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… containing massive intercon-
nected voids (8 nm3) forms from a
novel azaphthalocyanine derivative
containing eight bulky phenoxy
substituents. In their Full Paper on
page 4810 ff., S. Makhseed, N. B.
McKeown et al. describe the syn-
thesis and remarkable crystal-
forming properties of this macrocy-
cle and some related compounds.
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Chemical Societies (EU
ChemSoc) for its combined
publishing activities. The
journal is also supported
by the Asian Chemical
Editorial Society (ACES).


Click Chemistry
In their Communication on page 4784 ff., F. Coutrot and
E. Busseron describe a very mild and efficient access to
glycorotaxanes by using “click chemistry” in a template-
directed threading approach. Transformation of the so-cre-
ated 1,2,3-triazole moiety into the methyl triazolium was
successfully realized and allowed for the ready preparation
of a mannosyl two-station molecular shuttle.


Pincer Complexes
The synthesis and catalytic applications of a new aryl-based
unsymmetrical PCS-pincer complex are reported by M.
Klein Gebbink, K. J. Szab5 et al. on page 4800 ff. The cata-
lytic performance of the novel PCS-pincer palladium com-
plex was compared to those of its symmetrical PCP- and
SCS-pincer complex analogues.


Polymer Semiconductors
In their Concept article on page 4766 ff., B. S. Ong et al.
review the structural studies and design of thiophene-based
polymer semiconductors with respect to solution processa-
bility, ambient stability, molecular self-organization, and
field-effect transistor properties for organic thin-film tran-
sistor applications.
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Introduction


Organic thin-film transistors have received profound interest
in recent years for their potential as a low-cost alternative
to amorphous hydrogenated silicon thin-film transistors for
various electronic applications.[1] OTFT-based arrays/circuits
are particularly suited for large-area devices (e.g., active-
matrix displays) where high transistor density and switching
speeds are not essential;[2] they may also be attractive for
applications in low-end microelectronics (e.g., radio fre-
quency identification tags, sensors, etc.) where the high cost
of packaging silicon circuits becomes a prohibitive factor to
ubiquitous usage.[1] The economic advantage of OTFTs
stems from significantly lower-cost manufacturing capital in-
vestments as well as low-cost fabrication using common so-
lution-based deposition and patterning techniques (e.g.,


offset, gravure, screen/stencil printing, inkjet printing,
etc.).[3] Such OTFT arrays/circuits, particularly those based
on polymers, can also be fabricated on plastic substrates so
that compact, lightweight, and structurally robust and flexi-
ble electronic devices (e.g., e-paper) can be constructed.
Figure 1 shows a schematic depiction of OTFTs in three


common configurations. An OTFT is comprised of three
electrodes (source, drain and gate), a gate dielectric layer,
and an organic or polymer semiconductor layer. In opera-
tion, an electric field is applied across the source-drain elec-
trodes, and the transistor is turned on when a voltage (VG)
is applied to the gate electrode, which induces a current
flow (ID) from the source electrode to drain electrode.
When VG=0, the transistor is turned off, ID should in theory
be 0, that is, no current flowing through. This is to say that


at a constant source-drain electric field, ID is modulated by
VG. The transistor performance is generally characterized by
the current-voltage plots, that is, output (Figure 2a) and
transfer (Figure 2b) curves, where critical parameters such
as field-effect transistor (FET) mobility (m), current on/off
ratio (Ion/Ioff), threshold voltage (VT), subthreshold swing
can be extracted. If the current/voltage characteristics follow
closely the metal oxide-semiconductor field-effect transistor
(FET) gradual channel model, m can be extracted from the
standard MOSFET equations:


linear regime ðVD � VGÞ : ID ¼ VSDCimðVG�VTÞðW=LÞ


saturated regime ðVD > VGÞ : ID ¼ CimðW=2LÞðVG�VTÞ2


where VSD is the drain voltage with the source electrode
being grounded. W and L are the transistor channel width
and length, respectively, and Ci is the capacitance per unit
area of the dielectric layer.
A bottom-gate, top-contact (Figure 1b) or a bottom-gate,


bottom-contact (Figure 1c) TFT test structure was used to
evaluate the FET performance of our semiconductors. The
experimental OTFT devices are built on an n-doped silicon
wafer (gate electrode) with a 100 or 200 nm thermal silicon
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Figure 1. Schematic structures of TFTs: a) top-gate, top-contact; b)
bottom-gate, top-contact; c) bottom-gate, bottom-contact.
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oxide (SiO2) dielectric layer, which was modified with a self-
assembled monolayer of octyltrichlorosilane (OTS-8) to pro-
mote molecular ordering in the semiconductor layer. For the
top-contact device, the semiconductor layer (�20–50 nm)
was deposited on the OTS-8-modified SiO2 surface by spin
coating. A series of gold source-drain electrode pairs were
subsequently deposited on top of the semiconductor layer
by vacuum evaporation through a shadow mask, thus form-
ing an array of OTFTs with various channel length and
width dimensions. For the bottom-contact device, semicon-
ductor polymer was spin coated after gold electrode deposi-
tion. The commonly reported FET mobility, m and current
on/off ratio, Ion/Ioff are respectively charge carrier velocity
per unit electric field and ratio of on-current over off-cur-
rent. For many useful applications, m is required to be
�0.1 cm2V�1 s�1 while Ion/Ioff �104. Ideally desirable TFTs
will have a VT close to zero.
One of the critical materials, which have a dominant influ-


ence on the FET performance of OTFTs, are semiconduc-
tors. There are three basic types of semiconductor materials
depending on their ability to conduct holes (p-type), elec-
trons (n-type) or both (ambipolar) under different gate bias
conditions. Until relatively recently, organic semiconductors
for TFTs were particularly challenging to work with as most
of them were either insoluble or very sensitive to air under
ambient conditions. Insoluble materials preclude the use of
solution deposition while air sensitivity requires manufactur-
ing in an inert atmosphere; both of these restrictive require-
ments invariably lead to increased cost, thereby nullifying
the fundamental economic advantage of OTFTs. Some small
molecular semiconductors exhibit high FET mobility when
deposited by vacuum evaporation, but their performance de-
teriorate drastically when solution cast—a generally phe-
nomenon attributed to poor film quality and/or difficulty in
establishing continuous, ordered molecular layers at the die-
lectric interface from solution deposition. Polymer semicon-
ductors generally display lower mobility, but their easy solu-
tion processability and good film-forming property offer ex-


cellent opportunities for use in
fabricating low-cost OTFTs.
Among p-type polymer semi-
conductors such as polytriaryla-
mines,[4] polyindolo-carba-
zoles,[5] thiophene-based poly-
mers have been shown to be
the most promising semicon-
ductor candidates for OTFTs.[6]


This article focuses on the de-
velopment of thiophene poly-
mer semiconductors and our
progress in the design of high-
performance thiophene poly-
mer semiconductors for solu-
tion-processed OTFT applica-
tions.


Polymer Semiconductors: Issues, Challenges


While FET properties in organic materials were first ob-
served in the 1960s,[7] little progress were made until two de-
cades later when several organic semiconductors were dem-
onstrated in OTFTs.[8–10] Since then great strides have been
made, with the current mobility not only rivals but super-
sedes those of amorphous hydrogenated silicon.[11,12] None-
theless, the high mobility was mostly obtained from vacuum
deposited small molecular materials which showed high
structural orders in the solid state. The FET performance of
solution-processed small molecular and polymer semicon-
ductors remained generally poor.
An electrochemically polymerized thiophene was first


used in OTFTs in mid-1980s, showing very low mobility of
10�5 cm2Vs�1.[9] Shortly after, soluble regiorandom poly(3-
alkylthiophenes) (1a), prepared via FeCl3-mediated oxida-
tive coupling, were utilized and again with low mobility.
This was obviously due to lack of crystalline orders in amor-
phous thin films.[13] Other approaches using Langmuir–
Blodgett films and mechanic stretch/alignment to enhance
molecular ordering also failed to improve FET perfor-
mance.[14,15]


With newly developed regioregular polymerization meth-
ods for polythiophenes,[16,17] regioregular head-to-tail poly(3-
alkylthiophenes) 1b (HT-P3AT), with high regioregularity
(�95%), were successfully synthesized. Regioregular HT-
P3ATs such as poly(3-hexylthiophene) HT-P3HT (1b, R=


hexyl), exhibited solid-state properties (e.g., band gaps, crys-
tallinity, and conductivity) significantly different from those
of corresponding regiorandom counterparts. The high crys-
tallinity of HT-P3HT semiconductor led to greatly improved
FET performance in OTFTs.[18] The performance character-
istics were however much superior when the devices were
fabricated in inert atmospheres (m �0.1 cm2V�1 s�1; Ion/Ioff
�106)[19] than in ambient conditions (m �0.045 cm2V�1 s�1;
Ion/Ioff �10–103).[18] It was found that the polythiophene re-
gioregularity had a decisive effect on the molecular ordering


