly toxic. All reactions
and handling should be carried out in a well-ventilated hood.


Ethenethiol, selenols, and tellurols were prepared starting from the corre-
sponding disulfide, diselenide, or ditelluride by the approach reported for
etheneselenol[13, 29] and using the apparatus described in reference [29]. A
two-necked 50 mL flask containing the precursor (2 mmol in 10 mL of
tetraglyme) was fitted on a vacuum line equipped with two traps, and the
solution was degassed. Tributyltin hydride (0.95 g, 3 mmol) was then
added very slowly (20 min) at room temperature with a syringe through
the septum. During and after the addition, thiol, selenol, or tellurol was
distilled off in vacuo (10�1 mbar) from the reaction mixture. A cold trap
(�60 8C) selectively removed the less volatile products and the expected
product was condensed in a second trap cooled at �120 8C and equipped
with two stopcocks. At the end of the reaction, the stopcocks were closed
and the trap, immersed in a liquid nitrogen bath, was connected to the
mass spectrometer inlet.


FT-ICR experiments : Gas-phase acidity measurements were performed
by bracketing or proton-transfer equilibrium-constant determination. The
general methodology is very similar to that used in previous work[3,4] on
similar compounds of Groups 14 and 15 and is briefly described. Proton-
transfer equilibrium measurements were conducted on an electromagnet
Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer.
For equilibrium constant determinations, variable pressure ratios between
the unknown acid AH under study and the reference compound RefH
were used, with total pressures (read on a Bayard–Alpert ion gauge) in
the range 2 � 10�5 to 8 � 10�5 Pa. Relative (to N2) sensitivities Sr of the
Bayard–Alpert gauge were estimated by using the Bartmess and Geor-
giadis equation [Eq. (7)].[34]


Sr ¼ 0:36aþ 0:30 ð7Þ


The molecular polarizability a was taken as a(ahc), calculated by using
the atomic hybrid components (tA(ahc)) approach of Miller.[35] From a
previous determination of Sr(TeH2),[26] tA(ahc) of tellurium was estimated
to be 8.92 �3/2. A tA(ahc) value for selenium of 6.39 �3/2 was interpolated
from a linear relationship between [tA(ahc)]2/N (N being the number of
electrons in the atom) and the atomic ionization cross section of Otvos
and Stevenson[36] for H, O, S, and Te.


Negative ions were generated by proton abstraction from the neutral re-
actant by tBuO� , which was obtained through dissociative electron cap-
ture at 0.1 eV (nominal) of tBuONO, introduced in the spectrometer at a
partial pressure of about 10�5 Pa. For two compounds (CH3CH2SeH and
PhSH), we were able to determine equilibrium constants K and DDacidG


0


by monitoring the proton exchange for about 10 s [Eqs. (8) and (9)].


AHþRef� K
�!RefHþA� ð8Þ


DDacidG0 ¼ �RTlnK ð9Þ
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Equilibrium constants were obtained at an ICR cell temperature of
338 K. Literature values of gas-phase acidities DacidG8 of RefH[15] refer to
the standard temperature of 298.15 K. The reported absolute DacidG are
not corrected for the 338 to 298.15 K temperature change, as such correc-
tions were assumed to be minor with respect to other experimental un-
certainties. Uncertainties on relative acidities DDacidG are of this order,
but the uncertainties on the absolute acidities are dominated by the un-
certainty on the reference scale, which has been estimated[15] to be about
2 kcal mol�1 or 8.4 kJ mol�1, and therefore applied to our DacidG given in
Table 5. When b-dicarbonyl compounds are used as references, additional


uncertainties may arise from variations in their effective acidity due to
tautomeric displacement induced by changes in experimental conditions.
For various reasons (impurities, secondary reactions, unstable com-
pounds), in most cases equilibrium conditions could not be reached, and
acidities were estimated from bracketing experiments. Ref� or A� ions
were isolated in turn, and the reformation of the other ion was monitored
for 2–10 s, leading to the qualitative acidity order. When CH2=CHTeH
was bracketed, we found that for three references the reformation of
competing ions was in both directions: the acidity order was not clearly
established and it was concluded that RefH and AH were close in acidity,
probably within �5–10 kJ mol�1. In the case of vinyl tellurol, EtTeH was
always present as an impurity. It was used as a bracketing standard, as
well as HCl, because Cl� was present due to chlorinated impurities. Un-
certainties on bracketed acidities correspond to two times the standard
deviation (on the mean value) estimated from the range between the two
closest standards. For vinyl tellurol, the mean acidity value given was cal-
culated from the acidities of the three standards giving proton exchange
in both directions. PhTeH could not be measured because of its low
vapor pressure. All experimental data concerning equilibrium and brack-
eting measurements are reported in Table 5.


Computational methods : The gas-phase acidities of the compounds
under investigation were calculated by using the G2 theory,[37] as imple-
mented in the Gaussian 98 series of programs.[38] The G2 theory is a com-
posite procedure based on the 6–311G(d,p) basis set and several basis ex-
tensions, in which electron correlation effects are treated at the MP4 and
QCISD(T) levels of theory. The final energies were effectively at the
QCISD(T)/6–311 + G(3df,2p) level, assuming that basis set effects on the


correlation energies were additive. A small empirical correction (HLC)
to accommodate remaining deficiencies was finally added as well as the
corresponding zero-point energy (ZPE) correction, estimated at the HF/
6–31G* level. The corresponding entropy changes were also evaluated at
the HF/6–31G* level. The reader is addressed to reference [37] for a
complete description of this method. G2 theory has been shown to repro-
duce gas-phase acidities within�4 kJ mol�1, the so-called chemical accu-
racy. A similar accuracy was found when extensions of this theory to mol-
ecules containing third-row elements were applied. In addition, an assess-
ment of this method for the computation of enthalpies of formation has
been published.[39, 40] For the larger systems, for example, the phenyl de-
rivatives, for which the G2 formalism can become prohibitively expen-
sive, we used the cheaper G2(MP2) method.[41] In previous work, we
have found that this simplified version of the G2 theory yielded reliable
acidity values.


For Te-containing compounds, we used the SKBJ relativistic potential of
Stevens et al. ,[42] which accounts for the most important relativistic effects
in conjunction with the basis set proposed by Sanz et al.[43] For geometry
optimizations and harmonic frequency calculations the aforementioned
effective core potential was used together with the [4,1]+d basis for
Te,[43] whereas for the first-, second-, and third-row atoms, a 6–31G(d)
basis set was adopted. Hereafter, for the sake of simplicity we will refer
to this basis set as 6–31G(d). The corresponding final energies were eval-
uated by using the (6 s,6p,3d,1f) G2-type basis set[43] for Te and a 6–311+


G(3df,2p) basis set expansion for the remaining atoms of the system.
Again for the sake of simplicity the (6 s,6p,3d,1f) basis for Te will be
named hereafter as a 6–311 +G(3df,2p) basis. In this respect it is worth
noting that Glukhovtsev et al.[44] have shown, for the particular case of
bromine- and iodine-containing compounds, that the G2[ECP] theory,
based on the use of effective core potentials (ECP), yields results compa-
rable in accuracy to those obtained in all-electron calculations.


The bonding characteristics of the different species were investigated by
using the atoms in molecules (AIM) theory.[45] For this purpose, we locat-
ed the bond critical points (BCPs) by means of the AIMPAC series of
programs.[46] We also employed the natural bond orbital (NBO)
method[47] to carry out a second-order perturbation analysis of the orbital
interactions between the heteroatom and the rest of the molecule, in
order to estimate the s- and p-electron donor ability of the former, and
its role in the stabilization of the anions produced upon deprotonation.


To check the reliability of the G2(ECP) approach adopted for the calcu-
lation of the intrinsic acidity of Te-containing compounds, we evaluated
the gas-phase acidity of TeH2, which, to the best of our knowledge, is the
only experimental acidity of tellurium-containing systems available. Our
G2(ECP) calculated value, DacidH =1369 kJ mol�1, is in very good agree-
ment with the experimental value reported by Freidhoff et al.[48] (DacidH=


1370.3�3.3 kJ mol�1) obtained from photoelectron spectroscopy data on
TeH� , but is somewhat smaller than the value measured by some of us in
Nice[26] by means of proton transfer equilibrium techniques (DacidH=


1385�8.8 kJ mol�1).
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Enantioselective Syntheses and Configuration Assignments of g-Chiral
Butenolides from Plagiomnium undulatum: Butenolide Synthesis from
Tetronic Acids


Tobias Kapferer,[a] Reinhard Br�ckner,*[a] Axel Herzig,[a] and Wilfried A. Kçnig†[b]


Introduction


Bryophytes (mosses) are known to generate a great variety
of secondary metabolites. However, this property mainly ap-
plies to liverworts (Hepaticae), whereas common mosses
(Musci) are considered to be poor in their production of vol-
atile constituents. A recent investigation of the hydrodistilla-
tion products of a selection of mosses revealed that many of
them also produce complex mixtures of volatiles, although
in much smaller amounts (approximately 10 %) than liver-
worts. From the genus Plagiomnium undulatum, in addition
to (+)-dauca-8,11-diene (a new sesquiterpene hydrocarbon),
two D2-butenolides,[1] nat-1 and nat-2 (Scheme 1), with the
latter exhibiting a very intense, pleasant, floral fragrance,
were isolated and their structures were derived by NMR
spectroscopy and mass spectrometry analysis.[2] However,
the absolute configuration at their stereocenters remained
unknown.


In order to establish the latter, we compared extracts
from Plagiomnium undulatum, which contained both nat-1


and nat-2 (plus other compounds), with synthetic specimens
of (S)-1, (R)-1, (S)-2, and (R)-2 by enantioselective gas chro-
matography with appropriately modified cyclodextrins.[3]


This was the only way of determining the absolute configu-
ration of compound nat-1 because it had been inaccessible
in pure form from the natural source. In contrast, GLC com-
parisons between nat-2 (which had been isolated in pure
form) and stereochemically unambiguously assigned refer-
ence compounds (S)-2 and (R)-2 were an obvious means of
absolute configuration assignment, since “easier” methods
like CD spectroscopy[4] or 1H NMR spectroscopy analysis in
the presence of an enantiopure lanthanide shift reagent[5]


were not readily applicable.
Reference compounds (S)-1, (R)-1, (S)-2, and (R)-2 quali-


fied, in principle, for being accessible by the asymmetric di-
hydroxylation[6] (AD) of sterically homogeneous b,g-unsatu-
rated carboxylic esters, since this reaction provides b-hy-
droxy-g-butyrolactones in a single step and in essentially
enantiopure form.[7] Having accessed a variety of saturated[8]


and unsaturated butyrolactones[9] in this manner,[7,10] we
found the latter did not include trisubstituted (for example,
1) or tetrasubstituted (for example, 2) D2-butenolides. This
gap is closed by the present study. Concomitantly, we dis-
close the first examples each of a novel access to optically
active tetronic acids (11!10!18 ; 5!4!21) and of a novel
preparation of b-substituted butenolides (18!19!2).


Keywords: Arndt-Eistert homolo-
gation · asymmetric synthesis ·
butyrolactones · configuration
determination · dihydroxylation ·
tetronic acids


Abstract: Both enantiomers of the g-chiral a,b-dimethylated butyrolactones nat-1
and nat-2 from the moss Plagiomnium undulatum were synthesized stereoselec-
tively through butenolides and tetronic acids, respectively. The configuration of
the natural products was determined by GLC comparisons with mono(3-O-acetyl-
6-O-tert-butyldimethylsilyl-2-O-methyl)hexakis(6-O-tert-butyldimethylsilyl-2,3-di-
O-methyl)-b-cyclodextrin as a stationary phase.
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Scheme 1. Butenolides from Plagiomnium undulatum.[2]


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/chem.200401135 Chem. Eur. J. 2005, 11, 2154 – 21622154







Results and Discussion


Following the b,g-unsaturated ester!b-hydroxy-g-lactone
strategy, the two enantiomers of trisubstituted butenolides
(S)- and (R)-1 were traced back to ester trans-5[11]


(Scheme 2). This originated from the deconjugative Knoeve-


nagel condensation[12] of aldehyde 3 with malonic acid fol-
lowed by methyl esterification. Oxidation of ester trans-5
with AD mixes a and b (containing (DHQ)2PHAL and
(DHQD)2PHAL, respectively, as the chiral auxiliary) pro-
vided hydroxylactones (S,S)-4 (94 % ee ;[13] absolute configu-
ration ascertained by X-ray crystal structure analysis[14] of a
crystal of the para-bromobenzoate (S,S)-6) and (R,R)-4
(97 % ee[13]), respectively.


Application of our unsaturated ester!b-hydroxy-g-lac-
tone strategy to obtain the optically active tetrasubstituted
butenolides (S)- and (R)-2 allowed us to start both from
ester (E)-11[16] (Scheme 3) or from its isomer (Z)-11
(Scheme 4). AD mix a converted the former into a hydroxy-
lactone, (4S,5S)-10, with 91 % ee,[13] and the latter into the
hydroxylactone (4S,5R)-10 with 80 % ee.[13] Likewise, dihy-
droxylation of esters (E)- and (Z)-11 with AD mix b occur-
red with 97 % ee[13] (!(4R,5R)-10) and 85 % ee[13] (!


(4R,5S)-10), respectively. The b,g-unsaturated C10 esters (E)-
and (Z)-11 had been obtained stereospecifically from the
a,b-unsaturated C9 acids (E)-7[17] and (Z)-7,[18] respectively
by Arndt–Eistert homologations[19] proceeding through the


Scheme 2. Approaching butenolides (S)- and (R)-1. a) Malonic acid
(1.1 equiv), NEt3 (3.0 equiv), 90 8C, 18 h; b) H2SO4 (cat.), MeOH, D, 2 h;
82%; c) K2OsO2(OH)4 (0.8 mol %), (DHQ)2PHAL (0.01 equiv),
K3Fe(CN)6 (3.0 equiv), K2CO3 (3.0 equiv), MeSO2NH2 (1.0 equiv),
tBuOH/H2O (1:1), 0 8C, 12 h; 91 %; d) K2OsO2(OH)4 (0.8 mol %),
(DHQD)2PHAL (0.01 equiv), K3Fe(CN)6 (3.0 equiv), K2CO3 (3.0 equiv),
MeSO2NH2 (1.0 equiv), tBuOH/H2O (1:1), 0 8C, 12 h; 90 %;
e) pBrC6H4CO2H (1.1 equiv), DCC (1.1 equiv), DMAP (cat.), CH2Cl2,
RT, 4 h, D, 1 h; 81%. A Pluton/Povray plot[15] of the solid-state structure
of (S,S)-6 is also depicted. Pent=pentyl, (DHQ)2PHAL = 1,4-bis(dihy-
droquininyl)phthalazine, (DHQD)2PHAL = 1,4-bis(dihydroquinidinyl)-
phthalazine, DCC = N,N’-dicyclohexylcarbodiimide, DMAP =4-dimethyl-
aminopyridine.


Scheme 3. Approaching butenolides (S)- and (R)-2, variant 1. a) SOCl2


(1.0 equiv), DMF (cat.), CH2Cl2, 0 8C!RT, 3 h; b) CH2N2 (2.0 equiv),
H�nig�s base (1.0 equiv), Et2O, 0 8C!RT, 1 h; 55% over 2 steps;
c) AgOBz (0.3 equiv), NEt3 (4.7 equiv), MeOH, RT, 5 h; 88%;
d) K2OsO2(OH)4 (0.8 mol %), (DHQ)2PHAL (0.016 equiv), K3Fe(CN)6


(3.0 equiv), K2CO3 (3.0 equiv), MeSO2NH2 (1.0 equiv), tBuOH/H2O
(1:1), 0 8C, 1 d; 83%; e) K2OsO2(OH)4 (0.8 mol %), (DHQD)2PHAL
(0.016 equiv), K3Fe(CN)6 (3.0 equiv), K2CO3 (3.0 equiv), MeSO2NH2


(1.0 equiv), tBuOH/H2O (1:1), 0 8C, 1 d; 82 %. DMF =N,N-dimethylform-
amide.


Scheme 4. Approaching butenolides (S)- and (R)-2, variant 2. a) SOCl2


(1.1 equiv), DMF (cat.), CH2Cl2, 0 8C!RT, 2.5 h; b) CH2N2 (3.0 equiv),
H�nig�s base (1.0 equiv), Et2O, 0 8C!RT; 57 % over 2 steps; c) AgOBz
(0.3 equiv), NEt3 (4.7 equiv), MeOH, RT, 4 h; 95%; d) K2OsO2(OH)4


(0.8 mol %), (DHQD)2PHAL (0.016 equiv), K3Fe(CN)6 (3.0 equiv),
K2CO3 (3.0 equiv), MeSO2NH2 (1.0 equiv), tBuOH/H2O (1:1), 0 8C, 1 d;
85%; e) K2OsO2(OH)4 (0.8 mol %), (DHQ)2PHAL (0.016 equiv),
K3Fe(CN)6 (3.0 equiv), K2CO3 (3.0 equiv), MeSO2NH2 (1.0 equiv),
tBuOH/H2O (1:1), 0 8C, 1 d; 92%; f) pBrC6H4COCl (1.2 equiv), NEt3


(1.3 equiv), DMAP (cat.), CH2Cl2, RT, 6 h, D, 2 h; 56%. A Pluton/Povray
plot[15] of the solid-state structure of (4S,5R)-12 is also depicted.


Chem. Eur. J. 2005, 11, 2154 – 2162 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2155


FULL PAPER



www.chemeurj.org





corresponding acid chlorides (E)- and (Z)-8 and the derived
diazoketones (E)- and (Z)-9.[20]


The anomalous X-ray diffraction[14] of the para-bromo-
benzoate first obtained from these lactones as nice crystals
revealed its stereostructure to be that depicted for (4S,5R)-
12 ; this proves that the configuration of the underlying hy-
droxylactone, namely the a-osmylation product of ester (Z)-
11, is (4S,5R)-10 (Scheme 4). The configurations of the hy-
droxylactone isomers obtained according to Scheme 3
emerged from correlations with those shown in Scheme 4.
According to chiral GLC,[13] a-methylation/oxidation of the
a-osmylation product (4S,5S)-10 of ester (E)-11 (Scheme 3)
provided the same tetronic acid enantiomer ((S)-18,
Scheme 6) as a-methylation/oxidation of compound
(4R,5S)-10 from Scheme 4. Similarly, a-methylation/oxida-
tion of the b-osmylation product of ester (E)-11
(Scheme 3)—which was hence designated (4R,5R)-10—gave
the identical tetronic acid enantiomer (not depicted) to that
obtained by a-methylation/oxidation of hydroxylactone
(4S,5R)-10 (Scheme 4).


Hydroxylactones (S,S)-4 and (R,R)-4 were transformed


into the trisubstituted butenolides (S)-1 and (R)-1, respec-
tively, as detailed in Scheme 5 for the former compound.
Dehydration with mesyl chloride/triethylamine produced
the expected D1-butenolide in 94 % ee (92 % yield). Its
CbH=CaH moiety was elaborated into the desired CbMe=


CaMe moiety by Hanessian and Murray�s b-methylation/a-
alkylation protocol for butenolides.[21] Cycloaddition of di-
azomethane gave the D1-pyrazoline 13 with the Cb�Me


“bond-to-be” (96% yield). Enolate formation with LDA
and treatment with methyl iodide afforded a D2 :D1 mixture
of pyrazolines 14 and 15, thereby establishing the Ca�Me
bond (80 % yield). Pyrolysis in refluxing dioxane provided
the desired butenolide (S)-1 in 75 % yield with an undimin-
ished ee value (95 %). A specimen of (R)-1 (97 % ee) was
similarly obtained.


The methodology of Hanessian and Murray[21] was unsuit-
able for converting hydroxylactones (4R,5S)-10 and (4S,5R)-
10 into the tetrasubstituted butenolides (S)-2 and (R)-2, re-
spectively, since butenolide 16—obtained by dehydrating an
isomeric mixture of hydroxylactones 10—did not react with
diazomethane (Scheme 6). We circumvented this inertia by


adding tetronic acids to the product palette of AD reactions
of b,g-unsaturated esters and by establishing a novel way for
converting the Cb�OH motif of tetronic acids into the Cb�
hydrocarbon subunit of D2-butenolides.


The S enantiomer of butenolide 2 was targeted from hy-
droxylactone (4R,5S)-10 by lithioalkoxide/enolate formation
followed by methylation[22] (Scheme 6). A single diastereo-
mer of the expected a-methyl-b-hydroxylactone was isolat-
ed. Working in THF/DMPU, the a-methyl and b-hydroxy
groups were probably oriented trans.[10a,22] Swern oxida-
tion[23] including enol formation yielded tetronic acid (S)-18
almost quantitatively. There appears to be little prece-


Scheme 5. Completing the synthesis of butenolides (S)- and (R)-1.
a) MsCl (1.5 equiv), NEt3 (2.8 equiv), CH2Cl2, 0 8C, 30 min; 92%, 94 %
ee ; b) CH2N2 (5.0 equiv), Et2O, 0 8C!RT, 15 h; 96%; c) LDA (1.7 equiv),
THF, �78 8C, 30 min; MeI (1.8 equiv), �78 8C, 18 h; 80 %; d) 1,4-dioxane,
110 8C, 5 d; 75%. Ms =mesyl=methanesulfonyl, LDA= lithium diisopro-
pylamide, THF= tetrahydrofuran.


Scheme 6. Completing the synthesis of butenolides (S)- and (R)-2.
a) CH2N2 (5.0 equiv), Et2O, RT, 5 d; b) LDA (2.8 equiv), THF, �78 8C,
30 min; MeI (1.8 equiv), THF/DMPU, �78 8C!�40 8C, 14 h; 74 %;
c) DMSO (3.5 equiv), (F3CCO)2O (2.0 equiv), CH2Cl2, �78 8C, 2 h; NEt3


(4.0 equiv), �78 8C, 14 h; 99%; d) MeLi (2.0 equiv), THF, �50 8C!0 8C,
2 h; HCl, 30 min, RT; 87 %, 86 % ee ; e) Me3O


+ ·BF4
� (3.0 equiv), CH2Cl2,


RT, 28 h; 85%. DMPU =1,3-dimethyltetrahydro-2-(1H)-pyrimidinone.
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dence[24] for such an approach to these compounds.[25] The
method could be extended to tetronic acid 21 which, unlike
(S)-18, might—but did not—racemize due to the possibility
of Cg,H acidity (Scheme 7).


Tetronic acid (S)-18 was methylated by Meerwein�s salt
regioselectively at C2=O, rather than at C4�OH, thereby
yielding methoxyfuranone (S)-19 (Scheme 6).[26] Addition of
MeLi followed by acid hydrolysis provided target structure
(S)-2 in 87 % yield. This reaction, to the best of our knowl-
edge, represents the first example of the overall transforma-
tion O=C�C=C(OR1)2 + R2M ! R2�C=C�C(=O)(OR1) in
heterocycle synthesis. It consists of the sequential transfor-
mations 1) HO�C=CH�C(=O)OR1 + R1X ! O=C�C=


C(OR1)2 and 2) O=C�C=C(OR1)2 + R2M ! R2�C=C�C(=
O)(OR1). The same sequence of steps might be applicable
to the conversion of other b-ketolactones into other a,b-un-
saturated lactones containing a b-substituent; conceivably,
this could entail the two-step conversion of tetrahydropyr-
an-2,4-diones into 4-substituted 5,6-dihydro-(2 H)-2-pyra-
nones or the two-step conversion of benzo-3,4-dihydro-
(2 H)-2,4-pyrandiones into 4-substituted cumarins. It should
be noted that the related transformation O=C�C=C�
OR1 + R2M ! R2�C=C�C=O, which proceeds at a lower
oxidation state than (S)-19!(S)-2, has been amply used for
the preparation of 3-substituted 2-cycloalken-1-ones.[27]


Having made enantiomer (R)-2 available by the same se-
quence of steps (Scheme 6, bottom), we were in possession
of all the materials needed for the GLC analysis of com-
pounds nat-1 and nat-2. As demonstrated by enantioselec-
tive GLC (Figure 1), the predominant nat-2 is the enantio-
pure S enantiomer, while the minor component nat-1 is a
mixture of enantiomers with a small excess of the R enantio-
mer (9 % ee).


Experimental Section


General : All reactions were performed in oven-dried (110 8C) glassware
under N2. THF was freshly distilled from K, CH2Cl2 was distilled from
CaH2. Diazomethane was prepared as an ethanol-free diethyl ether so-
lution according to the literature[28] by using the ALDRICH Diazald kit;
the diazomethane concentrations were determined prior to use.[28] Prod-
ucts were purified by flash chromatography[29] on Merck silica gel 60.
Yields refer to analytically pure samples. 1H NMR (CHCl3 (d=7.26 ppm)


as the internal standard in CDCl3; C6HD5 (d =7.15 ppm) as the internal
standard in C6D6) and 13C NMR (CDCl3 (center peak of the triplet d=


77.0 ppm) as the internal standard in CDCl3; C6D6 (center peak of the
triplet d=128.0 ppm) as the internal standard in C6D6) spectroscopy was
performed on Varian Mercury VX 300 and Bruker DRX 500 spectrome-
ters. Integrals are in accordance with the assignments; coupling constants
are given in Hz. The assignments of 1H and 13C NMR signals refer to the
IUPAC nomenclature except within substituents where primed numbers
are used. Combustion analyses were performed by E. Hickl, Institut f�r
Organische Chemie und Biochemie, Universit�t Freiburg. MS analyses
were obtained by Dr. J. Wçrth and C. Warth, Institut f�r Organische
Chemie und Biochemie, Universit�t Freiburg. IR spectra were obtained
on a Perkin–Elmer Paragon 1000 apparatus. Optical rotations measured
with a Perkin–Elmer polarimeter 341 at 589 nm and 20 8C and were cal-
culated according to the Drude equation ([a]D = (aexp � 100)/(c � d)); rota-
tional values are the average of five measurements of aexp in a given so-
lution of the respective sample. Melting points were measured on a Dr.
Tottoli apparatus (B�chi) and are uncorrected. The ee values were deter-
mined by chiral GC, by using a Carlo Erba Instruments HRC 5160 Mega
series apparatus with a Varian CP7502 (b-cyclodextrin/dimethylpolysilox-
ane) column.


(S)-3,4-Dimethyl-5-pentyl-2-(5H)-furanone ((S)-1): A solution of 15
(70 mg, 0.33 mmol) in 1,4-dioxane (3 mL) was heated at 110 8C for 5 d.
The solvent was evaporated in vacuo. Subsequent purification by flash
chromatography (cyclohexane/EtOAc 10:1) afforded the title compound
(45 mg, 75 %): [a]D =�6.5 (c =0.6 in CHCl3); IR (film): ñ =2955, 2930,
2860, 1755, 1685, 1465, 1460, 1440, 1385, 1330, 1130, 1115, 1095, 1060,


Scheme 7. Synthesis of an optically active tetronic acid, 21, from a b,g-un-
saturated ester. a) Same as step d of Scheme 2; b) LDA (5.0 equiv), THF,
�78 8C, 1 h; MeI (10 equiv), THF, �78 8C, 2 h; 83%; c) DMSO
(3.5 equiv), (F3CCO)2O (2.0 equiv), CH2Cl2, �78 8C, 1 h; NEt3


(4.0 equiv), �78 8C, 45 min; 92 %.


Figure 1. GLC analyses of natural plant extract and synthetic reference
compounds by using a 25 m fused-silica capillary column with monokis(3-
O-acetyl-6-O-tert-butyldimethylsilyl-2-O-methyl)hexakis(6-O-tert-butyldi-
methylsilyl-2,3-di-O-methyl)-b-cyclodextrin[3a] at 150 8C (isothermal). H2


at an inlet pressure of 0.5 bar was used as the carrier gas with split injec-
tion (ratio 1:30). Bottom: natural plant extract; center: synthetic refer-
ence compounds; top: coinjection of natural plant extract and synthetic
reference compounds.
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1010, 965, 925, 765, 745, 730, 660, 610, 575, 550 cm�1; tr(S)=18.25 min,
tr(R)= 17.27 min (120 8C, 100 kPa); 95 % ee.


(R)-3,4-Dimethyl-5-pentyl-2-(5H)-furanone ((R)-1): The neat enantio-
mer of 15 (“ent-15”; 99 mg, 0.47 mmol) was heated for 4 h at 150 8C. Puri-
fication by flash chromatography (cyclohexane/EtOAc 9:1) afforded the
title compound (58 mg, 68%): [a]D =++7.1 (c =0.6 in CHCl3); 1H NMR
(500 MHz, CDCl3): d=0.89 (mc, 5’-CH3), 1.25–1.48 (m, 1’-H1, 2’-H2, 3’-H2,
4’-H2), 1.81 (mc, 3-CH3), 1.84–1.91 (m, 1’-H2), 1.94 (mc, 4-CH3), 4.71–4.73
(m, 5-H) ppm; 13C NMR (125 MHz, CDCl3; *,**= distinguishable by a
C,H correlation spectrum): d= 8.39 (3-CH3)*, 11.93 (4-CH3)*, 13.92 (C-
5’), 22.41, 24.10, and 31.49 (C-2’, C-3’, C-4’), 32.08 (C-1’)**, 83.21 (C-5),
123.38 (C-3), 159.17 (C-4), 174.67 (C-2) ppm; tr(S)= 15.81 min, tr(R)=


17.07 min (120 8C, 100 kPa); 97 % ee ; HRMS: m/z calcd for C11H18O2:
182.130694; found 182.130680; elemental analysis calcd (%) for C11H18O2


(182.3): C 72.50, H 9.96; found: C 72.47, H 10.07.


(R)-3,4,5-Trimethyl-5-pentyl-2-(5H)-furanone ((R)-2): Methyllithium
(1.08 m in diethyl ether, 1.48 mL, 1.60 mmol, 2.0 equiv) was added at
�50 8C to a solution of (R)-19 (170 mg, 0.802 mmol) and stirred for
15 min. The solution was allowed to warm to 0 8C and stirred for 2 h.
After addition of aq. HCl (0.5 m, 10 mL) the mixture was stirred for
30 min at room temperature. The solution was extracted with EtOAc (5 �
15 mL) and the combined organic extracts were dried over MgSO4. After
evaporation in vacuo, the residue was purified by flash chromatography
(cyclohexane/EtOAc 10:1) to afford the title compound (148 mg, 94%):
[a]D =�7.8 (c= 0.4 in CHCl3); 1H NMR (500 MHz, C6D6; *=distinguish-
able by a C,H correlation spectrum): d=0.80 (t, J5’,4’=7.23 Hz, 5’-CH3),
0.98 (s, 5-CH3), 0.84–0.94 and 1.00–1.20 (2 m, 1- and 6-H, 1’-H1, 2’-H2, 3’-
H2, 4’-H2), superimposed with 1.19 (s, 4-CH3)*, 1.44–1.49 (m, 1’-H2), 1.58
(s, 3-CH3)* ppm; 13C NMR (125 MHz, C6D6; *=distinguished by compar-
ison with the corresponding signals of a CDCl3 solution of (R)-2 (d =8.58
(3-CH3), 11.23 (4-CH3) ppm); **,*** =distinguishable by a C,H correla-
tion spectrum): d=8.51 (3-CH3)*, 10.35 (4-CH3)*, 14.13 (C-5’)**, 22.69,
22.93, and 31.98 (C-2’, C-3’, C-4’), 23.63 (5-CH3)**, 37.07 (C-1’)***, 86.75
(C-5), 123.34 (C-3), 161.03 (C-4), 172.71 (C-2) ppm; tr(R)=12.07 min,
tr(S) =12.57 min (120 8C, 100 kPa); 81 % ee ; HRMS: m/z calcd for
C12H20O2: 196.146330; found 196.145939; elemental analysis calcd (%)
for C12H20O2 (196.2): C 73.43, H 10.27; found: C 73.32, H 10.41.


(S)-3,4,5-Trimethyl-5-pentyl-2-(5H)-furanone ((S)-2): The title compound
(125 mg, 87 %) was prepared from (S)-19 (159 mg, 0.736 mmol) by an
analogous procedure to that described for (R)-2 : [a]D =++10.3 (c=0.9 in
CHCl3); 1H NMR (500 MHz, CDCl3; *=distinguishable by the NOE ob-
served at 4-CH3 (d =1.88 ppm) while irradiating 5-CH3 (d =1.38 ppm)):
d=0.86 (t, J5’,4’= 7.0 Hz, 5’-H3), 0.95–1.07 and 1.18–1.31 (2 m, 1- and 5-H,
2’-H2, 3’-H2, 4’-H2), 1.38 (s, 5-CH3), 1.52–1.60 and 1.77–1.83 (2 m, 1-H, 1’-
H2), superimposed by 1.80 (q, 5J3-Me,4-Me =1.0 Hz, 3-CH3)*, 1.88 (q,
5J4-Me,3-Me =1.1 Hz, 4-CH3)* ppm; 13C NMR (125 MHz, CDCl3; *,**,***=


distinguishable by a C,H correlation spectrum;): d=8.58 (3-CH3)*, 11.23
(4-CH3)*, 14.02 (C-5’)**, 22.50, 22.72 and 31.77 (C-2’, C-3’, C-4’), 23.76
(5-CH3)**, 37.01 (C-1’)***, 88.00 (C-5), 122.96 (C-3), 162.69 (C-4), 173.99
(C-2) ppm; tr(S)=12.24 min, tr(R)= 11.95 min (120 8C, 100 kPa); 86 % ee.


(4S,5S)-4,5-Dihydro-4-hydroxy-2-(3H)-furanone ((S,S)-4): (DHQ)2PHAL
(63 mg, 0.081 mmol, 1 mol %), K3Fe(CN)6 (8.00 g, 24.3 mmol, 3.0 equiv),
K2CO3 (3.36 g, 24.3 mmol, 3.0 equiv), MeSO2NH2 (771 mg, 8.11 mmol,
1.0 equiv), and K2OsO2(OH)4 (24 mg, 0.065 mmol, 0.8 mol %) were dis-
solved in tBuOH (50 mL) and H2O (50 mL). After cooling to 0 8C trans-5
(1.38 g, 8.11 mmol) was added. After 12 h at 0 8C, aq. Na2SO3 (34 mL)
was added and the mixture was stirred for 1 h at room temperature. The
solution was extracted with EtOAc (3 � 50 mL) and the combined organic
extracts were dried over MgSO4. After evaporation in vacuo the residue
was purified by flash chromatography (cyclohexane/EtOAc 2:1) to afford
the title compound (1.27 g, 91%): [a]D =�60.7 (c= 1.1 in CHCl3);
1H NMR (500 MHz, CDCl3; * = interchangeable, **=distinguishable by
a C,H correlation spectrum): d=0.89–0.93 (m, 5’-H3), 1.30–1.56 (m, 2’-H2,
3’-H2, 4’-H2), AB signal (dA =1.72, dB =1.87, JAB = 13.8 Hz, A part in ad-
dition split by JA,2’-H(1) =10.2, JA,5 =JA,2’-H(2) =5.7 Hz, B part in addition
split by JB,2’-H(2) =9.9*, JB,5 =8.3, JB,2’-H(1) =5.4* Hz, 1’-H2), 2.22 (br d, J4-


OH,4 = 4.8 Hz, 4-OH), AB signal (dA =2.55, dB =2.79, JAB =17.7 Hz, A part
in addition split by JA,4 =0.9 Hz, B part in addition split by JB,4 =5.5 Hz,


3-H2), 4.37 (ddd, J5,1’-H(B) =8.5, J5,1’-H(A) =5.7, J5,4 = 3.6 Hz, 5-H)**, 4.48
(br ddd, J4,5�J4,4-OH�J4,3-H(B)�4.4 Hz, J4,3-H(A) not resolved, 4-H)** ppm;
13C NMR (125 MHz, CDCl3; *=distinguishable by a C,H correlation
spectrum, **=assignment is based on increment calculation[30] which pre-
dicts d=30.5 ppm (C-3’), ***=distinction is based on increment calcula-
tion[30] which predicts d=65.0 ppm (C-4) and d=77.9 ppm (C-5)): d=


13.92 (C-5’), 22.44 and 25.20 (C-2’, C-4’), 28.20 (C-1’)*, 31.59 (C-3’)**,
39.47 (C-3), 69.01 (C-4)***, 84.95 (C-5)***, 175.84 (C-2) ppm; elemental
analysis calcd (%) for C9H16O3 (172.2): C 62.77, H 9.36; found: C 62.60,
H 9.27.


(4R,5R)-4,5-Dihydro-4-hydroxy-2-(3H)-furanone ((R,R)-4): The title
compound (1.13 g, 90 %) was prepared from trans-5 (1.24 g, 7.30 mmol)
by an analogous procedure to that described for (S,S)-4 but with
(DHQD)2PHAL as a ligand: [a]D =++62.9 (c=1.1 in CHCl3).


Methyl (trans-3-nonenoate) (trans-5): A mixture of triethylamine
(8.8 mL, 6.4 g, 63 mmol, 3.0 equiv), heptanal (2.40 g, 21.0 mmol), and ma-
lonic acid (2.40 g, 23.1 mmol, 1.1 equiv) was heated at 90 8C for 18 h.
After the mixture had been cooled to room temperature, the solution
was poured into precooled (0 8C) aq. H2SO4 (20 %, 12.5 mL). The so-
lution was extracted with CH2Cl2 (3 � 15 mL) and evaporated in vacuo.
The residue was dissolved in methanol (12.5 mL). After addition of conc.
H2SO4 (0.60 mL, 0.11 g, 1.1 mmol, 0.05 equiv), the mixture was heated
for 2 h under reflux and then cooled to 0 8C. Aq. NaHCO3 (9.5 mL) was
added. After extraction with CH2Cl2 (3 � 10 mL) the combined organic
extracts were washed with aq. NaCl (3 � 10 mL) and dried over MgSO4.
The solvent was evaporated in vacuo and the residue was purified by dis-
tillation (110–112 8C, 30 mbar) to afford the title compound (2.95 g,
82%): 1H NMR (300 MHz, CDCl3): d= 0.88 (t, J9,8 =6.8 Hz, 9-H3), 1.20–
1.42 (m, 6-H2, 7-H2, 8-H2), 1.98–2.07 (m, 5-H2), 3.03 (mc, presumably in-
terpretable as br d, J2,3 =5.4 Hz, 2-H2), 3.68 (s, COOCH3), 5.46–5.62 (m,
3-H, 4-H) ppm.


(4S,5S)-4-(4-Bromobenzoyloxy)-4,5-dihydro-5-pentyl-2-(3H)-furanone
((S,S)-6): DCC (0.12 g, 0.57 mmol, 1.1 equiv), p-bromobenzoic acid
(0.11 g, 0.57 mmol, 1.1 equiv), and DMAP (cat.) were added to a solution
of (4S,5S)-4. After heating for 1 h under reflux, the mixture was cooled
to room temperature and stirred for 4 h. After addition of aq. NH4Cl
(15 mL) and extraction with CH2Cl2 (4 � 20 mL), the combined organic
extracts were dried over MgSO4. Purification by flash chromatography
(cyclohexane/EtOAc 10:1) afforded the title compound (149 mg, 81%)
as a white solid: m.p. 81 8C; 1H NMR (500 MHz, CDCl3; *= interchange-
able): d =0.84–0.89 (m, 5’-H3), 1.25–1.34 (m, 3’-H2, 4’-H2), 1.35–1.44 (m,
2’-H1), 1.49–1.60 (m, 2’-H2), 1.68–1.75 (m, 1’-H1), 1.84–1.91 (m, 1’-H2),
AB signal (dA =2.72, dB =3.00, JAB =18.3 Hz, A part in addition split by
JA,4�0.5 Hz, B part in addition split by JB,4 =5.9 Hz, 3-H2), 4.62 (ddd,
J5,1’-H(1) =8.8*, J5,1’-H(2) =4.9*, J5,4 =4.1 Hz, 5-H), 5.71 (ddd, J4,3-H(B) =5.4,
J4,5 = 4.1, J4,3-H(A)�1.1 Hz, 4-H), AA’BB’ signal with signal centers at 7.62
and 7.88 (2 � 2 ArH) ppm; IR (film): ñ=3035, 3025, 3015, 3010, 2960,
2935, 2875, 2860, 1925, 1785, 1725, 1590, 1485, 1400, 1355, 1270, 1235,
1195, 1175, 1165, 1145, 1115, 1100, 1070, 1050, 1015, 920, 850, 800 cm�1;
proof of the absolute configuration was obtained by X-ray crystal struc-
ture analysis.[14]


(E)-3-Methyl-2-octenoic acid ((E)-7): At �78 8C, tBuLi (1.7 m in pentane,
14.3 mL, 24.3 mmol, 9.7 equiv) was added to a solution of pentyl iodide
(1.50 mL, 2.28 g, 11.5 mmol, 4.6 equiv) in pentane (45 mL) and diethyl
ether (30 mL). After being stirred for 5 min, the solution was allowed to
reach room temperature then it was stirred for 1.5 h. The mixture was
cooled to 0 8C and added to a cooled (�5 8C) suspension of CuI (1.10 g,
5.75 mmol, 2.3 equiv) in THF (5 mL). After 10 min, the solution was
cooled to �78 8C and a solution of 2-butynoic acid (210 mg, 2.50 mmol)
in THF (5 mL) was added. The mixture was stirred for 10 min at �78 8C
and was then allowed to reach �15 8C. After 30 min, the mixture was
poured into cold (0 8C) aq. HCl (1 m, 40 mL) and the solution was
warmed to room temperature. After extraction with EtOAc (4 � 50 mL),
the combined organic extracts were dried over MgSO4 and evaporated in
vacuo. The residue was purified by flash chromatography (cyclohexane/
EtOAc 10:1) to afford the title compound (336 mg, 86%): 1H NMR
(500 MHz, CDCl3): d=0.90 (t, J8,7 =7.2 Hz, 8-H3), 1.24–1.36 (m, 6-H2, 7-
H2), 1.46–1.52 (m, 5-H2), 2.14–2.18 (m, 4-H2), superimposed by 2.16 (mc,
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presumably interpretable as d, 4Jallyl = 1.2 Hz, 3-CH3), 5.69 (incomplete re-
solved qd, 4J2,3-Me = 4J2,4 =1.2 Hz, 2-H), 11.89 (br s, COOH) ppm; elemen-
tal analysis calcd (%) for C9H16O2 (156.21): C 69.20, H 10.32; found: C
69.32, H 10.16.


(Z)-3-Methyl-2-octenoic acid ((Z)-7): At �5 8C MeLi (1.6 m in diethyl
ether, 57.5 mL, 92.0 mmol, 4.6 equiv) was added to a suspension of CuI
(8.76 g, 46.0 mmol, 2.3 equiv) in THF (200 mL). The solution was stirred
for 20 min at this temperature and then cooled to �78 8C. A solution of
2-octynoic acid (2.80 g, 20.0 mmol) in THF (9 mL) was added. After stir-
ring for 1.5 h at this temperature, the mixture was warmed to �15 8C and
stirred for another 5 h. The mixture was poured into cold (0 8C) aq. HCl
(1 m, 400 mL). After extraction with EtOAc (4 � 100 mL), the combined
organic extracts were dried over MgSO4 and evaporated in vacuo. The
residue was purified by flash chromatography (cyclohexane/EtOAc 10:1)
to afford the title compound (3.04 g, 97%): 1H NMR (500 MHz, CDCl3):
d=0.89 (mc, 8-H3), 1.28–1.37 (m, 6-H2, 7-H2), 1.47 (mc, 5-H2), 1.92 (d,
4J3-Me,2 =1.4 Hz, 3-CH3), 2.63 (mc, 4-H2), 5.67 (mc, 2-H), 11.89 (br s,
COOH) ppm.


(E)-3-Methyl-2-octenoyl chloride ((E)-8): At 0 8C, SOCl2 (0.33 mL,
0.53 g, 4.5 mmol, 1.0 equiv) and DMF (1 drop) were added to a solution
of (E)-3-methyl-2-octenoic acid (701 mg, 4.49 mmol) in CH2Cl2 (19 mL).
The solution was stirred for 3 h at room temperature. After evaporation
in vacuo, the crude residue was used for the preparation of (E)-9 without
further purification.


(Z)-3-Methyl-2-octenoyl chloride ((Z)-8): At 0 8C, SOCl2 (0.051 mL,
83 mg, 0.70 mmol, 1.1 equiv) and DMF (1 drop) were added to a solution
of (Z)-3-methyl-2-octenoic acid (0.10 g, 0.64 mmol) in CH2Cl2 (4 mL).
The solution was stirred for 2.5 h at room temperature. After evaporation
in vacuo, the crude residue was used for the preparation of (Z)-9 without
further purification.


(E)-1-Diazo-4-methyl-3-nonen-2-one ((E)-9): At 0 8C, the crude acid
chloride (E)-8 was added to a solution of CH2N2 (0.42 m in diethyl ether,
21.4 mL, 8.98 mmol, 2.0 equiv) and H�nig�s base (0.78 mL, 0.58 g,
4.5 mmol, 1.0 equiv). After the mixture had been stirred for 1 h at room
temperature, the solvent was evaporated in vacuo. The residue was puri-
fied by flash chromatography (cyclohexane/EtOAc 30:1) to afford the di-
azoketone (E)-9 (447 mg, 55% over 2 steps) as a yellow oil: 1H NMR
(500 MHz, CDCl3; * =distinguishable by a C,H correlation spectrum):
d=0.89 (t, J9,8 =7.2 Hz, 9-H3), 1.23–1.36 (m, 7-H2, 8-H2), 1.43–1.50 (m, 6-
H2), 2.10 (mc, 5-H2), 2.19 (d, 4J4-Me,3 =0.8 Hz, 4-CH3), 5.18 (br s, 1-H)*,
5.74 (br s, 3-H)* ppm; IR (film): ñ =2960, 2930, 2870, 2860, 2095, 1690,
1645, 1615, 1445, 1385, 1335, 1145, 1115, 1085, 785 cm�1; HRMS: m/z
calcd for C10H16N2O: 180.126211; found 180.126263.


(Z)-1-Diazo-4-methyl-3-nonen-2-one ((Z)-9): At 0 8C, a solution of the
crude acid chloride (Z)-8 in Et2O (3 mL) was added to a solution of
CH2N2 (0.43 m in diethyl ether, 4.5 mL, 1.92 mmol, 3.0 equiv) and H�nig�s
base (0.11 mL, 84 mg, 0.65 mmol, 1.0 equiv). After the mixture had been
stirred for 15 min at 0 8C and for 1 h at room temperature, the solvent
was evaporated in vacuo. The residue was purified by flash chromatogra-
phy (petroleum ether/diethyl ether 10:1) to afford the diazoketone (Z)-9
(66 mg, 57% over 2 steps) as a yellow oil: 1H NMR (500 MHz, CDCl3;
*= distinguishable by a C,H correlation spectrum): d=0.89 (mc, 9-H3),
1.29–1.37 (m, 7-H2, 8-H2), 1.43–1.51 (m, 6-H2), 1.87 (d, 4J4-Me,3 =1.4 Hz, 4-
CH3), 2.65 (br t, J5,6 =7.9 Hz, 5-H2), 5.16 (br s, 1-H)*, 5.73 (br s, 3-
H)* ppm; IR (film): ñ=3080, 2960, 2930, 2870, 2860, 2095, 1645, 1615,
1445, 1385, 1335, 1145, 1115, 1085, 1005, 960, 845, 785, 725 cm�1; elemen-
tal analysis calcd (%) for C10H16N2O (180.1): C 66.69, H 8.88, N 15.55;
found: C 66.57, H 8.97, N 15.62.


(4R,5R)-4,5-Dihydro-4-hydroxy-5-methyl-5-pentyl-2-(3H)-furanone
((4R,5R)-10): (DHQD)2PHAL (6 mg, 0.008 mmol, 1.6 mol %),
K3Fe(CN)6 (494 mg, 1.50 mmol, 3.0 equiv), K2CO3 (207 mg, 1.50 mmol,
3.0 equiv), MeSO2NH2 (48 mg, 0.50 mmol, 1.0 equiv), and K2OsO2(OH)4


(1.5 mg, 0.004 mmol, 0.8 mol %) were dissolved in tBuOH (2.5 mL) and
H2O (2.5 mL). After the solution had been cooled to 0 8C, (E)-11 (92 mg,
0.50 mmol) was added. After 24 h at 0 8C, aq. Na2SO3 (2.5 mL) was
added and the mixture was stirred for 30 min at room temperature. The
solution was extracted with EtOAc (3 � 40 mL). The combined organic
extracts were dried over MgSO4. After evaporation in vacuo, the residue


was purified by flash chromatography (cyclohexane/EtOAc 2:1) to afford
the title compound (76 mg, 82%): [a]D =++15.7 (c=1.2 in CHCl3);
1H NMR (500 MHz, CDCl3; * = interchangeable): d =0.90 (mc, 5’-H3),
1.29–1.47 (m, 2’-H2, 3’-H2, 4’-H2), superimposed with 1.33 (s, 5-CH3), AB
signal (dA =1.73, dB =1.81, JAB =13.8 Hz, A part in addition split by
JA,2’-H(1) =10.1, JA,2’-H(2) =6.1 Hz, B part in addition split by JB,2’-H(1) =10.5*,
JB,2’-H(2) =5.8* Hz, 1’-H2), 2.46 (br s, 4-OH), 2.52 (dd, Jgem =18.0, J3-H(1),4 =


2.5 Hz, 3-H1), 2.95 (dd, Jgem =18.0, J3-H(2),4 =6.2 Hz, 3-H2), 4.21 (mc,
4-H) ppm; IR (film): ñ =3445, 2955, 2935, 2870, 1755, 1460, 1385, 1320,
1295, 1265, 1235, 1200, 1170, 1135, 1120, 1100, 1075, 955, 930 cm�1;
tr(4R,5R)=39.82 min, tr(4S,5S) =45.61 min (140 8C, 100 kPa); 97 % ee ; el-
emental analysis calcd (%) for C10H18O3 (186.2): C 64.50, H 9.74; found:
C 64.46, H 9.72.


(4S,5S)-4,5-Dihydro-4-hydroxy-5-methyl-5-pentyl-2-(3H)-furanone
((4S,5S)-10): The title compound (167 mg, 83%) was prepared from (E)-
11 (200 mg, 1.09 mmol) by an analogous procedure to that described for
(4R,5R)-10 but with (DHQ)2PHAL as the ligand: [a]D =�16.1 (c =1.1 in
CHCl3); tr(4S,5S)=42.19 min, tr(4R,5R)=37.79 min (140 8C, 100 kPa);
91% ee.


(4R,5S)-4,5-Dihydro-4-hydroxy-5-methyl-5-pentyl-2-(3H)-furanone
((4R,5S)-10): The title compound (909 mg, 85%) was prepared from (Z)-
11 (1.06 g, 5.75 mmol) by an analogous procedure to that described for
(4R,5R)-10 but with (DHQD)2PHAL as the ligand: [a]D =�4.0 (c =1.2
in CHCl3); tr(4R,5S) =39.50 min, tr(4S,5R)=37.33 min (140 8C, 100 kPa);
85% ee.


(4S,5R)-4,5-Dihydro-4-hydroxy-5-methyl-5-pentyl-2-(3H)-furanone
((4S,5R)-10): The title compound (618 mg, 92%) was prepared from (Z)-
11 (665 mg, 3.61 mmol) by an analogous procedure to that described for
(4R,5R)-10 : [a]D =++3.8 (c =1.1 in CHCl3); 1H NMR (500 MHz, CDCl3):
d=0.89 (t, J5’,4’=7.0 Hz, 5’-H3), 1.25–1.45 (m, 2’-H2, 3’-H2, 4’-H2), super-
imposed with 1.40 (s, 5-CH3), 1.59 (mc, 1’-H2), 2.55 (dd, Jgem =18.1,
J3-H(1),4 =4.1 Hz, 3-H1; superimposes, in line with the integral, on the br s
of 4-OH), 2.91 (dd, Jgem =18.1, J3-H(2),4 =6.8 Hz, 3-H2), 4.26 (mc, 4-
H) ppm; IR (film): ñ =3445, 2955, 2935, 2870, 1755, 1385, 1320, 1295,
1265, 1195, 1175, 1135, 1120, 1105, 1065, 1040, 950 cm�1; tr(4S,5R)=


36.79 min, tr(4S,5R)=40.54 min (140 8C, 100 kPa); 80 % ee ; elemental
analysis calcd (%) for C10H18O3 (186.2): C 64.49, H 9.74; found: C 64.27,
H 9.87.


Methyl (E)-4-methyl-3-nonenoate ((E)-11): Under exclusion of light, a
solution of silver benzoate (130 mg, 0.568 mmol, 0.29 equiv) in triethyl-
amine (1.28 mL, 929 mg, 9.18 mmol, 4.70 equiv) was added dropwise to a
solution of (E)-9 (352 mg, 1.95 mmol) in methanol (8 mL). After the mix-
ture had been stirred for 5 h at room temperature, the solvent was evapo-
rated in vacuo and the residue was purified by flash chromatography (pe-
troleum ether/diethyl ether 50:1) to afford the title compound (318 mg,
88%) as a colorless liquid: 1H NMR (500 MHz, CDCl3): d=0.88 (t, J9,8 =


7.2 Hz, 9-H3), 1.21–1.34 (m, 7-H2, 8-H2), 1.37–1.43 (m, 6-H2), 1.62 (br s, 4-
CH3), 2.01 (br t, J5,6 =7.6 Hz, 5-H2), 3.05 (br d, J2,3 =7.1 Hz, 2-H2), 3.68 (s,
COOCH3), 5.31 (tmc, J3,2 =6.7 Hz, 3-H) ppm; proof of the E configura-
tion was obtained from the NOE observed at 3-H (d =5.31 ppm) while ir-
radiating 5-H2 (d=2.01 ppm).


Methyl (Z)-4-methyl-3-nonenoate ((Z)-11): The title compound (799 mg,
95%) was prepared from (Z)-9 (824 mg, 4.58 mmol) by an analogous
procedure to that described for (E)-11: 1H NMR (500 MHz, CDCl3): d=


0.89 (t, J9,8 = 7.2 Hz, 9-H3), 1.19–1.41 (m, 6-H2, 7-H2, 8-H2), 1.73 (dt,
4J4-Me,3 = 5J4-Me,2 =1.3 Hz, 4-CH3), 2.01 (br t, J5,6 =7.7 Hz, 5-H2), 3.04 (mc,
presumably interpretable as a incomplete resolved dq, J2,3 =7.2, 5J2,4-Me =


1.2 Hz, 2-H2), 3.68 (s, COOCH3), 5.31 (tmc, J3,2 =7.2 Hz, 3-H) ppm.


(4S,5R)-4-(4-Bromobenzoyloxy)-4,5-dihydro-5-methyl-5-pentyl-2-(3H)-
furanone ((4S,5R)-12): Triethylamine (0.08 mL, 0.05 g, 0.5 mmol,
1.3 equiv), p-bromobenzoyl chloride (0.11 g, 0.49 mmol, 1.2 equiv), and
DMAP (cat.) were added to a solution of (4S,5R)-10 (70 mg, 0.41 mmol)
in CH2Cl2 (1 mL). After the mixture had been stirred for 6 h at room
temperature, the solution was heated under reflux for 2 h. It was then al-
lowed to cool to room temperature, diluted with H2O (15 mL), and ex-
tracted with CH2Cl2 (4 � 15 mL). The combined organic extracts were
dried over MgSO4 and evaporated in vacuo. The residue was purified by
flash chromatography (cyclohexane/EtOAc 8:1) to afford the title com-
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pound (85 mg, 56%): 1H NMR (300 MHz, CDCl3): d= 0.91 (mc, 5’-H3),
1.22–1.55 (m, 2’-H2, 3’-H2, 4’-H2), superimposed with 1.44 (s, 5-CH3),
1.63–1.79 (m, 1’-H2), AB signal (dA =2.69, dB =3.15, JAB =18.6 Hz, A part
in addition split by JA,4 =2.6 Hz, B part in addition split by JB,4 =7.0 Hz,
3-H2), 5.48 (dd, J4,3-H(B) =7.0, J4,3-H(A) =2.6 Hz, 4-H), AA’BB’ signal with
signal centers at 7.62 and 7.89 (2 � 2ArH) ppm; proof of the absolute
configuration was obtained by X-ray crystal structure analysis.[14]


(3aR,4S,6aS)-3,3a,4,6a-Tetrahydro-4-pentylfuro[3,4c]pyrazol-6-one (13):
a) At 0 8C, triethylamine (2.70 mL, 1.97 g, 19.5 mmol, 2.8 equiv) and
MeSO2Cl (0.81 mL, 1.2 g, 11 mmol, 1.5 equiv) were added to a solution
of (S,S)-4 (1.20 g, 6.97 mmol) in CH2Cl2 (20 mL). After the mixture had
been stirred for 30 min, aq. NH4Cl (15 mL) was added. The mixture was
extracted with CH2Cl2 (4 � 40 mL), dried over MgSO4 and evaporated in
vacuo. The residue was purified by flash chromatography (cyclohexane/
EtOAc 6:1) to afford (S)-5-pentyl-2-(5 H)-furanone (992 mg, 92%):
[a]D =++91.0 (c=1.2 in CHCl3); 1H NMR (500 MHz, CDCl3; * = inter-
changeable): d =0.88–0.92 (m, 5’-H3), 1.29–1.35 (m, 3’-H2, 4’-H2), 1.38–
1.52 (m, 2’-H2), 1.63–1.70 (m, 1’-H1), 1.73–1.80 (m, 1’-H2), 5.04 (dddd, J5,1’-


H(1) =7.3*, J5,1’-H(2) =5.4*, J5,4� 4J5,3�1.7 Hz, 5-H), 6.10 (dd, J3,4 =5.7, 4J3,5 =


2.0 Hz, 3-H), 7.45 (dd, J4,3 =5.8, J4,5 =1.5 Hz, 4-H) ppm; tr(S)=34.50 min,
tr(R)= 33.18 min (100 8C, 100 kPa); 94% ee ; elemental analysis calcd (%)
for C9H14O2 (154.2): C 70.01, H 9.15; found: C 70.01, H 9.18.


b) At 0 8C, diazomethane (0.45 m in diethyl ether, 43 mL, 19.5 mmol,
5.0 equiv) was added to a solution of (S)-5-pentyl-2-(5 H)-furanone
(600 mg, 3.89 mmol, 94 % ee) in diethyl ether (6 mL). The solution was
allowed to reach room temperature and was stirred for 15 h. After evapo-
ration in vacuo, the residue was purified by flash chromatography (cyclo-
hexane/EtOAc 5:1) to afford the title compound (730 mg, 96%): IR
(film): ñ= 2960, 2935, 2865, 1770, 1355, 1225, 1205, 1185, 1025, 1000, 945,
905, 765, 755, 730, 720, 695, 655 cm�1; elemental analysis calcd (%) for
C10H16N2O2 (196.3): C 61.20, H 8.23, N 14.27; found: C 61.27, H 8.08 N
14.09.


(3aS,4R,6aR)-3,3a,4,6a-Tetrahydro-4-pentylfuro[3,R4c]pyrazol-6-one
(ent-13): a) (R)-5-Pentyl-2-(5 H)-furanone (852 mg, 95%) was prepared
from (R,R)-4 (1.00 g, 5.80 mmol) by an analogous procedure to that de-
scribed for 13 (part a): [a]D =�94.8 (c=0.9 in CHCl3); IR (film): ñ=


3090, 2955, 2930, 2860, 1750, 1600, 1465, 1330, 1165, 1115, 1100, 1030,
1000, 960, 920, 900, 815 cm�1; tr(R)=29.75 min, tr(S)=33.80 min (140 8C,
100 kPa); 97% ee.


b) The title compound (219 mg, 86 %) was prepared from (R)-5-pentyl-2-
(5 H)-furanone (200 mg, 1.30 mmol, 97% ee) by an analogous procedure
to that described for 13 (part b): 1H NMR (500 MHz, CDCl3): d =0.90
(mc, 5’-H3), 1.27–1.49 (m, 2’-H2, 3’-H2, 4’-H2), 1.63–1.78 (m, 1’-H2), 2.67
(dddd, J3a,6a = 9.0, J3a,3-H(A) =7.9, J3a,4 = 5.2, J3a,3-H(B) = 2.8 Hz, 3a-H), 3.92
(dt, J4,1’-H(1) =7.5, J4,3a =J4,1’-H(2) =5.3 Hz, 4-H), AB signal (dA =4.75, dB =


4.83, JAB =18.5 Hz, A part in addition split by JA,3a =8.2, 5JA,6a =2.0 Hz, B
part in addition split by JB,3a = 5JB,6a =2.6 Hz, 3-H2), 5.52 (dt, J6a,3a =9.1,
5J6a,3-H(A) =


5J6a,3-H(B) =2.2 Hz, 6a-H) ppm.


(3aS,4S,6aS)-1,3a,4,6a-Tetrahydro-6a-methyl-4-pentylfuro[3,4c]pyrazol-6-
one (14) and (3aR,4S,6aS)-3,3a,4,6a-tetrahydro-6a-methyl-4-pentylfur-
o[3,4c]pyrazol-6-one (15): At �78 8C, nBuLi (2.05 m in hexane, 0.84 mL,
1.73 mmol, 1.7 equiv) was added to a solution of diisopropylamine
(0.242 mL, 175 mg, 1.73 mmol, 1.7 equiv) in THF (1.7 mL). After the
mixture had been stirred for 30 min, a solution of 13 (200 mg, 1.02 mmol)
in THF (1.5 mL) was added and the mixture was stirred for 30 min at
�78 8C. Methyl iodide (0.13 mL, 0.29 g, 2.0 mmol, 2.0 equiv) was added.
The solution was allowed to warm to �40 8C and stirred for 18 h. After
addition of H2O the mixture was allowed to reach room temperature, ex-
tracted with EtOAc (4 � 20 mL), and dried over MgSO4. Evaporation in
vacuo followed by flash chromatography (cyclohexane/EtOAc 6:1) af-
forded the separated title compounds in a 79:21 ratio (14 : 138 mg, 65%;
15 : 33 mg, 15 %).


14 : IR (film): ñ =3030, 2960, 2935, 2860, 1770, 1380, 1235, 1230, 1215,
1210, 1200, 1190, 1145, 1115, 1100, 800 cm�1; HRMS: m/z calcd for
C11H18N2O2: 210.137130; found 210.136828; elemental analysis calcd (%)
for C11H18N2O2 (210.3): C 62.84, H 8.63, N 13.32; found: C 62.78, H 8.82,
N 13.19.


15 : IR (film): ñ =2955, 2935, 2860, 1770, 1550, 1455, 1435, 1375, 1355,
1290, 1255, 1240, 1175, 1110, 1015, 995, 945, 935, 905 cm�1; elemental
analysis calcd (%) for C11H18N2O2 (210.3): C 62.84, H 8.63, N 13.32;
found: C 62.94, H 8.75, N 13.05.


(3aR,4R,6aR)-1,3a,4,6a-Tetrahydro-6a-methyl-4-pentylfuro[3,4c]pyrazol-
6-one (ent-14) and (3aS,4R,6aR)-3,3a,4,6a-tetrahydro-6a-methyl-4-pentyl-
furo[3,4c]pyrazol-6-one (ent-15): The title compounds (ent-14 : 62 mg,
32%; ent-15 : 98 mg, 51%) were prepared in a 42:58 ratio from ent-13
(180 mg, 0.917 mmol) by an analogous procedure to that described for 14
and 15.


ent-14 : 1H NMR (500 MHz, CDCl3; *= interchangeable): d=0.90–0.93
(m, 5’’-H3), 1.30–1.56 (m, 2’’-H2, 3’’-H2, 4’’-H2), superimposed by 1.54 (s,
1’-H3), 1.63–1.70 (m, 1’’-H1), 1.76–1.84 (m, 1’’-H2), 3.24 (m, 3a-H), 4.38
(ddd, J4,1’’-H(1) =8.6*, J4,1’’-H(2) =5.9*, J4,3a =3.1 Hz, 4-H), 6.03 (br s, NH),
6.70 (d, J3,3a =1.1 Hz, 3-H) ppm.


ent-15 : 1H NMR (500 MHz, CDCl3): d =0.90 (mc, 5’’-H3), 1.27–1.50 (m,
2’’-H2, 3’’-H2, 4’’-H2), 1.58–1.76 (m, 1’-H2), superimposed with 1.59 (s, 1’-
H3), 2.29 (ddd, J3a,3-H(A) =7.5, J3a,4 =5.5, J3a,3-H(B) =2.0 Hz, 3a-H), 3.78 (ddd,
J4,1’’-H(1) =7.5, J4,1’’-H(2) =J4,3a =5.5 Hz, 4-H), AB signal (dA =4.71, dB =4.82,
JAB =18.5 Hz, A part in addition split by JA,3a =7.5 Hz, B part in addition
split by JB,3a =2.0 Hz, 3-H2) ppm.


(5S)-4-Hydroxy-3,5-dimethyl-5-pentyl-2-(3 H)-furanone ((S)-18): a) At
�78 8C, n-BuLi (2.27 m in THF, 2.47 mL, 5.60 mmol, 2.8 equiv) was added
to a solution of diisopropylamine (0.79 mL, 0.57 g, 5.6 mmol, 2.8 equiv)
in THF (8 mL). After the mixture had been stirred for 30 min, a solution
of (4R,5S)-10 (370 mg, 2.00 mmol, 84 % ee) in THF (3 mL) was added
and the mixture was stirred for 1 h. A solution of methyl iodide
(0.22 mL, 0.51 g, 3.6 mmol, 1.8 equiv) in DMPU (5.4 mL) and THF
(7.1 mL) was added to this mixture during 90 min. It was then warmed to
�40 8C and stirred overnight at this temperature. Aqueous HCl (2 %,
30 mL) was added and the mixture was allowed to reach room tempera-
ture. After extraction with EtOAc (3 � 30 mL), the combined organic ex-
tracts were washed with aq. NaCl (2 � 30 mL) and dried over MgSO4.
Evaporation in vacuo followed by flash chromatography (cyclohexane/
EtOAc 3:1) afforded (3R,4R,5S)-4,5-dihydro-4-hydroxy-3,5-dimethyl-5-
pentyl-2-(3 H)-furanone (295 mg, 74%): [a]D =�5.0 (c =0.3 in CHCl3);
tr(3R,4R,5S)=30.70 min, tr(3S,4S,5R)=28.51 min (140 8C, 100 kPa); 86 %
ee ; elemental analysis calcd (%) for C11H20O3 (200.3): C 65.97, H 10.07;
found: C 65.85, H 9.87.


b) At �78 8C, trifluoroacetic anhydride (0.33 mL, 0.49 g, 2.3 mmol,
2.0 equiv) was added to a solution of DMSO (0.29 mL, 0.32 g, 4.1 mmol,
3.5 equiv) in CH2Cl2 (6 mL). The resulting mixture was stirred for
30 min. After addition of a solution of (3R,4R,5S)-4,5-dihydro-4-hydroxy-
3,5-dimethyl-5-pentyl-2-(3 H)-furanone (232 mg, 1.16 mmol, 86% ee) in
CH2Cl2 (6 mL), the mixture was stirred for 2 h at �78 8C. Triethylamine
(0.65 mL, 0.47 g, 4.6 mmol, 4.0 equiv) was then added and the mixture
was stirred for 14 h. After addition of H2O (15 mL) the solution was al-
lowed to reach room temperature and was extracted with CH2Cl2 (5 �
20 mL). Drying over MgSO4 and evaporation in vacuo followed by flash
chromatography (cyclohexane/EtOAc 3:1) afforded the title compound
(229 mg, 99%): [a]D =++0.6 (c =1.1 in CHCl3); IR (film): ñ=2955, 2930,
2870, 2865, 1720, 1650, 1460, 1405, 1370, 1335, 1310, 1265, 1170, 1105,
1050 cm�1; tr(S)=15.58 min, tr(R)=12.69 min (140 8C, 100 kPa); 85 % ee ;
elemental analysis calcd (%) for C11H18O3 (198.2): C 66.64, H 9.15;
found: C 66.42, H 9.34.


(5R)-4-Hydroxy-3,5-dimethyl-5-pentyl-2-(3H)-furanone ((R)-18):
a) (3S,4S,5R)-4,5-Dihydro-4-hydroxy-3,5-dimethyl-5-pentyl-2-(3 H)-fura-
none (471 mg, 72 %) was prepared from (4S,5R)-10 (611 mg, 3.28 mmol,
80% ee) by an analogous procedure to that described for (S)-18 (part a):
[a]D =++4.3 (c =0.6 in CHCl3); 1H NMR (500 MHz, CDCl3): d= 0.90 (t,
J5’,4’=7.0 Hz, 5’-H), 1.25–1.46 (m, 2’-H2, 3’-H2, 4’-H2), superimposed with
1.30 (d, J3-Me,3 =7.1 Hz, 3-CH3) and 1.33 (s, 5-CH3), 1.63–1.75 (m, 1’-H2),
2.44 (br d, J4-OH,4 =5.2 Hz, 4-OH), 2.66 (dq, J3,4 = 9.8, J3,3-Me =7.1 Hz, 3-H),
3.86 (dd, J4,3 =9.9, J4,4-OH = 5.2 Hz, 4-H) ppm; IR (film): ñ= 3445, 2955,
2935, 2875, 1755, 1750, 1460, 1385, 1350, 1310, 1255, 1245, 1200, 1125,
1110, 1075, 1040, 945, 620 cm�1; tr(3S,4S,5R)=27.13 min, tr(3R,4R,5S)=


30.08 min (140 8C, 100 kPa); 78% ee.
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b) The title compound (278 mg, 99 %) was prepared from (3S,4S,5R)-4,5-
dihydro-4-hydroxy-3,5-dimethyl-5-pentyl-2-(3 H)-furanone (248 mg,
1.42 mmol, 80 % ee) by an analogous procedure to that described for (S)-
18 (part b): [a]D =�1.0 (c =1.0 in CHCl3); 1H NMR (500 MHz, CDCl3):
d=0.86 (mc, 5’-H3), 1.13–1.35 (m, 2’-H2, 3’-H2, 4’-H2), 1.47 (s, 5-CH3),
1.71–1.86 (m, 1’-H2), superimposed with 1.73 (s, 3-CH3), 10.07 (br s, 4-
OH) ppm; tr(R) =13.88 min, tr(S) =16.81 min (140 8C, 100 kPa); 82% ee.


(5S)-2-Methoxy-3,5-dimethyl-5-pentyl-4-(5H)-furanone ((S)-19): At
room temperature, Me3O


+ ·BF4
� (199 mg, 1.35 mmol, 3.0 equiv) was


added to a solution of (S)-18 (89 mg, 0.45 mmol) in CH2Cl2 (7 mL). After
the mixture had been stirred for 28 h, aq. NaHCO3 (9 mL) was added.
The solution was extracted with CH2Cl2 (5 � 10 mL) and dried over
MgSO4. After evaporation in vacuo the residue was purified by flash
chromatography (cyclohexane/EtOAc 3:1) to afford the title compound
(81 mg, 85%): [a]D =�54.5 (c=0.5 in CHCl3); tr(S)= 11.14 min, tr(R)=


11.68 min (120 8C, 100 kPa), 87% ee ; IR (film): ñ=3000, 2960, 2930,
2875, 2865, 1595, 1480, 1455, 1400, 1375, 1195, 1125, 980, 800, 785, 765,
760, 750, 745, 730, 725, 715, 710, 675, 665 cm�1; elemental analysis calcd
(%) for C12H20O3 (212.3): C 67.95, H 9.43; found: C 68.04, H 9.73.


(5R)-2-Methoxy-3,5-dimethyl-5-pentyl-4-(5H)-furanone ((R)-19): The
title compound (173 mg, 87%) was prepared from (R)-18 (185 mg,
0.933 mmol) by an analogous procedure to that described for (S)-19 :
[a]D =++50.6 (c= 0.7 in CHCl3); 1H NMR (500 MHz, CDCl3): d=0.86
(mc, 5’-H3), 1.17–1.34 (m, 2’-H2, 3’-H2, 4’-H2), 1.39 (s, 5-CH3), 1.59 (s, 3-
CH3), 1.69–1.80 (m, 1’-H2), 4.01 (s, 2-OCH3); tr(R)=11.58 min, tr(S)=


11.17 min (120 8C, 100 kPa); 81% ee.


(3R,4R,5R)-4,5-Dihydro-4-hydroxy-3-methyl-5-pentyl-2-(3H)-furanone
(20): At �78 8C, n-BuLi was added to a solution of diisopropylamine
(1.41 mL, 1.02 g, 10.1 mmol, 5.0 equiv) in THF (7 mL). After the mixture
had been stirred for 30 min, a solution of (R,R)-4 (347 mg, 2.02 mmol,
97% ee) in THF (2 mL) was added. The solution was stirred for 1 h at
�78 8C, then a solution of methyl iodide (1.25 mL, 2.86 g, 20.2 mmol,
10.0 equiv) in THF (7 mL) was added. After the mixture had been stirred
for 2 h, a solution of glacial acetic acid (1.7 mL) in THF (7 mL) was
added and the mixture was allowed to reach room temperature. Aqueous
NaHCO3 (35 mL) was added and the aqueous phase was extracted with
EtOAc (4 � 30 mL). The combined organic extracts were dried over
MgSO4 and evaporated in vacuo. The residue was purified by flash chro-
matography (cyclohexane/EtOAc 4:1) to afford the title compound
(311 mg, 83 %): [a]D =++78.3 (c =1.2 in CHCl3); 1H NMR (500 MHz,
CDCl3): d =0.90 (mc, 5’-H3), 1.26–1.46 (m, 2’-H1, 3’-H2, 4’-H2), superim-
posed with 1.30 (d, J3-Me,3 =7.7 Hz, 3-CH3), 1.48–1.58 (m, 2’-H2), 1.69–1.80
(m, 1’-H2), 2.42 (d, J4-OH,4 =4.9 Hz, 4-OH), 2.61 (qd, J3,3-Me =7.6, J3,4 =


3.8 Hz, 3-H), 4.14 (ddd, J4,4-OH =J4,5 = 4.9, J4,3 =3.9 Hz, 4-H), 4.46 (mc, 5-
H) ppm; IR (film): ñ =3450, 2955, 2930, 2875, 2860, 1760, 1460, 1380,
1355, 1330, 1235, 1205, 1130, 1085, 1045, 1025, 1000, 955 cm�1.


(3S,4S,5S)-4,5-Dihydro-4-hydroxy-3-methyl-5-pentyl-2-(3H)-furanone
(ent-20): The title compound (945 mg, 87%) was prepared from (S,S)-4
(1.0 g, 5.8 mmol, 94% ee) by an analogous procedure to that described
for 20 : [a]D =�74.6 (c=1.5 in CHCl3); elemental analysis calcd (%) for
C10H18O3 (186.3): C 64.50, H 9.74; found: C 64.23, H 9.94.


(5R)-4-Hydroxy-3-methyl-5-pentyl-2-(3H)-furanone (21): At �78 8C, tri-
fluoroacetic anhydride (0.47 mL, 0.70 g, 3.3 mmol, 2.0 equiv) was added
to a solution of DMSO (0.41 mL, 0.45 g, 5.8 mmol, 3.5 equiv) in CH2Cl2


(9 mL). After the mixture had been stirred for 30 min, a solution of 20
(309 mg, 1.66 mmol) in CH2Cl2 (9 mL) was added and the mixture was
stirred for 1 h at �78 8C. After addition of triethylamine (0.93 mL,
0.67 mg, 6.6 mmol, 4.0 equiv) and stirring for 45 min, H2O (20 mL) was
added and the solution was allowed to reach room temperature. After
the mixture had been stirred for 30 min, the aqueous phase was extracted
with CH2Cl2 (4 � 30 mL) and the combined organic extracts were dried
over MgSO4. Evaporation in vacuo followed by flash chromatography
(cyclohexane/EtOAc 2:1) afforded the title compound (281 mg, 92%):
[a]D =++15.6 (c= 1.0 in CHCl3).


(5S)-4-Hydroxy-3-methyl-5-pentyl-2-(3H)-furanone (ent-21): The title
compound (776 mg, 94%) was prepared from ent-20 (831 mg, 4.46 mmol)
by an analogous procedure to that described for 20 : [a]D =�14.5 (c =1.0
in CHCl3); 1H NMR (500 MHz, CDCl3; *,**= interchangeable): d =0.87


(mc, 5’-H3), 1.23–1.46 (m, 2’-H2, 3’-H2, 4’-H2), 1.61 (dddd, Jgem =14.5,
J1’-H(1),2’-H(1) =9.8, J1’-H(1),5 =7.8, J1’-H(1),2’-H(2) =5.2 Hz, 1’-H1), 1.73 (d, 5J3-Me,5 =


1.2 Hz, 3-CH3), 1.98 (dddd, Jgem =14.1, J1’-H(2),2’-H(1) =9.6*, J1’-H(2),2’-H(2) =


6.1*, J1’-H(2),5 =3.6 Hz, 1’-H2), 4.76 (incompletely resolved ddq, J5,1’-H(1) =


7.7**, J5,1’-H(2) =3.4**, 5J5,3-Me =1.2 Hz, 5-H), 10.71 (br s, 4-OH) ppm; IR
(KBr): ñ =2970, 2955, 2925, 2875, 2855, 1710, 1645, 1270, 1230, 1220,
1100, 1080 cm�1; elemental analysis calcd (%) for C10H16O3 (184.2): C
65.20, H 8.76; found: C 65.20, H 8.90.
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Introduction


Self-organisation of discrete units to form supramolecular
aggregates and networks is a prominent field in contempo-
rary chemistry.[1] In contrast to common methodologies in
this field which use N- and O-donor-containing ligands, re-
spectively, to connect different metal centres, our goal is to
employ Pn-ligand complexes as connecting moieties for the


formation of discrete oligomeric assemblies as well as one-
dimensional (1D) and two-dimensional (2D) polymers.


One of our approaches in this field makes use of the com-
plex [{CpMo(CO)2}2(m,h2-P2)] (1) as a linking unit between
CuI and AgI centres.[2] For example, the reaction of 1 with
Ag(CF3SO3) yields the soluble oligomeric dicationic species
[Ag2{{Cp2Mo2 (CO)4 (m,h2 :h2-P2)}2}{{Cp2Mo2 (CO)4-
(m,h2 :h1:h1-P2)}2}][CF3SO3]2 (2), whereas the reaction with
AgNO3 leads to the formation of the undulated 1D polymer
[Ag2{Cp2Mo2(CO)4(m,h2:h1:h1-P2)}3(m,h1:h1-NO3)]¥[NO3]¥ (3).


The reaction of 1 with CuBr gives a novel linear 1D-poly-
mer,[2] a synthetic concept which has been now extended to
the complete series of CuI as well as CuII halides (excluding
CuF2). The synthesis, solid-state structures and the surpris-
ing 31P MAS-NMR features of the compounds [Cu(m-
X){Cp2Mo2(CO)4(m,h2:h1:h1-P2)}]¥ (X= Cl (4), Br (5), I (6))
resulting from apparently small differences in the orienta-
tions of the ligands within the infinite structures of the com-
pounds, are reported herein.


Results and Discussion


The reaction of 1 with the appropriate CuI halide in CH3CN
(Scheme 1) results in the immediate formation of the corre-
sponding 1D polymers 4–6 in high yields. Complexes 4–6
are red crystalline solids that are air- and light-sensitive and


Abstract: Reaction of the complex
[{CpMo(CO)2}2(m,h2-P2)] (1) with CuI


halides leads to the quantitative forma-
tion of the novel one-dimensional
linear polymers [CuX{Cp2Mo2(CO)4-
(m,h2 :h1:h1-P2)}]¥ (X=Cl (4), Br (5), I
(6)). The same products 4 and 5 were
obtained when 1 was treated with
CuCl2 and CuBr2, respectively. The


solid-state structures are compared and
their remarkable influence on the re-
spective 31P magic angle spinning


(MAS) NMR spectra is interpreted
with the help of density functional
theory (DFT) calculations on the
model compounds [{(CuX)2{Cp2Cr2-
(CO)4(m,h2 :h1:h1-P2)}2}3] (X= Cl (4 a),
Br (5 a)) in which the molybdenum
atoms are replaced by their lighter ho-
mologue chromium.
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insoluble in common solvents. In the IR spectra of all the
compounds, CO stretching frequencies attributable to termi-
nal CO ligands are observed.


In an effort to synthesise supramolecular species with
novel structural motifs, compound 1 was also treated with
CuCl2 and CuBr2. A solution of the appropriate CuII halide
in CH3CN was mixed slowly with a solution of 1 in toluene,
yielding dark red needle-shaped crystals within a week. X-
ray crystallographic analysis revealed that the products are
identical to those resulting from the reaction of the appro-
priate CuI halide with 1, thus indicating reduction of the
CuII complexes. The yields, which approach 50 %, suggest
that this reduction is essentially quantitative. Attempts to
establish the nature and identity of the oxidation products
were inconclusive.


Single crystals of the products 4–6, grown by layering a
solution of the appropriate CuI halide in CH3CN over a so-
lution of 1 in CH3CN, were examined by X-ray crystallogra-
phy; details of the measurements are summarised in Table 1.


Selected bond lengths and angles for 4, 5, and 6 are given in
Table 2. Compounds 4 (Figure 1) and 5 (Figure 2) crystallise
in the monoclinic space groups C2/c and P21/n, respective-
ly.[3] The iodide derivative 6 (Figure 3) crystallises in the tri-
clinic space group P1̄ and contains one molecule of CH3CN
per formula unit in the crystal lattice. In all the compounds,


Scheme 1. Preparation of the polymers 4–6.


Table 1. Crystallographic data for compounds 4 and 6.


4 6·(CH3CN)¥


formula C14H10ClCuMo2O4P2 C16H13CuIMo2NO4P2


Mr 595.03 727.53
crystal size [mm] 0.25 � 0.12 � 0.03 0.20 � 0.10 � 0.01
T [K] 203(2) 210(2)
crystal system monoclinic triclinic
space group C2/c P1̄
a [�] 25.751(5) 8.0530(16)
b [�] 8.032(2) 11.498(2)
c [�] 17.329(4) 11.647(2)
a [8] 90 83.22(3)
b [8] 93.32(3) 82.34(3)
g [8] 90 77.81(3)
V [�3] 3578.2(1) 1040.2(4)
Z 8 2
1calcd [gcm�3] 2.209 2.323
m(AgKa) [mm�1] 5.958 5.849
q range [8] 2.10–20.00 2.10–24.06
reflns collected/unique 7440/2753 13222/6230
obsvd reflns with [I>2s(I)] 2753 5135
Rint 0.0691 0.0442
GOF on F2 1.006 1.034
final R indices [I>2s(I)] R1 =0.0449 R1 =0.0381


wR2 =0.1068 wR2 = 0.0951
R indices (all data) R1 =0.0657 R1 =0.0496


wR2 =0.1188 wR2 = 0.1019
max/min D1 [e ��3] 1.321/�1.044 0.932/�1.373


Table 2. Comparison of selected bond lengths [�] and angles [8] for 4, 5
and 6.


4 5 6


P�P 2.075(2) 2.079(2) 2.080(2)
Cu�P 2.282(2), 2.304(2) 2.294(2), 2.300(2) 2.312(1)
Cu�X 2.348(2), 2.360(2) 2.472(1), 2.481(1) 2.606(1), 2.668(1)


P-Cu-P 99.69(9), 103.81(9) 102.28(6) 105.09(5)
P-P-Cu 126.04(8), 131.89(9) 125.79(8), 131.71(8) 121.13(6), 133.62(6)
Cu-X-Cu 81.33(7) 77.80(4) 74.83(3)
X-Cu-X 98.31(9), 99.03(1) 102.20(4) 105.17(3)


Figure 1. View of the 1D linear chain of 4 (hydrogen atoms are omitted
for clarity).


Figure 2. View of the 1D linear chain of 5 (hydrogen atoms are omitted
for clarity).


Figure 3. View of the 1D linear chain of 6 (hydrogen atoms are omitted
for clarity).
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the coordination geometry around the Cu atoms is a distort-
ed tetrahedron and the Mo2P2 moieties remain essentially
unchanged compared with the Mo2P2 core in 1.[4] In 4–6 the
phosphorus atoms of 1 bridge the CuI atoms to form a struc-
ture consisting of an alternating arrangement of six-mem-
bered Cu2P4 and nearly orthogonally oriented four-mem-
bered Cu2X2 rings.


The P�P bond lengths of the P2 units in 4–6 are 2.075(2),
2.079(2) and 2.080(2) �, respectively, which are similar to
those in the uncoordinated complex 1 (2.079(2) �)[4] and the
compound [{Re(CO)3Br}2{{Cp2Mo2(CO)4(m,h2:h1:h1-P2)}2}]
(2.071(9) �),[5] but marginally shorter than those in the com-
plexes 2 (2.098(2) and 2.137(2) �) and 3 (2.097(2) and 2.099-
(2) �).[2] The lengths of the Cu�P bonds in 4 (2.282(2) and
2.304(2) �) and 5 (2.294(2) and 2.300(2) �) are slightly
shorter than those in [{(triphos)CoP3}2Cu]PF6 (triphos=


1,1,1-tris(diphenylphosphanylmethyl)ethane; 2.303(2)–2.360-
(2) �),[6] whereas those of 6 (2.312(1) �) lie within this
range. The Cu�X bond lengths (2.348(2) and 2.360(2) � (4);
2.472(1) and 2.481(1) � (5); 2.606(1) and 2.668(1) � (6)) are
within the range of those reported for the compounds [Cu2-
(PPh3)3X2] (X=Cl[7] 2.247(4)–2.454(4) �, Br[8] 2.370(2)–
2.610(2) �, I[9] 2.500(2)–2.819(1) �).