Figure 2. Illustrative current-voltage curves of a thin-film transistor: (a) output curve showing source/drain cur-
rent as a function of source/drain voltage at constant gate voltage; and (b) transfer curve showing source/drain
current as a function of gate voltage at constant source/drain voltage [Ref. 41].
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and orientation of P3HT on the substrate, hence, a dramatic
effect on mobility of OTFT devices.[20] X-ray diffraction
(XRD) pattern of HT-P3HT with >95% regioregularity re-
vealed that it formed lamellar p–p stacks and adopted an
edge-on orientation with the lamellar stacks parallel to the
substrate - a favourable molecular ordering conducive to
charge carrier transport. On the other hand, HT-P3HT with
�80% of head-to-tail regiochemistry showed a face-on ori-
entation (lamellar stacks normal to the substrate), which ac-
counted for the observed lower mobility (2M
10�4 cm2V�1 s�1).
The mobility of HT-P3HT varied greatly with its molecu-


lar weight and fabrication solvent.[21, 22] High molecular
weights provided higher mobility and this was attributed to
formation of isotropic nodules as opposed to rod-like struc-
tures for lower molecular weight materials. The former af-
forded better interconnection between domains, thus reduc-
ing the barriers to interdomain carrier transport. The obser-
vation that higher boiling-point solvents generally gave
higher mobility stemmed from the fact that these solvents
had slower evaporation rates and thus provided longer times
for the polythiophene molecules to self-organize.


Copolymers of bithiophene and fluorene (e.g., 2), which
displayed liquid crystalline behaviours, yielded FET mobility
of up to 0.02 cm2Vs�1 when properly annealed in its liquid
crystalline phases.[23] These polymer semiconductors were
relatively air stable, thus permitting device processing in am-
bient conditions. Regiorandom copolymers of 3-hexylthio-
phene and 3-methyl-thiophene, 3, prepared from FeCl3 cou-
pling polymerization, yielded better mobility of
0.045 cm2V�1 s�1, albeit with a large positive turn-on voltage
indicative of heavy oxygen doping.[24] An approach employ-
ing a soluble polymer precursor, and relied on its thermal
conversion to insoluble poly(thienylene vinylene) semicon-
ductor 4 was reported to give mobility of 0.22 cm2V�1 s�1,[25]


but this high mobility has never been reproduced.[26]


Modified regioregular polythiophenes with different side-
chains such as 5, 6, and 7 had also been studied in OTFTs
without improvement in FET performance.[27] These results
clearly demonstrate the formidable challenge in fundamen-
tal design of high-mobility polymer semiconductors for
OTFTs, which is additionally compounded by the needs to
consider materials solution processability and sensitivity to
ambient conditions.


High-Mobility Thiophene Polymer Semiconductor
Design


The poor FET performance of HT-P3HT fabricated under
ambient conditions can be attributed to its sensitivity to at-


mospheric oxygen in the pres-
ence of ambient light. Two pho-
toinduced phenomena of thio-
phene polymer semiconductors
have been observed: i) photoin-
duced oxidative doping by
oxygen, which occurs when the
semiconductor material is ex-
posed to ambient oxygen and


light;[28] and ii) photo-oxidation or photobleaching which
arises from the reaction of oxygen with the semiconductor
molecules when exposed to ultra-violet radiation.[29,30] While
photoinduced oxidative doping is thermally reversible, and
accelerated under vacuum, photobleaching is irreversible.[30]


Oxidative doping by oxygen, which leads to generation of
free carriers in the semiconductor, is responsible for the oc-
currence of high off-current and thus a low Ion/Ioff of transis-
tor. Photobleaching, which destroys the conjugated structure
of polythiophene semiconductor, results in a low FET mobi-
lity.[30] Nonetheless, regioregular polythiophenes are general-
ly stable to oxygen in the dark, they are only susceptible to
oxidative doping and photobleaching in air when exposed to
ambient light.
The lamellar structural order of HT-P3HT in which all its


thienylene moieties along the polymer backbone are held in
coplanarity by intermolecular alkyl side-chain interaction,[31]


results in a highly delocalized p-conjugated system. This
represents an electron-rich structure which is highly suscep-
tible to photobleaching by atmospheric oxygen in the pres-
ence of trace ultraviolet radiations. The highly extended p-
conjugation of lamellar structural order also extends spectral
absorption into visible region and brings about the propensi-
ty to photoinduced oxidative doping. Nevertheless, the fact
that HT-P3HT was capable of achieving high mobility and
current on/off ratio in OTFTs in an inert atmosphere or in
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the dark demonstrated its excellent intrinsic FET properties.
These results suggested that a plausible approach to a high-
performance polymer semiconductor was possible if appro-
priate structural features could be incorporated into the po-
lymer semiconductor structure to control its p-conjugation
for air stability without compromising FET properties.[31] We
believed that this could be accomplished with a specifically
designed polythiophene system through deployment of the
following design principles:[32–35] i) strategically distributed
long alkyl side-chain substitution to provide solution proc-
essability and molecular self-assembly efficacy; and ii)
proper control of p-conjugation to achieve a delicate bal-
ance between air stability and FET properties. The require-
ment for building stability against oxidative doping and pho-
tobleaching in a semiconductor structure without compro-
mising its FET properties is perhaps most demanding in
semiconductor development. Through structural studies, we
found that simple torsional deviation of strategically placed


conjugating moieties M from
coplanarity along polymer
backbone as described by struc-
ture I can be very effective in
tuning p-conjugation of re-
gioregular thiophene polymers
for air stability and FET prop-
erties.


Poly(dialkylterthiophene)s


Poly(3’,4’-dialkylterthiophene) 8 represents one of the sim-
plest model polythiophene systems of I for the study of oxi-
dative stability, self-assembly capability, and FET proper-
ties.[33] It was readily prepared from the corresponding mo-
nomer by FeCl3-mediated oxidative coupling polymerization
in good yields.[36] Polythiophene 8 with long alkyl side-chains


(R�C6) such as 8a (R= n-decyl) displayed an ability to
self-organize in the solid state when cast from solution, as
reflected by a bathochromic shift in its UV/Vis absorption
spectra from solution to thin film. The solution spectrum of
8a also showed a progressive bathochromic shift with a con-
comitant appearance of a longer-wavelength shoulder with
increased addition of a poor solvent such as methanol.[37]


These spectral properties appeared to suggest formation of
a co-facial p–p stacking order in the solid state. However,
no lamellar structural order similar to that of HT-P3HT
could be detected by X-ray diffraction (XRD) studies.
On the other hand, poly(3,3’’-dialkylterthiophene) 9, a re-


gioisomer of 8 with a “spaced-out” alkyl side-chain distribu-
tion, exhibited a greater self-assembly ability.[34] While 8a


formed only a co-facial p–p stacking structure in thin films,
9a (R=n-octyl) readily self-organized into a lamellar p-
stacking structural order in the solid state when cast from
solution, a result of extensive intermolecular side-chain in-
teractions facilitated by the “spaced-out” side-chain distribu-
tion. The UV/Vis absorption spectrum of 9a in solution
showed a broad absorption at lmax �470 nm, typical of a
twisted polythiophene conformation. However, the thin-film
absorption of 9a was sigificantly red shifted together with
the appearance of vibronic splitting at lmax �510 (shoulder),
540, and 583 (shoulder) nm, indicative of a higher structural
order than 8a in the solid state. The thin-film spectral prop-
erties of 9a were quite similar to those of HT-P3HT with a
co-facial lamellar p-stacking structural order, in sharp con-
trast to those of 8a which displayed indiscernible vibronic
features. XRD pattern of a thin film of 9a showed diffrac-
tion peaks at 2q=5.8 (100), 11.8 (200), and 17.88 (300), cor-
responding to an interlayer spacing of 15.1 P. The transmis-
sion electron diffraction showed a diffraction corresponding
to a co-facial p–p stacking distance of �3.9 P. These results
support a lamellar structural order of 9a in the solid state.
OTFTs fabricated with 8a and 9a under ambient condi-


tions afforded favorable FET characteristics which con-
formed to the metal oxide-semiconductor FET gradual
channel model.[33, 34] The extracted mobility from the saturat-
ed regime was �0.01 cm2V�1 s�1 (on/off ratio of �105) and
0.03 cm2V�1 s�1 (on/off ratio �106) respectively. While these
FET results were quite similar to those of HT-P3HT devices
fabricated under ambient conditions, the stabilities of 8a
and 9a were significantly much better. Nonetheless, these
FET performance characteristics were still short of our ex-
pectation. We envisioned that a lamellar p-stacking structur-
al order of this type with a tighter packing would lead to sig-
nificantly higher mobility, thus opening up opportunities for
wider applications.