The structures of the polymer cores are compared in
Figure 4. By viewing the polymers perpendicular to the
faces of their planar Cu2X2 rings it can be seen that in 4 the
Cu atoms form a linear arrangement (Cu···Cu···Cu 180.00-
(1)8) whereas in 5 and 6 the Cu atoms are alternatingly dis-
tributed along two parallel lines (Cu···Cu···Cu 177.33(1)8 (5),
169.24(1)8 (6)). The Cu2P4 rings in 4 are twisted along the
Cu···Cu axis and as a result the P1 and P2 atoms are ar-


ranged in an alternating fashion above and below the plane
that contains the Cu atoms, which in turn is perpendicular
to that defined by the Cu2X2 rings (P1 �0.054 �, P2 �
0.056 �, mean deviation from plane 0.037 �). Opposite
angles within these rings are not equal (P1-P2-Cu2 131.89-
(9)8 ; P2-P1-Cu1 126.04(8)8 ; P1-Cu1-P1 103.81(9)8 ; P2-Cu2-
P2 99.69(9)8). In polymers 5 and 6, the Cu2P4 rings adopt a
chairlike conformation (angle between Cu-P1-P2 and P1-P2-
P1-P2 planes: 176.18 (5), 176.68 (6)) and opposite angles
within these rings are equal (P1-P2-Cu 131.71(8)8 (5),
121.13(6)8 (6); P2-P1-Cu 125.79(8)8 (5), 133.62(6)8 (6); P1-
Cu-P2 102.28(6)8 (5), 105.09(5)8 (6)).


As the size of the halogen atom increases, the angles P-
Cu-P and X-Cu-X (X= Cl 98.31(9) and 99.03(1)8, Br 102.20-
(4)8, I 105.17(3)8) increase, while there is a successive de-
crease in the angles Cu-X-Cu (X= Cl 81.33(7)8, Br 77.80-
(4)8, I 74.83(3)8). It is also interesting to note the change in
the Cu···Cu interatomic distances in the Cu2X2 rings (X= Cl
3.068(1) �, Br 3.095(1) �, I 3.205(1) �) and in the Cu2P4


units (X= Cl 4.964(1) �, Br 4.955(1) �, I 4.882(1) �).
The experimental and fitted 31P MAS-NMR spectra of the


compounds 4–6 are illustrated in Figures 5–7. While the
spectrum of the CuI polymer 6 displays a broad signal cen-
tred at about �87 ppm, each of the spectra of 4 and 5 dis-
play two distinct multiplets about 150 ppm apart. The mul-
tiplets arise from the combined effect of homonuclear 1J-
(31P,31P) and heteronuclear 1J(63/65Cu,31P) indirect spin–spin
interactions. Additionally, the multiplet intensity profiles
may be influenced by the 63/65Cu nuclear electric quadrupo-
lar interactions as well as by the Euler angles, which relate
the various interaction tensors to each other; however, the
latter effects were neglected in the spin system simulations.
The most striking feature of the present NMR results is the
large chemical shift difference between P1 and P2 in 4 and
5, but not in 6. At first glance this result seems very surpris-
ing as the bonding connectivities of both sites are identical
in all three compounds. This apparent discrepancy is most


Figure 4. View of polymers 4, 5 and 6 perpendicular to the faces of the
Cu2X2 rings (Mo atoms and their supporting ligands are omitted for clari-
ty).


Figure 5. Experimental (bottom) and fitted (top) 31P MAS-NMR
(121.49 MHz, spinning speed 30 kHz) spectra of 4 (P1 �53.0 ppm; 1J-
(P,P)=517 Hz, 1J(P,Cu)= 1040(1108) Hz, P2 �193.6 ppm; 1J(P,P)=


504 Hz, 1J(P,Cu) =1042(1109) Hz; values for the 65Cu isotope given in pa-
rentheses). Based on these results 1J(P,P)= 510�7 Hz.
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likely a result of subtle differences in the arrangement of
the Cp group and especially the CO ligands in each polymer
and can be best interpreted when viewing the structures of
the respective Cu2P4 rings as illustrated in Figure 8 in detail.
In both the structures of 4 and 5 the downfield-shifted atom
P1 is coordinated trans with respect to the Cp ligand of the
Mo2 atom in 4 and the Mo1 atom in 5, while the other Cp


ligand is cis oriented to it. In contrast the high-field shifted
P2 atom has only cis oriented Cp ligands in both com-
pounds. The situation is different in complex 6 in which the
Cp ligands at the Mo atoms are trans oriented to both P1
and P2.


However, in compounds 4 and 5 the large chemical shift
difference between the atoms P1 and P2 originates from the
different orientations of these P atoms with respect to the
CO ligands, whose large magnetic anisotropy results in a tre-
mendous difference in shielding. This magnetic inequiva-
lence is also evident from the CCO···P interatomic distances
listed in Table 3, which shows more carbonyl ligands in close
proximity to P1 atoms than to P2, thus resulting in a down-
field shift of the P1 atom. In contrast, the P1 and P2 atoms
in 6 are flanked by the carbonyl ligands in almost the same
relative orientation and show chemical shifts closer to those


Figure 6. Experimental (bottom) and fitted (top) 31P MAS-NMR
(162.01 MHz; spinning speed 33 kHz) spectra of 5 (P1 �55.0 ppm; 1J-
(P,Cu) =968 Hz, 1J(P,P)= 605 Hz, 47 %, P2 �203.4 ppm; 1J(P,Cu) =


1032 Hz, 1J(P,P)=592 Hz, 53%). Based on these results 1J(P,P)= 598�
7 Hz.


Figure 7. Experimental (bottom) and fitted (middle and top) 31P MAS-
NMR (162.01 MHz; spinning speed 33 kHz) spectra of 6 (P1 �78.2 ppm;
1J(P,Cu)= 897 Hz, 1J(P,P) =485 Hz, 49%, P2 �93.8 ppm; 1J(P,Cu) =


911 Hz, 1J(P,P) =542 Hz, 51%). Based on these results 1J(P,P)=514�
30 Hz.


Figure 8. View of Cu2P4 rings of the polymers 4 (top, perpendicular to
Cu1-P1-P1 plane), 5 and 6 (middle and bottom, respectively, both per-
pendicular to the P1-P2-P1-P2 plane). (Hydrogen and halogen atoms are
omitted for clarity.)
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of the P1 atoms in 4 and 5. Furthermore, a closer look at
the local symmetry of a repeat unit of 6 reveals an approxi-
mate C2h symmetry. Accordingly, the 31P chemical shifts ob-
served in its NMR spectrum are nearly identical in this com-
pound. To support the assignments proposed above, density
functional theory (DFT) calculations were carried out by
using model systems for 4 and 5 in which the Mo atoms
were replaced by the lighter homologue Cr. This was done
because for Mo and I, good quality all-electron basis and
auxiliary basis sets are not available and calculations require
use of the effective core potentials (ECP), which renders
the calculation of 31P NMR shielding constants for the origi-
nal systems 4–6 not feasible.[10] As the original systems are
infinite polymer chains, molecular fragments containing
three [(CuX)2{Cp2Cr2(CO)4(m,h2:h1:h1-P2)}2] (X=Cl (4 a), Br
(5 a)) units terminated with single X atoms were calculated.
The symmetry point groups were found to be C2 and Ci for
4 a and 5 a, respectively, and to reduce the influence of the
terminal units in the following discussion only the central
unit is considered (Figure 9). Table 4 presents the most im-
portant bond lengths of the calculated model compounds,
which are independent of the metal atom, as well as the rel-
evant experimental data. The structural parameters of the
central Cu2P4X4 unit are well reproduced, although most of
the calculated bond lengths are slightly overestimated. As
expected, the calculated P�Cr and Cr�Cr bond lengths are
up to 0.09 � shorter than the observed P�Mo and Mo�Mo
distances.


For both 4 a and 5 a, the rings contain two pairs of symme-
try-distinct P atoms. In 4 a the calculated 31P isotropic shield-
ing constants are 136 and 361 ppm for the P1 and P2 ligands,
respectively, corresponding to chemical shifts of 78 and
�147 ppm, while in 5 a the shielding constants are 141 ppm
for P1 and 374 ppm for P2, corresponding to 31P chemical
shifts of 73 and �160 ppm, respectively. The downfield-shift-
ed 31P NMR resonances of the calculated Cr complex rela-
tive to those of the measured Mo polymers are not unex-
pected in view of experimental data on the complexes
[{CpM(CO)2}2(m,h2-P2)] with d=111 ppm for M=Cr[11] and
d=�41 ppm for M=Mo.[4] The results of these calculations
thus support the deductions inferred from the structural and
NMR spectral data concerning the polymers 4 and 5.


63Cu and 13C MAS-NMR spectra of the compounds have
also been recorded. For 6, the 63Cu MAS-NMR spectrum
presents a sharp line centred near 399 ppm versus crystalline
CuI; for 5 the MAS spectrum is strongly broadened by


second-order quadrupolar perturbations. By using the
DMFIT routine, the chemical shift and quadrupolar coupling
constant can be estimated to be 560 ppm and 6.6 MHz re-
spectively. No analysable 63Cu MAS-NMR signal was ob-
tained for 4, presumably owing to extremely strong quadru-
polar coupling. None of the compounds showed differentia-
ble copper sites. Interestingly, two distinct Cp signals are ob-
served in each of the 13C CPMAS spectra of the polymers;
d= 91.1 and 89.7 ppm for 4 and 5, and d= 88.9 and 88.1 ppm
for 6. Fast ring rotation renders all of the C atoms of a given
Cp ring magnetically equivalent.


Conclusion


It has been shown that the reaction of the P2 ligand complex
1 with both CuI and CuII halides leads to the novel linear
1D polymeric compounds 4–6, containing CuI complex cen-
tres. Evidently, the polymeric CuI complexes represent a


Table 3. CCO···P interatomic distances of the compounds 4, 5 and 6 [�].


4 5 6


C1···P1 3.561(2) 2.893(2) 3.169(4)
C2···P1 3.857(1) 2.776(3) 3.918(5)
C3···P1 2.811(3) 3.861(1) 2.741(2)
C4···P1 2.902(4) 3.512(2) 2.956(6)
C1···P2 3.832(3) 4.019(2) 2.889(6)
C2···P2 2.650(1) 3.131(3) 2.830(2)
C3···P2 3.203(2) 2.666(1) 3.889(5)
C4···P2 4.012(3) 3.805(2) 3.110(4)


Figure 9. View of the central rings of the model compounds 4 a and 5a
(hydrogen and halogen atoms are omitted for clarity).


Table 4. Comparison of selected calculated and experimental bond
lengths of the compounds 4, 4 a, 5 and 5a [�].


4 4 a 5 5a


Cu�P 2.282, 2.304 2.305, 2.323 2.294, 2.300 2.314, 2.320
Cu�X 2.348, 2.360 2.384, 2.387 2.472, 2.481 2.488, 2.507
P�P 2.075 2.099 2.079 2.101
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thermodynamic minimum in this system and the reduction
of the CuII halides is forced.


Furthermore, the complex [{CpMo(CO)2}2(m,h2-P2)] has
been demonstrated to be an effective linker unit for transi-
tion-metal centres. At first glance, the X-ray crystallographic
studies show the same structural motifs for all these prod-
ucts: almost planar six-membered rings of P4Cu2 units that
are linked by nearly orthogonally oriented planar Cu2X2


four-membered rings. However, a closer look at the structur-
al details reveals that seemingly slight differences in the ar-
rangement of both the Cp and especially the CO ligands in
the solid-state structure influence the 31P NMR chemical
shifts in their MAS-NMR spectra to a high degree. Thus,
the influence of the cone of anisotropy of the CO ligands in
4 and 5 leads to a tremendous downfield shift of one of the
P atoms, whereas in 6 both P atoms are influenced by the
CO ligands in the same manner. These results are strongly
supported by DFT calculations on the model compounds 4 a
and 5 a in which Mo is substituted by its lighter homologue
Cr. Thus, MAS-NMR spectroscopy is demonstrated to be a
powerful tool providing invaluable information concerning
the structural details of extended solid-state aggregates and
networks.


Experimental Section


All manipulations were performed under an atmosphere of dry nitrogen
using standard glove-box and Schlenk techniques. All solvents were
freshly distilled from appropriate drying agents immediately prior to use.
IR spectra were obtained on a BRUKER IFS280 spectrometer. 31P
MAS-NMR spectra for 4 were recorded at 121.49 MHz using a spinning
rate of 30 kHz and for 5 and 6 at 162.01 MHz using spinning rates of
33 kHz, on a Bruker DSX 400 solid-state NMR spectrometer in a 2.5 mm
probe. Typically, spectra were recorded by a rotor synchronised Hahn
spin-echo sequence, generated with 908 pulse lengths of about 4 ms and
relaxation delays of 3 minutes (280 scans). Chemical shifts were reported
relative to 85% H3PO4. The spectral multiplets were simulated by using
the Spinworks software package, taking both homo- and heteronuclear J
coupling into account. For compound 4 the small difference between the
magnetic moments of 63Cu and the 65Cu isotopes was explicitly taken into
account, for 5 and 6 this effect was neglected, because of the overall low
resolution observed. Since the 1J(P,P) values were obtained by fitting the
observed multiplets for each P site separately, the number to be quoted
is represented by the average of both values. 63Cu NMR spectra were re-
corded at 106.01 MHz by using single-pulse acquisition with short pulses
of 1 ms length at spinning rates of 30–33 kHz. 13C NMR spectra were ob-
tained by cross-polarisation applying standard conditions (1 ms contact
time, 10 kHz MAS). Chemical shifts are reported relative to TMS.


All theoretical calculations were performed by using the TURBOMOLE
program package.[12, 13] The functional theory (DFT) method along with
the BP86 exchange-correlation functional was employed.[14] To speed up
calculations the Coulomb part was evaluated by using the MARI-J
method.[15, 16] It is well-known that X-ray determined structures are usual-
ly not precise enough for calculations of chemical shifts, especially when
light atoms such as H or C, or fast rotating ligands such as Cp, are pres-
ent.[17] Therefore, full structure optimisation within a given symmetry was
performed for all systems using TZVP basis and auxiliary basis sets on
all atoms.[15, 18] In the calculation of 31P chemical shifts within the GIAO
approach,[19] a more extended TZP basis set on P was used to increase
the wave function flexibility in the core region. The TZP basis set or a
basis set of similar quality is known to yield reasonably accurate NMR
chemical shielding constants.[18b, 19, 20] The 31P NMR chemical shifts relative


to 85 % H3PO4 were calculated from absolute shielding constants s by
using P(OCH3)3 as an internal secondary standard (s =74.3) with an ex-
perimental 31P chemical shift of 140 ppm relative to 85% H3PO4.


[21]


Reagents : Unless otherwise stated, commercial grade chemicals were
used. The complexes CuX were purified to remove traces of the CuII hal-
ides. [{CpMo(CO)2}2(m,h2-P2)] was synthesised according to the literature
procedure.[4]


Synthesis of 4 : A solution of CuCl (40 mg, 0.4 mmol) in CH3CN (10 mL)
was added to a solution of 1 (100 mg, 0.2 mmol) in CH3CN (10 mL) at
room temperature and a red precipitate was formed immediately. The re-
action mixture was stirred for another hour and the precipitate was iso-
lated by filtration, washed with CH3CN (3 � 25 mL) and dried under
vacuum. Yield: 99 mg (83 %). M.p.: 235–240 8C (decomp); IR (KBr): ñ=


2006 (vs), 1926 cm�1 (vs; CO); elemental analysis calcd (%) for
C14H10ClCuMo2O4P2 (594.8): C 28.23, H 1.68; found: C 28.66, H 1.41.


Synthesis of 6·(CH3CN)¥: A solution of CuI (72 mg, 0.4 mmol) in CH3CN
(10 mL) was added to a solution of 1 (100 mg, 0.2 mmol) in CH3CN
(10 mL) at room temperature and a red precipitate was formed immedi-
ately. The reaction mixture was stirred for another hour and the precipi-
tate was isolated by filtration, washed with CH3CN (3 � 25 mL) and dried
under vacuum. Yield: 129 mg (90 %); m.p.: 200–205 8C (decomp); IR
(KBr): ñ=2270 (m; CN), 1993 (vs), 1925 cm�1 (vs; CO); elemental analy-
sis calcd (%) for C16H13CuIMo2NO4P2 (727.4): C 26.39, H 1.79, N 1.92;
found: C 26.46, H 2.26, N 1.91.


Crystal structure analysis : Data were collected for complexes 4 and 6 on
a STOE IPDS area-detector diffractometer by using AgKa (l=


0.56087 �) radiation. Machine parameters, crystal data and data collec-
tion parameters are summarised in Table 1. The structures were solved
by direct methods by using SHELXS-97,[22] full-matrix-least-squares re-
finement on F2 in SHELXL-97[23] with anisotropic displacement for non-
H atoms, hydrogen atoms placed in idealised positions and refined iso-
tropically according to the riding model.


CCDC-253102 and CCDC-253103 (4 and 6) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Soluble Oligoaramide Precursors—A Novel Class of Building Blocks for
Rod–Coil Architectures


Robert Abbel, Holger Frey, Dieter Schollmeyer, and Andreas F. M. Kilbinger*[a]


Introduction


Polyaramides are amongst the toughest synthetic materials
known today. Their excellent thermal and mechanical prop-
erties arise from the ability of the amide-containing polymer
chains to form hydrogen bonds between each other.[1] The
rigidity of the chains in combination with the interchain hy-
drogen bonds render the polymer virtually insoluble in most
organic solvents. For processing purposes, strong hydrogen-
bond-disrupting solvents like concentrated sulfuric acid or
DMAc/LiCl are typically employed.[2]


Despite the broad synthetic expertise concerning the syn-
thesis of polyaramides,[3] surprisingly few reports describe
the preparation of the corresponding monodisperse aromatic
amide oligomers. Oligoaramides are central building units
for novel rod–coil block-copolymer architectures and unusu-
al liquid crystals, and are essential models for a fundamental
understanding of hydrogen bonding in polymeric aramides.


Oligo-p-benzamides (OPBA) up to the tetramer have
been reported by Bredereck.[4] However, a full characteriza-
tion of the compounds according to today�s analytical stand-


ards have not yet been reported. Kçnig et al. reported the
synthesis of OPBA up to the trimer on a solubilising poly-
(ethylene glycol) support.[5] In the method they use, the
OPBA is formed from 4-nitrobenzoyl chloride by means of
a successive amide coupling and nitro-group reduction se-
quence. Two reaction steps are therefore necessary for the
attachment of each monomer unit.


Due to the high chain rigidity, the hydrogen-bond donors/
acceptors in OPBA are expected to align perfectly and
make these materials intriguing supramolecular synthons for
solution or solid-state organization in rod–coil block-copoly-
mer architectures. Here we report a new synthetic route
that allows a significantly faster formation of OPBA by
using oligomers of three or four units at a time.


Results and Discussion


As outlined in Scheme 1, reaction of p-nitrobenzoyl chloride
with p-aminobenzoic acid gave the amide 2 in 95 % yield.[4]


Following a procedure by Julia et al.,[6] we attempted to con-
vert dimer 2 into the corresponding acid chloride using thio-
nyl chloride. However, this reaction failed in our hands and
we obtained 4, in which the amide and carboxylic acid had
been converted to an imidoyl chloride and acid chloride, re-
spectively, in 65 % isolated yield.


While the report by Julia et al. described the product as
an insoluble yellow solid, we obtained a yellow solid which
exhibited excellent solubility in diethyl ether, acetone, di-


Abstract: A new synthetic route is de-
scribed that allows the reversible con-
version of the inherently insoluble
oligo-p-benzamides into soluble mate-
rials through the formation of imidoyl
chlorides. Syntheses of the correspond-
ing dimer, trimer, and tetramer are re-
ported; these compounds can easily be
purified by crystallization and are ac-
cessible on the multigram scale. Struc-


tural proof was obtained by single-crys-
tal X-ray structures of the trimer and
tetramer precursors. They can be selec-
tively functionalized into amides or
esters at the terminal carboxylic acid


group followed by hydrolysis of the
imidoyl chlorides to the parent amides.
This new class of compounds gives
access to strongly aggregating rigid
rodlike materials in few synthetic steps,
as is demonstrated by the preparation
of poly(ethylene glycol)-co-oligo(p-
benzamide) rod–coil block copolymers.
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chloromethane, and chloroform. The melting point of 4
(157 8C) was greatly reduced compared to the parent amide
2 (> 300 8C). While the conversion of aromatic amides into
imidoyl chlorides by using thionyl chloride is a well-known
reaction,[7] it has, to the best of our knowledge, never been
employed as a supramolecular protecting group, improving
the solubility of otherwise insoluble materials.


The reaction of 2 with thionyl chloride gave 4 as the main
product, which was crystallized from toluene. In order to im-
prove the yield of 65 % we analyzed the toluene insoluble
fraction. 1H and 13 C NMR spectroscopy as well as field de-
sorption (FD) mass spectrometry unambiguously showed
the formation of 4-(N’-formylamino)-N,N-dimethylbenz-
amide as the main side product, explaining the difficulties in
increasing the yield of 4. This side product was presumably
formed by cleavage of the amide bond of 2 and subsequent
reaction with fragments of the DMF solvent molecules pres-
ent in the crystal lattice of 2. Further investigations will be
carried out to elucidate the exact mechanism of this side re-
action.


Reaction of 4 with 1 gave
trimer 5 in 93 % yield after hy-
drolysis, which could be con-
verted into the corresponding
compound 6 (35 %), in which
both amide groups were trans-
formed into imidoyl chlorides
and the carboxylic acid into an
acid chloride. The composition
of the reaction residue could
not successfully be analyzed for
this reaction.


However, encouraged by the
ease of these transformations
we prepared tetramer 7 (96 %)
from 4 and 3 and successfully
converted it to the correspond-
ing imidoyl chloride and acid
chloride containing compound
8 (40%). The analysis of the in-
soluble residue by 1H and 13C
NMR spectroscopy as well as
FD mass spectrometry showed
that the N,N-dimethylamido-N’-
formamide of 3, (H3C)2N-CO-
C6H4-NH-CO-C6H4-NH-CHO,
was the main side product. For
the formation of this com-
pound, tetramer 7 had to
cleaved at the central C�N
bond. Interestingly, neither of
the two alternative reaction
products obtained by cleavage
of the other two amide bonds
in 7 could be observed.


The imidoyl chloride protect-
ed compounds 4, 6, and 8 are


unusual precursors for the corresponding oligomides in that
they have to be prepared from those amides to begin with.
However, OPBA are virtually insoluble in most organic sol-
vents and therefore inaccessible for chemical transforma-
tions. Thionyl chloride not only dissolves the OPBA, but
also converts them into very soluble and reactive intermedi-
ates that can be hydrolyzed back to the parent amide struc-
ture after reaction. In this respect we feel confident in de-
scribing this approach as a precursor route.


Importantly, compounds 4, 6, and 8 can easily prepared
on the multigram scale and crystallize readily from toluene.
They show greatly improved solubility over the parent
amides due to the fact that all amide groups responsible for
hydrogen-bond formation are replaced by imidoyl chlorides.
The single-crystal X-ray structures of 6[8] and 8[9] (Figure 1,
top and bottom, respectively) show that the phenyl rings in
the solid state are twisted by approximately 908 with respect
to each other (6 : 1/2:72.9(1)8, 2/3:74.0(1)8 ; 8 : 1/2:89.9(4)8, 2/
3:74.2(4)8, 3/4:61.9(4)8), which also contributes to the en-
hanced solubility of these compounds.[10]


Scheme 1. Synthesis of soluble OPBA precursors: i) acetone, dimethyl aniline; ii) methanol, ammonium for-
mate, Pd/C; iii) thionyl chloride; iv) 1. acetone, 1, dimethyl aniline, 2. water; v) thionyl chloride; vi) 1. acetone,
N-methyl pyrolidinone, 3, dimethyl aniline, 2. water; vii) thionyl chloride.
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To provide evidence that a twist of the phenyl rings with
respect to each other is also present in solution, UV spectra
of compounds 4, 6, and 8 were recorded in chloroform
(Figure 2, top). It can be seen that the shift of the absorp-
tion maximum with increasing oligomer length is much less
(Dlmax = 18 nm, difference between 4 and 8) than that of the
parent amides (Dlmax = 47 nm, difference between 2 and 7,
Figure 2, bottom), indicating reduced conjugation due to a
twist of the phenyl rings.


The synthesis of 5 and 7 showed that nucleophilic substi-
tution with aromatic amines takes place selectively at the
acid chloride to form the corresponding amides. Substitution
of the imidoyl chlorides to give amidines was not observed
under our reaction conditions.


To show the preparative usefulness of these soluble oli-
goaramide precursors, we prepared rod–coil block copoly-
mers from commercially available monomethyl-poly(ethyl-
ene glycol) (MPEG). In most rod–coil block copolymers,[11]


the rod-segment gains its stiffness through helical structures.
Examples for helical structures used in rod–coil architec-
tures are polypeptides,[12] polyisocyanates,[13] polyisocya-
nides,[14] and polycarbodiimides.[15] Examples for nonhelical
rods are poly(p-phenylene)s,[16,17] poly(thiophene)s,[18] poly-
(phenylquinoline)s,[19] and so forth. Ciferri et al. have ex-
ploited the strong hydrogen bonding ability of poly(p-benz-
amide)s (PPBA) in block copolymers formed from PPBA
and poly(ethylene glycol) (PEG).[20] Yokozawa et al. devel-
oped a chain-growth polymerization route to PPBAs[21] and
have reported triblock architectures with an outer PEG and
an inner PPBA block.[22] Rod–coil block copolymers with
well-defined, that is, monodisperse, OPBA as the rigid block
have, to the best of our knowledge, not yet been reported.
Here we describe the first synthesis of such materials using
the soluble OPBA precursors.


As outlined in Scheme 2, MPEG was treated with p-nitro-
benzoyl chloride to give the ester 9. Nitro-terminated poly-
mer 9 was subsequently reduced by using ammonium for-
mate-Pd/C to give the primary amine 10.[5] Figure 3 shows
the doubly charged mass distribution of the ESI mass spec-
trum of polymer 10. All peaks are isotopically resolved and
can be assigned to the product structure. To emphasize this,
the polymer with 104 ethylene oxide repeat units is marked
as an example.


Polymer 10 was treated with soluble OPBA precursors 6
and 8 to give 11 (72 %) and 12 (71 %) respectively. These
polymers were again reduced with ammonium formate-Pd/C
to give primary amine terminated polymers 13 (79 %) and
14 (22%). The low yield for the reduction of 12 was attrib-
uted to strong aggregation in solution of the block copoly-
mer, rendering the terminal nitro group of 12 inaccessible
for a heterogeneous reduction protocol. Investigations into
homogeneous reductions are currently being carried out.


The triply charged mass distribution of the ESI mass spec-
trum of polymer 13 is shown in Figure 4. All mass peaks are
isotopically resolved and can be assigned to the product
structure. To illustrate this fact, the polymer with 104 ethyl-
ene oxide repeat units is marked in the spectrum.


Polymer 13 was again treated with soluble OPBA precur-
sor 6 to give nitro-terminated polymer 15 (88 %). Although
the rigid hepta(p-benzamide) rod in this block copolymer is
relatively short, the effect it has on the physical properties
of the copolymer are quite dramatic. While the PEG homo-
polymer is miscible with water in all ratios, solid 15 does not
dissolve in water unless sonicated. Additionally, the solubili-
ty in solvents like chloroform, methanol, or dioxane is great-
ly reduced. Also, melt enthalpies showed a systematic de-


Figure 1. Single crystal X-ray structures of 6[8] (top) and 8[9] (bottom).


Figure 2. Top: UV-visible spectra of compounds 4, 6 and 8 (in CHCl3, c=


0.01 mm). Bottom: UV-visible spectra of compounds 2, 5 and 7 (in
DMAc + 1% LiCl, c =0.01 mm).
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crease with increasing chain length of the OPBA. These
phenomena are explained by strong intermolecular interac-
tions of the oligo aramide blocks.


To further investigate the interaction of the aramide
oligomers, gel permeation chromatography (GPC) traces
were recorded in chloroform for polymers 11, 12, and 15,
each at different concentrations varying from 0.5 to
3.5 g L�1. For polymer 11, only the nonaggregated block co-
polymer could be observed at all concentrations. The elution
curve for polymer 12 exhibited two peaks, one correspond-
ing to the nonaggregated and one to the aggregated form of
the material, with the latter increasing in intensity as con-
centration was increased.


For polymer 15, the GPC traces showed that the aggregat-
ed form was predominant even at the lowest concentration.
Polymers 11, 12, and 15 recorded on a GPC run in DMF


(+1 % LiBr) showed only the
nonaggregated species. First
AFM data show the existence
of vesicle-like spheres in
chloroform. Further investiga-
tions into the supramolecular
structures formed using AFM
and light scattering techniques
are currently being carried out
in our group.


Conclusion


We have developed a new
route to soluble OPBA in
which the aromatic amides
were converted to imidoyl


chlorides. The imidoyl chlorides act as supramolecular pro-
tecting groups preventing hydrogen bonding and aggrega-
tion. Oligomers up to the tetramer were prepared and con-
verted to the soluble and reactive precursor form. These
could be obtained in very high purity and their structures
were confirmed by single-crystal X-ray analysis.


As high reagent reactivity and few reaction steps are cru-
cial for modifying polymer end-groups in a well-defined
manner, we demonstrated the synthetic value of these novel
precursors by preparing MPEG-oligoaramide block copoly-
mers with oligomer lengths up to the heptamer in only five
reaction steps and no detectable side reactions. These block-
copolymers exhibit strong solution aggregation as deter-
mined by gel permeation chromatography. First AFM data
shows the existence of vesicle-like structures in chloroform.


These new synthetic precursors open the door to the syn-
thesis of novel supramolecular polymers and unusual liquid


Scheme 2. Synthesis of rod–coil block copolymers: i) dichloromethane, triethyl amine; ii) methanol, ammonium
formate, Pd/C; iii) chloroform, dimethyl aniline, iv) methanol, ammonium formate, Pd/C; v) 6, chloroform, di-
methyl aniline.


Figure 3. Mass spectrum (ESI) of 10. The two mass distributions of lower
intensity can be assigned to the mixed Na+-K+ adduct and the Na+-H+


adduct of 10.


Figure 4. Mass spectrum (ESI) of 13.
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crystals as well as the study of molecular recognition based
on hydrogen bonding in synthetic materials.


Experimental Section


Materials : Solvents (p. a. quality) were purchased from Fisher Scientific,
those for spectrometric measurements and all chemical reagents from
Acros Organics. Toluene was dried by azeotropic removal of water and
subsequent storage over molecular sieves (4 �). All other chemicals were
used as received without further purification. Recycling of used thionyl
chloride was performed by reflux over flowers of sulfur followed by two
successive distillations. Deuterated solvents ([D6]DMSO and CDCl3)
were purchased from Deutero GmbH and used as received. Celite was
purchased from Fluka. p-Aminobenzoic acid (1) (Acros) was used as re-
ceived.


Physical and analytical methods : Standard 1H and 13C NMR spectra were
recorded at 300 MHz (75 MHz for 13C) on a Bruker AC 300 spectrometer.
For high-temperature measurements a Bruker DRX 400 spectrometer
was used, working at 400 MHz (100 MHz for 13C). FD mass spectra were
measured on a Finnigan MAT 95 and ESI mass spectra on a Micromass
Q-TOF Ultima 3. Infrared spectra were recorded on a Nicolet 5 DXC
FT-IR spectrometer, and UV-visible spectra on a Shimadzu UV-210 2 PC
scanning spectrophotometer. DSC curves were obtained from a Perkin–
Elmer DSC 7 and a Perkin–Elmer Thermal Analysis Controler TAC 7/
DX. For elemental analyses, an Elementar Vario EL 2 was used. X-ray
crystal structures were obtained on a Turbo CAD4. For polymeric com-
pounds 9–15 only 1H NMR data corresponding to the modified OPBA
end-group are reported.


4-(4-Nitrobenzamido)benzoic acid (2): Compound 1 (80 g, 0.584 mol) and
N,N-dimethylaniline (100 mL) were dissolved in dry acetone (530 mL). A
solution of 4-nitrobenzoyl chloride (108 g, 0.582 mol) in acetone
(130 mL) was added dropwise to this mixture under stirring and cooling
with an ice bath. The reaction mixture was allowed to warm to room
temperature and was stirred for one further hour. The resulting yellow
precipitate was collected by filtration and washed with hydrochloric acid
(2 N, 400 mL) and then water until the filtrate was neutral. The resulting
solid was dried under vacuum and recrystallized from DMF to give 2
(158.2 g, 95%). M.p. >300 8C; elemental analysis calcd (%) for
C14H10N2O5: C 58.73, H 3.52, N, 9.79; found: C 58.23, H 3.28, N 9.84; MS
(FD): m/z calcd: 286.1; found: 286.5 (100) [M]+; 1H NMR ([D6]DMSO):
d=7.93 (m, 4 H), 8.18 (d, J= 8.5 Hz, 2H), 8.36 (d, J= 8.5 Hz, 2H), 10.82
(s, 1 H), 12.75 ppm (br s, <1H); 13C NMR and DEPT ([D6]DMSO): d=


119.8 (+), 123.7 (+), 126.2, 129.5 (+), 130.4 (+), 140.4, 142.9, 149.4,
164.4, 167.0 ppm; UV/Vis (DMAc + 1% LiCl): lmax (log e)=268 nm
(4.55);. IR: ñ =3319, 3108, 3075, 1669, 1645, 1524, 1342 cm�1.


4-(4-Aminobenzamido)benzoic acid (3): Compound 2 (15 g, 0.052 mol)
was suspended in DMF (50 mL). Methanol (400 mL) and ammonium for-
mate (33 g, 0.523 mol) were added while stirring and cooling with an ice
bath. Under an N2 atmosphere Pd/C (10 %, 1 g) was added, and the re-
sulting suspension was allowed to warm to room temperature and stirred
for 12 h. It was passed through Celite (Aldrich) and the solvent was
evaporated to near dryness. The residue was neutralized with HCl
(conc.), resulting in a white precipitate, which was recovered by filtration.
Further product could be obtained from the filtrate by addition of water.
This precipitate was combined with the first, stirred in water, recovered
by filtration, washed neutral with water and dried under vacuum to give
3 (11.8 g, 89 %). M.p. >300 8C; MS (FD): m/z calcd for C14H12N2O3:
256.1; found: 256.2 (100) [M]+ ; 1H NMR ([D6]DMSO): d=6.66 (d, J=


8.8 Hz, 2H), 7.76 (d, J =8.8 Hz, 2H), 7.90 (s, 4 H), 10.08 ppm (s, 1H);
13C NMR and DEPT ([D6]DMSO): d=112.7(+), 119.2 (+), 120.7, 124.8,
129.7 (+), 130.3 (+), 144.1, 152.6, 165.7, 167.2 ppm; UV/Vis (DMAc +


1% LiCl): lmax (log e)= 317 nm (4.76); IR: ñ =3384, 3350, 3275, 1683,
1653, 1604 cm�1.


Compound 4 : Compound 2 (120 g, 0.42 mol) was refluxed in thionyl chlo-
ride (600 mL). After 3 h complete dissolution of 2 was achieved, after 8 h
a turbid suspension was obtained. The thionyl chloride was distilled off,


and the residue was extracted with dry boiling toluene, which was fil-
tered, giving a clear yellow filtrate and a white solid residue. The white
solid was refluxed in thionyl chloride (600 mL) for 8 h and treated the
same way as described above. The combined filtrates were cooled to
room temperature, then to �20 8C. A yellow solid crystallized out, which
was recovered by filtration, washed with petroleum ether and dried
under vacuum to give 4 (87.8 g, 65%). From the filtrate more yellow
crystals were obtained by addition of petroleum ether and cooling to
�20 8C. M.p. 157 8C; elemental analysis calcd (%) for C14H8Cl2N2O3: C
52.18, H 2.50, N 8.67; found: C 51.81, H 2.62, N 8.76; MS (FD): m/z (%)
calcd: 322.0 (100). 324.0 (63.9). 326.0 (10.2); found: 322.5 (100), 324.5
(65.7), 326.4 (10.3); 1H NMR (CDCl3): d =7.08 (d, J=8.8 Hz, 2H), 8.19
(d, J =8.8 Hz, 2H), 8.33 (s, 4 H); 13C NMR and DEPT: d=120.4 (+),
123.7 (+), 130.2, 130.5 (+), 132.9 (+), 139.9, 143.7, 150.2, 153.1,
167.5 ppm; UV/Vis (CHCl3): lmax (log e)=280 nm (4.51); IR: ñ =3109,
3065, 3043, 1741, 1662, 1518, 1343 cm�1.


Compound 5 : Compound 1 (21.2 g, 0.155 mol) and N,N-dimethylaniline
(25 mL) were dissolved in dry acetone (140 mL). A solution of 4 (50 g,
0.155 mol) in of acetone (330 mL) was added dropwise to this solution
under stirring and cooling in an ice bath. The reaction mixture was al-
lowed to warm to room temperature and was stirred for a further 30 min.
Water (20 mL) was added to the resulting yellow suspension and the re-
action mixture was stirred for 30 min. The yellow precipitate was collect-
ed by filtration, washed with hydrochloric acid (2 n, 300 mL), then
washed neutral with water and dried under vacuum. The resulting solid
was recrystallized from DMF to give 5 (58.3 g, 93 %). M.p. >300 8C; ele-
mental analysis calcd (%) for C21H15N3O6: C 62.21, H 3.73, N 10.37;
found: C 61.59, H 3.58, N 10.42; MS (FD): m/z calcd: 405.1; found: 405.4
(100) [M]+ ; 1H NMR ([D6]DMSO): d=7.92–8.03 (m, 8 H), 8.20 (d, J=


8.8 Hz, 2H), 8.38 (d, J =8.8 Hz, 2H), 10.46 (s, 1 H), 10.83 (s, 1H),
12.73 ppm (br s, <1H); 13C NMR and DEPT: d 119.6 (+), 119.8 (+),
123.7 (+), 125.5, 128.9 (+), 129.5 (+), 129.9, 130.3 (+), 140.4, 142.1,
143.5, 149.4, 164.4, 165.4, 167.1 ppm; UV/Vis (DMAc + 1 % LiCl): lmax


(log e)=294 nm (4.31); IR: ñ =3337, 3112, 3070, 1725, 1654, 1347 cm�1.


Compound 6 : Compound 5 (56.8 g, 0.14 mol) was refluxed in thionyl
chloride (400 mL) for 90 min. Total dissolution of 5 was achieved after
30 min. The SOCl2 was distilled off and petroleum ether was added to
give a yellow precipitate, which was collected by filtration and recrystal-
lized from dry toluene to give 6 (22.7 g, 35%). From the filtrate of the re-
crystallization further product was obtained by addition of petroleum
ether. M.p. 169 8C; elemental analysis calcd (%) for C21H12N3Cl3O3: C
54.90, H 2.63, N 9.15; found: C 54.71, H 2.77, N 9.09; MS (FD): m/z (%)
calcd: 459.0 (100.0), 461.0 (95.8), 463.0 (30.6); found: 459.4 (100.0) [M]+ ,
461.4 (91.1), 463.4 (35.1); 1H NMR (CDCl3): d =7.06 (d, J =8.8 Hz, 2H),
7.12 (d, J =8.8 Hz, 2 H), 8.17 (d, J=8.8 Hz, 2H), 8.25 (d, J=8.8 Hz, 2H),
8.34 ppm (s, 4 Hz); 13C NMR and DEPT (CDCl3): d=120.3 (+), 120.7
(+), 123.7 (+), 129.6, 130.5 (+), 130.7 (+), 131.9, 132.8 (+), 140.2, 143.0,
144.8, 150.1, 150.8, 154.0, 167.6 ppm; UV/Vis (CHCl3): lmax (log e)=


292 nm (4.31); IR: ñ=3109, 3083, 1764, 1641, 1517, 1344 cm�1.


Compound 7: Compound 3 (6 g, 23.4 mmol) and N,N-dimethylaniline
(6 mL) were dissolved in a mixture of dry acetone (15 mL) and dry N-
methylpyrrolidinone (20 mL). A solution of 2 (7.55 g, 23.4 mmol) in dry
acetone (25 mL) was added dropwise to this solution under stirring at
room temperature. After one hour water (15 mL) was added, and the re-
action mixture was stirred for about 6 h. The resulting solid was collected
by filtration, stirred with HCl (1 m), washed neutral with water, and fil-
tered, and the filtrate evaporated to dryness under vacuum. Recrystalli-
zation from DMF or a DMF/NMP mixture was not possible, but by stir-
ring in refluxing DMF for several hours colored impurities dissolved,
while the product remained insoluble. After cooling, the solid was fil-
tered, washed with water and acetone, and was dried under vacuum to
give 7 (11.76 g, 96%). M.p. >300 8C; MS (FD)m/z calcd for C28H20N4O7:
524.1; found: 524.5 (100) [M]+ ; 1H NMR ([D6]DMSO): d=7.92–8.05 (m,
12H), 8.20 (d, J =8.8 Hz, 2H), 8.38 (d, J =8.8 Hz, 2H), 10.43 (s, 1H),
10.46 (s, 1H), 10.83 (s, 1H), 12.72 ppm (br s, <1H); 13C NMR and DEPT
([D6]DMSO, T =130 8C, 100 MHz): d=120.05 (+), 120.11 (+), 120.42
(+), 123.56 (+), 126.26, 128.65 (+), 128.72 (+), 129.43 (+), 129.96, 130.22
(+), 130.66, 140.83, 142.14, 142.83, 143.66, 150.03, 164.51, 165.50, 165.61,
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167.01 ppm. UV/Vis (DMAc + 1 % LiCl): lmax (log e)=316 nm (4.19);
IR: ñ =3339, 3103, 3064, 1653, 1349 cm�1.


Compound 8 : Compound 7 (11.76 g, 22.4 mmol) was dissolved in SOCl2


(150 mL) and refluxed for 12 h. After that almost all solid was dissolved,
the SOCl2 was distilled off and the residue extracted with boiling dry tol-
uene and passed through a paper filter. Cooling of the filtrate to �20 8C
gave orange crystals, which were collected by filtration, washed with pe-
troleum ether and dried under vacuum to give 8 (5.3 g, 40%). M.p.
>250 8C (decomp); elemental analysis calcd (%) for C28H16N4O3Cl4: C
56.38, H 2.70, N 9.40; found: C 57.24, H 2.84, N 9.31; MS (FD): m/z (%)
calcd: 596.0 (78.3), 598.0 (100), 600.0 (47.9), 602.0 (10.2); found: 596.6
(71.5) [M]+ , 598.6 (100), 600.6 (49.5), 602.6 (8.3); 1H NMR (CDCl3): d=


7.04–7.14 (m, 6 H), 8.15–8.28 (m, 6 H), 8.34 ppm (s, 4H); 13C NMR and
DEPT (CDCl3): 120.3(+), 120.6 (+), 120.8 (+), 123.7 (+), 129.5, 103.5
(+), 130.7 (+), 131.1, 132.1, 132.9 (+), 140.2, 142.9, 144.2, 145.0, 150.1,
150.6, 151.7, 154.1, 167.6 ppm; UV/Vis (CHCl3): lmax (log e)=297 nm
(4.11); IR: ñ =3095, 1767, 1641, 1524, 1349 cm�1.


Compound 9 : Poly(ethylene glycol) monomethyl ether (MW =5000,
150 g, 30 mmol) and pyridine (15 mL) were dissolved in dichloromethane
(600 mL). p-Nitrobenzoyl chloride (28 g, 151 mmol) was added, and the
resulting mixture was refluxed for two days and then stirred for one day
at room temperature under exclusion of water. Upon evaporation of
most of the solvent needles crystallized, which were separated by filtra-
tion. The filtrate was added dropwise into 2 L of diethyl ether and cooled
to �20 8C, but hardly any precipitation was observed. After most of the
solvent was removed by distillation, a second precipitation into diethyl
ether yielded a white solid, which was collected by filtration, washed with
diethyl ether and dried under vacuum to give 9 (138.6 g, 92%). 1H NMR
([D6]DMSO): d=8.18 (d, J=8.8 Hz), 8.36 ppm (d, J =8.8 Hz).


Compound 10 : Compound 9 (138.6 g, 27.7 mmol) was dissolved in a mix-
ture of methanol (1.2 L) and dichloromethane (50 mL). Ammonium for-
mate (170 g, 2.70 mol) and Pd/C (10 %, 5.5 g) were added under an N2 at-
mosphere. After evolution of gas had started, the mixture was allowed to
stir at room temperature for 12 h. After filtration through Celite (Al-
drich) the filtrate was evaporated completely, and the residue extracted
three times with CHCl3. The combined organic extracts were washed
with water, dried over MgSO4 over night, and concentrated by evapora-
tion. By precipitation into the tenfold amount of diethyl ether, a white
solid was obtained, which was removed by filtration, washed with diethyl
ether, and dried under vacuum to give 10 (119.5 g, 86 %). 1H NMR
([D6]DMSO): d=5.94 (s), 6.55 (d, J =8.8 Hz), 7.62 ppm (d, J= 8.8 Hz).


General procedure for the synthesis of compounds 11, 12, and 15 : Five
equivalents of the corresponding acid chloride were dissolved in dry
methylene chloride. A solution of one equivalent of 10 and five equiva-
lents of N,N-dimethylaniline in methylene chloride was then added drop-
wise under stirring, cooling with an ice bath, and exclusion of water. The
reaction mixture was allowed to warm to room temperature and was stir-
red for at least 30 min. Then the mixture was concentrated by evapora-
tion of solvent and precipitated into dry diethyl ether. The solid obtained
was collected and redissolved in a homogenous mixture of chloroform,
acetone, and water. Excess acid chloride was hydrolyzed by stirring for at
least 2 h. Afterwards the organic solvents were evaporated, the water
was removed by azeotropic distillation with toluene, and the residue was
stirred with chloroform until a solution of finely dispersed free acid was
obtained. The unreacted acid was removed by filtration, the filtrate was
washed with HCl (1 m), aqueous NaHCO3 (conc), and then with water
(when necessary for phase separation, with aqueous NaCl (conc)), and
dried with sodium sulfate. After filtration of the drying agent, the clear
solution was concentrated by evaporation of the solvent under vacuum
and added dropwise into diethyl ether. The resulting precipitate was col-
lected by filtration and dried under vacuum.


Compound 11: Reaction of 10 (30 g) gave 11 (21.5 g,72%). 1H NMR
([D6]DMSO): d=7.96–8.06 (m), 8.22 (d, J= 8.8 Hz), 8.40 (d, J =8.8 Hz),
10.46 (br s), 10.83 ppm (s).


Compound 12 : Reaction of compound 10 (1 g) gave 12 (710 mg, 71%).
Alternatively, 12 (0.92 g) could be obtained from the reaction of 11
(1.5 g) with 4-nitrobenzoyl chloride. 1H NMR ([D6]DMSO): d=7.95–8.10


(m), 8.21 (d, J =8.5 Hz), 8.39 (d, J= 8.5 Hz), 10.43 (s), 10.47 (br s),
10.84 ppm (s).


Compound 13 : Compound 11 (14.25 g) was dissolved in methanol and
some additional CH2Cl2 and a large excess of ammonium formate (15 g)
and Pd/C (10 %, 1 g) were added, the latter under an N2 atmosphere.
After stirring for 12 h at room temperature, the reaction mixture was fil-
tered through Celite (Aldrich), and the filtrate was evaporated to dry-
ness. The residue was stirred with chloroform, sonicated, and filtered
through Celite (Aldrich). The filtrate was washed with NaCl solution
(conc) and then with water, dried over Na2SO4, and concentrated under
vacuum. Upon precipitation into diethyl ether 13 was obtained as a white
solid, which was collected by filtration and dried under vacuum (11.3 g,
79%). 1H NMR ([D6]DMSO): d=6.62 (d, J= 8.8 Hz), 7.75 (d, J=


8.8 Hz), 7.95–8.05 (m), 10.04 (s), 10.39 (s), 10.46 ppm (s).


Compound 14 : Compound 12 (1.5 g) could not be reduced successfully
by using the methods described for 10 or 13 giving a mixture of amino
and nitro compound (460 mg). The reduction was completed by using the
following procedure:


The mixture was dissolved in methanol and DMF. Ammonium formate
(3 g) and Pd/C (10 %, 300 mg) were added (the latter under an N2 atmos-
phere), and the resulting mixture was refluxed for 12 h. After cooling to
room temperature, it was filtered through Celite (Aldrich), methanol was
distilled off, and the remaining DMF solution was precipitated into the
tenfold amount of diethyl ether. After filtration, the collected solid was
dissolved in chloroform and treated according to the procedure described
for 13, resulting in 14 (330 mg, 22%). 1H NMR ([D6]DMSO): d=5.82
(br s), 6.60 (d, J= 8.8 Hz), 7.72 (d, J =8.8 Hz), 7.90–8.05 (m), 10.04 (s),
10.40 (s), 10.43 (s), 10.46 ppm (s).


Compound 15 : Compound 13 (4 g) and 6 (1.84 g) gave 15 (3.5 g, 88%)
after additional precipitation from a DMF solution into diethyl ether.
1H NMR ([D6]DMSO): d=7.92–8.06 (m), 8.21 (d, J =8.8 Hz), 8.40 (d, J=


8.8 Hz), 10.45 (m), 10.86 ppm (s).
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Nonenzymatic Glucose Detection by Using a Three-Dimensionally Ordered,
Macroporous Platinum Template


Yan-Yan Song, Dai Zhang, Wei Gao, and Xing-Hua Xia*[a]


Introduction


Recycling, accurate, rapid, selective, and inexpensive glucose
detection in biological fluids is nowadays extremely impor-
tant for the diagnosis and management of diabetes mellitus.
Electrochemical glucose sensors, especially amperometric
biosensors, hold a leading position among various biosen-
sors. The majority of known amperometric biosensors for
glucose monitoring are based on immobilized specific ox-
idase and electrochemical detection of enzymatically liberat-
ed hydrogen peroxide, or are based on the use of redox me-
diators such as derivatives of ferrocene.[1] Although enzy-
matic detection usually shows good selectivity and high sen-
sitivity,[2] the enzyme is easily denatured during its immobili-
zation procedure. The most serious problem of such sensors
is their lack of stability due to the intrinsic stability of en-
zymes.[3–7] Therefore, numerous studies have been performed
to overcome or alleviate the drawbacks of enzymatic glu-
cose sensors.[8–11]


Amperometric measurements allow observation of the
electrochemical oxidation of glucose on a bare platinum
(Pt) surface.[3–5] Therefore, many nonenzymatic biosensors


have been advocated, especially, amperometric glucose sen-
sors free from enzymes.[6–7,12] However, even the state-of-
the-art technology for glucose sensing with Pt electrodes is
not free from poisoning by adsorbed intermediates,[13] result-
ing in poor selectivity for direct glucose detection. It was re-
ported for the first time in 1985[3] that the electrooxidation
of glucose is strongly subject to poisoning by adsorbed inter-
mediates, which can be subsequently oxidized by electro-
chemical formed surface OH species at higher potentials.
The kinetically controlled electrooxidation of glucose on a
smooth platinum electrode has low sensitivity and poor se-
lectivity. On the other hand, the electrooxidation of interfer-
ing electroactive species of ascorbic acid (AA), uric acid
(UA), and p-acetamidophenol (AP) is diffusion-limited.[12]


Since Faradaic currents associated with kinetically control-
led electrochemical events depend on the real surface area
of an electrode, rather than its geometric area, an electrode
with a high real surface area can be used to enhance selec-
tively the Faradaic current of a sluggish reaction (e.g., a ki-
netically controlled electrochemical reaction). Evans et al.
pioneered this idea for analytical purposes.[14]


Porous materials with three-dimensionally (3D) intercon-
nected ordered structures are technologically important for
a variety of applications, including photonic crystals, cata-
lysts, supports, separation systems, sensors, adsorbents, elec-
tronic materials, double-layer capacitors, and hydrogen-stor-
age materials. The size of the pores and the periodicity of
the porous structures can be precisely controlled and readily
tuned by changing the size of the colloid and thickness of
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the template.[15] Furthermore, the open, interconnected, pe-
riodic large porous structures, on the one hand, ensure ac-
cessibility of reactants to the surface active sites of elec-
trodes, thereby increasing mass-normalized activity by de-
creasing the “hidden Pt” in the bulk materials. On the other
hand, the stable macropore walls can be tailored to desired
compositions by co-sedimentation,[16] electrochemical depo-
sition,[17] electrophoresis,[18] and so on. As far as we know,
there are few reports on the application of 3D-interconnect-
ed macroporous materials in the area of nonenzymatic glu-
cose detection.[19] Although reference [19a] reports on the
use of 3D macroporous materials for glucose detection, the
method is not electrochemical, but colorimetric.


Here, we report on the preparation of highly ordered,
macroporous, inverse-opal Pt films with predetermined pore
sizes. These films consist of Pt nanoparticles. Direct sensing
of glucose with such ordered macroporous platinum films,
which have a considerable real surface area, was studied.
Preparation of the structured macroporous metal films was
carried out by electrochemical reduction of H2PtCl6 in the
voids of silica crystalline template, followed by chemical re-
moval of the template by using HF. The resulting highly or-
dered, macroporous Pt film was introduced as a promising
nonenzymatic glucose biosensor. After the study of the glu-
cose electrooxidation on such nanomaterials, potential appli-
cations of these electrodes in direct sensing of glucose with
high sensitivity and high selectivity are discussed.


Results and Discussion


Figure 1 schematically describes the whole procedure for
the fabrication of 3D-ordered, macroporous, inverse-opal Pt
films. Monodisperse SiO2 spheres were firstly assembled on
gold slides forming a (111) close-packed crystal (Figure 2a)
by using the vertical deposition technique reported previ-
ously.[21] SEM characterization of the silica template showed
that the template consisted of close-packed silica spheres
with polycrystalline orientations in different domains. Some
cracks appeared on the surface of the template after the sin-
tering process. Platinum was electrodeposited into the inter-
spaces of the silica template at a potential of 0.05 V (vs
SCE) (Figure 2b). The highly ordered, macroporous, in-
verse-opal Pt film was obtained after chemical removal of
the silica template by using aqueous HF (Figure 1). As


shown in Figure 2b, the electrodeposited Pt framework con-
sisted of interconnected periodic hexagonal array of mono-
dispersed pores. X-ray diffraction results showed that the
macroporous catalyst mainly consisted of (111) and (200)
crystalline orientations (Figure 2c). The average particle size
of the Pt deposited in 200 nm hole size was calculated to be
approximately 5.36 nm from a (111) X-ray diffraction peak
of the Pt fcc lattice in terms of the Scherrer equation.[24] The
3D platiunum film was characterized electrochemically in a
0.5 m H2SO4 solution (Figure 2d). The cyclic voltammogram
shows the typical features for a platinum electrode. The cur-
rent in the potential range from �0.172 V to 0.23 V (vs
SCE) is due to the adsorption/desorption of hydrogen ad-
atoms. The anodic oxidation of the 3D platinum film start-
ing at about 0.53 V is due to the formation of platinum
oxide that is subsequently reduced, as indicated by the ap-
pearance of a reduction peak at 0.51 V in the negative po-
tential scan. By integration of the charge required for the
adsorption of the hydrogen adatoms, the real surface area of
this electrode with pore size of 200 nm was calculated to be
9.48 cm2.


The performance of glucose
biosensors or glucose-based
biofuel cells is usually tested
under physiological conditions,
that is, the effective ampero-
metric response to glucose is
usually characterized in neutral
media simulating physiological
conditions. Therefore, the elec-
trocatalytic activity of the
highly ordered, Pt-film elec-
trode toward glucose was inves-Figure 1. Scheme of the procedure for fabrication of 3D platinum film electrodes.


Figure 2. a) SEM image of the silica template, b) SEM image of the mac-
roporous Pt network after removal of the silica template, c) X-ray diffrac-
tion pattern of the macroporous Pt film (pore size 200 nm), and d) CV
for the as-synthesized macroporous Pt-film electrode in a solution of
0.5m H2SO4 at a scan rate of 50 mV s�1.
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tigated in a phosphate-buffered saline (PBS) solution. The
cyclic voltammograms (CVs) of the 3D platinum-film elec-
trode (pore size of 200 nm, real surface area: 9.48 cm2, and
the roughness factor Rf—the ratio of the real surface area to
the geometric area:[23] 32.5) in a PBS solution with (solid
curve) and without (dotted curve) 50 mm glucose at a scan
rate of 2 mV s�1 are shown in Figure 3. The current–poten-


tial profile for a 3D platinum-film electrode in the PBS is
almost featureless. The cathodic current at potentials less
than about 0.3 V is due to the reduction of oxygen dissolved
in solution. The increased current at about +0.3 V is due to
the formation of Pt�OH and the rapid increase in current at
potentials greater than 0.90 V is due to the formation of sur-
face oxide and the evolution of oxygen. The platinum oxide
formed in the positive potential scan can only be reduced at
potentials less than 0.30 V. The electrochemistry of glucose
at the macroporous Pt-film electrode (solid curve) is compli-
cated. The CV in the positive potential scan shows two
anodic current peaks located at 0.038 and 0.580 V (Figure 3,
solid curve). The first current peak should be due to the
electrosorption of glucose to form an adsorbed intermediate,
releasing one proton per glucose molecule. At potentials
positive with respect to this peak, accumulation of the inter-
mediates on the electrode surface inhibits further the elec-
trosorption of glucose, resulting in a decrease in current. At
a potential of about 0.30 V, Pt�OH surface species start to
form in the PBS solution (pH 9.18). The Pt�OH species can
then oxidize the poisoning intermediates derived from the
electrosorption of glucose, as in the case of electrochemical
oxidation of methanol,[25,26] releasing free platinum active
sites for the direct oxidation of glucose. Therefore, the elec-
trooxidation current for glucose again increases due to the
direct oxidation of glucose on the oxidized Pt surface, form-
ing the second current peak at 0.580 V. The decrease in cur-
rent after the second anodic current peak could be due to
the evolution of oxygen on the Pt film. In the negative po-
tential scan, there is almost no current observed for glucose
oxidation due to the blockage of the previously formed plat-
inum oxide in the positive potential scan. Only at potentials


negative with respect to the reduction potential of the sur-
face platinum oxide (at approximately 0.30 V) will surface
active sites be available for the electrosorption of glucose,
resulting an anodic current peak at the potential corre-
sponding to the first peak in the positive potential scan. At
potentials negative with respect to this peak the accumula-
tion of intermediates and adsorption of H adatoms occur
again, resulting in a decrease in current.


The pore size of the 3D inverse-opal Pt films plays an im-
portant role in electrocatalytic activity and in turn in the
biosensor performance. Figure 4 shows the current density


versus potential profiles of the 3D inverse-opal Pt-film elec-
trodes with different pore size in a glucose-containing PBS
solution. The Pt electrode (real surface area: 6.00 cm2, Rf =


20.5) deposited directly without using the template tech-
nique shows the lowest catalytic activity toward the electro-
oxidation of glucose (solid curve, Figure 4). In the case of
the 3D inverse-opal Pt-film electrodes, the currents corre-
sponding to the two anodic peaks observed in Figure 3 in-
crease with decreasing of pore size (Figure 4). Of the three
electrodes, the one (real surface area: 9.48 cm2, Rf =32.5)
with pore size of 200 nm has the highest electrocatalytic ac-
tivity toward the oxidation of glucose. The roughness factors
of the inverse-opal Pt films with pore sizes of 500, 300, and
200 nm were determined to be 64.9, 44.5, and 32.5, respec-
tively. The electrooxidation current of glucose should, in
principle, increase with the increase of the real surface area
of an inverse-opal electrode, since the electrochemical reac-
tion of glucose on Pt electrode is kinetic controlled. Howev-
er, the results in electrooxidation current in Figure 4 dis-
plays the opposite trend. It has been reported that the elec-
trocatalytic activity of Pt electrodes toward the oxidation of
methanol depended on the particle size of Pt.[27] Such a par-
ticle-size-dependent phenomenon could also be operative in
the case of glucose oxidation. X-ray diffraction measure-
ments showed that the size of Pt nanoparticles in the in-
verse-opal film deposited directly and the 3D materials with


Figure 3. Current density versus potential profiles of a 3D inverse-opal
Pt-film electrode, with pore size of 200 nm, in a PBS solution (pH 9.18)
in the presence (solid curve) and absence (dotted curve) of 50 mm glu-
cose at a scan rate of 2 mV s�1.


Figure 4. Current density versus potential curves of the directly electrode-
posited Pt (solid curve, real surface area: 6.00 cm2, Rf =20.5), 3D-ordered
Pt-film electrodes with pore sizes of 200 nm (dashed curve, real surface
area: 9.48 cm2, Rf =32.5), 320 nm (dotted curve, real surface area:
12.99 cm2, Rf =44.5), and 500 nm (dash-dotted curve, real surface area:
18.75 cm2, Rf =64.9) with the same geometric area of 0.292 cm2 in a so-
lution of PBS+50 mm glucose at a scan rate of 2 mV s�1.
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pore sizes of 500, 300, 200 nm were 6.13, 6.07, 5.98, and
5.36 nm, respectively. Since the estimated particle sizes were
around 6 nm for all the samples due to existence of meas-
urement error of 0.5 nm in X-ray diffraction experiments,
the observed electrocatalytic activity toward the electrooxi-
dation of glucose in our manuscript could not be attributed
to the effect of grain size. The difference in electrocatalytic
activity may due to the different pore size of the inverse-
opal film. More detailed investigation is evidently required
for understanding this different electrocatalytic activity of
the opal film.


Detailed experiments on the influence of the solution pH
on the sensitivity of the 3D platinum film electrode with
pore size of 200 nm were also carried out. The current densi-
ty of the second peak (from Figure 4) displayed in Figure 5
reveals that the pH profile of the electrode was almost bell
shaped with an optimum value at around pH 9.18. Further
experiments were performed using 0.05 m phosphate-buf-
fered solution at pH 9.18.


Under optimized experimental conditions of solution
pH 9.18 and detection potential at 0.50 V versus SCE, the
amperometric response of the 3D platinum-film electrode
with a pore size of 200 nm is linear (see Figure 6) in a glu-


cose concentration in the range from 10�2 to 10�6 mol L�1,
with a detection limit of 10�7 mol L�1 and a sensitivity of
31.3 mA cm�2 mm


�1 estimated at a signal-to-noise ratio of 3.
This value is much larger than the value of 9.6 mA cm�2 mm


�1


reported previously in reference [12a], indicating that our
sensing material can give higher sensitivity for glucose de-
tection.


The normal interference to glucose oxidation under phys-
iological conditions comes from ascorbic acid (AA), uric
acid (UA), and p-acetamidophenol (AP); the normal phys-
iological level of glucose is 3–8 mm, which is much higher
than that of AA and AP, ~0.1 mm. Figure 7 shows the re-


sponse of a 3D inverse-opal Pt-film electrode (pore size:
200 nm) and a directly deposited Pt electrode to glucose
upon addition of 0.2 mm UA, 0.2 mm AP, and 0.1 mm AA.
For a better comparison, the current density of the 3D plati-
num-film electrode to 1 mm glucose was set at 100 %, and
the other electrochemical responses were normalized by the
electrochemical response of 1 mm glucose on the 3D plati-
num-film electrode. For a 3D platinum-film electrode, inter-
ferences from UA, AP, and AA are only 5.0, 4.1, and 3.9 %,
respectively. This result demonstrated that electrochemical
detection of glucose on the 3D platinum-film electrode
could be performed with negligible interferences from UA,
AP, and AA under the present conditions. For a directly de-
posited Pt electrode, the glucose response is much lower
than that of the 3D platinum-film electrode, while the elec-
trochemical responses from the interfering electroactive spe-
cies are approximately 20 times higher than that for glucose.
Evidently, the electrochemical detection of glucose with a Pt
electrode directly deposited will be heavily hampered by the
presence of the interfering electroactive species. The high
selectivity is attributed to the porous structure of the 3D


Figure 5. Influence of solution pH on the second peak current density of
the 3D-ordered Pt-film electrode with pore size of 200 nm in a solution
(pH 5.91–12.0) containing 50 mm glucose. The scan rate was 2 mV s�1.


Figure 6. Calibration curve of the 3D-ordered Pt-film electrode with pore
size of 200 nm on successive injection of 1mm glucose into 50 mL PBS
(pH 9.18). The current was obtained at an electrolyzing potential of 0.5 V
versus SCE in a stirred solution. Inset: amperometric response of the bio-
sensor (at 0.5 V) to successive addition of 1mm glucose.


Figure 7. Sensitivity and selectivity of the 3D-ordered Pt-film electrode
with pore size of 200 nm (real surface area: 9.48 cm2, Rf =32.5) and di-
rectly electrodeposited Pt electrode (real surface area: 6.00 cm2, Rf =


20.5) obtained in the detection of 1mm glucose in the presence of 0.2mm


UA, 0.2 mm AP, and 0.1 mm AA in PBS (pH 9.18). The currents were ob-
tained by electrolyzing at 0.5 V versus SCE. The current density for glu-
cose on the 3D-ordered Pt-film electrode was taken as 100 %, and the
current densities for glucose on directly deposited Pt electrode and the
current densities for interfering electroactive species on both electrodes
were normalized by the current of glucose at the 3D-ordered Pt-film
electrode.
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platinum films with higher real surface area; these acceler-
ate the kinetically controlled electrooxidation reaction of
glucose. In addition, the high selectivity of the 3D platinum-
film electrode to glucose also proves that the oxidation of
UA, AP, and AA are diffusion-controlled electrochemical
processes, while the oxidation of glucose is a kinetically con-
trolled electrochemical process. The results demonstrate
that the present 3D inverse-opal Pt-film electrode is promis-
ing for fabrication of nonenzymatic glucose biosensors.


Conclusion


In summary, we have studied the electrocatalytic activity for
the electrooxidation of glucose at a porous Pt electrode with
a highly ordered 3D inverse-opal film structure. The 3D-or-
dered Pt-film electrode is mechanically and chemically
stable and could be easily prepared by an inverted colloidal-
crystal template technique. Because of its large effective sur-
face area, interconnected microenvironments, and optimal
particle size, such a 3D platinum film gives a higher electro-
catalytic activity toward glucose oxidation and a higher se-
lectivity for glucose detection than a directly electrodeposit-
ed Pt electrode. These ordered macroporous Pt materials
with enhanced selectivity and sensitivity are promising for
fabrication of nonenzymatic glucose biosensors. Further de-
tailed work on the properties and practical applications of
3D-ordered structures are in progress.


Experimental Section


Reagents and instrumentals : Ascorbic acid, uric acid, and p-acetamido-
phenol (Sigma) were used without further purification. Phosphate-buf-
fered solutions (0.067 m) with pH value from 4.0 to 9.0 were prepared by
varying the ratio of KH2PO4 to Na2HPO4. The buffer solutions with pH
values exceeding 9.0 were adjusted by adding 1m NaOH solution. All
other chemicals such as anhydrous ethanol, sodium hydroxide, tetra-
ethoxysilane (TEOS, 98 %), sulfuric acid, chloroplatinic acid, and glucose
were of analytical grade. All solutions were prepared using deionized
water (>18 MW, Purelab Classic Corp., USA).


The electrochemical experiments were carried out on a CHI650 electro-
chemical workstation (CH Instrument, USA). A traditional three-elec-
trode system involved a Pt wire as counter electrode, a saturated calomel
electrode (SCE) or reversible hydrogen electrode (RHE) as reference,
and an ordered, macroporous Pt film on gold substrate as working elec-
trode. The working electrodes with a geometric area of 0.292 cm2 were
prepared by using an inverted colloidal-crystal template technique, or
was formed by direct electrodeposition. For clarity, all potentials in this
paper refer to the SCE reference electrode. All the current densities
(ratio of electrochemical currents to real surface area) were reported.


The morphology of the 3D platinum films was examined with a XL30
Environment scanning electron microscope (ESEM, Philips). Structural
characterization was performed by means of X’ Pert Pr X-ray diffraction
(Rigaku, Japan).


Preparation of 3D inverse-opal platinum films by using an inverted col-
loidal-crystal template technique : Monodisperse SiO2 spheres were syn-
thesized on the basis of the Stçber method.[20] The vertical deposition
technique[21] was used to self-assemble the silica spheres on gold slides,
forming (111) close-packed crystals. Before metal deposition, the silica
colloidal crystals were sintered at 200 8C under nitrogen atmosphere for


2 h. For Pt deposition, the silica template self-assembled on gold slides
was immersed into a H2PtCl6 (0.04 m) + NaAc (0.1 m) solution (deaer-
ated with N2 and flowing N2 over the solution throughout the deposition
process insured that the electrons only be used to reduce PtIV ions). Elec-
trodeposition was carried out at a potential of 0.05 V (vs SCE) for each
sample. This potential was chosen to ensure deposition of metal within
the interspaces of the silica template without damaging its highly ordered
structure. The amount of metal deposited in the template was be deter-
mined and controlled by the charge passed the cell. A charge of 0.8 C
(the geometric area of all samples was 0.292 cm2) was used in all experi-
ments. After the deposition, the silica template was etched by using 5 %
aqueous HF for 2 min to leave behind a highly ordered, macroporous, in-
verse-opal metal film.


Electrochemical experiments : All electrochemical measurements were
carried out in a three-electrode system. The macroporous platinum elec-
trode was evaluated as a glucose sensor in a phosphate-buffered saline
(PBS) solution at desired potentials. The current in each experiment was
recorded after the transient reached steady state. Amperometric curves
were obtained after adding desired concentration of glucose with the so-
lution stirred constantly.


Before the glucose oxidation experiments, the macroporous Pt network
film was electrochemically cleaned by using a reversible hydrogen elec-
trode as reference to avoid the specific adsorption of chloride ions and
obtain valid and reproducible results. Cyclic potential scans in the poten-
tial regions of the onset of oxygen and hydrogen evolutions in a solution
of 0.5m H2SO4 at a scan rate of 50 mV s�1 were performed until a stable
voltammogram was obtained. The real surface area of the as prepared
macroporous Pt-film electrodes were determined by graphical integration
of the area under the hydrogen adsorption peak from �0.172 V (vs SCE)
to the double-layer region in a 0.5m H2SO4 solution. A fractional cover-
age of 0.77 was taken, and the real surface area was calculated assuming
that a monolayer of H adatoms requires 210 mC per square centime-
ter.[22, 23] The current density in this paper was reported as the ratio of the
recorded current to the real surface area.
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Crystal Structures, Anisotropic Growth, and Optical Properties: Controlled
Synthesis of Lanthanide Orthophosphate One-Dimensional Nanomaterials


Ruoxue Yan, Xiaoming Sun, Xun Wang, Qing Peng, and Yadong Li*[a]


Introduction


Nanostructures, which have received wide recognition for
their novel size- and shape-dependent properties, as well as
their unique applications that complement those of their
bulk counterparts, have been extensively investigated for
over a decade.[1–5] The generation of such small structures is
essential to the advance of many areas of modern science
and technology, and a number of physical- and chemical-
based synthetic methodologies have hence been devel-
oped.[6–12] However, the fabrication of a vast diversity of
nanomaterials with well-controlled dimensionality, shape,
phase purity, chemical composition, and desired properties
remains as one of the most challenging issues faced by syn-
thetic inorganic chemists.[13] Solutions to these challenges re-


quire a detailed, fundamental understanding of the nature
of different crystal structures and of the dynamic processes
governing the nucleation and growth of nanocrystals in vari-
ous synthetic systems, as well as of the key factors that de-
termine the evolution of physical properties in functional
nanomaterials.[13] Unfortunately, although some recent stud-
ies have provided some insight into the factors that control
the selective growth and ultimately determine the shape of
nanocrystals,[14–18] systematic and detailed studies of this type
are still very limited.


Recently, lanthanide compounds have attracted increased
interest because of their wide applicability in magnets, phos-
phors, catalysts, biochemical probes, and medical diagnos-
tics.[19, 20] More importantly, we have realized, based on our
previous work,[21, 22] that for families of lanthanide com-
pounds that share a common anion, such as LnF3 or Ln-
(OH)3, both the crystal structures and physical properties
may vary gradually on ascending the series as a result of the
lanthanide contraction. Such families therefore provide a
framework for the systematic study of the interplay between
crystal structure, anisotropic growth of nanocrystals, and
their physical properties.


One of these ideal model systems comprises the lantha-
nide orthophosphates, which, in addition to their wide appli-


Abstract: The fundamental under-
standing of the relationship between
crystal structure and the dynamic proc-
esses of anisotropic growth on the
nanoscale, and exploration of the key
factors governing the evolution of
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materials, have become two of the
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cations,[23] are rich in polymorphs: monazite, xenotime, rhab-
dophane, weinschenkite, and orthorhombic.[24] Various
LnPO4 nanostructures, including redispersible LnPO4 nano-
particles and LnPO4·n H2O nanowires/nanorods of some
highly anisotropic polymorphs, have thus far been synthe-
sized.[23–29] Despite these efforts, important issues, such as
the fundamental relationship between crystal structure and
the dynamic processes of anisotropic growth on the nano-
scale, as well as exploration of the key factors governing the
evolution of physical properties, are still in need of in-depth
investigation.


Herein, we show how structural and kinetic factors
govern the tendency for anisotropic growth and the shape
evolution of LnPO4 polymorphs on the nanoscale, and how
the crystal structure and morphology influence the optical
properties of Ln3+-doped LnPO4 nanocrystals. The synthesis
of phase-pure and single-crystalline monoclinic, hexagonal,
and tetragonal one-dimensional (1D) LnPO4 nanostructures
of different aspect ratios through kinetically controlled hy-
drothermal growth processes is also demonstrated. It is
shown that the tendency for anisotropic growth can be en-
hanced simply by modifying the chemical potential of spe-
cies in the hydrothermal environment through the use of
carefully selected chelating ligands. A systematic study of
the photoluminescence in a series of Eu3+-doped lanthanide
phosphates has shown that the optical properties of these
nanophosphors are strongly dependent on their crystal struc-
tures and morphologies.


Results and Discussion


Switches of crystal structure and morphology evolution: syn-
thesis and characterization of LnPO4·nH2O (n = 0–1) (Ln
= La!Nd, Sm!Tb) nanowires and LnPO4 (Ln = Dy!
Lu, Y) nanoparticles : Hydrothermal treatment of the amor-
phous particle dispersions generated by direct precipitation
of Ln3+ (Ln = La–Nd, Sm–Lu, Y) and PO4


3� under identi-
cal conditions (180 8C, 2 days, pH 1–2) led to the formation
of lanthanide orthophosphates of three different crystal
structure types (see Table 1).


For the larger lanthanide ions (Ln = La, Ce, Nd), the cor-
responding phosphates crystallized in the monoclinic struc-
ture of monazite. The X-ray diffraction pattern of LaPO4 is
shown in Figure 1. All reflection peaks can be readily in-
dexed as arising from a pure monoclinic phase (JCPDS 84–
0600, space group P21/n (no. 14)) with lattice constants a =


6.825, b = 7.057, c = 6.482 nm, and b = 103.2108. Similar
XRD patterns of a monoclinic phase were also observed for
CePO4 (JCPDS 83–0652) and NdPO4 (JCPDS 83–0654).


The XRD pattern of the corresponding phosphate of
Eu3+ indicates that it adopts a different crystal structure. All
the reflection peaks can be indexed to the pure hexagonal
phase of EuPO4·H2O (space group P3121 (no. 152)) with lat-
tice constants a = 6.91 and c = 6.34 nm (JCPDS 20–1044).
Similar XRD patterns are also observed for phosphates of
other lanthanide ions from the middle part of the lanthanide
series (Ln = Pr, Sm, Eu, Gd, Tb), all of which were ob-
tained as phosphate hydrates and were found to exhibit hex-
agonal structures.


Hexagonal orthophosphates of La3+ to Dy3+ (space group
P3121) have also been reported by Fang et al.[27] The peak
positions and relative peak intensities in the XRD patterns
of these products are almost identical to those given in
Figure 1. Interestingly, however, the authors ascribed these
hexagonal structures not to lanthanide phosphate hydrates
LnPO4·nH2O, but to anhydrous LnPO4. Although the exis-
tence of hexagonal structures of completely anhydrous


LaPO4, CePO4, and NdPO4 is
unambiguously demonstrated
by the JCPDS data (nos. 04–
0635, 04–0632, 04–0644), we
failed to find corresponding
JCPDS cards or related litera-
ture for other anhydrous hexag-
onal LnPO4. For Ln = La, Ce,
and Nd, both monoclinic and
hexagonal LnPO4 phases exist.


For Ln = Pr, Sm, Eu, Gd, and Tb, however, only monoclin-
ic LnPO4 structures are found; the hexagonal phase only
exists for the corresponding phosphate hydrates. This is con-
sistent with the results summarized by Wickleder in his
review of lanthanide phosphates.[30] Thermogravimetric anal-
ysis further confirmed the hydrated nature of the derived


Table 1. Crystal structures and morphologies of lanthanide phosphates obtained under identical synthetic con-
ditions (180 8C, 2 days, pH 1–2).


Crystal
structure


Monoclinic Hexagonal Tetragonal


Ln3+ La3+ Ce3+ Nd3+ Pr3+ Sm3+ Eu3+ Gd3+ Tb3+ Y3+/La3+ Y3+ , Dy3+–Lu3+


morphology[a] NW NW NR NR NW NR NW NR NR NP


[a] NW = nanowire, NR = nanorods, NP = nanoparticles.


Figure 1. XRD patterns of monoclinic LaPO4 and hexagonal EuPO4·H2O
and (Y/La)PO4·H2O nanowires/nanorods.
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hexagonal lanthanide phosphates. Figure 2 shows a typical
TGA curve for these samples. A sudden drop in the weight
of the sample at around 150 8C clearly indicates a rapid loss
of water molecules from the crystal lattice. Thus, the as-syn-
thesized hexagonal nanostructures, as well as those reported
by Fang et al. , are believed to be lanthanide phosphate hy-
drates.


With smaller Ln3+ ions (Ln
= Dy, Ho, Er, Tm, Yb, Lu, Y),
the obtained orthophosphates
crystallized in the tetragonal
structure of xenotime. All re-
flection peaks of the seven iso-
structural LnPO4 can be readily
indexed as arising from a pure
tetragonal phase (space group
I41/amd). It can be seen from Figure 3 that the 2q values of
the XRD peaks gradually increase on going from DyPO4 to


LuPO4, indicating the gradual shrinkage of lattice constants
and cell volumes.


This shrinkage of the lattice constants with increasing
atomic number, which is also observed for monoclinic and
hexagonal phases of lanthanide phosphates, is believed to be
caused by the contraction of the ionic radii of Ln3+ . This
conclusion is confirmed by comparing the lattice constants
and ionic radius of tetragonal YPO4 with the corresponding
parameters for tetragonal LnPO4. Table 2 lists the effective
ionic radii of Ln3+ and Y3+ for a coordination number of 8
and the measured lattice constants a and c of the corre-
sponding tetragonal phosphates. It can be seen that although
Y3+ is much lighter in weight than the heavy lanthanide
ions like Dy3+ and Ho3+ , its lattice parameters are very
close to those of the heavier cations and in fact lie between
those of Dy3+ and Ho3+ , which correlates well with the rela-
tive effective ionic radii.


It is very interesting that the lanthanide phosphates de-
rived under identical synthesis conditions adopted three dif-
ferent crystal structures. Although the exact reason for this
phenomenon is not yet clearly known, the switches of crystal
structure seem to be closely related to the gradual contrac-
tion of the Ln3+ radius. Generally, for larger Ln3+ , a mono-
clinic structure is preferred. For Ln3+ of intermediate size, a
partly hydrated hexagonal structure is more favorable. For
the smaller heavy Ln3+ ions, a tetragonal phase is adopted.


Except in the monoclinic phase, where the coordination
number of Ln3+ is 9, Ln3+ in both the hexagonal and tetrag-
onal phases is eight-coordinate, because as the radius of the
Ln3+ decreases, the accommodation of an extra coordinating
O atom becomes increasingly difficult. The correlation be-
tween the Ln3+ radii and crystal structures of LnPO4 made
us wonder what would happen if a larger Ln3+ , which origi-
nally crystallized in monoclinic phase, and a smaller Ln3+ ,
from which tetragonal structures were obtained, were to be
co-precipitated by PO4


3�. For example, with La3+ and Y3+


mixed in a 1:1 ratio, the final product might conceivably be
a mixture of the monoclinic LaPO4 and tetragonal YPO4.
However, it may also be a mixed phosphate (La/
Y)PO4·nH2O (n = 0), and since the average cation radius
in this system is close to that of a mid-range Ln3+ ion, this
mixed phosphate could very possibly adopt a hexagonal
structure. Interestingly, the experimental results proved that
the derived mixed phosphate of La3+ and Y3+ (1:1) did
indeed crystallize in the hexagonal phase, as demonstrated
by the XRD pattern (Figure 1). Moreover, it was also shown


Figure 2. TGA curve of GdPO4·H2O nanowires.


Figure 3. XRD patterns of tetragonal LnPO4 nanoparticles.


Table 2. Effective ionic radii of Dy3+–Lu3+ , Y3+ and the lattice constants of (Dy–Lu,Y)PO4.


Dy3+ Y3+ Ho3+ Er3+ Tm3+ Yb3+ Lu3+


effective ionic
radius [�][a]


1.03 1.015 1.02 1.00 0.99 0.98 0.97


Lattice a [nm] 6.91 6.8947 6.882 6.86 6.82 6.817 6.792
constants c [nm] 6.04 6.0276 6.025 6.003 5.97 5.972 5.954


[a] For a coordination number (CN) of 8 (CRC Handbook of Chemistry and Physics, 83rd edition).


Chem. Eur. J. 2005, 11, 2183 – 2195 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2185


FULL PAPERControlled Synthesis of Lanthanide Orthophosphate One-Dimensional Nanomaterials



www.chemeurj.org





to be a phosphate hydrate like the hexagonal LnPO4·n H2O
derived from medium-sized Ln3+ . This successful demon-
stration may assist us in understanding the fundamentals of
phase evolution of lanthanide phosphates, which are closely
related to the varying effective cation radii.


The size and morphology of the as-synthesized lanthanide
phosphates were further examined by transmission electron


microscopy (TEM). As shown in Figure 4A, a typical TEM
image of LaPO4 nanowires displays uniform morphologies
with diameters of 20–30 nm and lengths up to 1 mm. The
electron diffraction pattern (Figure 4B, inset) taken from a
single LaPO4 nanowire reveals the single-crystalline nature
of the sample. It can be indexed as monoclinic LaPO4, con-
sistent with the XRD results presented above. The preferred
growth direction of the monazite-type nanowires is along
the c axis [001]. A high-resolution TEM (HRTEM) image
(Figure 4B) shows that the nanowire is structurally uniform
with good crystallinity. Figures 4C and D show TEM images
of monoclinic CePO4 and NdPO4 crystallized in nanowires
with aspect ratios of about 50:1 and about 20:1, respectively.


Figure 5 shows typical TEM images of hexagonal
LnPO4·nH2O. It can be seen that all these products display a
uniform rodlike morphology with a length in the range 0.3–
3 mm and a width in the range 10–100 nm. It is noteworthy
that the GdPO4·H2O nanowires shown in Figure 5E have a
very large aspect ratio of ~100. The selected-area electron-
diffraction (SAED) pattern shown in Figure 5F suggests that
the GdPO4·H2O nanowire grows along the c axis [001]. The
mixed phosphate (La/Y)PO4·H2O also has a rodlike mor-
phology, as shown in Figure 5G, and the SAED pattern
taken from a single nanorod (Figure 5H) again suggests that
growth occurs along the c axis [001].


Under the same synthetic conditions, the tetragonal
LnPO4 (Ln = Dy!Lu, Y) crystals exhibited sphere-like
morphology. Figure 6 shows typical TEM images of the ob-
tained tetragonal structured DyPO4 (Dy3+!4 f9), ErPO4


(Er3+!4 f11), and LuPO4 (Lu3+!4 f14) nanoparticles. No 1D
morphology could be observed for these (Dy!Lu, Y)PO4


samples.
Hydrothermal methods have been shown to be an effec-


tive synthetic means of preparing oriented nanostructures
such as nanowires, nanorods, and nanotubes.[31–33] In contrast
to synthetic strategies such as the vapor–liquid–solid (VLS)
or template-confined methods, the solution-based hydrother-
mal method adopted here is neither controlled by a catalyst
serving as the energetically favorable site for the absorption
of reactant molecules (VLS), nor is it guided by templates,
surfactants or polymers (template-confined). Thus, it is rea-
sonable to believe that the morphology evolution of the var-
ious lanthanide phosphates derived under identical synthetic
conditions is closely related to their inherent crystal struc-
tures. LnPO4·nH2O (Ln = Pr, Sm, Eu, Gd, Tb) was fabri-
cated in a hexagonal phase similar to that of ZnO[4] and Ln-
(OH)3,


[21] which has been widely recognized as a highly ani-
sotropic structure. Similarly, the monoclinic structure adopt-
ed by LnPO4 (Ln = La, Ce, Nd) has also been demonstrat-
ed to be highly anisotropic and to aid the formation of
various 1D nanostructures in a template-free solution envi-
ronment.[28,31,34] On the contrary, those phosphates with the
smaller metal ion centers are obtained in tetragonal struc-
tures, which are less anisotropic and show a reduced tenden-
cy to grow along a certain direction. Consequently, the heav-
ier lanthanide phosphates are obtained in the form of nano-
particles under the synthetic conditions.