Poly(dialkylquarterthiophene)s


Regioregular poly(3,3’’’-dialkyl-quaterthiophene) 10 (PQT)
is a poly(dialkylquarterthiophene) system with two alky
side-chains at C-3 and C-3’’’ positions of its repeating units,
thus, enabling an alternating syn-trans distribution of side-
chains along polymer backbone in the stretched-out copla-
nar conformation. With appropriate alkyl side-chain substi-
tution, PQT would be expected to exhibit excellent solution
processability as well as self-assembly ability. Regioregular
PQT has a repeating length of about 15.5 P. Thus, the d-
spacing of alkyl side-chains oriented in the same direction in
the extended coplanar conformation of PQT is approximate-
ly 12 P, since the side-chains are tilted at an angle of �508
against the backbone. This 12 P spacing together with a suf-
ficiently long alkyl side-chain would enable PQT to self-as-
semble more efficiently through intermolecular side-chain
interdigitation. The result would be a strongly held lamellar
structure, enabling a long-range lamellar p-stacking order in
the solid state. Lamellar structures of this type have been
observed in the oligomeric forms of PQT.[38] The presence of
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unsubstituted thienylene moieties, which are expected to
assume certain torsional deviations from coplanarity, would
cut down on the p-conjugation to provide the needed air
stability. PQT was prepared from the corresponding quarter-
thiophene monomer in good yields by FeCl3-mediated oxi-
dative coupling polymerization, and purified by extraction
with appropriate solvents.[35] The thin-film absorption spec-
trum of PQT-12 (see Scheme 1, n = n-dodecyl) displayed
significantly longer-wavelength absorptions with well-re-
solved vibronic splitting, even though its solution spectrum
was quite similar to those of poly(terthiophene)s.


As expected, PQT-12 pos-
sessed an ionization potential
which is �0.1 eV higher than
that of HT-P3HT and a wider
band gap, indicative of its great-
er stability against photoin-
duced oxidative interactions.
Differential scanning calorime-
ter (DSC) thermogram of PQT-
12 showed liquid crystalline
characteristics with two endo-
therms at 120 and 140 8C, corre-
sponding respectively to the
crystalline-to-liquid crystalline
and liquid crystalline-to-isotrop-
ic phase transitions.[35] The
XRD pattern of a powdered
sample of PQT-12 showed two
diffraction peaks at 2q=7.4 and 21.58, arising from the side-
chain (d spacing, 12.0 P) and p–p stacking (d spacing,
4.1 P) orderings respectively. When the powdered sample
was annealed at 120–140 8C, highly crystalline XRD patterns
were observed, revealing a shortened interchain d spacing of
16.4 P and a p–p stacking distance of 3.8 P. An annealed
thin film of PQT-12 on an OTS-8-modified silicon wafer
substrate displayed XRD diffraction peaks at 2q=5.1 (100),
10.3 (200) and 15.48 (300), corresponding to an interlayer
distance of 17.3 P. Transmission electron diffraction analysis
gave a p–p stacking distance of 3.7 P. These results support
formation of lamellar p–p stacking structures which were
preferentially oriented with their lamellar (100) axes normal
to the substrate. Thus it can be concluded that PQT-12 pos-
sessed an excellent ability to organize into highly ordered la-
mellar p–p stacking structures whose orientation could be
manipulated through surface chemistry and alignment tech-


niques. This was reminiscent of the self-assembly behaviours
of regioregular poly(3-alkylthiophene)s.[23]


As a channel semiconductor in OTFTs fabricated under
ambient conditions and annealed at 120–145 8C, PQT-12 ex-
hibited excellent FET properties. The output characteristics
showed no noticeable contact resistance, very good satura-
tion behavior, and clear saturation currents which were
quadratic to the gate bias (Figure 3). The device switched on
nicely at around 0 V with a subthreshold swing of
1.5 Vdec�1. Extracted mobility of up to 0.2 cm2V�1 s�1 and
on/off ratio of 106–108 were obtained. The ability to achieve


high mobility and extremely
high on/off ratio with the
OTFT devices fabricated under
ambient conditions affirmed the
significantly greater environ-
mental stability of PQT-12. In
addition, the mobility values
extracted from both the linear


and saturated regimes were about the same, and no observa-
ble differences were noted with the top- and bottom-contact
device configurations. Little or no hysteresis and bias stress
effects were observed with these devices at and above room
temperature. All these data suggest that PQT-12 was an ex-
cellent all-round semiconductor for OTFTs.
As the surface chemistry of dielectric layer has great in-


fluence on molecular ordering of overlaying semiconductor
and thus its FET properties, the effects of silane modifica-
tion of dielectric surface on PQT-12 performance were care-
fully studied.[39] Different silane agents were used to modify
SiO2 surface in order to control the molecular ordering and
orientation of PQT-2. The results showed that with silane
modification, the OTFT devices exhibited dramatic im-
provement in mobility over those on bare SiO2 dielectric by
as much as two orders of magnitude. Among all the silane
agents studied, OTS-8 and dodecyltrichlorosilane were


Scheme 1. Synthesis of PQT.


Figure 3. I/V characteristics of exemplary PQT-12 TFT device with 90-mm channel length and 5000-mm channel
width: a) output curves at different gate voltages; b) two transfer curves in saturated regime scanned from
positive to negative gate voltages (* and M , VBDB=�60 V) and transfer curve at linear regime (~, VBDB=


�6 V); c, two transfer curves scanned in different directions between +10 V and �20 V (from ref. [35]).
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found to be most efficient for achieving optimal PQT-12 or-
dering for FET performance. This was attributable to a
stronger interaction between comparable alkyl chain lengths
of these silane agents with the dodecyl side-chains of PQT-
12. Although X-ray diffraction did not reveal any noticeable
differences in the PQT-12 films on various silane-treated
SiO2 surfaces, AFM measurements did show some different
surface morphologies.[40]


Surprisingly, while the spin-coated PQT-12 semiconductor
layers provided consistent FET results, significant variations
in mobility and current on/off
ratio of OTFTs were noted
when inkjet printing was used
in patterning PQT-12 semicon-
ductor layers. The root cause of
the discrepancy was traced to
the tendency of PQT-12 solu-
tion to gel at low temperatures
(�50 8C) leading to non-uni-
formity in the inkjet printed
PQT-12 layers and thus incon-
sistent FET performance. This
gelling complication would be
expected to present serious
practical challenge to OTFT
fabrication, and undermine a
cost-effective manufacturing
feasibility. Through our studies
of solution behaviours of PQT,
we had successfully developed a PQT-12 nanoparticle mate-
rial to circumvent this difficulty.[41] PQT-12 nanoparticles,
when dispersed in a suitable liquid medium, formed a stable
nanoparticle ink which enabled printing of reproducible,
functionally capable semiconductor layers for OTFTs.
The PQT-12 nanoparticle ink was successfully utilized in


fabricating the semiconductor channels of active-matrix
TFT array backplanes for flat-panel displays using inkjet
printing technique.[42] Specifically, the nanoparticle ink was
jetted into the TFT channels of a pre-patterned TFT array
structure using a piezoelectric inkjet printer. The resulted
OTFTs exhibited a FET mobility of 0.05–0.10 cm2V�1 s�1,
and a current on/off ratio of �106 at VSD=�40 V. The onset
voltage was close to 0 V and the subthreshold slope was
75 nFVdec�1 cm�1. The output characteristics showed good
saturation with no signs of significant contact resistance. In
addition, the OTFTs displayed a minimal gate bias stress
effect. All these properties obtained for the inkjet-printed
TFTs were very similar to those of spin-coated devices. A
high yield of working OTFTs and uniformity in both the on-
and off-current were also observed. A typical series of meas-
urements gave an average mobility of 0.06 cm2V�1 s�1, with
standard deviation of 0.02 cm2V�1 s�1. These results repre-
sent the state-of-the-art polymer OTFTs with higher average
mobility than the pentacene-OTFTs from a solution pro-
cessed precursor[43] recently used in prototyping electropho-
retic display and RFID devices.


Poly ACHTUNGTRENNUNG(2,5-bis(2-thienyl)-thieno ACHTUNGTRENNUNG[3,2-b]thiophene)s


A simple approach to structurally optimizing polythiophene
systems such as PQT to improve FET properties is to short-
en the spacing between its pendant side-chains to strengthen
intermolecular side-chain interdigitation. This could readily
be accomplished through fusion of two adjacent thienylene
moieties of PQT structure into thienothiophene to form
poly ACHTUNGTRENNUNG(2,5-bis(2-thienyl)-thieno-thiophenes 11 and 12 as de-
picted in Figure 4. PolyACHTUNGTRENNUNG(2,5-bis(3-dodecylthiophen-2-yl)-


thieno ACHTUNGTRENNUNG[3,2-b]thiophene) 11a (R= n-dodecyl) was reported to
provide a FET mobility of 0.2–0.6 cm2V�1 s�1 and a current
on/off ratio of 106 when measured under a nitrogen atmos-
phere.[44] Latest studies provided a mobility of
0.3 cm2V�1 s�1 even after annealing at 180 8C in a nitrogen
glove box.[45]


The other modified PQT with close side-chain spacing,
poly ACHTUNGTRENNUNG(2,5-bis(2-thienyl)-3,6-dipentadecylthienoACHTUNGTRENNUNG[3,2-b]thio-
phene) 12a (PTAT-15, R=n-pentadecyl), also provided
about the same FET mobility.[46] In dilute chlorobenzene so-
lution, PTAT-15 showed a strong absorption with lmax at
467 nm in its UV/Vis absorption spectrum, while its thin
film (annealed at 150 8C) displayed absorption with lmax at
496 nm, along with two shoulders at 460 and 530 nm. This
small red-shift in absorption from solution to thin film
(�30 nm) was in sharp contrast to those of regioregular
polythiophenes such as HT-P3HT (�100 nm) and PQT-12
(�75 nm), suggesting that PTAT-15 might have assumed a
conformation with twisted thienylene units in the solid state.
The HOMO level of PTAT-15, as determined by cyclic vol-
tammetry, was 5.23 eV from vacuum, which was much lower
than those of most regioregular polythiophenes [e.g., HT-
P3HT �5.0 eV; PQT-12 �5.1 eV; and polyACHTUNGTRENNUNG(2,5-bis(3-dede-
cylthiophen-2-yl)thieno ACHTUNGTRENNUNG[3,2-b]thiophene) �5.1 eV.[44] The
low-lying HOMO together with a large band gap was ex-
pected to confer on PTAT-15 greater air stability. DSC anal-
ysis of PTAT-15 showed only a sharp endotherm at 148 8C
on heating, arising from backbone melting. This was much


Figure 4. Fusion of two adjacent thienylene units in PQT to form poly ACHTUNGTRENNUNG(2,5-bis-(3-alkylthiophen-2-yl)-thieno-
ACHTUNGTRENNUNG[3,2-b]thiophene 11 and poly ACHTUNGTRENNUNG(2,5-bis(2-thienyl)-3,6-dialkylthieno ACHTUNGTRENNUNG[3,2-b]thiophene 12.
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lower than that of polyACHTUNGTRENNUNG(2,5-bis(3-alkylthiophen-2-yl)thieno-
ACHTUNGTRENNUNG[3,2-b]-thiophene) at 244–251 8C.[44] This disparity arose
from the alkyl side-chain placement on the thieno ACHTUNGTRENNUNG[3,2-
b]thiophene instead of thienylene moieties in PTAT-15
(Scheme 2), thus allowing its thienylene units substantial tor-
sional deviations from coplanarity with the molecular plane
in the solid state. This gave rise to a much lower backbone
melting temperature than 11a, thus enabling PTAT-15 to be
annealed at �150 8C—a temperature which is compatible
with the dimensional stability and structural integrity of
commercial plastic substrates. The OTFT devices incorpo-
rating PTAT-15 semiconductor annealed at �150 8C showed
excellent FET characteristics with the mobility up to
0.25 cm2V�1 s�1, a current on/off ratio of 107, a near-zero
turn-on voltage, a small threshold voltage of �8 V, and a
sub-threshold slope of �1.5–2 Vdec�1.


Scheme 2. Synthesis of poly ACHTUNGTRENNUNG(2,5-bis(2-thienyl)-3,6-dipentadecylthieno ACHTUNGTRENNUNG[3,2-
b]thiophene, PTAT-15.


Figure 5. Intermolecular interactions of pendant alkyl side-chains in la-
mellar structures of regioregular polythiophenes: a) side-chain interdigi-
tation in PQT-12; b) side-chain interdigitation in PTAT-15; c) end-to-end
side-chain interaction in HT-P3HT; and d) side-chain interdigitation in
HT- P3HT.
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Poly(benzodithiophene)s and Copolymers


As one of the primary driving forces behind OTFTs is low
cost, any materials characteristics which critically impact the
economy of manufacturing
would require serious consider-
ation. High throughput is cen-
tral to lowering manufacturing
cost, thus roll-to-roll processes
are generally considered to be
paramount for driving manufac-
turing productivity.
Unfortunately, most if not all


efficient organic semiconduc-
tors such as PQT and poly-
ACHTUNGTRENNUNG(bis(2-thienyl)-thieno ACHTUNGTRENNUNG[3,2-b]thi-
ophene)s 11a and 12a, require
further conditioning or anneal-
ing after semiconductor deposi-
tion to achieve high mobility.
The annealing steps are time
consuming and often carried
out at relatively high temperatures (>100 8C) either in
vacuum or an inert atmosphere. Such post-deposition an-
nealing steps are not compatible with the high speeds of
roll-to-roll processes needed to deliver the low-cost econom-
ic advantage. Accordingly, to realize low-cost OTFTs, the
annealing step would have to be eliminated.
Regioregular thiophene polymers such as PQT-12 and


PTAT-15 with well-spaced alkyl side-chain distributions ex-
hibited backbone melting at relatively high temperatures
(�140–150 8C) They self-organized into highly crystalline la-
mellar p–p stacking structural orders via intermolecular
side-chain interdigitation (Figure 5a and b) upon deposition
from solution when heated to backbone melting tempera-
tures followed by slow cooling. Similarly, for poly ACHTUNGTRENNUNG(2,5-bis(3-
dodecylthiophen-2-yl)thieno ACHTUNGTRENNUNG[3,2-b]thiophene), crystalline
state was induced by heating to its backbone melting tem-
perature of about 244–251 8C followed by cooling. However,
HT-P3HT self-assembled readily at room temperature into a
highly crystalline state when deposited from solution with-
out additional thermal assistance.[20,31] This was primarily
made possible by the sterically crowded side-chain distribu-
tion along the backbone of HT-P3HT, which rendered or-
dering via intermolecular side-chain end-to-end interaction
energetically favorable (Figure 5c). On the other hand, the
steric congestion of pendant side-chains in HT-P3HT also
made intermolecular side-chain interdigitation (Figure 5d)
energetically demanding.
Accordingly, we envisaged that a plausible approach to


achieving low-temperature structural ordering in a polymer
semiconductor was to build a regioregular system with a
crowded pendant side-chain distribution along the back-
bone. Such a system would be expected to self-assemble
into crystalline states by adopting an end-to-end side-chain
interaction much like that in HT-P3HT. Benzodithiophene
nucleus 13 was selected for the verification of this hypothe-


sis on the following considerations: i) it permitted building
three different fundamental structural designs 14 (R�C6),
15 (R�C6) and 16 (R�C6) to study three unique steric en-
vironments of pendant side-chain distributions on structural


ordering, and thus FET characteristics ; and ii) it was ther-
mally and oxidatively very stable, and its relatively large
and planar molecular structure would help promote co-
facial p–p stacking which is beneficial to charge transport.
As can be noted, 16 possessed a crowded pendant alkyl
side-chain distribution along the backbone, and would
behave much like HT-P3HT in self-organization through
end-to-end side-chain ordering. On the other extreme, 15
with a small methyl substituent and a long alkyl side-chain,
provided a well-spaced alkyl side-chain distribution and
would adopt an interdigitation ordering model, while 14 was
somewhere in between in terms of steric congestion and
might adopt interdigitation ordering when thermally driven.
A general synthetic route to these polymers is described in
Scheme 3.[48–50]


Scheme 3. Synthesis of poly(benzodithiophene)s and copolymers.
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Depicted in Figure 6 are the single crystal structures of
monomers of the three polymers, demonstrating side-chain
interdigitation in the monomers of 14 and 15 while an end-
to-end arrangement of side-chains in 16. These two distinct
modes of molecular ordering were also reflected in the
structural organizations of the corresponding polymers 14–
16 as schematic represented in Figure 7 through XRD analy-
sis.[48–50]


DSC analysis revealed that 14 had two melting tempera-
tures at �140 and �280 8C corresponding respectively to
side-chain and backbone melting.[48] On the other hand, 15
displayed no thermal transitions up to 300 8C on both heat-


ing and cooling.[49] Obviously, the relatively small methyl
substituents and the large spacing between the dodecyl side-
chains in 15 did not present any steric barriers to the other-
wise energetically demanding interdigitation process. How-
ever, when both the alkyl substituents were the same and
sufficiently long such as hexyl in 16a (R=R’=hexyl;
PAAD-6), interdigitation was prevented, and ordering oc-
curred via end-to-end side-chain interaction. 16a displayed
only one thermal transition at �395 8C in its DSC thermo-
gram.[50]