Controlled synthesis and formation mechanism of 1D tetrag-
onal, monoclinic, and hexagonal LnPO4 nanostructures :
Fang et al.[27] and Zhang et al.[28] have also observed the mor-
phology evolution of LnPO4 with different crystal structures,
and they both mentioned that no 1D nanostructures of the
tetragonal heavy lanthanide phosphates are formed sponta-
neously under hydrothermal conditions, in contrast to their
monoclinic or hexagonal counterparts. Fang et al. studied
the structure of the tetragonal LnPO4 and concluded that
since it lacks the infinite chain structure of hexagonal
LnPO4, it is isotropic in nature and so does not have any
preferred growth direction.


Figure 4. A) TEM image of LaPO4 nanowires; B) HRTEM image and
EDAX pattern of a single LaPO4 nanowire; C) TEM image of CePO4


nanowires; D) TEM image of NdPO4 nanowires.
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However, a more careful examination of the crystal struc-
ture of the tetragonal LnPO4 suggested otherwise. Views of
the molecular arrangement of tetragonal HoPO4 along the a
and c axes are presented in Figure 7A and Figure 7B, re-


spectively.[35] Since the tetrago-
nal heavy lanthanide phos-
phates and YPO4 are isostruc-
tural, their structural features
are identical. It can be seen
that the molecular packing ar-
rangement of tetragonal HoPO4


is neither a one-dimensional in-
finite chain structure nor a two-
dimensional lamellar structure,
but a three-dimensional net-
work structure, which, in the
view of Fang et al., is not sub-
ject to anisotropic growth.
However, the anisotropic
growth of nanocrystals has been
shown to be strongly dependent
on relative chemical potentials,


as highlighted by Peng et al.[14,15] According to Gibbs–
Thompson theory, the relative chemical potential of a crystal
is simply proportional to its surface–atom ratio, determined
by the average number of dangling bonds per atom over the


Figure 5. A) TEM image of PrPO4·H2O nanorods; B) TEM image of SmPO4·0.5 H2O nanowires; C) TEM image of EuPO4·H2O nanorods; D) TEM
image of TbPO4·H2O nanorods; E) TEM image of GdPO4·H2O nanowires; F) EDAX pattern of a single GdPO4·H2O nanowire; G) TEM image of (Y/
La)PO4·H2O nanorods; H) EDAX pattern of a single (Y/La)PO4·H2O nanorod.


Figure 6. A) TEM image of DyPO4 nanoparticles; B) TEM image of ErPO4 nanoparticles; C) TEM image of
LuPO4 nanoparticles.
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entire crystal.[33] From Fig-
ure 7A and B, we can see that
for each PO4


3� tetrahedron at-
tached along the h100i direc-
tion, or the a axis, two O atoms
are used to form Ho�O bonds
along the a axis, while the other
two O atoms form Ho�O
bonds along the b and c axes,
respectively, without contribu-
ting to the growth on the (100)
facet. Since a and b are equiva-
lent axes in tetragonal systems,
the packing fashion of PO4


3�


tetrahedra along the two axes is
much the same. From Fig-
ure 7A, we can also see that for
each PO4


3� tetrahedron attach-
ed to the (001) facet, or the c
axis, three O atoms are used to form Ho�O bonds along the
c axis, while the other O atom forms a Ho�O bond along
the a axis. Furthermore, it is clear from Figure 7B that when


PO4
3� is attached to the (110) facet, all four O atoms of the


PO4
3� tetrahedron bond to the Ho atom along the h110i di-


rection, contributing non-specifically to the growth along
this particular direction. It is clear that the (110) facet bears
more dangling bonds and that growth along the h110i direc-
tion releases more energy, thus making the (110) facet of
higher chemical potential than the (100), (010), and (001)
facets.


This special feature of the (110) facet of this tetragonal
structure may shed some light on the anisotropic nature of
heavy lanthanide phosphates, although the tendency for an-
isotropic growth of these tetragonal LnPO4 may not be as
strong as that of their monoclinic and hexagonal counter-
parts, as indicated by the experimental results. However,
under suitable synthetic conditions, the intrinsic anisotropic
feature of tetragonal LnPO4 may be magnified, leading to
the formation of 1D nanostructures. Peng et al.[14] have
shown that one-dimensional growth only occurs if the chem-
ical potential of the monomers in solution is much higher
than the highest chemical potential of the atoms on the sur-
face of the nanocrystals. This concept has been extensively
demonstrated in hydrothermal syntheses of various 1D
nanostructures.[21,27,28, 33] It is also reasonable to assume that
oriented growth of the tetragonal LnPO4 can be ensured by
modifying the composition of the solution such that the
chemical potential of the monomer is maximized.


Figure 8 shows TEM images of the YPO4 nanocrystals ob-
tained when Y3+ was complexed with EDTA at various con-
centrations prior to precipitation with PO4


3�. It can clearly
be seen that on increasing the amount of EDTA present in
the original hydrothermal environment, the morphology of
the YPO4 nanocrystals varies from one of nanoparticles to
one of nanorods, reflecting increased oriented growth. Simi-


lar tendencies were also observed for other tetragonal heavy
LnPO4 nanocrystals; Figure 9 shows TEM images of HoPO4


nanowires and DyPO4 and ErPO4 nanorods obtained in the


Figure 7. A) Perspective view along the a axis of the molecular packing
of HoPO4; B) perspective view along the c axis of the molecular packing
of HoPO4 (dashed circle = P, open circle = O, crossed circle = Ho).


Figure 8. A) TEM image of YPO4 nanoparticles (180 8C, 0.1 g EDTA); B) TEM image of YPO4 nanoparticles
(180 8C, 0.3 g EDTA); C) TEM image of YPO4 nanoparticles (180 8C, 0.5 g EDTA).
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presence of EDTA, indicating the anisotropic nature of this
type of crystal structure. The HoPO4 nanowires are 10–
15 nm in width and more than 200 nm in length, thus giving
them an aspect ratio of over 10, and are self-aggregated into
urchin-like bundles. The diameter of DyPO4 nanowires is
also 10–15 nm, which is similar to that of the corresponding
nanoparticles obtained without EDTA. This consistency of
diameters is also observed for HoPO4, ErPO4, and YPO4.
The aspect ratio of ErPO4 nanorods is about 2–3, which is
relatively small compared to the values for other tetragonal
LnPO4 1D nanocrystals; nonetheless, the difference between
these rods and the nanoparticles derived without EDTA
(Figure 6B) is evident. Neither the obvious self-aggregation
growth mechanism involving mostly linearly oriented parti-
cle aggregation,[36] nor the spontaneous organization of
small nanoparticles into greatly elongated nanorods/nano-
wires,[37] was observed for these tetragonal LnPO4 nano-
wires/nanorods.


Electron diffraction patterns (Figure 9B) taken from a
single HoPO4 nanowire also demonstrated unambiguously
the single-crystalline nature of the sample; it can be readily
indexed as tetragonal HoPO4, in good agreement with its
XRD data. The preferred growth direction of the zircon-
type nanowires was determined to be along the h110i direc-


tion, consistent with the preferred growth direction indicat-
ed by the structural analysis described above.


The experimental results have shown that the presence of
EDTA is an important factor in guiding the anisotropic
growth of tetragonal lanthanide phosphates. Although a
quantitative thermodynamic prediction of the crystallization
in the nanometer regime for this synthetic system is still
very difficult and requires extensive research,[38] the function
of EDTA can be understood by analyzing the growing envi-
ronments with and without complexation by this ligand. It
can be seen that the two growing environments are very dif-
ferent in nature.


Without EDTA, the system undergoes a typical hydro-
thermally induced process. Initially, direct mixing of the two
solutions yields a supersaturated medium and leads to the
formation of a large number of amorphous fine particles,
and these act as precursors for the synthesis of crystalline
LnPO4. Thus, tiny crystalline nuclei are formed in a supersa-
turated medium at elevated temperatures under hydrother-
mal conditions, and this is followed by crystal growth. The
larger particles grow at the expense of the small ones due to
their different solubilities, in accordance with the well-
known Gibbs–Thomson law. However, when the Ln3+ is
treated with a high concentration of EDTA, no noticeable
precipitation occurs upon the addition of PO4


3� at room
temperature and the system remains homogeneous prior to
hydrothermal treatment. The Ln3+ present in the solution is
in the form of the Ln3+-EDTA complex and PO4


3� exists as
the free anion. As the temperature is increased, the Ln3+-
EDTA complex gradually dissociates, releasing the Ln3+


into the solution. The crystalline nuclei are formed slowly at
this stage, resulting in a relatively small concentration of
nuclei compared to that obtained with the EDTA-free
system. In the ensuing crystal growth stage, both monomers
have high chemical potential since most PO4


3� ions are free
in the solution and Ln3+ ions are continuously supplied at a
convenient rate from the thermal decomposition of the Ln3+


-EDTA complex, which serves as an Ln3+ reservoir. The
high chemical potentials of both PO4


3� and Ln3+ in the so-
lution provide more favorable conditions for the anisotropic
growth of tetragonal LnPO4.


It should be noted that increasing the concentration of
either PO4


3� or Ln3+ alone did not significantly aid the an-
isotropic growth of tetragonal LnPO4. Control experiments
showed that when the [Ln3+]/[PO4


3�] ratio was adjusted to
1:5 or 5:1, no sign of oriented growth was observed. The
growth of the LnPO4 nanocrystals in these systems still con-
forms to the hydrothermally induced process, and although
one of the monomers has a higher chemical potential, the
other is quickly consumed from the bulk solution, its con-
centration being strictly limited by the Ksp of the corre-
sponding LnPO4. Later, the growth rate along the h110i di-
rection is slowed, even though it had the highest chemical
potential.


Experimental results have shown that the addition of
EDTA to this hydrothermal system can accelerate the aniso-
tropic growth of tetragonal LnPO4 along a preferred direc-


Figure 9. A) TEM image of HoPO4 nanowires (180 8C, EDTA); B) a
single HoPO4 nanowire and its EDAX pattern (180 8C, EDTA); C) TEM
image of DyPO4 nanorods (180 8C, EDTA); D) TEM image of ErPO4


nanorods (180 8C, EDTA).
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tion. However, this effect of EDTA is not limited to the spe-
cific case of tetragonal LnPO4. Experimental results have
also indicated that the tendency for oriented growth of mon-
oclinic LnPO4 and hexagonal LnPO4·nH2O can also be en-
hanced by adding EDTA at the initial stage. Figures 10A
and B show TEM images of monoclinic LaPO4 obtained at
pH 1 and 10, respectively. It can be seen that the aspect
ratio of the LaPO4 nanowires is greatly reduced in the alka-
line environment, mainly because the La3+ ions are prone
to precipitation as the hydroxide at higher pH values and
their chemical potential is thereby reduced. However, when
EDTA is added to chelate the La3+ at the beginning, the
precipitation of these cations by OH� can be suppressed
even at higher pH values, and their chemical potential is
thereby increased, promoting the anisotropic growth. As a
result, the aspect ratio of LaPO4 nanorods obtained in the
presence of EDTA at pH 10 was higher (Figure 10C) and
the nanorods were also found to be more uniform in mor-
phology. TEM images of hexagonal GdPO4·H2O (Fig-
ure 10D, E, and F) obtained under different conditions
(pH 1, pH 10 without EDTA, and pH 10 with EDTA, re-
spectively) indicate that the presence of EDTA can also
promote oriented growth of the hexagonal structure in alka-
line solution.


Control experiments were carried out to screen for the
most effective chelating agents in guiding the formation of
tetragonal LnPO4 nanowires/nanorods. Commonly used li-
gands such as diethylamine, citric acid, and oxalic acid,
among others, were employed in the same approach. Al-
though diethylamine and other NH2-bearing ligands have
proved to be very effective in guiding the growth of other
1D nanostructures,[39] adding these alkaline ligands to the
present system results in the mother liquor having a very
high pH value, conditions under which bulk precipitation of
Ln(OH)3 is inevitable. On the other hand, it seems that
common acidic ligands such as oxalic acid, which rely on the
chelating effect of -COOH or -COO� , cannot form water-
soluble complexes with Ln3+ ions. On the contrary, the Ln3+


-EDTA complex is stable and water-soluble over a much
wider pH range, and thus is best suited for the specific re-
quirements of this system.


Optical properties of Eu3+-doped LnPO4 of different crystal
types : Lanthanide phosphates have been shown to be a
useful host lattice for other lanthanide ions, producing phos-
phors emitting a variety of colors.[23] Although series of lan-
thanide phosphate nanowires/nanorods have been success-
fully synthesized by several groups, the optical properties of
lanthanide-doped LnPO4 nanowires/nanorods have only
been studied in very limited doping systems.[25, 27] A system-
atic study of the optical behavior of Ln3+-doped LnPO4


nanowires/nanorods is still lacking. In the course of our
work, we prepared a series of Ln3+-doped LnPO4 nano-
wires/nanorods of different aspect ratios and different crys-
tal structures, and the evolution of the spectral behavior
with morphology and crystal structure was systematically
studied. Eu3+ is adopted as a doping ion to probe structural


differences because its emission spectrum is very sensitive to
the local chemical environment. It should be noted that the
doped samples were prepared by a similar hydrothermal


Figure 10. TEM images of A) LaPO4 nanowires (180 8C, pH 1, without
EDTA), B) LaPO4 nanorods (180 8C, pH 10, without EDTA), C) LaPO4


nanowires (180 8C, pH 10, with EDTA), D) GdPO4·H2O nanowires
(180 8C, pH 1, without EDTA), E) GdPO4·H2O nanorods (180 8C, pH 10,
without EDTA), and F) GdPO4·H2O nanowires (180 8C, pH 10, with
EDTA).
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treatment as the undoped samples without high-temperature
annealing, and that the doping alters neither the crystal
structure nor the morphology of the host material.


Room-temperature excitation and emission spectra of
LaPO4:Eu(10 %) nanowires and nanorods are presented in
Figure 11A and B, respectively (the doping concentration


was experimentally determined to be 9.944 % by XRF analy-
sis). The LaPO4:Eu nanowires were derived from hydrother-
mal treatment at 180 8C starting at pH 1, while the
LaPO4:Eu nanorods were prepared at 180 8C starting at
pH 10. Both products adopted a monoclinic crystal struc-
ture.


In the excitation spectrum of monazite LaPO4:Eu nano-
wires (Figure 11A, left), the broad band centered at 253 nm
is attributed to a charge-transfer (CT) transition, which
occurs by electron delocalization from the filled 2 p shell of
the O2� to the partially filled 4 f shell of Eu3+ . The position
of the charge-transfer band (CTB) observed for these
LaPO4:Eu nanowires is the same as in the case of bulk
LaPO4:Eu (253 nm),[40] indicating a similar local environ-
ment of the Eu3+ ions in the host lattices. However, a small
shift of the CTB could be observed for the LaPO4:Eu nano-
rods (Figure 11B, left), with the maximum appearing at


259 nm. Previous studies of the CTB of Eu3+ in different
host lattices[41] have indicated that its position depends both
on the Eu�O bond length and on the coordination environ-
ment about Eu3+ . It is more or less fixed in a particular
crystal field, but it varies as a function of the host lattice.
The variation is proportional to the Eu�O distance: the
longer the Eu�O bond, the longer the wavelength of the
CTB. Hence, the small red shift observed for LaPO4:Eu
nanorods indicates that the average Eu�O bond distance is
somewhat longer in LaPO4:Eu nanorods than in LaPO4:Eu
nanowires or bulk LaPO4:Eu.


Successful doping with europium was evident from the
splitting and the intensity pattern of the luminescence lines.
The emission spectra of LaPO4:Eu nanocrystals consist of
lines mainly located in the red spectral area (from 570 nm to
700 nm). These lines correspond to transitions from the ex-
cited 5D0 levels to the 7FJ (J = 0,1,2,3,4) levels of the 4 f6


configuration of Eu3+ , as marked in Figure 11. The orange-
red emission lines at around 590 nm originating from the
magnetic dipole transition 5D0!7F1 are the dominant bands
for both LaPO4:Eu nanowires and nanorods. The intensities
of different 5D0!7FJ transitions and the splittings of these
emission transitions depend on the local symmetry of the
crystal field of the europium ions. In bulk LaPO4 of mona-
zite structure, the main Eu3+ site has C1 symmetry. The
splitting of the energy levels has been calculated for this
point group, and is in good agreement with the optical tran-
sitions actually observed in bulk LaPO4:Eu.[42] For both
LaPO4:Eu nanowires and nanorods, the splitting pattern of
each 5D0!7FJ transition is in accord with the spectrum of
the bulk material.


It can be seen from the emission spectra (Figure 11A and
B, right) that while the transition energies are the same for
LaPO4:Eu nanowires and nanorods, the intensity patterns of
their luminescence spectra show some small differences. The
relative intensities of the lines due to the 5D0!7F2 transi-
tions are different in the two cases. A similar deviation can
be observed for the components of the 5D0!7F1 and 5D0!
7F4 transitions. This may be related to the occupancy of the
main sites and the additional europium sites with slightly
distorted geometry and the rate constants for the energy
transfer between adjacent sites.[42] However, the exact geom-
etry of the distortion of a lattice site cannot be accurately
deduced from the luminescence spectrum, since theories
that provide a basis for carrying out quantitatively reliable
intensity calculations on the f–f transitions have yet to be
developed.[25]


The fluorescence of rare-earth ions mainly originates
from electron transitions within the 4 f shell. For trivalent Y,
La, and Lu ions, however, the 4 f shells are either empty or
completely filled, with electron configurations of 4 d104 f0,
3 d104 f0, and 4 d104 f14, respectively. No f–f transitions are
possible, hence the phosphates of these ions are transparent
in the visible spectral region and can serve as desirable host
lattices for Eu3+ . Similarly, trivalent Gd has a half-filled 4 f
shell and the realization of any f–f transitions would involve
the breaking of the stable 4 d104 f7 configuration. As a result,


Figure 11. Excitation and emission spectra of monoclinic A) LaPO4:Eu-
(10 %) nanowires obtained at 180 8C, pH 1; B) LaPO4:Eu(10 %) nano-
rods, obtained at 180 8C, pH 10.
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the transition energy for f–f transitions of Gd3+ is much
higher than for other Ln3+ with partially filled 4 f shells, and
so its corresponding phosphate is also transparent in the
visible region and can serve as a host material. Thus, we ex-
amined the feasibility of doping the lattices of hexagonal
GdPO4·H2O and (La/Y)PO4·H2O and of tetragonal YPO4


and LuPO4 with Eu3+ and studied the optical behavior of
the resulting materials.


The excitation and emission spectra of GdPO4·H2O:Eu-
(10 %) and (La/Y)PO4·H2O:Eu(10 %) are shown in Fig-
ure 12A and Figure 12B, respectively. It can be seen that the


position of the CTB of Eu3+ in the lattice of hexagonal
phosphate hydrates is shifted slightly towards shorter wave-
lengths compared with its position in monoclinic LaPO4:Eu
nanocrystals, being centered at 243 nm for GdPO4·H2O:Eu
and at 247 nm for (La/Y)PO4·H2O:Eu. There are corre-
sponding differences in the Eu�O bond lengths. In the lat-
tice of monoclinic LaPO4:Eu, the Ln3+ ion is nine-coordi-
nate, and the average length of the nine Ln�O bonds is
2.573 �.[43] In the lattices of hexagonal lanthanide phos-
phates, the Ln3+ ion is eight-coordinate, and the average
length of the eight Ln�O bonds in hexagonal CePO4, which
is isostructural with the hexagonal phosphate hydrates,[27] is


2.50 �.[44] Due to the lanthanide contraction on ascending
the series, the cell volume naturally decreases on going from
CePO4 (V = 277.75 nm3) to GdPO4·H2O (V = 261.23 nm3);
the mixed phosphate (La/Y)PO4·H2O has a cell volume (V
= 269.61 nm3) intermediate between those of CePO4 and
GdPO4·H2O. This indicates that the average Ln�O bond
lengths in GdPO4·H2O and (La/Y)PO4·H2O are shorter than
that in hexagonal CePO4, and even shorter than that in
monoclinic LaPO4, although we do not as yet have exact
data for the two phosphate hydrates. This also explains the
slight red shift of the CTB on going from (La/
Y)PO4·H2O:Eu to GdPO4·H2O:Eu.


The emission spectra of the two doped hexagonal systems
are very similar, with emission lines in the orange to red
spectral range originating from 5D0!7FJ (J = 0,1,2,3,4) tran-
sitions of the 4 f6 configuration of Eu3+ . The close resem-
blance of the intensity patterns and the splittings of the vari-
ous 5D0!7FJ transitions in the two emission spectra is indi-
cative of the similarity of the local symmetry of the crystal
field of the Eu3+ site in hexagonal (La/Y)PO4·H2O:Eu and
GdPO4·H2O:Eu. The 4 f energy levels of Eu3+ are hardly af-
fected by the crystal field because of the shielding of the 5 s2


5 p6 electrons. It is for this reason that there is no noticeable
shift in the positions of emission peaks compared to the
LaPO4:Eu system.


Figure 13A and Figure 13B depict the excitation and
emission spectra of tetragonal YPO4:Eu(10 %) and
LuPO4:Eu(10 %). The positions of the CTB of Eu3+ in the
lattices of YPO4:Eu and LuPO4:Eu are 233 nm and 227 nm,
respectively, notably blue-shifted in comparison with its po-
sition in the monoclinic LaPO4:Eu and in the two doped
hexagonal systems. Based on the abovementioned relation-
ship between ECT and the Eu�O distance, it is reasonable to
believe that the average Ln�O bond lengths in YPO4:Eu
and LuPO4:Eu are much shorter than those in LaPO4, (La/
Y)PO4·H2O, and GdPO4·H2O. This is corroborated by the
structural data reported by Milligan et al.[45] The average
length of the eight Ln�O bonds is 2.336 � in YPO4 and
2.303 � in LuPO4. Again, the longer Ln�O bonds in
YPO4:Eu account for the slight red shift of the CTB on
going from YPO4:Eu to LuPO4:Eu.


Similar to the doped hexagonal systems discussed above,
the two tetragonal phosphates doped with Eu3+ also exhibit
emission spectra that are practically identical, as shown in
Figure 13, indicating a close resemblance of the local sym-
metry of the Eu3+ sites in the two host lattices. It should be
noted, however, that unlike for the monoclinic and hexago-
nal systems, the 5D0!7F0 transition usually seen at around
580 nm is absent for both YPO4:Eu and LuPO4:Eu. The
reason for this lies in the structural difference between these
doped systems, the 5D0!7F0 transition being very sensitive
to the local environment of the Eu3+ ion. If the Eu3+ ion oc-
cupies a site in the crystal lattice that has inversion symme-
try, optical transitions between the 5D0 and 7F0 levels (DJ =


0, and from J = 0 to J = 0) are strictly forbidden by the
parity selection rule. However, if there is no inversion sym-
metry at the site occupied by the Eu3+ ion, that is, when the


Figure 12. Excitation and emission spectra of hexagonal lanthanide phos-
phate hydrates: A) GdPO4·H2O:Eu(10%) nanowires obtained at 180 8C,
pH 1; B) (Y/La)PO4·H2O:Eu(10 %) nanorods, obtained at 180 8C, pH 1.
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Eu3+ site has Cs, Cn, or Cnv symmetry, the uneven crystal
field components can lead to the mixing of opposite parity
states into the 4 fn configurational levels. The electric dipole
transition 5D0!7F0 is then no longer strictly forbidden and
gives rise to weak lines in the spectra. In monoclinic
LaPO4:Eu and hexagonal (La/Y)PO4·H2O:Eu and GdPO4·-
H2O:Eu, the Eu3+ site has Cn or Cnv symmetry. The lack of
inversion symmetry in these systems allows the appearance
of the transition 5D0!7F0 at 580 nm. On the contrary, the
Eu3+ in tetragonal YPO4:Eu and LuPO4:Eu resides at a site
with inversion symmetry, most probably S4 symmetry, so
that the 5D0!7F0 transition is forbidden and the 580 nm line
is absent from the emission spectra.


Comparing the PL behavior of all these Eu3+-doped
nanostructures, we can see that for host materials of each
crystal type both the excitation and emission spectra are
very similar. For host materials of two different crystal
types, however, not only do the positions of the CTB bands
vary significantly, but the splitting and intensity patterns of
the emission peaks are also very different. Hence, it is obvi-
ous that the optical properties of the Eu3+-doped nanostruc-
tures depend greatly on the strength and symmetry of the
local crystal fields defined by the crystal structure. Refer-


ence spectra of Eu3+-doped bulk lanthanide phosphates are
provided in the Supporting Information (Figure S1).


Conclusion


In this research, we have employed the series of lanthanide
orthophosphates as a model system to study systematically
and in detail the structural and kinetic factors governing the
tendency for anisotropic growth and the shape evolution of
structures on the nanoscale under hydrothermal conditions.
Phase-pure and single-crystalline monoclinic, hexagonal,
and tetragonal 1D LnPO4 nanostructures of different aspect
ratios have been successfully synthesized in bulk quantities
and with high purity by a simple kinetically controlled
growth process. Thus, 1D nanostructures of highly anisotrop-
ic polymorphs (monoclinic and hexagonal) could be synthe-
sized simply by adjusting the acidity of the stock solution.
For tetragonal LnPO4, only irregularly shaped particles
could be obtained under similar synthetic conditions. How-
ever, based on the intrinsic anisotropy of the crystal struc-
ture, the anisotropic growth of tetragonal LnPO4 was realiz-
ed by varying the chemical potentials of the species in so-
lution through the use of chelating ligands. This successful
demonstration may assist us in understanding the fundamen-
tals of the reaction and of nanowire growth mechanisms
under hydrothermal conditions. The dynamic processes gov-
erning the shape evolution of tetragonal LnPO4 have also
been analyzed. This ligand-assisted synthetic strategy for 1D
nanomaterials has also been shown to be applicable to other
anisotropic crystal structures, such as monoclinic and hexag-
onal LnPO4. Recently, this synthetic strategy has also been
been shown to assist the anisotropic growth of Ln(OH)3


nanocrystals under hydrothermal conditions. It thus seems
reasonable to believe that this controlled synthetic strategy
and the concept behind it can serve as a general methodolo-
gy for generating anisotropic nanostructures.


This research has also included an exploration of the key
factors that control the evolution of the spectral properties
of doped lanthanide phosphate nanocrystals across the
series. A systematic study of photoluminescence in various
Eu3+-doped lanthanide phosphates was carried out, and the
spectral properties of these nanophosphors were shown to
depend on their crystal structures and morphologies. This
finding indicates the inherent possibility of modifying the
optical properties of functional nanocrystals through struc-
tural design. These lanthanide phosphates can also be doped
with other lanthanide elements, and may be used in fluores-
cent lamps, in new types of plasma display panels excited by
ultraviolet radiation, and as luminescent labels for biomole-
cules.


Experimental Section


Chemicals : All chemicals were of analytical grade and were used as re-
ceived without further purification. Deionized water was used through-


Figure 13. Excitation and emission spectra of tetragonal lanthanide phos-
phates: A) YPO4:Eu(10%) nanoparticles obtained at 180 8C, pH 1;
B) LuPO4:Eu (10 %) nanoparticles, obtained at 180 8C, pH 1.
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out. Ln2O3 (Y2O3, La2O3, Pr2O3, Nd2O3, Sm2O3, Eu2O3, Gd2O3, Tb2O3,
Dy2O3, Ho2O3, Er2O3, Tm2O3, Yb2O3, Lu2O3, purity >99.99 %),
NaH2PO4, NaOH, and HNO3 (A.R.) were all supplied by the Beijing
Chemical Reagent Company.


Synthesis of rare-earth phosphate/phosphate hydrate nanowires and
nanoparticles : In a typical synthesis, Ln2O3 (0.3 g) was dissolved in 10 %
nitric acid, and then the pH of the solution was rapidly adjusted to a des-
ignated value through the addition of 10 % NaOH solution. 1 m NaH2PO4


solution (20 mL) was then added to the Ln3+-containing solution. A
white precipitate of amorphous LnPO4 appeared immediately. After stir-
ring for about 10 min, the precipitate was transferred into a 50-mL auto-
clave, which was filled with deionized water up to 80 % capacity, sealed,
and heated at 180 8C for about two days. The system was then allowed to
cool to room temperature. The final product was collected by filtration,
washed with deionized water to remove any possible ionic remnants, and
then dried at 60 8C.


Doped samples were prepared by the same procedure, except that an ad-
ditional 10 % (total molar ratio) Eu2O3 was added to the Ln3+-containing
solution in the initial step.


In a typical synthesis of tetragonal LnPO4 nanowires/nanorods, Ln2O3


(0.3 g) was dissolved in 10% nitric acid, and then EDTA was added to
form a clear solution of the Ln3+-EDTA complex. Then the pH of the so-
lution was rapidly adjusted to a designated value through the addition of
10% NaOH solution. 1 m NaH2PO4 solution (20 mL) was added to the
solution containing Ln3+-EDTA. The solution, which remained clear, was
then transferred to a 50-mL autoclave, which was filled with deionized
water up to 80 % capacity, sealed, and heated at 180 8C for about two
days. The system was then allowed to cool to room temperature. The
final product was collected by filtration, washed with deionized water to
remove any possible ionic remnants, and then dried at 60 8C.


Characterization


Powder X-ray diffraction (XRD): The phase purity of the products was
examined by XRD on a Bruker D8 Advance X-ray diffractometer using
CuKa radiation (l = 1.5418 �). The operation voltage and current were
kept at 40 kV and 40 mA, respectively. A 2q range from 10 to 608 was
covered in steps of 0.028 with a count time of 2 s.


Transmission electron microscopy (TEM): The crystal size and morpholo-
gy of the products were examined with a Hitachi Model H-800 transmis-
sion electron microscope with a tungsten filament at an accelerating volt-
age of 200 kV. Samples were prepared by placing a drop of a dilute alco-
holic dispersion of nanocrystals on the surface of a copper grid. Electron
diffraction and energy-dispersive X-ray analysis were also performed to
study the single-crystal nature and elemental compositions of the samples
on the H-800 TEM. Structural information on the LaPO4 nanowires was
obtained by high-resolution transmission electron microscopy (HRTEM)
on a JEOL JEM-2010F transmission electron microscope operated at
200 kV. Electron diffraction studies of the LaPO4 nanowires were also
performed on the samples during the HRTEM measurements.


The optical properties of samples were characterized through their pho-
toluminescence (Hitachi F-4500 fluorescence spectrophotometer operat-
ed at room temperature with a 150-W continuous-wave xenon lamp).


The doping concentration of the LaPO4:Eu3+ sample was characterized
by XRF analysis (Shimadzu XRF-1700 sequential X-ray fluorescence
spectrometer).
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Introduction


Self-assembly can be considered as an algorithm that trans-
lates covalent connectivity into tertiary structure.[1] This ena-
bles the shape and size of the resulting assembly to be speci-
fied by the covalent connectivity between the interacting
centers and by the geometric features of the interactions
used for its construction. While nature uses a plethora of


relatively weak noncovalent interactions within each assem-
bly, our mastery of these interactions is in an early stage of
development. The covalent coordination bonds formed by
transition-metal centers are an attractive and simpler alter-
native for directing the formation of complex structures.
This strategy has evolved into one of the most widely used
for organizing building blocks into supramolecular arrays.
Several strategies have been explored in the use of metal–
ligand interactions as the driving force for the assembly of
supramolecular structures.[2] In particular, the directional
bonding approach, or the “Molecular Library Model” as
coined by Stang,[3] has recently allowed the design and prep-
aration of increasingly sophisticated supramolecular assem-
blies of porphyrins.[4] Hence, porphyrins and metallopor-
phyrins can be exploited in two ways as modules for the
construction of the assembly. Porphyrins can act as donor
building blocks provided that the periphery has ligands that
can suitably coordinate to metal centers. Metalloporphyrins
can act as acceptor building blocks provided that the metal
atom inside the porphyrin core has at least one axial site
available for coordination. Both features can be incorporat-
ed in a metalloporphyrin structure yielding a module capa-
ble of acting simultaneously as a donor and acceptor.[5] If
the donor ligand complements the acceptor metal center
and the covalent connectivity between the two sites is ap-
propriate, a particular case of self-assembly can arise, that
is, self-coordination (Figure 1). By using self-coordination


Abstract: Three isomeric zinc bispor-
phyrins have been prepared by cova-
lently linking together two aminopor-
phyrins with an isophthalic acid deriva-
tive. The porphyrins differ in the sub-
stitution pattern on the meso phenyl
groups, that is, ortho, meta, or para. Ti-
trations carried out by UV-visible and
1H NMR spectroscopy have been used


to map out the stabilities and the stoi-
chiometries of the complexes formed
with 1,4-diazabicyclo[2.2.2]octane
(DABCO) in chloroform. The ortho-


and meta-substituted bisporphyrins
form 1:1 intramolecular sandwich com-
plexes. The para-substituted bispor-
phyrin cannot adopt the cofacial con-
formation required for this type of
complex and forms a higher order 2:2
intermolecular assembly, which is
stable over a wide range of DABCO
concentrations.
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methodology, it has been possible to construct homo-oligo-
meric complexes of discrete macrocyclic structures[6] as well
as linear architectures.[7] The covalent connectivity between
the interacting centers and the number of vacant binding
sites on the metal dictate the shape and number of units in-
volved in the resulting assembly. It is known that in these
cases concentration plays a pivotal role in the speciation of
self-assembled structures.[8]


Heteromeric complexes are formed when bidentate li-
gands are used to direct the self-assembly of metallopor-
phyrins. The bidentate ligand 1,4-diazabicyclo[2.2.2]octane
(DABCO) has been used in combination with zinc–porphy-
rin oligomers to form a large number of supramolecular
complexes through axial coordination.[9] During our research
aimed at the modular assembly of porphyrin sandwiches as
potential hosts featuring an internal cavity,[10] we became in-
terested in studying how subtle changes in the covalent con-
nectivity of flexible zinc–bisporphyrins would translate into
differences in the tertiary structures (shape and number of
components) of the complexes assembled with DABCO.
Such structures are the starting point for understanding the


behavior of more elaborate assemblies with potential appli-
cations as molecular hosts.


Here, we describe the binding properties of a series of
flexible isomeric zinc bisporphyrins (5 a–c) in the presence


of DABCO. The zinc–porphyrin/DABCO system has been
widely studied by Sanders, Anderson and co-workers.[11] A
simple zinc–porphyrin at micromolar concentrations forms a
1:1 complex exclusively with an association constant of
about 105


m
�1 in organic solvents. At millimolar concentra-


tions and when 0.5 equivalents of DABCO are present, a 1:2
DABCO–porphyrin sandwich complex is formed that opens
up to give the 1:1 complex in the presence of excess
DABCO (Figure 2).


The 1:2 DABCO–porphyrin sandwich motif has been
used to assemble zinc–porphyrin dimers into intermolecular
“ladders”[1a–c] or cofacial intramolecular complexes[9a,b] at mi-
cromolar concentrations. The intermolecular complexes are
stable in the presence of a moderate excess of DABCO, and
the intramolecular ones can resist higher DABCO concen-
trations. Increasing the DABCO concentration finally
breaks down the sandwich complexes yielding open 2:1
complexes (Figure 3).


The series of zinc–bisporphyrins share the same spacer,
but the conformational possibilities differ due to different
substitution patterns in the aminophenyl group of the por-


Figure 1. Schematic representation of porphyrins used for the construc-
tion of simple supramolecular complexes. a) Porphyrin with a ligand co-
valently incorporated into its structure acting as donor unit and a zinc–
porphyrin as the acceptor unit. b) Zinc–porphyrin with covalently attach-
ed ligand that binds the zinc. c) Complex assembled using a zinc–por-
phyrin as acceptor and a bidentate non-porphyrin ligand.


Figure 2. Schematic representation of the species involved in the equili-
bria of binding DABCO to a simple zinc–porphyrin. The overall binding
constant K12 and the stepwise constants, K11, K11Ð12, and K12Ð11, are
shown as well as their relationship with Km (the microscopic binding con-
stant), aL (the ligand cooperativity factor), and statistical correction fac-
tors.


Figure 3. Schematic representation of the possible equilibria involved in the binding of DABCO to a zinc–bisporphyrin. EMs are the effective molarities
for the intramolecular or intermolecular interaction required for cyclization. Overall stability constants (K21 and K22) and stepwise equilibrium constant
(K11, K11Ð21, and K22Ð21) are shown and related to Km (microscopic binding constant), EM, aL (cooperativity factor of the ligand), aP (cooperativity factor
of the porphyrin), and statistical correction factors. The statistical correction factor for K22Ð21 is larger, because two 2:1 complexes are generated for
every assembly that opens up.
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phyrin unit. We have studied the DABCO-induced self- and
disassembly processes by means of UV-visible and 1H NMR
spectroscopy. The covalent connectivity in one of the bispor-
phyrins is suitable for building a 2:2 multicomponent assem-
bly with DABCO. The other two bisporphyrins tend to form
intramolecular cofacial sandwich complexes with DABCO.
The formation of intramolecular complexes clearly limits
the utility of the last two bisporphyrins in multicomponent
assemblies.


Results and Discussion


Synthesis : The three isomeric aminoporphyrins 1 a–c were
prepared according to the literature.[12] We note that the
major product in the three condensation reactions used to
prepare the porphyrin skeleton is the tetraalkylporphyrin
H22. 5-Methoxy-1,3-benzenedicarbonyl dichloride[13] (3) was
prepared in three steps from commercially available dimeth-
yl 5-hydroxyisophthalate. First, the phenol was methylated
by heating to reflux in dimethyl formamide and treating it
with methyl iodide and cesium carbonate. Next, the methyl
esters were hydrolyzed with sodium hydroxide solution fol-
lowed by acidification with hydrochloric acid to furnish the
corresponding diacid. Finally, reaction of the diacid in re-
fluxing thionyl chloride afforded the dichloride 3, which was
recrystallized from hexane. Coupling with aminoporphyrins
1 a–c was accomplished by dropwise addition of a solution
of 3 in methylene chloride into a solution containing one
equivalent of the porphyrin and excess of triethylamine
(Scheme 1). Column chromatography of the crude products
allowed the recovery of unreacted porphyrin and isolation
of the bisporphyrins 4 a–c as purple solids in approximately
40 % yield. Metallation was accomplished in almost quanti-
tative yield by using a solution of zinc acetate in CH2Cl2/
MeOH (3:1) giving the zinc bisporphyrins 5 a–c and the zinc
tetraalkylporphyrin 2.


Model complexes : Before examining the DABCO com-
plexes of the bisporphyrins, we investigated the properties


of simple systems which cannot assemble into higher order
structures. This was done in order to fully characterize all of
the relevant binding interactions: complexation of mono-
meric porphyrin 2 with DABCO and the monodentate ana-
logue quinuclidine, and complexation of bisporphyrins 5 a–c
with quinuclidine.[1a, 11] The coordination of DABCO to 2
was first probed by UV-visible titration in chloroform
(Figure 4). Under these dilute conditions (porphyrin concen-


tration �10�6
m), binding of DABCO results in a shift in the


Soret band from 420 to 430 nm, typical of formation of a 1:1
DABCO·2 complex. Analysis of the binding isotherm with a
1:1 binding model gave a stoichiometric[14] binding constant
of K11 =1.8 � 105


m
�1. DABCO has two identical binding


sites, so for comparison purposes with, for example, quinu-
clidine, the statistically corrected (microscopic) association
constant should be used. Thus the microscopic association
constant for the reference interaction in chloroform is Km =


K11/2=8.9 � 104
m
�1.


When this system was probed by 1H NMR spectroscopy
(porphyrin concentration �10�3


m), free 2, the 1:2 complex,
and the 1:1 complex were observed in slow exchange at low
temperatures (Figure 5). At 240 K in CDCl3, in the presence
of less than 0.5 equivalents of DABCO, unbound 2 and


DABCO·22 were observed in
slow exchange. At 0.5 equiva-
lents of DABCO, DABCO·22


was the major species detected
in the 1H NMR spectrum.
When more than 0.5 equiva-
lents of DABCO were added,
the system moved into fast ex-
change at 240 K. However on
cooling to 220 K, the slow-ex-
change spectrum was obtained,
and it was possible to directly
observe the DABCO·22 and
DABCO·2 complexes. As the
DABCO concentration in-
creased, the equilibrium gradu-
ally shifted to favor the


Scheme 1. a) EtOH, BF3·OEt2/CH2Cl2, RT, 1 h, then dichlorodicyanobenzoquinone (DDQ) 90 min followed by
Et3N and column chromatography; b) SnCl2/dioxane, 70 8C; c) 5-methoxy-1,3-benzenedicarbonyl chloride (3)/
CH2Cl2, 0 8C to RT; d) Zn(OAc)2 in CH2Cl2/MeOH (3:1).


Figure 4. UV-visible titration data for 2 with DABCO showing the Soret
band shift from 420 to 430 nm. Number of equivalents added: 0, 0.5, 1,
1.5, 2, 2.9, 4.8, 9.
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DABCO·2 complex. The signal of the b-pyrrole protons in
the 1:2 sandwich complex was shifted upfield relative to the
corresponding signal in free 2 or in the 1:1 complex. This
was due to the proximity of the two porphyrin p-systems in
the sandwich complex, causing the signal to experience a
large ring-current-induced shift. At low temperatures, the
two ortho and the two meta aromatic protons of the meso
phenyl groups of the DABCO·22 and DABCO·2 complexes
became nonequivalent, and the signals split into two dou-
blets. Similar splitting has often been observed in porphyrin
systems with nonequivalent faces. When ligand exchange be-
comes fast on the NMR timescale, the faces of the porphy-
rin are no longer differentiated, and averaged signals are ob-
served for these protons. The DABCO·22 ternary complex
was characterized by a signal at �5 ppm, corresponding to
the methylene protons of a DABCO molecule bound be-
tween two zinc–porphyrin units.[9a] When more than
0.5 equivalents of DABCO were added, a new signal ap-
peared at �3 ppm, which is indicative of the formation of
the binary complex DABCO·2 and can be assigned to the
methylene protons in the a-position with respect to the ni-
trogen bound to the zinc–porphyrin complex.[11a,b] The signal
at �3 ppm increased at the expense of that at �5 ppm. Fi-
nally, the signal at �3 ppm broadened as the exchange
became faster. The exchange rates are proportional to the
concentrations of free ligand and DABCO·2 complex, sug-
gesting a bimolecular process in which one molecule of
DABCO displaces another from the zinc atom in a concert-
ed manner.