Detailed characterization by two-dimensional grazing-in-
cidence X-ray-diffraction (GIXRD, incident X-ray angle of
2.58) analysis showed that a spin-cast thin film of 16a on an
OTS-8-modified silicon wafer substrate exhibited only a
strong primary diffraction pattern (100) at 2q=5.68 (Fig-
ure 8c), demonstrating a well-organized lamellar structure
which was oriented normal to the substrate.[50] The (010) dif-
fraction from p–p stacking was not observed due to block-
age by the substrate. The highly ordered structure of 16a
was unambiguously demonstrated through two-dimensional
transmission X-ray diffraction of a stack of thin films of 16a
as schematically depicted in Figure 8b. Figure 8d is the dif-
fraction pattern obtained when the incident X-ray was
normal to the film stack, showing both a strong p–p stacking
(010) at 2q=22.68 (d spacing, 3.9 P) and a weak interlayer
(100) diffractions. Strong (100), (200), (300) and (010) dif-
fraction patterns were detected when the incident X-ray was
parallel to the film stack (Figure 8e), showing the p–p stack-
ing and interlayer diffraction patterns which were normal to
each other. The highly organized nature of 16 in a solution
processed thin film was manifested by the formation of ex-
traordinarily large domains of �1 mm in width and >1 mm
in length (Figure 9), in comparison to those of other poly-
thiophenes, as visualized in the AFM images.
TFT studies using these polymers as channel semiconduc-


tors demonstrated FET properties which were in excellent
agreement with the expectations based on structural and or-
dering considerations.[48–50] Semiconductor 14 gave a low
FET mobility of �0.001 cm2V�1 s�1 (Ion/Ioff �105). The mo-
bility was improved by one order of magnitude to
�0.012 cm2V�1 s�1 after annealing at 140 8C, demonstrating
achievement of a higher structural ordering following ther-
mal treatment. On the other hand, 15 provided good mobili-
ty of 0.10–0.15 cm2V�1 s�1 (Ion/Ioff �106) without thermal an-
nealing. Thermal annealing did not lead to improvement in
mobility, in agreement with the XRD observation that 15
had already achieved optimum structural ordering at room
temperature. In line with the ability to achieve high crystal-
line orders in solution-cast thin films via end-to-end side-
chain interaction, both 16a and 16b exhibited excellent FET
characteristics as channel semiconductors in OTFTs. Specifi-
cally, the output behaviors followed closely the metal oxide-
semiconductor FET gradual channel model, showing very
good saturation with no observable contact resistance. The
transfer characteristics of 16a displayed a near-zero turn-on
voltage, a small threshold voltage of �5.9 V, and a subthres-
hold slope of �2 V.dec�1. The extracted saturation mobility


Figure 6. Single crystal structures of a) 4,8-didodecylbenzo[1,2-b :4,5-b’]di-
thiophene (monomer of 14); b) 4,8-didodecyl-2,6-bis(3-methylthiophen-2-
yl)benzo[1,2-b :4,5-b’]dithiophene (monomer of 15); and c) 4,8-dihexyl-
2,6-bis(3-hexylthiophen-2-yl)benzo[1,2-b :4,5-b’]dithiophene (monomer of
16) showing different intermolecular side-chain orderings.
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was up to �0.25 cm2V�1 s�1 (Ion/Ioff �105–106) without re-
quiring post-deposition annealing. Devices with 16b showed
even higher mobility of up to �0.4 cm2V�1 s�1 with Ion/Ioff
�106. Annealing at temperatures up to �150 8C did not
lead to improved FET performance as 16 was sterically too
congested to undergo interdigitation to achieve a tighter
structural order. This was in sharp contrast to the behaviors
of most polymer thin-film semiconductors such as PQT and
its analogues. The TFT devices of 16 also exhibited relative-
ly stable performance over time as no significant degrada-
tion in mobility after standing over an extended period of
time. Since post-deposition annealing is not necessary, 16
thus represents the current benchmark high-performance
polymer semiconductor which may potentially enable high-
speed roll-to-roll mass manufacturing of low-cost OTFT
arrays/circuits.


Conclusion and Outlook


We have demonstrated that for polymer semiconductors,
particularly thiophene-based polymers for FET applications,


stability against photoinduced oxidative doping and to some
extent photobleaching can be achieved through incorpora-
tion of appropriate structural moieties into the polymer
backbone to control its p-conjugation. This would result in
lowering its HOMO to suppress vulnerability to oxidation.
Consideration should also be given in establishing sufficient
p-conjugation in a delicate balance to achieve both FET
mobility and ambient stability. PQT-12 and PTAT-15 are
two good examples wherein both reasonable ambient stabili-
ty and FET mobility are simultaneously accomplished.
Nonetheless, these semiconductor polymers still require


post-deposition thermal annealing to achieve optimum
structural ordering via side-chain interdigitation—a process
that is tedious and time-consuming and is not amenable to
high-speed roll-to-roll mass manufacturing processes for
low-cost production. This difficulty has been circumvented
with a semiconductor polymer design that mimics the steri-
cally crowded side-chain distribution of HT-P3HT in driving
the semiconductor molecules to order via end-to-end side-
chain interaction—a process that appears to be readily ach-
ieved at room temperature as demonstrated by HT-P3HT.
For a high-mobility polymer semiconductor design, the large


Figure 7. Schematic representations of structural orderings in solution cast thin films of thiophene polymers as deduced from XRD data: a) side-chain in-
terdigitation of poly(4,8-didodecylbenzo[1,2-b :4,5-b’]dithiophene); b) side-chain interdigitation of poly(4,8-didodecyl-2,6-bis(3-methylthiophen-2-yl)ben-
zo[1,2-b :4,5-b’]dithiophene); and c) end-to-end side-chain interaction of poly(4,8-dihexyl-2,6-bis(3-hexylthiophen-2-yl)benzo[1,2-b :4,5-b’]dithiophene).
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and relatively planar benzodithiophene repeating unit which
is efficient in promoting co-facial p–p stacking has proven
to be particularly effective. This would give rise to an ex-
tended structural ordering in the form of lamellar p–p
stacks which are conducive to charge transport by hopping.
Polymer 16 (PAAD) represents such as a system with dem-
onstrated ability to achieve high crystallinity via end-to-end
side-chain ordering when cast from solution on an appropri-
ate substrate without the need for thermal annealing.
OTFTs using 16b (PAAD-10) has shown excellent FET
properties with mobility up to �0.4 cm2V�1 s�1 and current
on/off ratio of 106, together with other highly desirable FET
characteristics. While the current mobility may not be high
enough for application in backplane electronics for very
large displays, it is certainly more than sufficient for use in


e-paper and signage, sensing electronics and RFID tags
using small channel TFTs. The fact that 16 does not require
post-deposition thermal annealing is particularly advanta-
geous as this would render high-throughput roll-to-roll mass
manufacturing processes possible. It is our belief that contin-
ued progress in semiconductor design will be made in the
near future in driving mobility up to a level suitable for a
wider spectrum of high-value applications including back-
planes for driving large flat-panel displays.
Semiconductor is only one of many critical component


materials for OTFT arrays/circuits. For low-cost applications,
particularly for use in flexible electronic devices, other solu-
tion processable or printable components such as gate die-
lectric, electrical conductor, and protective encapsulation
materials are also required. It is encouraging to witness that
these essential materials have in recent years been receiving
growing research attention, and that significant advances
have also been made in these areas.[51–56]
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Growth of Larger Hydrocarbons in the Ionosphere of Titan


Claire L. Ricketts,[a] Detlef Schrçder,*[a] Christian Alcaraz,[b] and Jana Roithov1*[a, c]


Among the many fascinating results of the Cassini–Huy-
gens mission, the mass spectrum of the ionosphere of Titan
has attracted considerable attention.[1] In brief, the iono-
sphere was found to be surprisingly complex, consisting of
hydrocarbon ions CmHn


+ as well as nitrogen-containing ions
CnHnNo


+ with mass-to-charge ratios up to the probe#s limit
of m/z 100;[2] even much heavier components have been
proposed.[1b,3] While the formation of CmHn compounds with
m � 7 is reasonably well understood,[3–5] routes to larger hy-
drocarbons are less obvious. Moreover, most of the present
models rely on condensation reactions of CmHn


+ ions with
unsaturated precursors such as acetylene,[6] whereas meth-
ane, as the major hydrocarbon in the atmosphere of Titan,
only plays a minor role in the subsequent growth processes.
Here, we report carbon�carbon (C�C) coupling reactions of
methane with medium-sized CmHn


2+ dications leading to
larger hydrocarbon molecules. Despite low steady-state con-
centrations of the dicationic intermediates, kinetic modeling
allows predictions about the larger hydrocarbon species
present in the ionosphere of Titan, thereby rationalizing the
results from the Cassini–Huygens mission which consider-
ation of monocations only cannot explain.
The activation of methane poses a particular challenge


and usually involves energetic conditions or metal cataly-
sis.[7] Under the conditions of the Titan atmosphere (low
temperatures and pressures), small hydrocarbon ions can


indeed react with methane, but the rate constants decrease
with size, and so far reaction 1 involves the largest CmHn


+


ion reacting with methane under thermal conditions.[8,9]


C6H5
þþCH4 ! C7H7


þþH2 ð1Þ


CmHn
2þþCH4 ! Cmþ1Hnþ2


2þþH2 ð2Þ


Recently, we proposed double ionization as a feasible
route for C�C bond formation under extreme conditions.[10]


In our laboratory experiments (see Supporting Information),
CmHn


+ mono- and CmHn
2+ dications (m=7–11, n=6–12)


were generated by electron ionization (EI) of aromatic pre-
cursors, mass-selected, and allowed to interact with meth-
ane.[11] Whereas most CmHn