The association constant for formation of the DABCO·22


complex K12 was too high to be measured accurately at
NMR concentrations. However, these titrations can be used
to quantify the cooperativity between the two sites of the di-
valent ligand DABCO, aL =4 K11Ð12/K11, that is the ratio of
the statistically corrected association constants for the step-
wise formation of the DABCO·22 complex (Figure 2).[15] At
303 K, the system was in fast exchange on the NMR time-
scale at all ligand-to-porphyrin ratios. The low-temperature
NMR experiments showed that up to 0.5 equivalents of
DABCO, the DABCO·22 sandwich complex was predomi-
nantly formed, and this then opened up to form the
DABCO·2 complex with excess DABCO. By monitoring the
changes in chemical shift during this second phase of the ti-
tration at 303 K, K12Ð11 =4/aL (Figure 2) could be deter-
mined by simulation analysis of the binding isotherm follow-
ing a procedure described by Anderson.[11c] The value of aL


=0.8�0.2 indicates that there is rather little cooperativity in
the sandwich complex. The system does not show signs of
steric interaction between the meso-aryl substituents on
binding the second zinc–porphyrin unit at the second nitro-
gen atom of DABCO.


We also studied the binding of quinuclidine to 2 and 5 a–c
in chloroform by spectrophotometric titration. All the bind-
ing constants were calculated by using a multivariate global
factor analysis of the whole series of spectra, and the results
are summarized in Table 1.[16] Titration with 2 showed


simple isosbestic behavior, so the data were analyzed in
terms of two colored species (free 2 and the 1:1 complex).
As expected, the association constant for the quinuclidine·2
complex (8� 104


m
�1) is practically identical to the value of


Km measured for the DABCO·2 complex (8.9 � 104
m
�1).


Zinc–porphyrin dimers often aggregate even at the low
concentrations used in UV spectroscopy, but dilution studies
of 5 a–c in the concentration range of 10�5–10�7


m showed no
evidence of this. The titration of quinuclidine with 5 c gave
clear isosbestic spectra, but the titrations with 5 a and 5 b
were non-isosbestic. The non-isosbestic behavior therefore
reflects differences in the properties of the 1:1 and 2:1 com-
plexes formed with quinuclidine. The titration data were an-
alyzed by considering three independent colored species
(free, 1:1 and 2:1; see Figure 6). The microscopic value of
the second binding constant (Kc


2) for all three bisporphyrins
is very close to the value of K11 found for 2 (8.9 � 104


m
�1),


but the microscopic value of the first binding constant (Kc
1)


is slightly lower for 5 a.[17] There is no cooperativity for 5 b,c


Figure 5. Selected regions of the 1H NMR spectra recorded during a titra-
tion of 2 with DABCO at different temperatures. ([2] =1� 10�3


m, CDCl3,
300 MHz). Signals labeled 1 and 2 represent the b-pyrrole and the aro-
matic protons, respectively, of free 2 ; primed numbers indicate the same
signals in the DABCO·22 complex and double primed numbers are used
for those signals in the DABCO·2 complex; signals labeled 3 represent
the methylene protons of DABCO in the DABCO·22 complex; those la-
beled 4 represent the DABCO methylene protons in the a-position with
respect to the nitrogen atom that is bound to the zinc–porphyrin in the
DABCO·2 complex. The small differences in chemical shift observed for
the same proton types in two different spectra are due to the changes in
temperature.


Table 1. Macroscopic (K) and microscopic (Kc) binding constants for qui-
nuclidine complexes with 2 and 5 a–c.


K11


[105
m
�1]


K11Ð21


[104
m
�1]


K21


[109
m
�2]


Kc
1


[a]


[104
m
�1]


Kc
2
[b]


[104
m
�1]


aP
[c]


2 0.80�0.20 – – – – –
5a 0.80�0.40 5.0�2.5 4.0�0.5 4.0�2.0 10.0�5.0 0.4�0.1
5b 1.2�0.5 3.8�1.4 4.5�0.5 6.0�2.5 7.6�2.8 0.8�0.2
5c 1.5�0.6 4.3�1.5 6.4�1.3 7.5�3.0 8.6�3.0 0.9�0.2


[a] Kc
1 =K11/2. [b] Kc


2 =2K11Ð21. [c] aP =K11/4K11Ð21 =Kc
1/K


c
2.
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(aP�1), but the cooperativity factor for 5 a is 0.4. Since the
microscopic stability constant observed for the second bind-
ing event is similar to that observed for all of the other com-
plexes, the cooperativity observed for 5 a is due to a destabi-
lization of the 1:1 complex. This suggests that there is a
weak intramolecular interaction between the two porphyrins
in free 5 a, which is broken up by binding of the first ligand.
The wavelength of the Soret band shows little indication of
this interaction: lmax =420.0 nm for 5 a, 421.5 nm for 5 b and
422.0 nm for 5 c compared with 421.0 nm for the reference
compound 2. However, there are clear differences in the
bandwidths: 27 nm for 5 a compared with 13 nm for 5 b, 5 c,
and 2, which provides some spectroscopic evidence for intra-
molecular porphyrin interactions in free 5 a.[18]


DABCO-induced self-assembly of the zinc bisporphyrins
5 a–c : Addition of incremental amounts of DABCO to solu-
tions of 5 a–c in chloroform gave a series of UV-visible spec-
tra with more than one isosbestic phase (Figure 7).


Although the UV-visible titration spectra suggest that the
three zinc bisporphyrins behave quite differently, an in
depth analysis allows us to generalize. In all three cases, the
initial addition of DABCO leads to a shift of the Soret ab-
sorption to approximately 426 nm (425.5, 425.0, 427.0 nm for
5 a, 5 b, and 5 c, respectively, with half bandwidths of 9, 8,
and 11 nm, respectively). This 5 nm red shift of the Soret ab-
sorption is characteristic of a 1:2 DABCO–porphyrin sand-
wich complex.[19] On addition of more DABCO, the intensity
of the absorption band at 426.0 nm decreased, and a new ab-
sorption band appeared at 431.0 nm for 5 a and 5 c. As ob-
served for reference compound 2, a Soret absorption at
431.0 nm is typical of a simple 1:1 DABCO–porphyrin com-
plex. Thus, the Soret absorption at 431.0 nm for 5 a and 5 b
was assigned to a 2:1 DABCO–bisporphyrin complex. In the
titration of 5 b, a similar increase in the DABCO concentra-
tion caused only a slight decrease in the absorbance at
426.0 nm, and a band at 431.0 nm was not observed. Initially,
all titrations gave a sharp isosbestic point as the equilibrium
of the formation of the sandwich complex was the main
process. However, for 5 a and 5 c, because the formation and
destruction of the sandwich complex occurs in a similar
ligand concentration regime (see below), the titrations indi-


cated a non-isosbestic phase before establishing a new isos-
bestic point, when the equilibrium of the destruction of the
sandwich complex dominated. The destruction process of
the sandwich complex of 5 c occurs at a different ligand con-
centration and does not show a new isosbestic point.


Taken together, these results suggest that there are two
consecutive and different two-state equilibria and that it is
valid to analyze these titrations in terms of three colored
states.[1a,20] However at this stage, it is not possible to assign
the stoichiometry of the sandwich complex, which could be
an intramolecular 1:1 complex or an intermolecular 2:2 as-
sembly.


Figure 8 shows the data for the titrations up to 1000
equivalents of DABCO. The binding isotherm for 5 b is a
straight line with an abrupt endpoint after addition of one
equivalent of DABCO, so the stability of this complex is too
high to be measured at this concentration (K>107


m
�1). No


further changes in the spectrum were observed until about
4000 equivalents of DABCO were added. At this point, de-
struction of the sandwich complex started to occur accompa-


Figure 6. Schematic representation of the species involved in the equili-
bria of binding quinuclidine to a bisporphyrin. The overall binding con-
stants K11 and K21, and the stepwise constant K11Ð21 are shown and relat-
ed to Km (microscopic binding constant), aP (cooperativity factor), and
statistical correction factors.


Figure 7. UV-visible titration spectra (Soret region) of 5a–c with
DABCO in chloroform at 298 K. The concentration of the bisporphyrin
was maintained constant throughout the titration (1 � 10�6


m). a) 5a.
Number of equivalents of DABCO added per dimer bisporphyrin: 0,
0.12, 0.28, 0.4, 0.6, 1.1, 4, 25, 500, 1000, 2200, 4500, 7000, 12 000, 120 000.
b) 5b. Number of equivalents of DABCO added per bisporphyrin: 0, 0.2,
0.5, 0.7, 1, 2, 4, 100, 600, 1500, 6500, 25 000, 35000, 600 000, 1000 000.
c) 5c. Number of equivalents of DABCO added per dimer bisporphyrin:
0, 0.15, 0.30, 0.5, 0.6, 1.2, 4, 6, 20, 60, 250, 450, 1000, 4000, 120 000.
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nied by a small increase in absorption at about 431.0 nm.
The titration curve for the destruction of the sandwich com-
plex was analyzed by curve fitting as a simple two-state
equilibrium, assuming that the concentration of free 5 b is
negligible after one equivalent of DABCO has been added.
If we assume that the sandwich complex is 1:1 DABCO·5 b,
by determining K11Ð21 we can indirectly obtain an estimate
for K11 using the thermodynamic cycle shown previously in
Figure 3 (K11 = K21/K11Ð21 =4 K2


m/K11Ð21). The cooperativity
factors for DABCO and 5 b (aL and aP) are unity, so the in-
dividual zinc–nitrogen interactions all have identical values
to Km (measured in control experiments as 8.9 � 104


m
�1). If


we assume that the sandwich complex is the 2:2
(DABCO)2·(5 b)2 assembly, we can estimate the value of K22


in the same way. Due to the mathematical complexity of the
model for formation of the intermolecular assembly, K22 was
determined by using SPECFIT (see Experimental Section
for details) to fit the second phase of the titration, consider-
ing all three colored species, free 5 b, the 2:2 complex, and
the 2:1 complex, and fixing the value of K21 at 4 K2


m.
Bisporphyrins 5 a and 5 c show rather different behavior.


Figure 8 shows that the first phase of the titration process
followed a shallower saturation curve that can be analyzed
to provide accurate stability constants for the sandwich com-
plexes. Here, the destruction of the sandwich complexes oc-
curred in a similar ligand concentration regime, and the ab-
sorption at 426.0 nm started to decrease after 25 equivalents
of DABCO had been added to 5 a, and after only six equiva-
lents had been added to 5 c. We could therefore analyze the
full set of titration data in terms of the three colored spe-
cies: free, a 1:1 or 2:2 sandwich complex, and 2:1 open com-
plex (Figure 3). The fitting of the whole series of spectra ob-
tained for the titrations to two different binding models that
differ in the stoichiometry of the intermediate sandwich
complex, 2:2 or 1:1, revealed that the goodness of the fit
cannot be used as the criterion to decide the correct binding
model. Table 2 summarizes the values of the stability con-
stants obtained using the two different models. The mea-
sured values of K21 give some indication of the quality and


fit of the data analysis: for the titrations of 5 a and 5 c, the
measured values for K21 are within the expected range using
the relationship K21 =4aPK2


m (3–7 �1010
m
�1).


As evidenced in Figure 3, the second interaction in the
formation of the 1:1 sandwich complex and the fourth inter-
action in the formation of the 2:2 complex are intramolecu-
lar. Effective molarities (EM) or chelation factors are useful
for quantifying the stabilization due to intramolecular inter-
actions in such self-assembled structures. The values of EM
also give an indication of the amount of binding energy that
could be used for bimolecular catalysis, if it could be direct-
ed into transition state stabilization.[21] The thermodynamic
effective molarity is defined as EMintra =K11/aLaPK2


m for the
second binding interaction in the 1:1 complex, and EMinter =


K22/a
2
La2


PK4
m for the fourth binding interaction in the 2:2 as-


sembly.[22] The cooperativity factor ap is only required to ac-
count for the destabilization of the first binding event for
bisporphyrin 5 a. In effect, Kc


1 (Table 1) for this zinc–nitro-
gen interaction with quinuclidine is lower than for the
others. The calculated values of EM shown in Table 2 fall
within the previously reported range and do not help to dis-
tinguish between the two possible sandwich complex-
es.[23, 8b, 22] The 2:2 assembly involves two bisporphyrins and
so its stability, relative to the free and 2:1 states, depends on
the porphyrin concentration used to carry out the titration.
In contrast, the stability of the 1:1 intramolecular complex
relative to the free and the 2:1 states does not depend on
porphyrin concentration. Although titration experiments at
a given concentration can be fitted to either model equally
well, if the 2:2 assembly is present titrations at different por-
phyrin concentrations should produce quite different behav-
ior. We used the binding constants determined by fitting the
UV-visible data to simulate the behavior at higher and
lower porphyrin concentrations to find the concentration
regime that best distinguishes the two possibilities. Figure 9
shows the simulated population profiles for 5 a. The
DABCO concentration at which 50 % of 5 a is involved in a


Figure 8. Spectrometric titration curves for titration of 5a (diamonds), 5 b
(circles) and 5 c (squares) with DABCO in chloroform following the
change in absorbance at 425 nm.


Table 2. Binding constants and effective molarities for complexes formed
between bisporphyrins 5 a–c and DABCO for two different possible stoi-
chiometries.


5 a 5 b 5 c


formation of an intramolecular 1:1 sandwich complex
K21 [m�2] (4.1�1) � 1010 (3.1�1.2) � 1010 [a] (4.5�0.5) � 1010


K11 [m�1] (3.5�0.5) � 107 (2.5�1) � 108 [b] (1�0.1) � 107


K11Ð21 [m�1] 1170�330 124�69 [c] 4500�670
EMintra [m][d] (1.8� 0.4) � 10�3 (3.0 � 1.4) � 10�2 (1.3 � 0.3) � 10�3


formation of an intermolecular 2:2 sandwich assembly
K21 [m�2] (4.5�1.5) � 1010 (3.1�1.2) � 1010 [a] (3.6�0.5) � 1010


K22 [m�3] (1.5�1) � 1021 (6.3�3) � 1022 [c] (6.5�2) � 1019


K22Ð21 [m�1] 1.4�1 (1.5�1.3) � 10�2 20�8
EMinter [m][e] 3.6�2.8 1000�300 1.0�0.2


[a] Calculated from K21 =4aPK2
m. [b] Calculated from K11 =4aPK2


m/K11Ð21.
[c] Using the data after one equivalent of DABCO had been added.
[d] Calculated from EMintra =K11/aLaPK2


m. [e] Calculated from EMinter =


K22/a
2
La2


PK4
m.
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sandwich complex and the other 50 % forms the open 2:1
complex is constant (~10�3


m) for the intramolecular binding
model, but variable in the case of the intermolecular model.
In the intermolecular model, higher concentrations of 5 a re-
quire a higher concentration of DABCO to reach the half-
way point. For [5 a]=1 � 10�7


m, [5 a]=1 � 10�6
m, and [5 a]


=1 � 10�4
m, the required DABCO concentrations are ap-


proximately 5 � 10�3
m, 1 � 10�3


m, and 1 � 10�2
m, respectively.


Based on these simulations, we carried out titrations at
millimolar concentrations using 1H NMR spectroscopy. At
room temperature and up to one equivalent of DABCO, the
chemical exchange process between the free bisporphyrins
and the sandwich complexes is slow on the NMR timescale.
A new set of signals corresponding to the complex can be
observed, and the DABCO protons at approximately d=


�5 ppm are diagnostic of a sandwich complex. For porphy-
rins 5 a and 5 c, the free signals are broadened due to fast ex-
change between the free porphyrin and small amounts of a
ternary sandwich complex (two bisporphyrins binding one


DABCO molecule). For bisporphyrin 5 b (Figure 10), this
broadening is not observed, and we conclude that in this
case, the amount of ternary complex formed is negligible.[24]


When one equivalent of DABCO was added, only the sig-
nals of the sandwich complex were observed. As more
DABCO was added, the porphyrin protons assigned to the
sandwich complex gradually shifted, indicating a fast ex-
change equilibrium between the sandwich complex and the
2:1 complex. For 5 a and 5 b, the signal due to bound
DABCO also broadened through chemical exchange.


Similar behavior was observed for 5 c, but the onset of the
second equilibrium occurred at DABCO concentrations of
less than one equivalent, hinting that a different binding
model was operative for this system.


The changes in chemical shift of selected porphyrin sig-
nals were analyzed in terms of a fast-exchange two-state
equilibrium. We assume that after one equivalent of
DABCO has been added, there is no free porphyrin in so-
lution, and the chemical shifts at this point correspond to


Figure 9. Simulated speciation profiles for a titration of 5a with DABCO
using the equilibrium constants in Table 2 and assuming two possible
binding models (bold line formation of an intermediate intermolecular
2:2 assembly, dotted line formation of an intermediate intramolecular 1:1
complex, see Figure 3). Each profile has been plotted at a different con-
centration of 5a : a) [5 a]=1 � 10�7


m, b) [5 a]=1 � 10�6
m, and c) [5a]= 1�


10�4
m.


Figure 10. The aromatic region of 1H NMR spectra of 5b in the presence
of increasing amounts of DABCO showing the progressive formation of
the sandwich complex as a slow exchange process and its destruction as a
fast exchange process. 1 and 2 are b-pyrrole protons of free 5b ; primed
numbers indicate b-pyrrole protons in the respective sandwich complex.
The change in chemical shift of the doublet marked with an asterisk after
one equivalent of DABCO was added was used to calculate the percent-
age of porphyrin involved in a sandwich complex (see text). Inset: upfield
region of the 1H NMR spectra; 3’ indicates the methylene protons of the
DABCO bound in a sandwich complex. The broadening of this signal
due to chemical exchange during the titration is shown.
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the sandwich complex. The chemical shifts of the 2:1 com-
plex can be estimated from the spectrum in the presence of
large excess of DABCO or by extrapolation of the binding
curve. Thus, the percentage bisporphyrin present as the
sandwich complex can be calculated using the Equation (1),
in which Dd is the difference between the observed chemical
shift and the chemical shift of the sandwich complex and
Ddmax is the difference between the chemical shifts of the
sandwich and 2:1 complexes.


%Psandwich ¼
�


Dd


Ddmax


�
� 100 ð1Þ


This equation is independent of the binding model, since
the relative stoichiometry of both sandwich complexes is
1:1. At millimolar concentrations of the porphyrin, the simu-
lated speciation profile of the sandwich complex after one
equivalent of DABCO has been added is quite different de-
pending on the stoichiometry assigned to the sandwich com-
plex (Figure 9c and 11). Equation (1) was used to determine
the amount of sandwich complex present during the NMR
titrations, and this data is plotted together with simulated
profiles in Figure 11.[25]


The experimental data agree very well with the simulated
profile for a 1:1 complex in the cases of 5 a and 5 b. On the
other hand, the experimental data for 5 c agree with the spe-
ciation profile of a 2:2 assembly. In this case, we can rule
out the possibility of higher order complexes, such as the 3:3
assembly, by using the UV-visible titration data to predict
the behavior at NMR concentrations (see Figure 11c). We
conclude that DABCO forms simple intramolecular 1:1
complexes with 5 a and 5 b and an intermolecular 2:2 assem-
bly with 5 c. The high effective molarities mean that these
systems are stable even at millimolar concentrations in the
presence of excess DABCO. Figure 12 shows the speciation
diagrams for the titrations of 5 c with DABCO at micromo-
lar and millimolar concentrations. The diagrams show the
DABCO concentration range in which the 2:2 sandwich as-
sembly exists as the major component in solution.


To gain further insight into the structures of the com-
plexes,[26] semiempirical molecular modeling was used. No
symmetry constraints were imposed and it was assumed that
no side chains were attached to the bisporphyrins to keep
the size of the calculation amenable. The results show that
5 a and 5 b can easily achieve conformations that place the
porphyrin units in a cofacial arrangement appropriate for
the formation of a 1:1 intramolecular sandwich complex
with DABCO (Figure 13).


Based on AM1 calculations, the formation of DABCO·5 b
is 5 kJ mol�1 more favorable than the formation of
DABCO·5 a, which agrees with the difference of K11 values
for these complexes. We have also modeled the intramolecu-
lar complex DABCO·5 c (Figure 14). It is 54 kJ mol�1 less
stable than DABCO·5 b, because a cofacial arrangement of
the porphyrin units can only be achieved by distorting the
planarity of the amide groups. On the other hand, molecular
modeling shows that 5 c can form a strain-free 2:2 assembly


with DABCO. This complex is 50 kJ mol�1 per bisporphyrin
more stable than DABCO·5 c. The 2:2 sandwich complex
has a central cavity with four convergent amide N�H bonds,
which augurs well for the use of this system as a molecular
receptor.


The high value of the effective molarity calculated for
(DABCO)2·5 c2 (1 m) is indicative of a very good comple-
mentarity in the sandwich architecture, but the key feature
of this system is the very low complementarity for the intra-
molecular complex that dominates in the other two systems.
The high value of the effective molarity also prevents com-
petition between discrete assembly processes and oligomeri-
zation into less well-defined mixtures. These results have
paved the way for the study of the DABCO-induced self-as-
sembly of more complex systems based on trisporphyrins, as
well as recognition studies on the resulting molecular assem-
blies. Both subjects are currently under investigations in our
laboratories.


Figure 11. Simulated profiles showing the percentage bisporphyrin pres-
ent as the sandwich complex, a) 5a, b) 5b, and c) 5 c (1 � 10�3


m). Dotted
lines correspond to the destruction of a 1:1 sandwich complex, bold lines
to destruction of a 2:2 complex and the dashed line in c) to destruction
of a 3:3 complex. The black circles (*) were calculated from the experi-
mental NMR data (see text).
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Conclusion


We have synthesized three isomeric zinc–bisporphyrins that
differ in the three-dimensional arrangement of the metal


binding sites and have studied the formation of molecular
assemblies with the bidentate ligand DABCO. Two bispor-
phyrins, 5 a and 5 b form simple 1:1 intramolecular sandwich
complexes with DABCO, but 5 c forms a stable 2:2 intermo-
lecular sandwich assembly. The 5 a and 5 c sandwich com-
plexes open up to form simple 2:1 complexes in the pres-
ence of excess DABCO, but the 5 b complex is remarkably
stable and cannot be destroyed even by a large excess of
DABCO. These observations were corroborated by AM1
semiempirical calculations.


The different behavior of these systems could be charac-
terized, because we were able to study the complexation
processes in detail using both UV-visible and 1H NMR spec-
troscopy. By using a single concentration, for example, the
micromolar regime used for UV-visible experiments, it is im-
possible to tell whether the titration data is best described
by the formation of a 1:1 complex or by a higher order 2:2
assembly. The association constants determined with the
UV-visible titrations can be used to simulate the binding iso-
therms of the two possible binding models at millimolar
concentration. At this higher concentration, simple 1:1 com-
plexation and the formation of higher order assemblies can
easily be distinguished, because they lead to a quite differ-
ent behavior when opening to form the 2:1 complex. The
stability of the 2:2 assembly increases significantly with con-
centration, whereas the simple 1:1 complexes are insensitive
to concentration. At millimolar concentrations, the experi-
mental data of the destruction of the sandwich complex fits
very well to the speciation profile simulated using the stabil-
ity constants determined by UV-visible spectroscopy. The
agreement between experimental and simulated destruction
profiles at millimolar concentrations allowed us to distin-
guish the operative binding mode for each bisporphyrin.
The stability of the assembly formed with 5 c and DABCO
over a wide range of concentrations, and the fact that mo-
lecular modeling shows that the self-assembled structure has
a large cavity in which four N�H bonds can converge,
augurs well for potential use in host–guest chemistry.


Experimental Section


General : 1H NMR spectra were recorded on a Bruker AMX-300 and
Bruker AVANCE-300. Electron-spray-ionization high-resolution mass
spectra (ESI MS) were obtained on a Micromass Autospec 3000. Fast-
atom-bombardment mass spectra (FAB MS) were measured on a VG
AutoSpec. UV-visible spectra were measured on a Varian Cary 300 Bio.


Materials : All commercial solvents and chemicals were of reagent grade
quality and were used without further purification except as noted below.
Deuterochloroform and chloroform were deacidified by passing through
a short column of aluminium oxide 90 active, neutral (Merck). Thin-layer
chromatography (TLC) and flash column chromatography were per-
formed with DC-Alufolien Kieselgel 60 F254 (Merck) and Silicagel Shar-
lab 60, respectively. DABCO and quinuclidine were sublimed prior to
use. Compounds 2 and 1a–c were prepared as described previously.[12]


5-Methoxy-1,3-benzenedicarbonyl dichloride (3): Anhydrous cesium car-
bonate (1.6 g, 4.9 mmol) and iodomethane (410 mL, 6.5 mmol) were
added to a solution of commercially available (Aldrich) dimethyl 5-hy-
droxyisophthalate (1 g, 4.75 mmol) in dry dimethyl formamide (10 mL).


Figure 12. Simulated profiles for the titrations of 5 c with DABCO using
the equilibrium constants in Table 2 for the exclusive formation of an in-
termolecular 2:2 sandwich assembly. Each profile has been plotted at a
different concentration of 5 c : a) [5c] =1�10�6


m and b) [5 c]=1 � 10�3
m.


Figure 13. AM1 optimized structures of DABCO·5 a (left) and
DABCO·5b (right).


Figure 14. AM1 optimized structures of DABCO·5c (left) and
DABCO2·5c2 (right).
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The mixture was heated at 80 8C under argon atmosphere for 2 h. After
cooling to room temperature, tert-butyl methyl ether (50 mL) was added
and the solids were filtered through celite. The filtrate was washed with
HCl (1 n) and brine, dried over Na2SO4, filtered and concentrated in
vacuo, to give the crude white solid dimethyl ester of 5-methoxy-1,3-ben-
zenedicarboxylic acid[27] (750 mg, 70 %). 1H NMR (300 MHz, CDCl3): d


=8.28 (t, J =1.2 Hz, 1 H,), 7.75 (d, J =1.2 Hz, 2 H), 3.94 (s, 6 H), 3.89 ppm
(s, 3 H).


Without any further purification, the crude product (750 mg, 3.3 mmol)
was suspended in an aqueous solution of sodium hydroxide (1 n, 20 mL).
The suspension was heated at 70 8C under argon atmosphere overnight,
during which time the reaction mixture turned to a clear solution. The
mixture was allowed to reach room temperature and was diluted with
NaOH (1 n, 30 mL). The aqueous solution was extracted with tert-butyl
methyl ether (3 � 20 mL). Concentrated HCl was added to the aqueous
layer to pH~3. The resulting white precipitate was collected by vacuum
filtration and dried in vacuo to give 5-methoxy-1,3-benzenedicarboxylic
acid as a white solid (570 mg, 88 %). M.p. 260–268 8C; 1H NMR
(300 MHz, CDCl3/[D6]DMSO): d=8.18 (t, J=1.4 Hz, 1H), 7.61 (d, J
=1.4 Hz, 2 H), 3.75 ppm (s, 3 H); 13C NMR (75 MHz, CDCl3/[D6]DMSO):
d=167.5, 159.4, 132.5, 123.4, 119.1, 55.6 ppm; IR (KBr): ñ =3415, 1704,
1464, 1421, 1384, 1279, 1057, 760, 694 cm�1.


The crude diacid obtained above (570 mg, 2.9 mmol) was suspended in
thionyl chloride (2 mL, 27.4 mmol), and a catalytic amount of triphenyl-
phosphine was added. The mixture was refluxed under argon until the
solid was completely dissolved (3 h) and evaporated to dryness to give a
solid residue. The residue was dissolved in dry CH2Cl2 (5 mL) and the
solvent was evaporated under reduced pressure. This process was repeat-
ed three times. The final solid residue was purified by crystallization
from hexane to yield compound 3 (290 mg, 43%) as white needles.
1H NMR (300 MHz, CDCl3): d=8.46 (t, J= 1.2 Hz 1 H), 7.89 (d, J
=1.2 Hz, 2H), 3.95 ppm (s, 3 H); 13C NMR (75 MHz, CDCl3): d=165.5,
158.6, 133.7, 124.4, 120.6, 54.5 ppm.


General procedure for the preparation of free-base bisporphyrins 4 a–c :
A solution of aminoporphyrin 1 (220 mg, 0.26 mmol), freshly distilled dry
triethylamine (60 mL, 0.4 mmol), and a catalytic amount of 4-(dimethyl-
amino)pyridine (DMAP) in dry CH2Cl2 (30 mL) was cooled at 0 8C in an
ice-water bath, and diacid 3 (31 mg, 0.13 mmol) was added in one por-
tion. After stirring for 4 h at room temperature under argon atmosphere,
the organic layer was washed with saturated NaHCO3 and brine, dried
over Na2SO4, filtered, and concentrated in vacuo to yield a solid residue.
The product was separated from the unreacted porphyrin by flash chro-
matography of the residue on silica gel eluting with CH2Cl2:THF (99:1)
to recover first the aminoporphyrin 1 followed by the free-base bispo-
rhyrin 4 as a purple solid.


Free-base bis-porphyrin 4 a : Yield 40%; 1H NMR (300 MHz, CDCl3): d


=8.82 (d, J= 5.7 Hz, 4H), 8.78 (d, J=5.7 Hz, 4H), 8.66 (d, J =4.7 Hz,
4H), 8.49 (d, J =4.7 Hz, 4H), 8.26 (d, J=8.2, 2 H), 8.11 (d, J =7.2 Hz,
2H), 7.98 (m, 8H), 7.86 (d, J=7.4 Hz, 4H), 7.67 (t, J=8.2 Hz, 2 H), 7.59
(d, J =7.2 Hz, 4H), 7.49 (d, J= 7.2 Hz, 4 H), 7.44 (t, J =8.2 Hz, 2H),
7.37(d, J =7.2 Hz, 4H), 6.99 (s, 2 H), 6.02 (s, 1H), 4.66 (s, 2 H), 2.96 (t, J
=7.8 Hz, 4H), 2.90 (t, J =7.8 Hz, 8H), 1.86 (m, 12H), 1.51 (m, 24H),
1.03 (m, 18H), 1.0 (s, 3H), �2.94 ppm (s, 4H).


Free-base bis-porphyrin 4 b : Yield 42 %; 1H NMR (300 MHz, CDCl3): d


=8.86 (s, 8H), 8.83 (s, 8H), 8.32 (s, 2H), 8.1 (m, 16H), 7.5 (m, 19H), 3.8
(s, 3H), 2.95 (t, J =7.5 Hz, 4 H), 2.88 (t, J= 7.5 Hz, 8 H), 1.85 (m, 12H),
1.51 (m, 24H), 1.02 (m, 18H), �2.75 ppm (s, 4H).


Free-base bis-porphyrin 4c : Yield 42 %; 1H NMR (300 MHz, CDCl3): d


=8.89 (s, 8 H), 8.87 (s, 8H), 8.35 (s, 2H), 8.29 (d, J =8.2 Hz, 4H), 8.26 (s,
2H), 8.12 (d, J=8.2 Hz, 4 H), 8.11 (d, J=7.8 Hz, 12 H), 7.84 (s, 2H), 7.55
(d, J=7.8 Hz, 12H), 2.94 (t, J =7.5 Hz, 12H,), 1.90(m, 12 H), 1.52 (m,
24H), 1.02 (t, J =7 Hz, 18 H), �2.75 ppm (s, 4H).


General procedure for the preparation of the zinc–bisporphyrins 5 a–c :
The free-base bisporphyrin 4 (100 mg, 0.05 mmol) was dissolved in
CH2Cl2/CH3OH (3:1, 30 mL) and zinc acetate (180 mg, 0.98 mmol) was
added. The reaction mixture was protected from light and stirred at
room temperature for 1 h. After removal of the solvents under reduced
pressure, the product was purified by column chromatography on basic


alumina eluting with CH2Cl2/CH3OH (99:1). The product was recrystal-
lized from CH2Cl2/CH3OH yielding the zinc–bisporphyrin 5 as a purple
powder.


Zn–bisporphyrin 5 a : Yield 90 %; m.p. 260–268 8C; 1H NMR
(300 MHz,[D5]pyridine): d =9.19 (d, J =4.5 Hz, 8 H), 9.10 (s, 2H), 9.01 (d,
J =4.9 Hz, 8 H), 8.7 (s, 2H), 8.28 (m, 16H), 7.79 (t, J= 7.5 Hz, 2 H), 7.61
(m, 12H), 7.10 (s, 1H), 5.18 (s, 2H), 2.97 (t, J =7.5 Hz, 4H), 2.90 (t, J
=7.5 Hz, 8 H), 1.85 (m,12 H), 1.44 (m, 24H), 1.00 (t, J =7.1 Hz, 6H), 0.95
(t, J =7.1 Hz, 12H), 0.94 ppm (s, 3 H); IR (KBr): ñ= 3416, 2925, 2854,
1639, 1617, 1384, 1079, 799, 621, 476 cm�1; HRMS (ESI): m/z calcd for
C127H122N10O3Zn2Na: 1989.8187; found: 1989.8251.


Zn–bisporphyrin 5b : Yield 93%; m.p. 245–250 8C; 1H NMR (300 MHz,
[D5]pyridine): d= 11.43 (s, 2H), 9.30 (d, J =4.5 Hz 4 H), 9.27 (d, J
=5.0 Hz, 4H), 9.24 (d, J =4.5 Hz, 4H), 9.20 (d, J=5.0 Hz, 4H), 9.03 (s,
2H), 8.84 (s, 1 H), 8.58 (d, J =7.8 Hz, 2 H), 8.35 (m, 12H), 8.22 (d, J
=7.8 Hz, 2H), 8.04 (s, 2 H), 7.78 (t, J=7.8 Hz, 2H), 7.60 (m, 12 H), 3.56
(s, 3H), 2.92 (t, J =7.7 Hz, 4 H), 2.88 (t, J= 7.7 Hz, 8 H), 1.82 (m, 12H),
1.43 (m, 24H), 0.97 (t, J= 6.6 Hz 6 H), 0.94 ppm (t, J =6.6 Hz, 12H); IR
(KBr): ñ =3415, 2926,1617, 1526, 1384, 1339, 1207, 1000, 797, 720 cm�1;
HRMS (ESI): m/z calcd for C127H122N10O3Zn2Na: 1989.8187; found:
1989.8273.


Zn–bisporphyrin 5c : Yield 94%; m.p. 295–300 8C; 1H NMR (300 MHz,
CDCl3): d=8.99 (s, 8H), 8.98 (d, J=5.3 Hz, 4 H), 8.96 (d, J =5.3 Hz,
4H), 8.26 (d, J =8.5 Hz, 4 H), 8.19 (s, 2 H), 8.12 (d, J =8.2 Hz, 4 H), 8.11
(d, J=8.2 Hz, 8 H), 7.94 (d, J =8.5 Hz, 4H), 7.82 (s, 1H), 7.57 (s, 2H),
7.56 (d, J =8.2 Hz, 4H), 7.53 (d, J=8.2 Hz, 8 H), 3.96 (s, 3 H), 2.95 (m,
12H), 1.92 (m, 12H), 1.50 (m, 24H), 1.02 ppm (m, 18 H); IR (KBr): ñ


=3409, 2924,1643, 1515, 1446, 1384, 1336, 1205, 1066, 796, 719 cm�1;
HRMS (ESI): m/z calcd for C127H122N10O3Zn2Na: 1989.8187; found:
1989.8251.


Titrations and data analysis : 1H NMR and UV-visible titrations were per-
formed by adding solutions containing the ligand to a solution of the zinc
porphyrin in either a 5 mm NMR tube or a 1 cm path cuvette by using
microliter syringes. In both types of titration experiments the zinc–por-
phyrin was present in the guest solution at the same concentration as
that in the NMR tube or cuvette to avoid dilution effects. Deacidified
chloroform and deacidified deuterochloroform were used as solvents for
the UV-visible and 1H NMR titrations, respectively. In general, UV-visi-
ble spectrophotometric titrations were analyzed by fitting the whole
series of spectra at 1 nm intervals by using the software SPECFIT 3.0
from Spectrum Software Associates (PMB 361, 197 M Boston Post Road
West, Marlborough, MA 01752, USA), which uses a global system with
expanded factor analysis and Marquardt least-squares minimization to
obtain globally optimized parameters. Titration curves with respect to the
simple binding model were also analyzed by fitting the data to the theo-
retically expected binding curve by using nonlinear curve-fitting pro-
grams developed by one of us (C.A.H.). In these simple cases the two
methods gave similar results, but the first method was more accurate. In
all the cases of the zinc–bis-porphyrins binding to DABCO, multivariate
global factor analysis was the only method used. The reported errors for
the stability constants directly calculated with SPECFIT, or any other fit-
ting program, were estimated as the square root of the sum of the square
of the standard deviations from at least three experimental values of the
binding constants determined in different titration experiments. Errors
for the stability constants and molarity effects computed using the values
determined directly for the stability constants were estimated by error
propagation analysis.[28]


Computational methods : Semiempirical calculations were carried out at
the restricted Hartree–Fock (RHF) level using the AM1[29] method, as
implemented in MOPAC-93 package.[30] The geometry of all structures
was optimized and further refined by minimization of the gradient norm
to less than 0.418 kJ ��1 deg�1 by means of the Eigenvector Following
(EF) routine.[31] Side chains were assumed not to be attached to the por-
phyrins in order to keep the size of the calculation approachable.
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New Trends in the Chemistry of Iron(iii) Citrate Complexes: Correlations
between X-ray Structures and Solution Species Probed by Electrospray Mass
Spectrometry and Kinetics of Iron Uptake from Citrate by Iron Chelators


Isabelle Gautier-Luneau,*[a, c] Claire Merle,[a] Delphine Phanon,[a, c] Colette Lebrun,[b]


Fr�d�ric Biaso,[a] Guy Serratrice,[a] and Jean-Louis Pierre[a]


Introduction


Citric acid is ubiquitous in Nature and it has key biological
functions.[1] The tricarboxylic acid and its salts are used in a


wide variety of industrial applications (e.g., in soft drinks
and effervescent salts, as an antioxidant in foods, as a se-
questering agent for metal ions, as a cleaning and polishing
agent for metals, as a mordant in dyeing). Most of these ap-
plications arise from the affinity of citrate for metal ions. In
plants, citric acid is present in root exudates, where it serves
to depolymerize and solubilize ferric hydroxide in soil and
to mobilize the iron to the membranes of the root cells.[2]


Citrate is also used to transport ferric iron to leaves as a
constituent of xylem sap, and a link between iron metabo-
lism and citrate concentration in plants has been establish-
ed.[3] Citrate is not formed by bacteria, but it can act as an
exogenous siderophore (Escherichia coli possesses a trans-
port system which is specific for ferric citrate).[4] In animals
(including humans), citrate, which occurs in blood plasma at
about 0.1 mm, promotes the bioavailability of dietary non-
heme iron.[5]


Our interest in iron complexation and in iron metabo-
lism[6] led us to study iron(iii) citrate systems. To date, the
coordination chemistry of ferric citrates remains rather
poorly defined.[7] By varying the experimental conditions
used for the preparation of the so-called ferric citrates (the
iron salt used; the iron(iii):citric acid (H4cit) molar ratio, de-


Abstract: Despite the crucial role of
“iron(iii) citrate systems” in the iron
metabolism of living organisms (bacte-
ria as well as plants or mammals), the
coordination chemistry of ferric citrate
remains poorly defined. Variations in
the experimental conditions used for
the preparation of so-called ferric cit-
rates (iron salt, Fe:cit molar ratio, base,
pH, temperature, solvent) lead to sev-
eral different species, which are in
equilibrium in solution. To date, six dif-
ferent anionic complexes have been


structurally characterized in the solid
state, by ourselves or others. In the
work described herein, we have estab-
lished the experimental conditions
leading to each of them. Five were ob-
tained from aqueous solution. With the
exception of a nonanuclear species (of
which fragments have been detected),


all were identified in aqueous solution
on the basis of electrospray ionization
mass spectrometry. In addition, the
spectra revealed a new trinuclear spe-
cies, which could not be crystallized.
Kinetic studies of iron uptake from cit-
rate species by iron chelators con-
firmed the results indicated by the ESI-
MS studies. These studies also allowed
the relative molar fraction of mononu-
clear versus polynuclear complexes to
be determined, which depends on the
Fe:cit molar ratio.
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noted herein as Fe:cit ratio; the added base, as well as pH,
temperature, and solvent), different species can be obtained,
which may be in equilibrium in solution. Spiro et al.[8] have
found evidence for the formation of polynuclear aggregates.
Citrate chelates iron(iii) ions at equimolar concentration
and low pH, with the loss of the alcoholic hydroxyl proton,
but upon neutralization of the solution polymeric iron hy-
droxides are produced. On the other hand, an excess of cit-
rate can provide a protective coating and prevent polymeri-
zation. Two studies performed in aqueous solutions at up to
pH 4 have yielded conflicting results![9,10] The monoferric di-
citrate [Fe(Hxcit)2]


(5�2x)� species has been claimed to be rec-
ognized by the E. coli transport system, and indeed seems to
be the only complex of established biological relevance.[11]


The [Fe(cit)2]
5� species has been structurally characterized


(crystallized from solution at pH 8) by Matzapetakis et al.[12]


The “recognition” of the mononuclear dicitrate species may
be questioned in the light of recent papers describing the
crystallographic structure of FecA, the outer membrane re-
ceptor of the citrate system of E. coli, which binds a dinu-
clear ferric dicitrate.[13] The X-ray structure of such an [Fe2-
(cit)2(H2O)2]


2� diferric dicitrate complex has been deter-
mined by Shewky et al. , along with that of the species [Fe2-
(Hcit)3]


3�.[14] These dinuclear complexes were obtained in
the presence of pyridine and neocuproine, respectively, the
protonated forms of these bases acting as the counter-cati-
ons in the complexes. The authors suggest that the two com-
plexes are in equilibrium in aqueous solution, and that one
or other of them crystallizes according to the base used. The
structure of a nonairon(iii) complex, [Fe9O(cit)8(H2O)3]


7�,
which comprises of three trinuclear subunits, has also been
described by Bino et al.[15]


Herein, we report on the synthesis and characterization of
dinuclear and mononuclear complexes, and on a systematic
study of the effect of varying the synthetic conditions,
namely the iron salt used (perchlorate, chloride or nitrate),
the added base (imidazole, picoline, pyridine, neocuproine
or ammonium hydroxide), the pH, the Fe:cit ratio, the sol-
vent (water or DMF), and the temperature. We have estab-
lished the experimental conditions leading to each respec-
tive complex, and we present for the first time some correla-
tions between the X-ray structures and the species in so-
lution, as probed by electrospray mass spectrometry and ki-
netics. Two kinds of solutions were analyzed by ESI-MS:
1) the final solutions, from which different compounds had
been crystallized, to compare the species obtained in the
solid state with those present in solution; 2) a series of solu-
tions at different Fe:cit ratios and pH to monitor the evolu-
tion of the speciation. Furthermore, we describe a series of
kinetic measurements of the iron uptake from citrate com-
plexes at physiological pH 7.4 by two tripodal chelators: the
tris(8-hydroxyquinolinate) ligand O-TRENSOX[16] and the
tris(catecholate) ligand TRENCAMS.[17] These kinetic meas-
urements were used to provide insight into the speciation
between mononuclear and polynuclear Fe citrate species in
relation to the Fe:cit ratio. These species could be distin-
guished on the basis of their kinetic abilities to transfer iron


to a given chelator: the mononuclear complex is expected to
be more reactive than the polynuclear complexes, having co-
ordination sites more accessible to an incoming chelator.


Experimental Section


Syntheses : Compounds 1–5, with the general formula (Hbase)2[Fe2(cit)2-
(H2O)2]·nH2O, were synthesized by using various bases (pyridine (py),
imidazole (im), picoline (pic), or neocuproine (neo)) and different ferric
salts (perchlorate, chloride or nitrate). They were prepared by first stir-
ring citric acid, the ferric salt, and the base at appropriate concentrations
at room temperature. In the case of compounds 1–4, yellow-green plate-
let crystals were obtained by slow evaporation of the water from the
aqueous reaction mixture protected from light. The pH of the solutions
was found to be between 2.2 and 3.5. In the case of pyridine and imida-
zole, different solutions corresponding to different ferric salt:citric acid
(Fe:cit) molar ratios were prepared in water or in DMF. Compounds 5
and 6 were successively obtained at room temperature by slow evapora-
tion of the volatiles from a solution that had been previously heated at
60 8C for 30 min. Compounds 7 and 8, which are monoferric dicitrate spe-
cies, were also successively obtained by evaporation of the volatiles from
the same solution. For elemental analysis, crystals were collected by fil-
tration, washed with ethanol, and dried under vacuum.


(Hpy)2[Fe2(cit)2(H2O)2]·2 H2O (1): This compound was previously ob-
tained by Shweky et al.[14] from an aqueous solution containing equimolar
amounts of Fe(NO3)3·2H2O/Na3Hcit/py. We obtained the same com-
pound under various conditions, that is, from an aqueous solution (in the
pH range 2.2–3.5) of FeCl3·6 H2O/H4cit/py with a molar ratio of 3:1:2,
and also when using the nitrate and the perchlorate salts in molar ratios
of 1:1:4 and 1:4:6, respectively. We also obtained this compound from a
solution in DMF, starting from Fe(ClO4)3·9 H2O/H4cit/py in a molar ratio
of 1:1:4.


(Him)2[Fe2(cit)2(H2O)2]·2 H2O (2): Single crystals suitable for X-ray dif-
fraction analysis were obtained from a solution at pH 2.8 containing Fe-
(NO3)3·6 H2O/H4cit/im in a molar ratio of 1:1:4. Elemental analysis calcd
(%) for C18H22N4O16Fe2·2 H2O: C 30.97, H 3.75, N 8.03, Fe 15.99; found
C 31.01, H 3.82, N 7.85, Fe 15.83.


The same compound, as characterized by measurement of the cell param-
eters for a single crystal and/or elemental analysis, was also obtained by
starting from Fe(ClO4)3·9 H2O/H4cit/im in a molar ratio of 1:1:4 or 1:2:6.


The compound (Him)2[Fe2(cit)2(H2O)2]·H2O·DMF was obtained from a
solution in DMF containing Fe(ClO4)3·9H2O/H4cit/im in a molar ratio of
1:1:4. Elemental analysis calcd (%) for C18H22N4O16Fe2·H2O·C3H7NO: C
33.49, H 4.15, N 9.30, Fe 14.83; found: C 33.88, H 4.16, N 9.33, Fe 15.00.


(Hpic)2[Fe2(cit)2(H2O)2]·6 H2O (3): Single crystals suitable for X-ray dif-
fraction analysis were obtained from an aqueous solution (pH 2.9) con-
taining Fe(ClO4)3·9 H2O/H4cit/pic in a molar ratio of 1:1:4. Elemental
analysis calcd (%) for C24H28N2O16Fe2·6H2O: C 35.14, H 4.92, N 3.42, Fe
13.62; found: C 35.05, H 4.90, N 3.32, Fe 13.83.


a-(Hneo)2[Fe2(cit)2(H2O)2]·8 H2O (4): Single crystals suitable for X-ray
diffraction analysis were obtained from an aqueous solution (pH 2.6)
containing Fe(NO3)3·6H2O/H4cit/neo in a molar ratio of 1:1:4. Elemental
analysis calcd (%) for C40H38N4O16Fe2·8H2O: C 44.22, H 5.01, N 5.16, Fe
10.28; found: C 44.44, H 5.01, N 5.29, Fe 9.87.


b-(Hneo)2[Fe2(cit)2(H2O)2]·8 H2O (5): A solution of the composition de-
scribed for the preparation of compound 4 was heated at 60 8C for
30 min, as described by Bino et al.[15] Colorless needles of neocuproinium
nitrate crystallized from the brown-yellow solution at room temperature,
which were removed by filtration. After a day, colorless crystals and
small orange crystals had separated from the filtrate. The latter corre-
sponded to (Hneo)7[Fe9O(cit)8(H2O)3]·neo·61 H2O, as previously charac-
terized by Bino et al.[15] After four days, without filtration, yellow plate-
lets crystallized from the same solution. X-ray analysis revealed that they
consisted of a compound with the same chemical formula as compound
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4, (Hneo)2[Fe2(cit)2(H2O)2]·8H2O, but with a different crystal packing;
the forms are denoted a and b.


(Hneo)3[Fe2(Hcit)3]·8 H2O (6): After two weeks, this compound crystal-
lized in the form of block-shaped crystals as the fourth species from the
same solution that had yielded compound 5. The final pH of the solution
was 1.5. A green crystal was cut and subjected to XRD measurements.
Compounds with the formula (Hneo)3[Fe2(Hcit)3]·nH2O (n = 8 and n =


14) were previously obtained and characterized by Bino et al.[15] from an
aqueous solution of [Fe3O(O2CCH3)6(H2O)3](NO3)/H4cit/neo in a molar
ratio of 1:4.3:4.6.


We also obtained the compound (Hneo)3[Fe2(Hcit)3]·14 H2O, which crys-
tallized directly from an aqueous solution of Fe(NO3)3·6 H2O/H4cit/neo in
a molar ratio of 1:4:3 at pH 1.8 after heating to 60 8C. It was character-
ized by measurement of the cell parameters for a single crystal and by el-
emental analysis, and was found to correspond to the trihydrate after the
crystals had been dried in vacuo. Elemental analysis calcd (%) for
C60H54N6O21Fe2·3H2O: C 52.96, H 4.44, N 6.18, Fe 8.21; found: C 52.97,
H 4.49, N 6.24, Fe 7.47.


(NH4)5[Fe(cit)2]·2 H2O (7): The pH of an aqueous solution containing Fe-
(NO3)3·6 H2O/H4cit/py in a molar ratio of 1:4:5 was adjusted to 7.1 by
adding aqueous ammonia solution with stirring. Yellow parallelepiped
crystals suitable for X-ray diffraction analysis were obtained after one
month by slow evaporation of the solvent from this aqueous solution.
This compound had previously been prepared at pH 8 and characterized
by Matzapetakis et al.[12]


(NH4)4[Fe(Hcit)(cit)]·3H2O (8): After a further two weeks of evapora-
tion of the volatiles from the previous solution containing crystals of
compound 7, yellow block-shaped crystals were obtained. The final pH
of the solution was 6. This compound was also obtained directly by con-
centration of a solution at pH 6.


X-ray data collection and crystal structure determination : Crystal data,
together with details of the diffraction experiments and the refinement
procedures, are summarized in Table 1 and Table 2. All crystals of com-
pounds 1–6 were enclosed in capillary tubes and mounted on an Enraf-
Nonius CAD4 diffractometer; they were examined by using graphite-
monochromated radiation (l(MoKa) = 0.71073 �) at 293 K. Crystals of
compounds 7 and 8 were mounted on a Kappa CCD Nonius diffractome-
ter and examined with graphite-monochromated MoKa radiation (l =


0.71073 �) at 170 K. The reflections were corrected for Lorentz and po-
larization effects but not for absorption. All structures were solved by
direct methods and refined by using TEXSAN software.[18] All non-hy-
drogen atoms were refined with anisotropic thermal parameters. Hydro-
gen atoms were located on a difference Fourier map, and were treated as
riding on their carrier atoms, with isotropic thermal parameters. The re-
finement of the crystal structure of compound 7 requires some comments.


(NH4)5[Fe(cit)2]·2H2O crystallizes in the triclinic space group P1̄. The
mononuclear complex is centrosymmetric with the iron atom localized at
an inversion center. The asymmetric unit was found to comprise 0.5 FeIII,
1 cit4�, 2.5 NH4


+ , and 1 H2O. At first glance, one might be tempted to
place two ammonium nitrogen atoms and one water oxygen atom at gen-
eral positions and one ammonium nitrogen atom at a special position (in-
version center) with a site occupancy factor (s.o.f.) of 0.5. Doing so, the
symmetry expansion of two hydrogen atoms linked to this nitrogen
would lead to a non-consistent square-planar ammonium cation. In the
previously reported structure[12] of 7, and also for the isostructural com-
pounds (NH4)5[Al(cit)2]·2 H2O, (NH4)5[Ga(cit)2]·2H2O, and (NH4)5[Mn-
(cit)2]·2H2O,[19, 20] the authors suggested that this ammonium cation was
disordered. As has been underlined in a study of aluminum and gallium
citrate complexes,[19b] the nitrogen and oxygen atoms have almost the
same weights in the Fourier map. Thus, these atoms must be carefully as-
signed. During the refinement of the structure of compound 7, anisotrop-
ic refinement of the difference Fourier map around the water oxygen
atom (in a general position as in ref. [12] and ref. [19]) revealed four
peaks (Q1, Q4, Q16, and Q19) attributable to hydrogen atoms in a tetra-
hedral geometry. The ammonium nitrogen (N3) atom and the water


Table 1. Crystal data of compounds 1–5 of the general formula (Hbase)2[Fe2(cit)2(H2O)2]·nH2O.


Compound 1[c] 2 3 4 5


formula (Hpy)2[Fe2(cit)2


(H2O)2]·2 H2O
(Him)2[Fe2(cit)2


(H2O)2]·2 H2O
(Hpic)2[Fe2(cit)2


(H2O)2]·6H2O
a-(Hneo)2[Fe2(cit)2


(H2O)2]·8H2O
b-(Hneo)2[Fe2(cit)2


(H2O)2]·8H2O
Fe2C22H28N2O18 Fe2C18H26N4O18 Fe2C24H40N2O22 Fe2C40H54N4O24 Fe2C40H54N4O24


FW [gmol�1] 720.14 698.10 820.28 1086.58 1086.58
crystal system triclinic triclinic triclinic triclinic triclinic
space group P1̄ P1̄ P1̄ P1̄ P1̄
a [�] 8.711(3) 8.712(1) 8.047(2) 7.137(6) 6.790(10)
b [�] 11.262(3) 10.677(2) 10.678(2) 10.871(3) 10.725(3)
c [�] 7.768(3) 7.650(1) 10.871(2) 15.134(6) 15.924(4)
a [8] 109.32(2) 106.13(2) 111.14(2) 93.21(2) 89.84(2)
b [8] 105.85(2) 74.29(1) 90.86(2) 92.03(6) 98.79(6)
g [8] 84.51(2) 97.11(1) 87.64(2) 95.24(4) 98.02(6)
V [�3]/Z 691.3(2)/1 657.1(2)/1 870.5(3)/1 1166(1)/1 1134(1)/1
1calcd [gcm�3] 1.745 1.764 1.565 1.547 1.591
crystal dimensions [mm] 0.2 � 0.2� 0.1 0.3� 0.2 � 0.2 0.3� 0.3� 0.2 0.3� 0.25 � 0.1
R(F)[a]/Rw(F)[b] 0.0386/0.0463 0.0473/0.0353 0.0412/0.0632 0.0424/0.0553
goodness of fit S 1.87 1.24 1.44 1.91


[a] R = � j jFo j� jFc j j /� jFo j . [b] Rw = [�(jFo j� jFc j )2/�wFo
2]1/2 with w = 1/[s2(Fo) + p jFo j 2]. [c] From reference [14].


Table 2. Crystal data of compounds 6–8.


Compound 6[c] 7 8


formula (Hneo)3[Fe2


(Hcit)3]·8 H2O
(NH4)5[Fe
(cit)2]·2H2O


(NH4)4[Fe(Hcit)
(cit)]·3 H2O


Fe2C60H70N6O29 FeC12H32N5O16 FeC12H31N4O17


FW [gmol�1] 1450.93 558.26 554.24
crystal system triclinic triclinic monoclinic
space group P1̄ P1̄ C2/c
a [�] 12.882(4) 7.239(1) 27.226(3)
b [�] 12.821(3) 9.547(1) 10.011(1)
c [�] 20.614(3) 9.619(1) 19.133(2)
a [8] 101.76(2) 118.45(1) 90
b [8] 102.94(2) 91.16(1) 122.79(1)
g [8] 86.49(2) 105.73(1) 90
V [�3]/Z 3248(2)/2 553.8(2)/1 4383.9(9)/8
1calcd [gcm�3] 1.483 1.674 1.694
crystal dimensions
[mm]


0.2 � 0.2� 0.35 0.15 � 0.2� 0.2


R(F)[a] 0.0389 0.0406
Rw(F)[b] 0.0593 0.0464
goodness of fit S 1.96 1.84


[a] R = � j jFo j� jFc j j /� jFo j . [b] Rw = [�(jFo j� jFc j )2/�wFo
2]1/2 with


w = 1/[s2(Fo) + p jFo j 2]. [c] From reference [14].
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oxygen (O9) atom were refined at this position, each with an s.o.f. of 0.5.
Of the four hydrogen atoms with tetrahedral geometry around this posi-
tion, two have an s.o.f. of 1 (H3 a, H3 b) and the other two have an s.o.f.
of 0.5 (H3 c, H3 d). The four hydrogen atoms contribute to the ammoni-
um cation, and only H3 a and H3 b contribute to the water molecule. An-
other water oxygen atom O8 (s.o.f. = 0.5) was located and refined at an
inversion center, linked to two hydrogen atoms also with an s.o.f. of 0.5.
Hence, this water molecule is disordered over two positions forming a
square plane. Crystal data for 7 were collected at 170 K, making the reso-
lution of the disorder easier than in previously reported structures[12, 19, 20]


for which the crystal data were collected at room temperature.


CCDC-253073 (2), CCDC-253074 (3), CCDC-253075 (4), CCDC-253076
(5), CCDC-253077 (7), and CCDC-253078 (8) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


ESI-MS method : The ESI-MS experiments were performed on an LCQ
ion-trap mass spectrometer (Finnigan-Thermoquest, San Jose, CA, USA)
equipped with an electrospray source. Electrospray full-scan spectra, in
the range m/z 50–2000, were obtained by infusion through fused silica
tubing at 2–10 mLmin�1. The LCQ was calibrated (m/z 50–2000) accord-
ing to the standard calibration procedure of the manufacturer (mixture
of caffeine, MRFA, and Ultramark 1621). The temperature of the heated
capillary of the LCQ was set at 100 8C, the ion spray voltage was in the
range 1–6 kV, and the injection time was 5–200 ms. The solutions were
analyzed in the negative mode. Experimental peak values throughout
this contribution relate to the m/z ratio of the most abundant peak in the
parent group. The calculated m/z values tabulated are those based on the
most abundant isotopes. Peak intensities are quoted as percentages of
the intensity of the major peak. When citric acid was present in excess in
a given solution, its peak (H3cit� ; m/z 191) was the major feature, and so
spectra were acquired in the range m/z 200–1300 and are shown in the
range m/z 200–1000 for clarity. As a result of protonation occurring
during the ionization process in the spectrometer, species could be de-
tected with a different degree of protonation. Mass spectrometry allows
the FeIII :citrate stoichiometry of the complexes to be established. The nu-
clearity of the complexes is in accord with the results of isotopic pattern
calculations.


Three solutions, in which different compounds crystallized, were filtered
prior to analysis. The pH of the final solution from which four com-
pounds were successively crystallized (the salt Hneo·NO3, a nonanuclear
species, and compounds 5 and 6) was 1.5. The pH of the final solution
containing only compound 4 was 3.3. The pH of the final solution from
which compounds 7 and 8 crystallized was 6.


A series of solutions was prepared with different Fe:cit ratios ranging
from 1:1 to 1:20, over the pH range 2.4–9.5, by combining a 0.1 m Fe-
(ClO4)3·9H2O solution with 0.2, 0.4, 1 or 2 mol dm�3 citric acid solutions.
The final FeIII concentration in all sample solutions was fixed at
10�3 mol dm�3. The pH was adjusted with aqueous ammonia. Sample sol-
utions were prepared 20 h prior to analysis and were kept in the dark to
avoid photoreduction of FeIII. The spectra did not vary with time, show-
ing that the mixtures had already reached equilibrium when the experi-
ments were carried out. Solutions of which the pH was adjusted with pyr-
idine were also analyzed, and were found to give similar spectra to those
obtained with aqueous ammonia solution.


Kinetics of iron exchange from citrate : The kinetics of iron(iii) exchange
between FeIII citrate complexes and O-TRENSOX or TRENCAMS (the
chemical formulae are given in the Supporting Information) was studied
in 50 mm aqueous MOPS buffer, pH 7.4, I = 0.1 moldm�3 (NaCl), at T =


25.0 � 0.1 8C. Fe citrate solutions were prepared by adding an aliquot of
a stock solution of Fe(ClO4)3 (0.01 m in 0.1m HClO4 standardized by
spectrophotometry[21]) to a solution of citric acid to adjust the Fe:cit ratio
and then to a buffered solution at pH 7.4 (0.05 m MOPS, 0.1 m NaCl). The
FeIII concentration was fixed at 2.0 � 10�5 mol dm�3. Stock solutions of O-
TRENSOX and TRENCAMS were prepared in the buffer solution.


Formation of the iron–ligand complexes Fe-O-TRENSOX and Fe-
TRENCAMS under pseudo-first-order conditions with respect to the
ligand (at least a tenfold excess with respect to the iron concentration)


was monitored at 595 and 490 nm, respectively.[16, 17] At these wave-
lengths, Fe citrate solutions do not absorb to any significant extent. Two
sets of measurements of iron removal rates were obtained: 1) the first set
was collected by varying the ligand concentration (2.0 � 10�4 mol dm�3–
1.8� 10�3 mol dm�3) for each of the three values of the Fe:cit ratio, 1:5,
1:20, and 1:80; 2) the second set of measurements was realized by varying
the Fe:cit molar ratio from 1:10 to 1:80 with the ligand concentration
fixed at 4� 10�4


m in order to determine the dependence of the rate con-
stants on the citrate concentration.


Fast kinetic measurements were performed with a KINSPEC UV (BIO-
LOGIC Company, Claix, France) stopped-flow spectrophotometer equip-
ped with a diode-array detector (J. & M.) and connected to a microcom-
puter. Slow kinetic measurements were made using a Perkin-Elmer
Lambda 2 UV/visible spectrophotometer or a Varian Cary 50. The kinetic
data were treated on-line with the commercial BIO-KINE program
(BIO-LOGIC Company, Claix, France). In each run, equal volumes of
solutions of the Fe citrate and the ligand were rapidly mixed. Visible
spectra from 400 to 800 nm were recorded at intervals and showed no
evidence of intermediate species. The final absorbance indicated that in
all cases the formation of the complex with O-TRENSOX or TREN-
CAMS had reached completion.


Results and Discussion


Crystal structures


Compounds 1–5 : Compounds 1–5 were obtained as green-
yellow parallelepiped crystals belonging to the triclinic
space group P1̄ with one molecule of the general formula
(Hbase)2[Fe2(cit)2(H2O)2]·nH2O in the unit cell. The dia-
nionic dinuclear complexes are centrosymmetric and possess
the same structural characteristics. The labeling scheme is
shown in Figure 1. Each FeIII ion is in a slightly distorted oc-


tahedral [O6] environment, made up of two fully deproto-
nated citrate ligands (cit4�) and one aqua ligand. The Fe�O
bond lengths are in the range 1.960(2)–2.042(2) �. Each cit-
rate ligand is tetradentate, bridging the two iron centers
through the alkoxo groups (O3 and O3’). The central O6
and one terminal O1 carboxylate are coordinated to the
iron atom in a monodentate fashion. The other terminal O4


Figure 1. ORTEP representation showing the labeling scheme of the [Fe2-
(cit)2(H2O)2]


2� ion in compound 2. The same anion is present in com-
pounds 1–5 (from ref. [14] and this work).
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carboxylate is coordinated to the second iron. The Fe, O3,
O3’, and Fe’ atoms are in the same plane. The intermetallic
distances range from 3.108(1) � to 3.126(1) �; the shortest
corresponds to the smaller bond angle Fe-O3-Fe’ (100.8(1)8)
and is observed in compound 2 (with the imidazolium coun-
ter-cation), which has the higher density (1calcd =


1.764 g cm�3). The aqua ligands and the non-coordinated
oxygen atoms of the citrate ligands in the complex form a
three-dimensional hydrogen-bonding network with water
molecules and the protonated nitrogen cations.


Compounds 4 and 5 ((Hneo)2[Fe2(cit)2(H2O)2]·8 H2O) are
polymorphs with a unit cell volume difference of 32 �3. The
difference appears in the crystal packing of the neocuproini-
um cations (Hneo+), which in both cases are stacked with
alternating orientation (the molecules are related by an in-
version center) along the a axis. As shown in Figure 2, the
stacking mode in compound 5 leads to intermolecular over-
lap of the aromatic rings, where the nitrogen atoms lie


above the center of the next aromatic ring, leading to a
short interplanar distance of 3.37 �, while in compound 4
the aromatic rings are shifted slightly forwards leading to a
longer interplanar distance of 3.57 �. For compounds 1–3,
no stacking of the nitrogen heterocycle bases is observed.


(Hneo)3[Fe2(Hcit)3]·8 H2O (6): The crystal structure of 6 re-
veals a dinuclear trianionic complex as shown in Figure 3, in
which the two ferric ions are linked by three triionized cit-
rate ligands, leading to a short intermetallic distance of


2.822(7) �. Each citrate ligand is tridentate, bridging the
two iron centers through the alkoxo group (O13, O23, and
O33). The central (O16, O26, and O36) and one terminal
(O11, O21, and O31) carboxylate are coordinated in a mon-
odentate fashion to one or other of the iron atoms with the
formation of a five- and a six-membered coordination ring,
respectively. The other terminal carboxylic group is non-co-
ordinating. In the crystal packing, the planar neocuproinium
cations (Hneo+) are stacked with a mean interplane dis-
tance of 3.37 �, leading to an infinite column.


(NH4)5[Fe(cit)2]·2H2O (7): The crystal structure of 7 reveals
a centrosymmetric pentaanionic complex as shown in
Figure 4. The octahedral environment of the iron center is
made up of two fully deprotonated tridentate citrate ligands.
The citrate is coordinated to the ferric ion in fac mode,
through the alkoxide O3, the central O6, and one terminal
O1 carboxylate in a monodentate fashion. The Fe�O bond
lengths are in the range 1.943(1)–2.055(1) �, and are thus
slightly shorter than those given in reference [12] (1.953(2)–
2.068(2) �) (our crystal data were collected at 170 K). The
remaining deprotonated terminal carboxylate is non-coordi-
nating, with two close C�O bond lengths (C5�O4 1.243(2),


Figure 2. Unit cell representation of (Hneo)2[Fe2(cit)2(H2O)2]·8H2O in
compounds 4 (top) and 5 (bottom). The difference appears in the crystal
packing of the neocuproinium cations (Hneo+). Hydrogen bonds are rep-
resented by dotted lines.


Figure 3. ORTEP representation of the [Fe2(Hcit)3]
3� ion in compound 6


(from ref. [14] and this work).
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C5�O5 1.268(2) �). The anionic complex is connected to
the ammonium cations and water molecules through a net-
work of hydrogen bonds.


(NH4)4[Fe(Hcit)(cit)]·3 H2O (8): The crystal structure of 8
reveals an octahedral complex with two crystallographically
independent citrates. The coordination mode of the citrate
ligand is similar to that observed in compound 7. An
ORTEP representation is provided in the Supporting Infor-
mation. The Fe�O bond lengths are in the range 1.932(1)–
2.064(1) �. The trans O-Fe-O angles are close to 1808, being
in the range 176.34(5)–178.30(6)8. The main difference con-
cerns the non-coordinating carboxylic groups, which are not
equivalent in 8. Considering the difference in the C�O bond
lengths (C15�O14 1.207(3), C15�O15 1.312(2), and O15�
H15o 0.83 �), it is clearly evident that one remains proto-
nated while the other is deprotonated with the delocaliza-
tion of its anionic charge leading to equivalent C�O bond
lengths (C25�O24 1.242(2), C25�O25 1.249(3) �). A very
extensive network of hydrogen bonds involves citrate oxy-
gens, water molecules, and ammonium cations.


This compound is isostructural with (NH4)4[Al(Hcit)-
(cit)]·3 H2O and (NH4)4[Ga(Hcit)(cit)]·3 H2O, previously
characterized by Matzapetakis et al.[19] In reference [19b],
the authors show the formula to be (NH4)4[Ga(Hcit)-
(cit)]·3 H2O as opposed to the previously suggested (NH4)3-
[Ga(Hcit)2]·4H2O.[22] In this latter case, electron density
peaks were attributed to water oxygen atoms instead of am-
monium nitrogen atoms. This type of error has been high-
lighted in the Experimental Section in relation to the crystal
structure determination of compound 7. Consequently, both
pendant carboxylates are protonated to balance the charge.
Moreover, it should be noted that, as for compound 8, the
two non-coordinated carboxylic groups are not equivalent:
one remains protonated (C12�O13 1.202(3), C12�O14
1.313(3) �), while the other is deprotonated (C6�O9 1.261-
(3), C6�O10 1.231(3) �).


Some features concerning the coordination of the alkoxy
group in the Fe citrate complexes merit further comment.
Its coordination (in monodentate mode or in m2- or m3-
alkoxo bridging mode) leads to five- and six-membered che-
late rings, which increases the stability of the complexes. In
complexes 6 and 8, the citrate ligand has a non-coordinating
carboxylic group (non-deprotonated), whereas the alcohol
function is deprotonated. This deprotonation is promoted by
FeIII, which is a hard Lewis acid, whereas with FeII,[23]


MnII,[20] and CoII[24] the alcohol function remains protonated
and hence only coordinates in monodentate mode.


Syntheses of the complexes : Although the various parame-
ters of the synthesis (iron salt, base, pH, Fe:cit ratio, temper-
ature, solvent) are not independent, we tried to delineate
their respective influences to establish experimental proto-
cols that would lead to a given complex in a controlled
manner.


Influence of the iron salt used : The dinuclear species [Fe2-
(cit)2(H2O)2]


2� was obtained by using different ferric salts
(chloride, perchlorate, and nitrate) as described in the Ex-
perimental Section. For example, (Hpy)2[Fe2(cit)2-
(H2O)2]·2H2O, previously obtained using ferric nitrate,[14]


was also isolated when using the chloride or perchlorate
salts in this work. Therefore, any role of nitrate ion in the
crystallization process of the compounds, which remained
unclear in the previous report,[15] may be discounted. From
this work, the nature of the counter anion of the ferric salt
does not seem to play a role in the synthesis.


Influence of the base : Nitrogen heterocycle bases such as
pyridine, imidazole, picoline, or neocuproine, as well as
aqueous ammonia, contribute to the deprotonation of the
citric acid ligand. Their conjugate cations, (Hbase)+ , provide
the balance of charge in the solid compounds, promoting
the crystal packing by the formation of hydrogen-bonding
networks. Bino et al.[15] have already suggested that: “both
diiron [Fe2(cit)2(H2O)2]


2� and nonairon complexes exist in
equilibrium in aqueous solution and the two different com-
pounds selectively crystallize depending upon which coun-
terion is used to produce solid material” (i.e., pyridine and
neocuproine for diiron and nonairon complexes, respective-
ly). The characterization of (Hneo)2[Fe2(cit)2(H2O)2]·8 H2O
obtained under different experimental conditions shows that
the counterion that leads to the crystallization of the nona-
nuclear complex also allows the crystallization of the dinu-
clear species. For compounds 1–5, the different bases play
the same role in the synthetic pathway, despite the fact that
they induce differences in the crystal packing (vide supra).
Nevertheless, compound 6 (Hneo)3[Fe2(Hcit)3]·8 H2O and
the nonanuclear complex (Hneo)7[Fe9O(cit)8-
(H2O)3]·neo·61 H2O


[15] are only obtained when neocuproine
is used as base. In the crystal structures of these two com-
pounds, as well as in those of compounds 4 and 5, (Hneo)2-
[Fe2(cit)2(H2O)2]·8 H2O, the planar neocuproine units are
stacked in a distinct mode in infinite chains, whereas no


Figure 4. ORTEP representation of the [Fe(cit)2]
5� ion in compound 7.
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stacking of pyridinium, imidazolium, or picolinium is ob-
served in compounds 1, 2, and 3. The continuous stacking
capacity and steric hindrance of neocuproine promotes and
stabilizes the crystal lattices of the complexes with this base.
Furthermore, the aqueous solution from which the mononu-
clear species 7 and 8 crystallized contained both pyridinium
and ammonium cations. The crystal lattices involved only
the ammonium cations in an extensive network of hydrogen
bonds. Compounds isostructural to 8, (cat)4[M(Hcit)-
(cit)]·nH2O, have been characterized with M = Ga3+ or
Al3+ ; cat = NH4


+ , n = 3 or cat = K+ , n = 4 and show
that mononuclear species crystallize with small cations
giving a dense material (with 1exp in a range 1.61–
2.05 g cm�3).[19] The role of the base is thus important in de-
termining which of the solid compounds is produced, and
the nature of the counter cation in terms of its steric hin-
drance determines the crystal packing through the formation
of a hydrogen-bonded network and eventually through
stacking, filling up the free space in the structure. As we will
see later, anionic complexes may be present in the solution,
but do not crystallize.


Influence of pH : The species that crystallized in different
pH ranges and with different Fe:cit ratios are summarized
in Table 3. Three FeIII citrate complexes were crystallized


only in acid media. The dinuclear species [Fe2(Hcit)3]
3�,


only obtained with neocuproine, was crystallized in the pH
range 1.5–2.0. The nonanuclear complex (Hneo)7[Fe9O(cit)8-
(H2O)3]·neo·61 H2O was crystallized at pH 2.3.[15] The dinu-
clear species [Fe2(cit)2(H2O)2]


2� was crystallized with differ-
ent counterions (the protonated bases) in the pH range 2.2–
3.5. At higher pH, it failed to crystallize. The mononuclear
species was isolated as [Fe(Hcit)(cit)]4� at pH 6. The first
protonation of the unbound carboxylate occurred at a pH
close to the highest pKa value (6.4) of the carboxylic group
of citric acid. The mononuclear dicitrate complex (NH4)5[Fe-
(cit)2]·2H2O was obtained in neutral (this work) and basic
media (pH 8).[12] The interconversion of species has been in-
vestigated for the gallium and aluminum complexes.[19] [M-
(Hcit)(cit)]4� species (with M = Al3+ or Ga3+) have been
isolated at pH 4.5–6 and [M(cit)2]


5� at pH 8. We have re-
cently characterized [Ga(Hcit)(H2cit)]2� species at pH 1.5.[25]


It seems that [M(Hxcit)(Hycit)](5�x�y)� species (with M =


Fe3+ , Al3+ , or Ga3+) can be observed over a wide pH range,
differing only in their protonation state.


Influence of the Fe:cit ratio and temperature : In aqueous
solution, the dinuclear species 2 was obtained with Fe-
(ClO4)3·9 H2O/H4cit/im in molar ratios of 1:1:4 and 1:2:6. A
red powder precipitated when the iron salt was used in
excess, while a translucent yellow-green gel was obtained
when citric acid was used in excess. Using pyridine, only the
dinuclear species 1 (Hpy)2[Fe2(cit)2(H2O)2]·2H2O was ob-
tained when the Fe/H4cit ratio was varied from 3:1 to 1:4
within the pH range 2.2–3.5. Using a greater excess of citric
acid, only the translucent yellow-green gel was obtained, in
which colorless crystals of a salt appeared after a few
months. The mononuclear species was crystallized with an
Fe:cit ratio of 1:2 and was favored at higher citric acid con-
centrations. An interesting result was obtained using neocu-
proine. If the solution containing Fe/H4cit/neocuproine in a
molar ratio of 1:1:4 was not heated, only compound 4,
(Hneo)2[Fe2(cit)2(H2O)2]·8 H2O, crystallized. If the same so-
lution was heated at 60 8C for 30 min and then cooled to
room temperature, four different compounds crystallized
successively (vide supra). Increasing temperature evidently
favors the formation of polynuclear species such as [Fe9O-
(cit)8(H2O)3]


7�. With an excess of citric acid (Fe/H4cit/neo in
a molar ratio of 1:4:3; pH 1.8), the heated solution yields
only (Hneo)3[Fe2(Hcit)3]·14H2O.


Influence of solvent : The octanuclear species (Him)9[Fe8(m3-
O)2(m2-OH)2(cit)6(CH3CO2)2(im)2]·(ClO4)·13 H2O was ob-
tained only in DMF solution with imidazole as base.[26] Fast
evaporation of the solvent from concentrated solutions leads
to the dinuclear species identified as (Him)2[Fe2(cit)2-
(H2O)2]·H2O·DMF, while more dilute solutions and slow
evaporation favor the octanuclear species. In DMF solution
with pyridine, only compound 1, (Hpy)2[Fe2(cit)2-
(H2O)2]·2H2O, crystallized.


In summary, the Fe:cit ratio and pH are the decisive fac-
tors that determine the crystallization of a given complex.
Polynuclear complexes crystallize at acid pH and with Fe:cit
ratios ranging from 1:1 to 1:4, while mononuclear complexes
crystallize at neutral and basic pH with Fe:cit ratios ranging
from 1:2 to 1:4. Furthermore, the counter cation, tempera-
ture, concentration, and evaporation rate are also important
factors. As an example, the obtainment of polynuclear spe-
cies necessitates elevated temperature, low concentration,
and/or very slow evaporation. The results reveal the com-
plexity of iron-citrate chemistry. Different species seem to
be in equilibrium in solution, their respective abundances
being tuned by the Fe:cit ratio and pH. The occurrence of
other species in solution, not yet characterized in the solid
state, is possible. We have tried to address this issue by ap-
plying electrospray mass spectrometry.


Mass spectrometry : Iron citrate species observed in the dif-
ferent spectra are summarized in Table 4. Figure 5a depicts
the spectrum of the residual solution from which the four
species (Hneo)(NO3), the nonanuclear compound (Hneo)7-
[Fe9O(cit)8(H2O)3]·neo·61 H2O, and the dinuclear com-
pounds (Hneo)2[Fe2(cit)2(H2O)2]·8 H2O (5) and (Hneo)3[Fe2-


Table 3. Crystalline species obtained at different Fe:cit ratios and at differ-
ent pH.


Fe:cit 1.5�pH�2.0 2.2�pH�3.5 pH 6 7�pH�8


3:1 [Fe2(cit)2(H2O)2]
2�


1:1 [Fe2(Hcit)3]
3� [Fe2(cit)2(H2O)2]


2�


[Fe9O(cit)8(H2O)3]
7�


1:2 [Fe2(cit)2(H2O)2]
2� [Fe(cit)2]


5�


1:4 [Fe2(Hcit)3]
3� [Fe2(cit)2(H2O)2]


2� [Fe(Hcit)(cit)]4� [Fe(cit)2]
5�
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(Hcit)3]·8H2O (6) had crystallized. The peaks at m/z 244
and 489 are assigned to the [Fe2(cit)2]


2� and [Fe2(cit)2H]�


ions, respectively (protonation occurring during the ioniza-
tion process in the spectrometer), corresponding to the pre-
viously crystallized dinuclear complex [Fe2(cit)2(H2O)2]


2�.
The peak at m/z 681 can be attributed either to (H4cit)[Fe2-
(cit)2H]� and/or to [Fe2(cit)3H5]


� species. On the one hand,
free citric acid is observed (m/z 191 (H3cit)�), and MS-MS
of the peak at m/z 681 leads to a loss of a neutral fragment
of m/z 192 (H4cit), suggesting that [Fe2(cit)2H]� (m/z 489) is
associated with citric acid. On the other hand, a zoom scan
of the peak at m/z 681 shows that the complex is stable and
points to the [Fe2(cit)3H5]


� species corresponding to the
other previously crystallized dinuclear complex [Fe2-
(Hcit)3]


3�. The peak at m/z 873 corresponds to the associa-
tion (H4cit)[Fe2(cit)3H5]


� . The peaks at m/z 436 and 628 are
assigned to the mononuclear dicitrate species [Fe(cit)2H4]


�


and (H4cit)[Fe(cit)2H4]
� , respectively, despite the fact that


this did not crystallize from the solution. The peaks at m/z
734, 926, 979, and 1134 are assigned to the polynuclear spe-
cies [Fe3(cit)3H2]


� , [Fe3(cit)4H6]
� , [Fe4(cit)4H3]


� , and (neo)-
[Fe3(cit)4H6]


� , respectively. These polynuclear species may
correspond to molecular fragments of the nonanuclear com-
plex or to its precursor building blocks present in the so-
lution. The fact that the nonanuclear complex [Fe9O(cit)8-
(H2O)3]


7� is built up around a central {Fe3O} unit linked in a
bridging fashion to six carboxylate moieties arising from two
terminal {Fe3(cit)4} units is in accordance with this hypothe-
sis. No peak is observed at m/z values corresponding to the
nonanuclear complex [Fe9(cit)8Hx]


(7�x)� or [Fe9O-
(cit)8Hx]


(9�x)�.
The spectrum of the residual solution from which only a-


(Hneo)2[Fe2(cit)2(H2O)2]·8 H2O (4) crystallized is depicted in
Figure 5b. It reveals the presence of the dinuclear complex,
with peaks at m/z 244 and 489 corresponding to [Fe2(cit)2]


2�


and [Fe2(cit)2H]� , respectively. Moreover, the peak at m/z
681 is not observed. The pairs of peaks (366.5; 375.5), (734;
752), and (942; 960) are assigned to trinuclear species with a
difference in m/z of 9 or 18 (H2O) for the dianions and
monoanions, respectively, corresponding to a labile ligand
such as aquo OH2, hydroxo OH� , or oxo O2� (m/z 366.5
[Fe3(cit)3H]2�, m/z 375.5 [Fe3O(cit)3H3]


2�, m/z 734 [Fe3-
(cit)3H2]


� , m/z 752 [Fe3O(cit)3H4]
� , m/z 942 (neo)[Fe3-


(cit)3H2]
� , and m/z 960 (neo)[Fe3O(cit)3H4]


�). By analogy
with the trinuclear subunits observed in the nonanuclear
complex, we suggest in Figure 6 a possible formula for the
[Fe3(cit)3H2]


� species.
Some trinuclear species have already been identified for


aluminum and gallium complexes by NMR spectroscopy
and mass spectrometric studies.[19,27, 28] Only two trinuclear
aluminum complexes, (NH4)5[Al3(cit)3(OH)(H2O)]-
(NO3)·6 H2O and [Al3(H2O)6][Al3(cit)2(OH)2(H2O)4]2-


The spectrum of the residual solution from which (NH4)5-
[Fe(cit)2]·2 H2O (7) and (NH4)4[Fe(Hcit)(cit)]·3 H2O (8) crys-
tallized is depicted in Figure 5c. It reveals the presence of
free citric acid (m/z 383 (H4cit)(H3cit)�) and mononuclear,


Table 4. Negative-ion ESI-MS of iron-citrate species.


Species m/z (calcd) m/z (exptl)


[Fe(cit)2H3]
2� 217.5 217.5


[Fe(cit)2H4]
� 436 435.9


[Fe2(cit)2]
2� 244 243.9


[Fe2(cit)2H]� 489 488.7
[Fe2(cit)3H5]


� 681 680.7
[Fe3(cit)3H]2� 366.5 366.3
[Fe3(cit)3H2]


� 734 733.6
[Fe3O(cit)3H3]


2� 375.5 375.2
[Fe3O(cit)3H4]


� 752 751.4
[Fe3(cit)4H5]


2� 462.5 462.3
[Fe3(cit)4H6]


� 926 925.6


Figure 5. Electrospray mass spectra of residual solutions from which com-
pounds were crystallized : a) (Hneo)7[Fe9O(cit)8(H2O)3]·neo·61H2O, 5,
and 6 ; b) 4 ; c) 7 and 8.
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dinuclear, and trinuclear species. The peaks at m/z 217.5,
436, 628, and 820 can be assigned to the mononuclear dici-
trate species [Fe(cit)2H3]


2�, [Fe(cit)2H4]
� and the anion asso-


ciated with citric acid (H4cit)[Fe(cit)2H4]
� and (H4cit)2-


[Fe(cit)2H4]
� , respectively. The peaks at m/z 244, 489, 681,


and 873 can be assigned to the dinuclear dicitrate [Fe2-
(cit)2]


2�, [Fe2(cit)2H]� , (H4cit)[Fe2(cit)2H]� , and (H4cit)2[Fe2-
(cit)2H]� , respectively. The trinuclear species is observed
either as the dianion [Fe3(cit)4H5]


2� at m/z 462, and associat-
ed with free citric acid at m/z 558, 654, 750, and 846 (H4cit)n-
[Fe3(cit)4H5]


2� (with n = 1–4), or as the monoanion at m/z
926 [Fe3(cit)4H6]


� and associated with perchloric acid at m/z
1026 and 1126 (HClO4)n[Fe3(cit)4H6]


� (with n = 1, 2). Small
peaks at m/z 366.5 and 734 are assigned to the trinuclear
[Fe3(cit)3H]2� and [Fe3(cit)3H2]


� species, respectively.
This ESI-MS study of solutions from which crystals had


been obtained revealed the existence of trinuclear species
that did not crystallize, in addition to the crystallized spe-
cies. Moreover, this study provided evidence for the occur-
rence of species in equilibrium with different Fe:cit stoichio-
metries (1:2, 2:2, 2:3, 3:3, and 3:4).