+ monocations studied do not
show a significant reactivity with methane under these con-
ditions, many CmHn


2+ dications undergo dehydrogenative
C�C coupling according to reaction (2); we note in passing
that none of these CmHn


2+ dications reacts with nitrogen as
the major component in the atmosphere of Titan.
As an example (Figure 1), we refer to the reaction of


methane with the C7H6
2+ dication generated upon EI of tol-


uene.[13] The observed reactions (3)–(7) can be classified as
follows.


proton transfer ðPTÞ C7H6
2þþCH4 ! C7H5


þþCH5
þ ð3Þ


electron transfer ðETÞ C7H6
2þþCH4 ! C7H6


þþCH4
þ ð4Þ


hydride transfer ðHTÞ C7H6
2þþCH4 ! C7H7


þþCH3
þ ð5Þ


C�C coupling ðCC,H2Þ C7H6
2þþCH4 ! C8H8


2þþH2 ð6Þ


C�C coupling ðCC,2H2Þ C7H6
2þþCH4 ! C8H6


2þþ2 H2 ð7Þ


ET and HT [reactions (4) and (5)] are common processes
in the bimolecular chemistry of multiply charged ions,[14, 15]


and PT [reaction (3)] is a particularity of hydrogen-contain-
ing dications.[16,17] While reactions (3)–(5), driven by the
energy gain upon formation of two singly charged product
ions, dominate the reactivity of C7H6


2+ under the experi-
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16610 Prague 6 (Czech Republic)
Fax: (+420)220-183-462
E-mail : Detlef.Schroeder@uochb.cas.cz


[b] Dr. C. Alcaraz
Laboratoire de Chimie Physique, BHt. 350, UMR 8000
Centre Universitaire Paris-Sud, 91405 Orsay Cedex (France)


[c] Dr. J. RoithovA
Department of Organic Chemistry, Charles University in Prague
Hlavova 8, 12843 Prague 2 (Czech Republic)
Fax: (+420)221-953-226
E-mail : jana.roithova@natur.cuni.cz


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


Chem. Eur. J. 2008, 14, 4779 – 4783 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4779


COMMUNICATION







mental conditions, the bond-forming reactions (6) and (7)
associated with C�C coupling can compete to a considerable
extent.[18] In addition to the ionic products given in reactions
(3)–(7), Figure 1 shows the fragments C2H3


++C5H3
+ due to


unimolecular Coulomb explosion of the parent dication and
a weak signal for the monocationic C8H9


+ species (with no-
table deuterium incorporation when using CD4) which can
be assigned to a secondary reaction of methane with the ini-
tially formed C8H8


2+ dication via hydride transfer in analogy
to reaction (5). Further, the C�C coupling products of
C7H6


2+ and CD4 show substantial H/D equilibration and
thereby imply a significant lifetime of the dicationic collision
complex C8H6D4


2+ .[10,11]


The results obtained for a series of CmHn
2+ dications (m=


7–11, n=6–12) are summarized in Table 1 using the classifi-
cation in terms of reactions (3)–(7). The data demonstrate
that C�C coupling with methane according to reaction (2) is
a general feature of medium-sized CmHn


2+ dications. The
corresponding monocations have been studied also, but
almost all react at least 100 times slower than the dications
and coupling often is not detected at all. A notable excep-
tion is the naphthylium ion, C10H7


+ , which undergoes dehy-
drogenative C�C coupling with methane in analogy to reac-
tion (1) with krel=0.06. In the particular case of the C9Hn


2+


dications (n=6–8), we also addressed the question of possi-
ble isomers in the dication state.[13, 20] However, the ion/mol-
ecule reactions of the corresponding dications generated
upon EI of two structurally significantly different neutral
precursors, namely, indene and mesitylene, respectively,
were virtually superimposable.
Qualitatively, the data in Table 1 reveal the following


trends. i) For hydrogen-depleted CmHn
2+ dications (m>n),


HT is more pronounced, whereas PT can compete for less
unsaturated CmHn


2+ species (m � n). ii) ET is inefficient for
most dications studied and primarily occurs for those species
for which the relative rate constants krel are low. An excep-
tion is C7H7


2+ with krel=0.42 and 19% ET, which we attri-
bute to the particular stability of the tropylium monocat-
ion.[21] iii) roughly, the efficiency of C�C coupling (fCC) in-
creases with m and decreases with n which can be explained
as follows. With increasing m, the recombination energies of
the CmHn


2+ dications decrease and hence the driving forces
for charge-separation processes in analogy to reactions (3)–
(5) decrease.[17] Further, hydrogen-depleted dications
(smaller n) undergo the coupling reactions more readily due
to their larger degree of unsaturation and hence increased
tendency for condensation processes.
In a more general sense, reaction (2) provides a route for


the formation of larger hydrocarbon ions using methane as
C1 building block, provided the conditions enable the forma-
tion of molecular dications.[22–25] Like the CO2


2+ dications in
the atmosphere of Mars,[26] vacuum-ultraviolett (VUV) pho-
tons as well as energetic particles in the upper atmosphere
of Titan may enable the ionization of mono- to dications.[5,27]


As the corresponding monocations react with methane
much less efficiently, the dications thus provide a mecha-
nism for the growth of larger hydrocarbons.


Figure 1. Ion/molecule reaction of mass-selected C7H6
2+ generated by EI


of toluene with neutral methane (lower trace) and [D4]methane (upper
trace). The vertical axis refers to an intensity of 1 for the parent ion
(shifted upwards by 0.5 for the reaction with CD4), the mass-region from
m/z 10–40 is amplified by a factor of 50, and the mass-region from m/z
50–120 is amplified by a factor of 10; the application of different factors
in low- and high-mass regions is due to the discrimination of light frag-
ment ions in detection.[11, 12] Two expanded insets show the isotope pat-
terns of the dicationic C�C coupling products in the mass range m/z 50–
56. The monocations C2H3


+ and C5H3
+ due to unimolecular dissociation


of metastable C7H6
2+ are denoted with an asterix.


Table 1. Relative rate constants[a] and branching ratios[b] in the reactions
of CmHn


2+ dications with neutral methane.


Precursor Selected
ion


krel
[a] PT ET HT CC,H2/


CC,2H2


fCC
[c]


toluene C7H6
2+ 0.61 5 <1 74 10:11 0.13


C7H7
2+ 0.42 3 19 64 8:6 0.06


C7H8
2+ 0.46 52 1 41 2:4 0.03


p-xylene C8H6
2+ 0.02[d] 2 14 14 62:8 0.01[d]


C8H7
2+ 0.13 54 <1 7 11:28 0.05


C8H8
2+ 0.17 1 <1 44 46:9 0.09


C8H9
2+ 0.42 19 <1 40 35:6 0.17


C8H10
2+ 0.05[d] 44 <1 11 30:15 0.02[d]


mesitylene C9H6
2+ [e] 1.00 3 <1 14 83:<1 0.83


C9H7
2+ [e] 0.05 7 20 10 57:6 0.03


C9H8
2+ [e] 0.12 82 <1 1 4:13 0.02


C9H9
2+ 0.11 79 6 1 5:8 0.01


C9H10
2+ 0.10 91 2 <1 3:4 0.01


C9H12
2+ 0.15 87 4 2 4:3 0.01


naphthalene C10H6
2+ 0.05[d] <1 8 2 84:6 0.05[d]


C10H7
2+ 0.95 11 2 15 68:4 0.68


C10H8
2+ 0.04 4 60 8 22:6 0.01


1-methyl-
naphthalene


C11H6
2+ 0.62 1 <1 8 90:<1 0.56


C11H7
2+ 0.22 7 6 8 65:14 0.17


C11H8
2+ 0.60 26 2 6 56:10 0.40


C11H9
2+ 0.12 20 12 5 53:10 0.08


C11H10
2+ 0.20 84 <1 <1 1:15 0.03


[a] Formal rate constants derived from the amount of dication conversion
in the presence of methane under single-collision conditions (ca.
10�4 mbar) relative to the fastest reaction of C9H6


2+ .[18,19] [b] Normalized
to S=100. [c] Relative efficiency of the C�C coupling expressed as the
product of krel and the branching ratios of the coupling reactions.
[d] Lower limit due to overlapping monocations in the parent-ion beam.
[e] Within experimental error, identical results were obtained for the di-
cation generated by EI of indene.
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With respect to the relevance of these C�C coupling reac-
tions in interstellar environments or the higher regions of
methane-rich atmospheres of planets or moons, an impor-
tant aspect concerns the internal energy of the CmHn


2+ di-
cations serving as reactants, because it might be argued that
excess energy imparted in the ionization event and/or elec-
tronically excited states of CmHn


2+ are responsible for the
C�C coupling. For singly charged ions, the usual strategy to
cope with this question is the proper thermalization of the
reactant ions.[28] For dications, however, this approach is
more difficult to realize due to the large ionization energies
required and the intrinsically high reactivity of CmHn


2+


ions.[10,11, 13] Therefore, we pursued a different approach em-
ploying photoionization using synchrotron radiation in con-
junction with reactive monitoring.[29] To this end, neutral tol-
uene is admitted to the ion source of a multipole mass spec-
trometer,[30] ionized by VUV photons, the ion of interest,
here C7H6


2+ (see Figure 1), is mass-selected and transferred
to an octopole collision cell in which it is allowed to react
with methane under single-collision conditions (nominal col-
lision energy 0.8 eV), and the dicationic C�C coupling prod-
uct C8H8


2+ formed according to reaction 6 is then monitored
using a second mass filter. While all conditions are other-
wise kept constant, the photon energy is scanned from
below the threshold of the reactant ion to a few eV higher.
The data shown in Figure 2 reveal two important aspects.


At first, the apparent threshold of the coupling product
C8H8


2+ somewhat below 26 eV is identical to that of the pre-
cursor C7H6


2+ within experimental error; i.e., from the very
threshold, the traces overlap with each other and the rela-
tive yield is independent of the energy of the ionizing pho-
tons up to about 1 eV above threshold. Secondly, the rela-
tive yield of coupling product C8H8


2+ tends to decrease at
about 27 eV which is ascribed to contributions from rovibra-
tionally and/or electronically excited C7H6


2+ dication precur-
sors. The synchrotron measurements thus proof directly that
the observed C�C coupling reactions are nascent to the
ground-state reactivity of C7H6


2+ .


In order to explore the relevance of this scenario, the re-
sults were implemented in a kinetic modeling,[19,31] whose es-
sentials are sketched in Scheme 1. The key assumption is


the existence of some event which leads to the formation of
CmHn


2+ dications (dication feed, DF), as expressed by a
phenomenological parameter kDF which is applied to all
monocationic species. The reactions of the CmHn


2+ dications
are then determined by the relative rate constants and
branching ratios (Table 1). Here, PT, ET, and HT connect
the CmHn


2+ dications with the monocations (with varying
hydrogen content), whereas the C�C coupling leads from
the Cm to the Cm+1 manifold. The newly formed Cm+1Hn+2


2+


dications can then either convert to monocations via PT, ET,
and HT or continue growing. Further, the assumption of a
dication feed implies that the same energetic conditions ena-
bling double ionization can also lead to monocation degra-
dation (MD) from the Cm+1 back to the Cm manifold, as ex-
pressed by another phenomenological parameter kMD which
also is applied to all monocations larger than C7. The model
fulfils the boundary conditions that i) a quasi-stationary
state is rapidly reached for all ions and ii) the results are not
very sensitive of the starting conditions. We begin the mod-
eling with C7Hn


2+ dications, because toluene is the smallest
aromatic hydrocarbon, whose second ionization energy
(14.8 eV)[32] is clearly below the first ionization energy of ni-
trogen (15.58 eV) which is the predominant component in
the atmosphere of Titan.
Figure 3 shows a result of such a modeling.[33] While the


abundances of the higher CmHn
+ species, of course, crucially


depend on the choice of kDF and kMD, several aspects of this
model are worth considering with respect to Titan. i) The
sum of all dications is far below 1%, consistent with general
expectation for such energetic species and the lack of indica-
tions for the presence of doubly charged ions from the Titan
missions.[34] ii) Despite low steady-state concentrations of
the dications, C�C coupling leads to notable amounts of
higher CmHn


+ species (n � 8), whereas this fraction is much
lower and less extended if dications are excluded (inset in
Figure 3). iii) Compared with the conventional EI mass spec-
tra of aromatic hydrocarbons (which are dominated by [M]+


Figure 2. Abundances of the precursor dication C7H6
2+ (^) and the C�C


coupling product C8H8
2+ (~) in single-ion monitoring as a function of


the energy of the ionizing photons (in eV). The inset shows the relative
yield of the coupling product, that is, I ACHTUNGTRENNUNG(C8H8


2+)/[I ACHTUNGTRENNUNG(C7H6
2+)+I ACHTUNGTRENNUNG(C8H8


2+)], as
a function of photon energy. The encircled region a) of the inset shows
random noise as these values are below threshold, the line in region b)
indicates a plateau-behavior in the relative yield of the coupling product,
and in the arrow in region c) indicates the decrease of conversion due to
contributions of “hot” C7H6


2+ .


Scheme 1. Simplified kinetic Scheme for the growth of CmHn
+ monocat-


ions in the presence of methane via transient CmHn
2+ dications. For the


sake of simplicity, only a partial manifold of C7- and C8-ions is shown,
(CC,2H2) is left out, the neutral reactant methane and the other neutral
or ionic products are omitted. PT: proton transfer, ET: electron transfer,
HT: hydride transfer, CC: C�C coupling, DF: dication feed, MD: mono-
cation degradation.
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and [M�H]+ ions), both, single and double dehydrogena-
tion in the coupling reactions and the competition of PT and
HT lead to a broadening of the modeled monocation mass
spectra with respect to hydrogen content, which is consistent
with the Cassini–Huygens data. iv) Inherent to the construc-
tion of the kinetic modeling, specifically due to the counter-
acting parameters kDF and kMD, the modeled abundances of
the higher CmHn


+ species decrease roughly monotonically
with m, which agrees with the recent analysis of energy/
charge measurements on Titan.[1b,3] Our suggested mecha-
nism for the growth of hydrocarbon ions can hence account
for some key characteristics of Titan#s ionosphere. In future
laboratory-based studies, it will be of prime importance to
probe the relevance of this and similar scenarios for the
growth of hydrocarbons ions[4,5,35, 36] by leaving the single-
collision regime towards more realistic pressures, consider-
ation of temperature effects, and particularly also extension
to nitrogen-containing ions.[37]
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A New Glycorotaxane Molecular Machine Based on an Anilinium and a
Triazolium Station


Fr&d&ric Coutrot* and Eric Busseron[a]


Rotaxanes have received much attention during the past
decade, especially because they can be used as molecular
machines.[1] Although many efforts have been carried out to
design and synthesize molecular machines for nanotechnolo-
gy, very few papers have been devoted to those, which could
be used in the medicinal field.[2] Since glycosides are in-
volved in a wide range of biological recognition processes,
we recently published a very efficient synthesis of a manno-
syl [2]rotaxane derivative using the Schmidt glycosylation
method.[3] Glycorotaxanes, in which a glycosyl moiety is
used as a stopper,[3,4] constitute a class of molecules of great
interest, as localization of the macrocycle along the glycosyl
thread could influence the recognition towards their lectine
receptors. Effectively, masking or unmasking the glycoside
part, by moving the macrocycle more or less far from the
glycoside end depending on the extracellular physiological
pH of a cell, would allow for the subsequent study of the
structure–activity relationship of the glycosidic molecular
machine for its specific receptor. With this aim, we describe
in this paper the readily preparation of a mannosyl two-sta-
tion molecular machine derivative, via the end-capping
method of a semirotaxane. We also report the pH-controlled
shuttling of the dibenzo[24]crown-8 (DB24C8) around the
two very different binding sites. The synthetic strategy is
based on the copper(I)-catalyzed Huisgen[5] alkyne–azide
1,3-dipolar cycloaddition, also called “the CuAAC click
chemistry”,[6] and on the subsequent alkylation of the 1,2,3-
triazole. Although recent papers described on one hand the
use of the “click chemistry” as an efficient route to triazol-
rotaxanes[7] and on another hand the recognition study of


anions by 1,2,3-triazolium receptors,[8] the N-methyltriazoli-
um moiety has never been described as a molecular station
for DB24C8 so far. However, since Busch et al. reported the
ability for the DB24C8 to interact strongly with ammonium
cation,[9] a wide variety of other template moieties, such as
benzylic ammonium,[10] N-benzylic anilinium,[11] N,N’-di-
ACHTUNGTRENNUNGalkyl-4,4’-bipyridinium,[12] 1,2-bis(pyridinium)ethane cat-
ions,[13] have been investigated. Our targeted rotaxane 4 con-
tains two molecular stations with different affinity for the
DB24C8. (Scheme 1)
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Scheme 1. Template synthesis of the mannosyl [2]rotaxane 3 and its deri-
vatization to pH-sensitive molecular machines 4 and 5.
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The already reported N-alkylanilinium was chosen as the
templated moiety for the preparation of the [2]rotaxane 3,
and, at the same time, as the best molecular station for
DB24C8 in the targeted molecular machine 4. The cationic
electron-poor aromatic ring N-methyltriazolium should be
able to interact with the DB24C8 either by p–p stacking
with the electron-rich catechol ring, by ion-dipole interac-
tions between the cationic charge and the oxygens of the
macrocycle or by hydrogen bond between the vinylic hydro-
gen of the triazolium and the oxygens of the macrocycle.