Table 5 summarizes the principal features of ESI mass
spectra recorded as a function of pH with Fe:cit ratios in
the range from 1:1 to 1:20. It shows the relative evolution of
the peak intensities of the identified species (1:2, 2:2, 2:3,
3:3, and 3:4). In acid media, species are often associated
with perchloric acid derived from the iron salt. When the
concentration of citrate is increased, species become associ-
ated with free citric acid. The strong peak intensity of the
[Fe2(cit)2H1+x]


(1�x)� species (observed at Fe:cit ratios of 1:1
to 1:2 at acid pH) decreases with increasing n in the Fe:cit
1:n ratio. This species is present at any pH. The trinuclear
[Fe3(cit)3H2+x]


(1�x)� or [Fe3(cit)4H6+x]
(1�x)� species give rise


to strong peaks at Fe:cit ratios of 1:2 to 1:4. These species
failed to crystallize (except in the form of the nonanuclear
complex, which allows coordination of the pendant carboxy-
late groups), despite the fact that they occur over the entire
pH range. For an Fe:cit ratio of 1:10 (Figure 7), the peak in-
tensity of the trinuclear species decreases at acidic and basic
pH, while it is still strong at neutral pH. At an Fe:cit ratio
of 1:20, trinuclear species are observed only at neutral pH.


The [Fe(cit)2H4�x]
(1+ x)� species is clearly observed for an


Fe:cit ratio of 1:2 at pH 9, corresponding to the experimen-
tal conditions used by Matzapetakis et al.[12] for the crystalli-
zation of the [Fe(cit)2]


5� species. For a given Fe:cit ratio, the


peak intensity of the [Fe(cit)2H4�x]
(1+x)� species increases


with increasing pH. For an Fe:cit ratio of 1:10 (Figure 7),
this peak becomes the major one only at acidic and basic
pH. For an Fe:cit ratio of 1:20, the mononuclear complex is
the major species at any pH.


The species observed by ESI-MS are in accordance with
the results of the crystal growth studies. Polynuclear com-
plexes are predominant at low Fe:cit ratios (1:1 to 1:4). The
mononuclear dicitrate becomes predominant at basic pH
with an Fe:cit ratio of 1:4. Its concentration increases with
increasing n in the Fe:cit 1:n ratio. At neutral pH, polynu-


Figure 6. Proposed formula for the trinuclear [Fe3(cit)3H2]
� species ob-


served in ESI-MS. In solution, the coordination sphere of the iron is com-
pleted with H2O ligands.


Figure 7. Electrospray mass spectra of solutions with Fe:cit ratio 1:10 at
different pH. a) pH 2.4; b) pH 6.5; c) pH 9.5.
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clear species progressively disappear in favor of mononu-
clear species as the concentration of citrate is increased
from an Fe:cit ratio of 1:10.


Kinetics of iron uptake from citrate : Kinetic studies of the
transfer of citrate-bound FeIII to the competing ligands O-
TRENSOX and TRENCAMS were conducted in water at
pH 7.4 (25 8C). As these experimental conditions are close
to those used in the ESI-MS studies, it was assumed that the


same species would be involved. In all measurement runs,
two well-separated first-order absorbance increases were ob-
served (Figure 8), the first on a time scale of several tens of
seconds (recorded with a stopped-flow apparatus), and the
second on a time scale of several tens of minutes (recorded
with a UV/Vis spectrophotometer). In each case, the final
absorbance of the reaction solution indicated that the ex-
change reaction had reached completion. We measured the
amplitude of the absorbance jump for each stage with good


Table 5. Species observed by ESI-MS as a function of pH and Fe:cit molar ratio.[a]


Fe:cit
ratio


Acid pH
species, m/z


Neutral pH
species, m/z


Basic pH
species, m/z


1:1 pH 3.5
[Fe2(cit)2]


2� 244 vs
[Fe2(cit)2H]� 489 w
(HClO4)[Fe2(cit)2H]� 589 w
[Fe2(cit)3H5]


� 681 vw
(HClO4)[Fe2(cit)3H5]


� 781 w
[Fe3(cit)3H]2� 366.5 vw
[Fe3(cit)3H2]


� 734 m
(HClO4)[Fe3(cit)3H2]


� 834 m
[Fe3(cit)4H6]


� 926 w
1:2 pH 3.5 pH 7.0 pH 9.0


[Fe2(cit)2]
2� 244 vs [Fe2(cit)2]


2� 244 vw [Fe(cit)2H4]
� 436 m


[Fe(cit)2H4]
� 436 vw [Fe2(cit)2H]� 489 vw [Fe2(cit)2]


2� 244 m
[Fe2(cit)2H]� 489 vw [Fe3(cit)3H]2� 366.5 vs [Fe2(cit)2H]� 489 w
[Fe3(cit)3H]2� 366.5 m [Fe3(cit)3H2]


� 734 m [Fe3(cit)3H]2� 366.5 vs
[Fe3(cit)3H2]


� 734 m (HClO4)[Fe3(cit)3H2]
� 834 w [Fe3(cit)3H2]


� 734 s
(HClO4)[Fe3(cit)3H2]


� 834 vw [Fe3O(cit)3H3]
2� 375.5 w [Fe3(cit)4H5]


2� 462.5 w
[Fe3(cit)4H6]


� 926 vs [Fe3O(cit)3H4]
� 752 w [Fe3(cit)4H6]


� 926 vs
1:4 pH 3.5 pH 6.8 pH 9.0


[Fe(cit)2H4]
� 436 w [Fe(cit)2H4]


� 436 w [Fe(cit)2H3]
2� 217.5 s


[Fe2(cit)2]
2� 244 m [Fe2(cit)2]


2� 244 w [Fe(cit)2H4]
� 436 vs


[Fe2(cit)2H]� 489 w [Fe2(cit)2H]� 489 vw (H4cit)n[Fe(cit)2H4]
� 628 m, 820 w


[Fe2(cit)3H5]
� 681 vw [Fe3(cit)3H]2� 366.5 vs [Fe2(cit)2]


2� 244 w
(HClO4)[Fe2(cit)3H5]


� 781 w [Fe3(cit)3H2]
� 734 w [Fe2(cit)2H]� 489 w


[Fe3(cit)3H]2� 366.5 s (HClO4)[Fe3(cit)3H2]
� 834 w (H4cit)[Fe2(cit)2H]� 681 w


[Fe3(cit)3H2]
� 734 m [Fe3O(cit)3H3]


2� 375.5 vs [Fe3(cit)3H]2� 366.5 m
(HClO4)[Fe3(cit)3H2]


� 834 w [Fe3O(cit)3H4]
� 752 w [Fe3(cit)3H]2� 734 w


[Fe3O(cit)3H3]
2� 375.5 vw [Fe3(cit)4H5]


2� 462.5 s [Fe3O(cit)3H3]
2� 375.5 m


[Fe3O(cit)3H4]
� 752 w [Fe3(cit)4H6]


� 926 vs [Fe3O(cit)3H4]
� 752 w


[Fe3(cit)4H5]
2� 462.5 s [Fe3(cit)4H5]


2� 462.5 m
[Fe3(cit)4H6]


� 926 vs [Fe3(cit)4H6]
� 926 s


1:10 pH 2.4 pH 6.5 pH 9.5
[Fe(cit)2H4]


� 436 vs [Fe(cit)2H4]
� 436 vs [Fe(cit)2H3]


2� 217.5 s
(H4cit)n[Fe(cit)2H4]


� 628 vs, 820 vs (H4cit)n[Fe(cit)2H4]
� 628 m, 820 w [Fe(cit)2H4]


� 436 vs
[HClO4][Fe(cit)2H4]


� 536 m [Fe2(cit)2]
2� 244 s (H4cit)n[Fe(cit)2H4]


� 628 s, 820 m
[HClO4][Fe2(cit)2]


2� 344 w [Fe2(cit)2H]� 489 w [Fe2(cit)2]
2� 489 vw


[Fe2(cit)2H]� 489 vw [Fe3(cit)3H]2� 366.5 vs, (H4cit)n[Fe2(cit)2H]� 681 vw, 873 w
(H4cit)n[Fe2(cit)2H]� 681 w, 873 w (H4cit)n[Fe3(cit)3H]2� 558 m, 654 m, 750 s, 846 m [Fe3(cit)4H5]


2� 462.5 vw
[Fe3(cit)4H5]


2� 462.5 vw [Fe3(cit)3H2]
� 734 m [Fe3(cit)4H6]


� 926 vw
[Fe3(cit)4H6]


� 926 vw [Fe3(cit)4H5]
2� 462.5 vs


[Fe3(cit)4H6]
� 926 s


1:20 pH 2.4 pH 6.8 pH 9.2
[Fe(cit)2H4]


� 436 s [Fe(cit)2H4]
� 436 vs [Fe(cit)2H3]


2� 217.5 s
(H4cit)n[Fe(cit)2H4]


� 628 vs, 820 vs (H4cit)n[Fe(cit)2H4]
� 628 s, 820 m [Fe(cit)2H4]


� 436 vs
[Fe2(cit)2H]� 489 vw [Fe2(cit)2H]� 489 vw (H4cit)n[Fe(cit)2H4]


� 628 s, 820 m
(H4cit)n[Fe2(cit)2H]� 681 w, 873 w, 1064 w (H4cit)n[Fe2(cit)2H]� 681 vw, 873 vw, 1064 vw [Fe2(cit)2]


2� 489 vw
[Fe3(cit)3H]2� 366.5 m (H4cit)n[Fe2(cit)2H]� 681 vw, 873 vw
(H4cit)n[Fe3(cit)3H]2� 558 vw, 654 vw, 750 vw, 846 vw
[Fe3(cit)3H2]


� 734 vw
[Fe3(cit)4H5]


2� 462.5 w
[Fe3(cit)4H6]


� 926 w


[a] Species giving rise to major peak intensities are written in bold. Peak intensities are noted as percentages of the major peak intensity observed for an
iron citrate species: 100–80 %: vs (very strong); 80–60 %: s (strong); 60–40 %: m (medium); 40–20 %: w (weak); 20–5 %: vw (very weak).
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accuracy. Data were collected from experiments with vari-
ous concentrations of the ligands O-TRENSOX or TREN-
CAMS, at three different values of the Fe:cit molar ratio.
An interesting feature is that the absorbance jump of each
stage was found to be independent of the type of ligand and
of its concentration, but significantly dependent on the
Fe:cit ratio. We report in Table 6 the mean values of the
first absorbance jump expressed as a percentage of the total
absorbance. They indicate that the first jump increases as
the concentration of citrate increases, while the reverse is
observed for the second jump (Figure 8).


Data in the literature demonstrate that [Fe(cit)2]
5� is the


major species at high citrate concentrations, while polynuc-
lear species are the major species at low citrate concentra-
tions. The two kinetic stages were found to fit the speciation
of the mononuclear [Fe(cit)2]


5� and polynuclear complexes
at the equilibrium according to the Fe:cit ratio. The first ab-
sorbance jump directly measures the formation of the com-
plex between the incoming ligand (TRENCAMS or O-
TRENSOX) and iron removed from [Fe(cit)2]


5�. The second
stage involves the polynuclear species, which reacts about 20
(for TRENCAMS) to 100 (for O-TRENSOX) times slower
than the mononuclear species. Of course, while the mononu-


clear species can be considered as being well defined, the
term “polynuclear species” may represent several complexes
with nuclearity of two or more. The molar fractions of the
mononuclear and of the polynuclear species can thus be
evaluated from the percentages of the absorbances in the
first and second jumps, respectively. A calculation can be
made based on the mass balance equation and the absorb-
ance data ([Fen(cit)y] denotes the polynuclear complexes,
charges being omitted) [Eq. (1)].


½FeIII�tot ¼ ½FeðcitÞ2� þ
X


n ½FenðcitÞy� ð1Þ


As [Fe2(cit)2] and [Fe3(cit)y] are the only polynuclear spe-
cies that have been characterized by ESI-MS, a simple cal-
culation can be made by considering two limiting cases
where n = 2 or 3 in the mass balance equations (2) and (3),
respectively.


½Fe�tot ¼ ½FeðcitÞ2� þ 2 ½Fe2ðcitÞ2� ð2Þ


½Fe�tot ¼ ½FeðcitÞ2� þ 3 ½Fe3ðcitÞy� ð3Þ


The values of the molar fraction of [Fe(cit)2] are reported
in Table 6, thus giving its lower and upper limit for a mix-
ture of di- and trinuclear complexes.


Our results clearly show that the amount of the mononu-
clear species greatly increases (from 40 % to 90 %) as the
concentration of citrate is increased (from an Fe:cit ratio of
1:5 to 1:80), while the reverse is true for the polynuclear
species. Nevertheless, a few percent of polynuclear species is
still present at high citrate concentration. This is consistent
with the ESI-MS data, which show that the distribution of
the major species reverses at an Fe:cit ratio of about 1:10.
Furthermore, Spiro et al.[8] have shown that in alkaline
media the presence of excess citrate suppresses the amount
of polynuclear species.


Analysis of the absorbance versus time data gave the
pseudo-first-order rate constants kobs


1 (fast stage) and kobs
2


(slow stage). The two stages could be analyzed independent-


Figure 8. Overall absorbance increases recorded versus time at l =


490 nm for the transfer of citrate-bound Fe to TRENCAMS. Experimen-
tal conditions: [FeIII] = 0.02 mm, [TRENCAMS] = 0.40 mm, pH 7.4
(0.05 m MOPS buffer, 0.1 m NaCl), T = 25 8C.


Table 6. Amplitude of the first jump and the corresponding molar frac-
tions of [Fe(cit)2] as a function of the Fe:cit molar ratio for the kinetics
of transfer.


[FeIII]:[cit][a] 1:5 1:20 1:80


O-TRENSOX
amp. [%][b] 25�5 50�5 78�4
x2[Fe(cit)2]


[c] 0.40 0.67 0.88
x3[Fe(cit)2]


[d] 0.50 0.75 0.91
TRENCAMS


amp. [%][b] 22�3 50�5 80�5
x2[Fe(cit)2]


[c] 0.36 0.67 0.89
x3[Fe(cit)2]


[d] 0.46 0.75 0.92


[a] [FeIII] = 0.02 mm, [cit]: 0.1–1.6 mm, [Ligand] = 0.4–1.5 mm. [b] amp.
[%] refers to the amplitude of the first absorbance jump as a percentage
of the total absorbance change. The values are the average of three ex-
periments for each ligand concentration (0.04, 0.06, 0.08, 0.10, and
0.15 mm). [c] Molar fraction of [Fe(cit)2] calculated if the polynuclear
complex is [Fe2(cit)2] only. [d] Molar fraction of [Fe(cit)2] calculated if
polynuclear complex is [Fe3(cit)y] only.
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ly since the expected conversion of polynuclear complexes
into the mononuclear complex is very slow (requiring sever-
al hours).[8] The exchange of iron from each complex is thus
assumed to have no effect on the mononuclear-polynuclear
balance.


Fast stage : The rate constants kobs
1 were found to vary linear-


ly with the concentration of ligand L at a constant Fe:cit
ratio and to decrease with increasing n in the Fe:cit 1:n ratio
at constant ligand concentration (rate constants are collect-
ed in Tables S3 and S4 in the Supporting Information). The
kinetic data are interpreted in terms of a two-step process
involving a fast pre-equilibrium of the [Fe(cit)2]


5� dissocia-
tion followed by coordination of L and removal of citrate
(where m = 4 for O-TRENSOX and m = 5 for TREN-
CAMS, according to the pKa values of the hydroxy groups
and including the three sulfonate groups) (Scheme 1). At
pH 7.4, cit4� is then transformed into Hcit3�.


The variation of k1
obs with respect to [L] and [cit] can thus


be described by the rate law given in Equation (7):


kobs
1 ¼ k1K½L�=ð½cit� þKÞ ð7Þ


A nonlinear least-squares fit of kobs
1 according to Equa-


tion (7) yielded the values:


k1 = 232�12 m
�1 s�1, K = 0.0090�0.0048 m for L = O-


TRENSOX


k1 = 134�7 m
�1 s�1, K = 0.00260�0.00046 m for L =


TRENCAMS


The values of K calculated from two independent sets of
measurements were in reasonable agreement. Plasmatic
non-transferrin-bound iron, including iron from citrate, is a
potential target in the treatment of iron overload.[30] As in
blood plasma the Fe:cit ratio is close to 1:100, [Fe(cit)2]


5� is
the major species. Our results indicate that O-TRENSOX
and TRENCAMS are able to rapidly take up this iron. The
slight difference in reactivity between O-TRENSOX and
TRENCAMS (232 and 134 m


�1 s�1, respectively) could be re-
lated to a charge effect (4� and 5� , respectively).


Slow stage : The rate constants kobs
2 were found to be inde-


pendent of the Fe:cit ratio. For O-TRENSOX, a linear var-
iation of kobs


2 versus the ligand concentration was observed,
while for TRENCAMS kobs


2 exhibited a saturation behavior


versus the ligand concentration (see Tables S5 and S6 in the
Supporting Information). A common scheme of a two-step
process can be proposed, involving a fast pre-equilibrium of
formation of the citrate–Fe–ligand ternary complex followed
by its dissociation into FeL and citrate ion (the charges on
the complexes are omitted) (Scheme 2).


According to this scheme, the variation of k2
obs with [L]


can be described by the rate law given in Equation (10).


kobs
2 ¼ k2K0½L�=ð1þK0½L�Þ ð10Þ


For TRENCAMS, the nonlinear least-squares fit of kobs
2


according to Equation (10) yielded the values of k2 and K’
for each Fe:cit value. For O-TRENSOX, the linear variation
of kobs


2 versus [L] implies that K’[L] !1 and so K’� �70 m
�1


as [L]�0.0015 m under our experimental conditions. All the
values are reported in Table 7.


Consistent values of k2 and k2K’ are obtained at the three
different Fe:cit ratios. It may be inferred that the fast and
slow processes occur independently. A similar mechanism
has been proposed by Faller and Nick[31] for the removal of
iron from citrate by Desferrioxamine B and 3-hydroxy-1,2-


dimethyl-4-pyridone at 37 8C with an Fe:cit ratio of 1:5. The
overall rate constants obtained here, expressed as k2K’, 2.2
and 7.1 m


�1 s�1 for O-TRENSOX and TRENCAMS, respec-
tively (at 25 8C), are close to that measured with Desferriox-
amine (4 m


�1 s�1 at 37 8C). The efficacy of citrate displace-
ment decreases in the order: catecholate > hydroxamate
�8-hydroxyquinolinate. The kinetics of removal of iron ap-
pears to be relatively fast, which suggests that the polynuc-
lear species are di- or trinuclear species rather than species
of higher nuclearity. Indeed, recent kinetic studies have
shown that high nuclearity ferric complexes react much
more slowly owing to larger steric effects compared to those
with di- or trinuclear species.[32] It can be emphasized that
ESI-MS and kinetic studies provide consistent results.


Scheme 1.


Scheme 2.


Table 7. Kinetic constants for the transfer of Fe from citrate to the com-
peting ligand according to Scheme 2.


[FeIII]:[cit][a] 1:5 1:20 1:80


O-TRENSOX
k2K’ [m�1 s�1] 2.20�0.36 2.93�0.15 2.11�0.28


TRENCAMS
k2 [s�1] 0.0096�0.0019 0.0075�0.0013 0.0079�0.0013
K’ [m�1] 743�232 925�328 948 � 322
k2 K’ [m�1 s�1] 7.1 6.9 7.5


[a] [FeIII] = 0.025 mm, [cit]: 0.125–2 mm.
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Conclusion


The most notable feature of our study is that several differ-
ent iron(iii) citrate complexes have been crystallized by
varying the experimental conditions. To date, six anionic
complexes have been structurally characterized in the solid
state, by ourselves or others, and we have established the re-
spective experimental conditions leading to each of them.
These complexes have been identified in solution (in differ-
ent protonation states) on the basis of electrospray ioniza-
tion mass spectrometry studies, except for the nonanuclear
species, for which only the precursor building blocks could
be detected as trinuclear species in solution. All these re-
sults emphasize the complexity of iron(iii) citrate chemistry.
It is obvious that the expression “ferric citrate”, as widely
used in the literature (especially in biology), does not de-
scribe one clearly defined chemical species, but in most
cases several species in equilibrium, the nature of which is
essentially tuned by the Fe:cit ratio and pH. Kinetic studies
of iron uptake from citrate by iron chelators at pH 7.4 are in
agreement with the ESI-MS results and allow calculation of
the speciation of the citrate complexes. Furthermore, they
emphasize the ability of chelators to withdraw non-transfer-
rin-bound plasma iron, which is a target for iron chelation
therapy. Our results are also of relevance to the iron trans-
port system of E. coli, in which a so-called ferric citrate
system has been characterized.[4,11] Two crystallographic
structures of the dinuclear [Fe2(cit)2]


2� ligated to FecA have
been obtained: 1) the first[13a] under conditions (Fe:cit ratio
1:1) for which our results show that the dinuclear species is
favored, and 2) the second[13b] under conditions (Fe:cit ratio
1:20) for which ESI-MS and kinetic data provide evidence
of the presence of di- and trinuclear species, yet the mono-
nuclear dicitrate remains the predominant species. The mon-
onuclear dicitrate and the dinuclear dicitrate species are
both candidates for the species recognized by the bacterial
transport system. Better knowledge of the speciation of the
citrate complexes in solution may provide additional support
to interpret the results of iron nutrition studies of E. coli
(and some selected mutants) by iron citrate. Further studies
are in progress in our laboratory concerning this point.


Acknowledgements


We are grateful to Prof. E. Saint-Aman (Grenoble, France) for fruitful
discussions.


[1] J. P. Glusker, Acc. Chem. Res. 1980, 13, 345 –352.
[2] L. O. Tiffin, Plant Physiol. 1966, 41, 515 – 518.
[3] A. Pich, G. Scholz, K. Seifert, J. Plant Physiol. 1991, 137, 323 –326.
[4] C. H�rle, I. S. Kim, A. M. Angerer, W. Braun, EMBO J. 1995, 14,


1430 – 1438.
[5] N. J. Rahway, The Merck Index (Ed.: M. Windholz), Merck, 1983.
[6] P. Baret, C. Beguin, H. Boukhalfa, C. Caris, J.-P. Laulh�re, J.-L.


Pierre, G. Serratrice, J. Am. Chem. Soc. 1995, 117, 9760 –9761.


[7] J.-L. Pierre, I. Gautier-Luneau, Biometals 2000, 13, 91 –96.
[8] T. G. Spiro, G. Bates, P. Saltman, J. Am. Chem. Soc. 1967, 89, 5559 –


5562.
[9] R. B. Martin, J. Inorg. Biochem. 1986, 28, 181 –187.


[10] H. Yokol, T. Mitani, Y. Mori, S. Kawata, Chem. Lett. 1994, 281 –284.
[11] V. Braun, K. Hantke, W. Kçster, “Iron Transport and Storage in Mi-


croorganisms, Plants and Animals” in Metal Ions in Biological Sys-
tems, Vol. 35 (Eds.: A. Sigel, H. Sigel), Marcel Dekker, 1998,
pp. 239–327.


[12] M. Matzapetakis, C. P. Raptopoulou, A. Tsohos, V. Papaefthymiou,
N. Moon, A. Salifoglou, J. Am. Chem. Soc. 1998, 120, 13 266 –13 267.


[13] a) A. D. Ferguson, R. Chakraborty, B. S. Smith, L. Esser, D. van -
der Helm, J. Deisenhofer, Science 2002, 295, 1715 –1719; b) W. W.
Yue, S. Griaot, S. K. Buchanan, J. Mol. Biol. 2003, 332, 353 –368.


[14] I. Shweky, A. I. Bino, D. P. Goldberg, S. J. Lippard, Inorg. Chem.
1994, 33, 5161 –5162.


[15] A. I. Bino, I. Shweky, S. Cohen, E. R. Bauminger, S. J. Lippard,
Inorg. Chem. 1998, 37, 5168 –5172.


[16] G. Serratrice, H. Boukhalfa, C. B�guin, P. Baret, C. Caris, J.-L.
Pierre, Inorg. Chem. 1997, 36, 3898 –3910.


[17] F. Thomas, C. B�guin, J.-L. Pierre, G. Serratrice, Inorg. Chim. Acta
1999, 291, 148 –157.


[18] TEXSAN, Single-crystal structure analysis software, version 1.7, Mo-
lecular Structure Corporation, 3200 Research Forest Drive, The
Woodlands, TX 77381, USA, 1995.


[19] a) M. Matzapetakis, C. P. Raptopoulou, A. Terkis, A. Lakatos, T.
Kiss, A. Salifoglou, Inorg. Chem. 1999, 38, 618 –619; b) M. Matzape-
takis, M. Kourgiantakis, M. Dakanali, C. P. Raptopoulou, A. Terkis,
A. Lakatos, T. Kiss, I. Banyai, L. Iordanidis, T. Mavromoutakos, A.
Salifoglou, Inorg. Chem. 2001, 40, 1734 –1744.


[20] M. Matzapetakis, N. Karligiano, A. Bino, M. Dakanali, C. P. Rapto-
poulou, V. Tangoulis, A. Terkis, J. Giapintzakis, A. Salifoglou, Inorg.
Chem. 2000, 39, 4044 –4051.


[21] R. Bastian, R. Weberling, F. Palilla, Anal. Chem. 1956, 28, 459 – 462.
[22] a) P. O�Brien, H. Salacinski, M. Motevalli, J. Am. Chem. Soc. 1997,


119, 12695 –12 696; b) G. E. Hawkes, P. O�Brien, H. Salacinski, M.
Motevalli, I. Abrahams, Eur. J. Inorg. Chem. 2001, 1005 –1011.


[23] J. Strouse, S. W. Layten, C. E. Strouse, J. Am. Chem. Soc. 1977, 99,
562 – 572.


[24] a) M. Matzapetakis, M. Dakanali, C. P. Raptopoulou, V. Tangoulis,
A. Terkis, N. Moon, J. Giapintzakis, A. Salifoglou, J. Biol. Inorg.
Chem. 2000, 5, 469 –474; b) N. Kotsaskis, C. P. Raptopoulou, V. Tan-
goulis, A. Terkis, J. Giapintzakis, T. Jakusch, T. Kiss, A. Salifoglou,
Inorg. Chem. 2003, 42, 22 –31.


[25] I. Gautier-Luneau, F. Biaso, J.-L. Pierre, unpublished results.
[26] I. Gautier-Luneau, C. Fouquard, C. Merle, D. Luneau, J.-L. Pierre, J.


Chem. Soc. Dalton Trans. 2001, 2127 – 2131.
[27] a) A. Bodor, I. Banyai, L. Zekany, I. Toth, Coord. Chem. Rev. 2002,


228, 163 –173; b) A. Bodor, I. Banyai, I. Toth, Coord. Chem. Rev.
2002, 228, 175 –186.


[28] W. R. Harris, Z. Wang, Y. Z. Hamada, Inorg. Chem. 2003, 42, 3262 –
3273.


[29] a) T. L. Feng, P. L. Gurian, M. D. Healy, A. R. Barron, Inorg. Chem.
1990, 29, 408 – 411; b) S. A. Malone, P. Cooper, S. L. Heath, J. Chem.
Soc. Dalton Trans. 2003, 4572 –4573.


[30] a) M. Grootveld, J. D. Bell, B. Halliwell, O. I. Aruoma, A. Bomford,
P. J. Sadler, J. Biol. Chem. 1989, 264, 4417 – 4422; b) C. Hershko, G.
Graham, G. W. Bates, E. A. Rachmilewitz, Br. J. Haematol. 1978, 40,
255 – 263.


[31] B. Faller, H. Nick, J. Am. Chem. Soc. 1994, 116, 3860 – 3865.
[32] D. A. Brown, K. M. Herlihy, S. K. O�Shea, Inorg. Chem. 1999, 38,


5198 – 5202.


Received: October 27, 2004
Published online: February 18, 2005


Chem. Eur. J. 2005, 11, 2207 – 2219 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2219


FULL PAPERNew Trends in the Chemistry of Iron(iii) Citrate Complexes



www.chemeurj.org






Synthesis and Structural Metastability of CdTe Nanowires


Sandeep Kumar,[a] Martin Ade,[b] and Thomas Nann*[a]


Introduction


The II–VI semiconductor nanoparticles have attracted in-
creasing interest among the research community because of
their interesting size-dependent (or mesoscopic) properties.
These important properties make these materials highly de-
sirable for applications such as catalysis,[1] photovoltaics,[2–5]


phosphors,[6] light-emitting diodes,[7–10] and biological tag-
ging.[11–13] Mesoscopic properties arise mainly because of
quantum-confinement effects or high surface-to-volume
ratios. However, from the very beginning of nanoparticle re-
search, the stabilization of crystallographic phases with dif-
ferent structures to the bulk counterpart was considered as
another variable which might play a role in property modifi-
cation in accord with the structure–property correlation.[14]


It was recently observed that the shape of nanoparticles also
plays an important role in the modification of the proper-
ties,[15] and thus properties of materials were tuned by way
of their size, crystal structure, and shape.


The synthesis and applications of CdS and CdSe nanopar-
ticles have been extensively reported, whereas synthetic re-


ports of CdTe nanoparticles are very few.[16–24] Existing
methods for synthesizing CdTe nanoparticles mainly involve
approaches in aqueous media or the high-temperature orga-
nometallic route. Owing to the high monodispersity ach-
ieved by the organometallic approach, it seems most plausi-
ble for industrial applications, particularly for electronic de-
vices based on conducting polymers where the polymers are
very sensitive to moisture and air. Nanoparticles prepared
by using the organometallic route can be solution-processed,
and fabrication of various devices can be facilitated. The
controlled synthesis of branched CdTe nanocrystals together
with other morphologies have been achieved by using the
organometallic route.[19–21]


Better understanding and control of the structural proper-
ties of these low-dimension nanoparticles are needed, as they
may hold the key to many future applications. At present,
the parameters that control the crystal structure and transi-
tion from one structure to another are not well understood.
The phase diagram for nanoparticles may be different to that
of the corresponding bulk material. Regards II–VI semicon-
ductor nanoparticles, less attention has been paid to the effect
of reduced size on the material structure than synthetic aspects.
For the bulk material, it is well known that CdS and CdSe
have highly stable wurtzite phases, whereas bulk CdTe has a
sphalerite phase. Reports have been published in which
crystal phases are stabilized other than the stable bulk phase
for this class of nanocrystals.[19,25] Tang et al. demonstrated
the shape and structural transformation of CdTe nanoparti-
cles for the first time. The approach they adopted was based
on an aqueous synthesis of spherical CdTe nanoparticles
with a sphalerite-type crystal structure, in which by control-
led removal of surfactants and oriented attachment of dots,
nanowires with a wurtzite lattice were achieved.[26]


Keywords: cadmium · colloids ·
nanowires · semiconductors ·
tellurium


Abstract: A new organometallic preparation method is described for CdTe nano-
wires with a high aspect ratio and a predominantly metastable wurtzite phase. The
optical and morphological properties of the resulting nanowires were studied, as
well as the influence of elevated temperatures on the crystallographic properties.
A phase transition from wurtzite to sphalerite was observed at about 500 8C. The
results show that the wurtzite phase is stabilized by the synthetic method and the
surfactants.
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The effect of pressure on the phase stability has been
studied for CdSe nanoparticles by using a high-pressure dia-
mond anvil cell ; a structural transition from the four-coordi-
nate wurtzite to the six-coordinate rock salt structure was
observed on increasing the pressure.[27] Although tempera-
ture effects on the properties of nanoparticles have not been
studied extensively, the temperature effects on the structure
and shape of ZnS[28] and CdTe[29] nanoparticles have been
reported; however, in both the cases the nanoparticles were
of stable crystallographic phases (sphalerite type) and not
many variations in the properties were observed except the
grain growth on annealing at high temperatures.


Herein, we present the synthesis of CdTe nanowires with
a predominantly wurtzite lattice, by using a high-tempera-
ture organometallic method. In addition, the effect of the
reaction temperature on the shape and structure of the
nanowires was investigated. These nanowires are promising
candidates for polymer photovoltaic cells, especially as they
can provide directionality to the current transport, and
hence a better performance of the device is anticipated.[2]


Results and Discussion


Figure 1a shows the photoluminescence (PL) and absorption
spectra of the CdTe nanoparticles. The particles have an
emission in the near infrared (NIR) region with a full-width
half-maximum (FWHM) of 75 nm. The absorption spectrum
shows an absorption edge at about 740 nm. The exciton
peak is not clear in the absorption spectrum, most probably
because of the longer period of heating which might lead to
Ostwald ripening. Figure 1b displays the TEM image of the
synthesized nanowires. The nanowires had a mean length of
71.2 nm, while the diameter was approximately 7.0 nm. The
particle size was estimated by measuring 100 particles in
magnified TEM images and taking the average. In addition
to the nanowires, some tetrapods were observed with arm
dimensions comparable to that of the nanowires.


Figure 2 displays a HRTEM image of a CdTe nanowire.
The spacing between adjacent lattice planes was observed to
be 394 pm, which corresponds to the reflections due to the
(110) plane of the wurtzite CdTe lattice, further confirming
that the preferential growth direction is [0001].


Figure 3 depicts XRD patterns of the CdTe nanoparticles,
synthesized and subsequently annealed at various tempera-
tures for 1 h. Figure 3a presents the room-temperature XRD
of CdTe nanoparticles. The diffraction pattern shows the
presence of characteristic (100), (101), and (103) reflections
of a wurtzite-type crystal of CdTe (space group P63mc ; a=


4.57, c=7.49 �). A qualitative analysis of reflection broad-
ening clearly shows influences of anisotropic crystallite size
and the presence of stacking faults. A comparison of the
narrow (002) with the broad (110) reflection indicates a
needle shape of the crystallites with [0001] as the preferred
growth axis. Broadening of diffraction peaks with h�k¼6 3n,
that is (102) or (103), is characteristic for stacking faults dis-
rupting the hexagonal arrangement of closed-packed layers


Figure 1. a) PL and absorption spectra of CdTe nanoparticles. b) TEM
image of CdTe nanowires (scale bar=100 nm).


Figure 2. HRTEM image of CdTe nanowire (scale bar=10 nm).


Chem. Eur. J. 2005, 11, 2220 – 2224 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2221


FULL PAPER



www.chemeurj.org





along [001] in wurtzite by cubic stacking sequences. Similar
stacking faults have been already reported for dot-shaped
CdTe nanoparticles[21] and CdSe nanoparticles[31] prepared
by the organometallic route. Since the reflections of the
cubic sphalerite-type crystal lattice (space group F4̄3m ; a =


6.47 �) strongly coincide with diffraction peaks of the wurt-
zite lattice planes, the phase composition of the pattern was
refined by using the Rietveld method. It was found that the
sample consists predominantly of nanoparticles of the hex-
agonal wurtzite modification at room temperature.


Figure 3b–g present results of the structural transforma-
tion study of nanoparticles by heat treatment, using XRD. It
was observed that CdTe nanoparticles were still predomi-
nantly hexagonal after annealing at 100 and 200 8C. The re-
finement of the structure reveals that the cubic fraction is
less than 3 %. On increasing the annealing temperature, the
fraction of the cubic phase increased reaching 100 % at an
annealing temperature of 600 8C. The nanoparticles gradual-
ly increase in size as the temperature is increased over this
range. It is anticipated that the organic surfactants attached
to the surface of the nanocrystals will degrade with increas-
ing temperature.


In some of the diffraction patterns (at annealing tempera-
tures of 100, 300, and 500 8C) a small amount of a phase
with a cubic rock-salt structure is visible (space group


Fm3̄m, a= 6.46 �). CdTe with a rock-salt structure in bulk
material has been reported to be stable only under pressures
of 2 GPa.[32] It is not clear, if the rock-salt phase plays any
role in the observed transformation from the wurtzite to
sphalerite modification or is a by-product of the synthesis.


Thermogravimetric analysis (TGA) and differential ther-
mal analysis (DTA) of an as-prepared sample were carried
out simultaneously in an Netzsch STA 409 apparatus.
Figure 4 displays TG and DTA measurements of the nano-


particles. The TG data indicates a weight loss of 62.9 % in
the temperature range between 200 and 460 8C, which can
be attributed to the degradation of organic surfactants from
the surface of the nanocrystals. The DTA curve displays
three endothermic peaks. The onset of the first peak at
45.5 8C can be interpreted as the melting of excess surfac-
tant. The peak onset at 377.6 8C is attributed to the removal
of organic ligands from the surface of the nanocrystals as
most of the weight loss due to degradation of organic surfac-
tants occurs in this region. The third peak has its onset at
483 8C, which defines the phase transformation temperature
for the wurtzite-to-sphalerite modification.


Figure 5 presents the percentage cubic phase of CdTe
nanowires as a function of the annealing temperature ob-
tained by Rietveld refinement of the scaling parameters in
the XRD pattern. The cubic fraction increased significantly
in the temperature range between 400 and 600 8C reaching
100 % after annealing at 600 8C. This is in agreement with
the DTA data, which suggests that the onset of the phase
transformation occurs at 483 8C.


It is possible that during annealing at 500 8C the equilibri-
um may have established and heating for a longer period of
time may have completely transformed the nanocrystals into
the cubic modification. The phase transformation observed
above can be explained by considering the metastability of
the nonequilibrium wurtzite phase of CdTe nanoparticles.
This is reasonable given the method of synthesis, which in-
volves nucleation and rapid growth from a supersaturated
solution. The stacking fault energy differences for the cubic


Figure 3. X-ray diffractogram of CdTe samples without annealing (a) an-
nealed at 100 (b), 200 (c), 300 (d), 400 (e), 500 (f), and 600 8C (g). Theo-
retical reflection angles of CdTe wurzite, sphalerite, and rock-salt phases
are denoted by dotted lines and Miller indices.


Figure 4. TGA and DTA data for CdTe nanowires.
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and hexagonal phase has been found to be only 11 meV per
atom for CdTe,[33] indicating that the free energy difference
between the sphalerite and wurtzite crystal lattice is small,
supporting the metastability of the crystal structure. During
annealing, the thermal energy allows an activation of the
metastable hexagonal structure to the lower-energy stable
cubic phase, thus allowing the transition from the hexagonal
to the cubic phase.


Figure 6a presents the electron diffraction pattern of
CdTe nanocrystals annealed at 600 8C. The diffraction ring
corresponds to the cubic phase of CdTe nanocrystals. Very
sharp reflections due to the (111), (022), and (113) lattice


planes can be seen. Figure 6b displays the TEM image of
CdTe nanocrystals annealed at 600 8C, at which large clus-
ters of CdTe are observed. The transformation of nanowires
into large clusters can be explained by the degradation of
organic ligands from the surface of the nanowires. These or-
ganic ligands act as stabilizers for nanowires, preventing
them from agglomeration. Therefore it is possible that
during the degradation of these surfactants from the surface,
the nanoparticles agglomerate to form large clusters of
CdTe due to high surface energy.


The lattice parameters of the unit cell were determined
by the least-square fitting method. Table 1 presents the lat-
tice parameters together with the unit cell volume of the


nanoparticles after annealing at different temperatures. It
was observed that the unit cell volume changes only slightly
(0.5 %) on annealing. This indicates that the surface forces
are not very dominant in these nanowires, and that the
metastable phase was stabilized due to the synthetic method
only.


Conclusion


The above study provides a new scheme for the synthesis of
CdTe nanowires with a predominantly wurtzite lattice by a
high-temperature organometallic route. The effect of tem-
perature on the shape and crystal structure of these nano-
particles was studied, leading to a better understanding of
size-, shape-, and structure-dependent properties. It was ob-
served that the metastable wurtzite lattice of nanocrystals
achieved by this method is thermodynamically stable up to
an annealing temperature of 200 8C, and on further increase
of the temperature it gradually transforms into the more
stable sphalerite modification forming large clusters of
CdTe.


Figure 5. Percentage cubic phase fraction of CdTe nanowires as a func-
tion of annealing temperature.


Figure 6. a) Electron diffraction pattern of CdTe nanowires after anneal-
ing at 600 8C. b) TEM image of CdTe nanoparticles annealed at 600 8C
(scale bar= 1000 nm).


Table 1.


Annealing Phase Percent of Lattice Specific
temp. phase parameters volume
[8C] [�]


100 sphalerite 2.9 a =6.268 270.6
wurtzite 95.2 a=4.566 135.32


c =7.493
200 sphalerite 2.3 a=6.451 268.4


wurtzite 97 a=4.565 135.16
c =7.488


300 sphalerite 10 a=6.468 270.6
wurtzite 87.7 a=4.570 135.92


c =7.516
400 sphalerite 13.7 a=6.459 269.49


wurtzite 86.3 a=4.569 134.99
c =7.465


500 sphalerite 51.2 a=6.468 270.62
wurtzite 48.3 a=4.574 135.73


c =7.492
600 sphalerite 100 a=6.4722 271.11
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Experimental Section


CdTe nanoparticles were prepared by a slight modification of a previous-
ly published method.[19] Cadmium stearate (362 mg) was heated with tri-
n-octylphosphineoxide (4 g; TOPO) under vacuum at 65 8C for 3 h. Te
powder (56 mg) and tri-n-octylphosphine (2 mL; TOP) were added, and
the temperature was raised slowly to 220 8C under Schlenk conditions.
The particles were allowed to grow for 23 h, and then they were
quenched by removing the heating mantle. At room temperature, anhy-
drous methanol was added to precipitate the particles. These particles
were washed twice with MeOH and twice with n-butanol, and finally
dried under high vacuum overnight.


The X-ray structure analysis was carried with a Siemens D5000 diffrac-
tometer operating at 40 kV and 40 mA, by using CuKa1 radiation. Samples
were placed between two adhesive tapes and measured in transmission
geometry with a position-sensitive detector (PSD). Rietveld calculations
on powder diffraction data were carried out to obtain a quantitative esti-
mation of phases using the GSAS computer program.[30] Pseudo-Voigt
profile peak shape functions were used for the calculations. For annealing
experiments the as-prepared CdTe nanoparticles were placed in an alu-
mina crucible and heat-treated in a silica tube furnace at temperatures
between 100 and 600 8C under flowing argon (0.1 MPa). A heating rate
of 10 K min�1 and a holding time of 1 h at maximum temperature were
chosen. The temperature was controlled by using an encapsulated Ni-Cr-
Ni thermocouple with an accuracy of �5 K at the sample. The XRD
characterization was done at ambient temperature and pressure with a 2q


range from 108 to 1058. Shape and further structural characterization
were done by transmission electron microscopy (TEM) by using a LEO
912 operating at 120 kV. The photoluminescence (PL) and absorption
spectra were recorded on a J & M TIDAS diode array spectrometer
using dilute chloroformic solutions.
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