The mannosyl [2]rotaxane 3 was successfully synthesized,
at room temperature in dichloromethane, from the tetra-O-
acetyl-a-d-mannosyl azide 1[14] (1 equiv) and the anilinium
alkyne 2 (1 equiv) in the presence of DB24C8 (2 equiv), Cu-
ACHTUNGTRENNUNG(MeCN)4PF6 (1 equiv) and 2,6-lutidine (0.1 equiv). Com-
pound 3 was isolated in a 72% yield after chromatographic
column purification. The interlocked architecture of 3 was
confirmed by comparing the 1H NMR spectra of the uncom-
plexed dumbbell-shaped thread 3u, the rotaxane 3 and the
uncomplexed DB24C8 (Figure 1). In comparison with the
free DB24C8, the chemical shifts of the complexed crown
ether hydrogens HC and HE of the rotaxane 3 are split, indi-
cating that they are facing the two non-symmetrical ends of
the threaded mannoside. Methylene hydrogens HD are shift-
ed slightly upfield; the upfield shift of hydrogen HE is more
pronounced. Comparison between the spectra of the uncom-


plexed thread 3u and the rotaxane 3 reveals the presence
and the localization of the macrocycle. Apart from the evi-
dent appearance of the macrocycle hydrogen signals, the hy-
drogens H14 experience a downfield shift (Dd=0.65 ppm),
indicating that the DB24C8 ring binds with the secondary
N-alkylanilinium center. Most of the other chemical shifts of
the other hydrogens are more or less shielded in the rotax-
ane, because they undergo the shielding effect of the aro-
matic ring of the macrocycle.


Subsequent regioselective methylation of the [2]rotaxane
3 was carried out at room temperature in iodomethane
during four days and afforded quantitatively, after anion ex-
change, the two-station mannosyl [2]rotaxane 4. In order to
move the ring more or less far from the mannosyl end, var-
iation of the pH was investigated. Deprotonation of the ani-
linium [2]rotaxane 4 was carried out in acetone with a large
excess of diisopropylethylamine and the [2]rotaxane 5 was
purified according to the supporting information.[15] As ex-
pected, the DB24C8 moved towards the triazolium station
upon deprotonation. This was confirmed by the analyses of
the 1H NMR spectra of both rotaxanes 4 and 5, and uncom-
plexed thread 4u and 5u (Figure 2).


The direct comparison of the 1H NMR spectra of both the
dumbbell-shaped anilinium thread 4u and rotaxane 4 indi-
cates the localization of the DB24C8. (Figure 2a, b) Where-
as H14 is dramatically shifted downfield (Dd=0.72 ppm) in


the rotaxane 4, no significant
variation in the chemical shift
of H7 was noticed, pointing out
that the DB24C8 mainly resides
around the anilinium station.
This result suggests that the af-
finity of DB24C8 is much
better for the anilinium station
than for the triazolium. More-
over, and similarly to the com-
parison between 3u and 3
(Figure 1), 1H NMR signals of
the alkyl chain (H9, H10, H11,
H12 and H13) are shifted upfield
(Dd range from �0.22 to
�0.49 ppm) because of the
shielding effect of the aromatic
rings of the crown ether. This
result is consistent with the
very slight variations of the
chemical shift observed for H17


and H19 in 3u and 3. Actually,
the DB24C8 may probably
prefer to sit over the alkyl
chain, rather than over the hin-
dered di-tert-butyl phenyl
group.[16] Deprotonation of the
anilinium moiety made the
DB24C8 move towards the tri-
ACHTUNGTRENNUNGazolium station. (Figure 2b, c)
By comparing rotaxane 5 with


Figure 1. 1H NMR spectra (400 MHz, CDCl3, 298 K) of: a) the uncomplexed dumbbell-shaped thread 3u ; b)
the rotaxane 3 ; c) the uncomplexed DB24C8. The lettering and numbering correspond to the proton assign-
ments indicated in Scheme 1. The green colour signals are part of the anilinium binding-site.
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rotaxane 4, 1H NMR signal for H14 of rotaxane 5 is shifted
upfield (Dd=�1.26 ppm) as a result of both the deprotona-
tion of the neighbouring anilinium and the shuttling of the
macrocycle. Tremendous downfield shifts are observed at
the same time for the signals H7 (Dd=1.16 ppm) and in a
lesser proportion H9 (Dd=0.62 ppm) in the deprotonated
rotaxane 5, indicating their hydrogen bonding with the oxy-
gens of the DB24C8. The localization of the crown ether
macrocycle is corroborated by the direct comparison be-
tween the rotaxane 5 and the uncomplexed dumbbell-
shaped thread 5u. For the rotaxane 5, the chemical shifts of
H7 and H9 are both shifted downfield, whereas the methyl-
ene hydrogens H11, H12, H13 and H14 of the alkyl chain are
shifted upfield, exhibiting the shielding effect of the aromat-
ic ring of the DB24C8.


In conclusion, we have de-
scribed a very mild and efficient
access to glycorotaxanes using
“click chemistry” in a template-
directed threading approach.
Transformation of the so-creat-
ed 1,2,3-triazole moiety into the
methyl triazolium was success-
fully realized and allowed for
the readily preparation of a
mannosyl two-station molecular
shuttle. As the affinity of the
DB24C8 is much better for the
anilinium template than for the
triazolium one, the DB24C8 ini-
tially resides around the anilini-
um station. After deprotona-
tion, the macrocycle moves to-
wards the triazolium station,
where it can interact by hydro-
gen bonding. The shuttling pro-
cess can be inverted by proto-
nation of the aniline moiety.
The high simplicity of both the
“click chemistry” method and
the subsequent N-methylation
to yield triazolium rotaxanes,
besides of the interesting be-
haviour of the triazolium sta-
tion for the crown ether, make
the route to a wide range of dif-
ferent molecular machines pow-
erful and very easy.


Experimental Section


Compound 3 : To a solution of alkyne
2 (240 mg, 0.52 mmol, 1 equiv) and
DB24C8 (468 mg, 1.04 mmol, 2 equiv)
in dry CH2Cl2 (2 mL) were added suc-
cessively the mannosyl azide 1
(195 mg, 0.52 mmol, 1 equiv), Cu-


ACHTUNGTRENNUNG(CH3CN)4PF6 (194 mg, 0.52 mmol, 1 equiv) and 2,6-lutidine (6 mL,
0.05 mmol, 0.1 equiv). The mixture was stirred for 24 h at room tempera-
ture, then the solvent was removed. The crude was directly purified by
column chromatography (silica gel, acetone/CH2Cl2 10:90, then 15:85) to
afford pure rotaxane 3 (481 mg, 72%) as a white solid. Rf=0.22 (silica
gel, acetone/CH2Cl2 10:90);


1H NMR (400 MHz, CDCl3, 298 K): d =8.53–
8.41 (br s, 2H; H15), 7.60 (s, 1H; H7), 7.31 (s, 3H; H17, H19), 6.87–6.78 (m,
8H; HA, HB), 6.06 (s, 1H; H1), 5.77 (d, 3J ACHTUNGTRENNUNG(H2,H3)=3.0 Hz, 1H; H2), 5.40
(t, 3J ACHTUNGTRENNUNG(H4,H5)= 3J ACHTUNGTRENNUNG(H4,H3)=10.1 Hz, 1H; H4), 5.26 (dd, 3J ACHTUNGTRENNUNG(H3,H4)=10.1, 3J-
ACHTUNGTRENNUNG(H3,H2)=3.0 Hz, 1H; H3), 4.35 (dd, 2J ACHTUNGTRENNUNG(H6b,H6a)=12.5 Hz, 3J ACHTUNGTRENNUNG(H6b,H5)=


5.1 Hz, 1H; H6b), 4.25 (brd, 2J ACHTUNGTRENNUNG(H6a,H6b)=12.5 Hz, 1H; H6a), 4.22–4.16
(m, 4H; HC’), 4.13–4.06 (m, 6H; H14 HC), 4.03 (ddd, 3J ACHTUNGTRENNUNG(H5,H4)=10.1, 3J-
ACHTUNGTRENNUNG(H5,H6b)=5.1, 3J ACHTUNGTRENNUNG(H5,H6a)=1.8 Hz, 1H; H5), 3.87–3.77 (m, 8H; HD), 3.69–
3.61 (m, 4H; HE’), 3.44–3.37 (m, 4H; HE), 2.51 (t, 3J ACHTUNGTRENNUNG(H9,H10)=7.5 Hz,
2H; H9), 2.13, 2.09, 2.00 (3s, 12H; CH3CO), 1.62–1.53 (m, 2H; H13),
1.40–1.28 (m, 4H; H10, H11), 1.18 (s, 18H; H21), 1.27–1.11 ppm (m, 2H;
H12);


13C NMR (100 MHz, CDCl3, 298 K): d =170.7, 169.8, 169.6, 169.5
(COCH3), 152.6 (C18), 147.9 (C8), 147.3 (Cq DB24C8), 135.1 (C16), 120.5 (C7),


Figure 2. 1H NMR spectra (400 MHz, CDCl3, 298 K) of: a) the uncomplexed dumbbell-shaped anilinium
thread 4u ; b) the rotaxane 4 ; c) the rotaxane 5 ; d) the uncomplexed dumbbell-shaped aniline thread 5u . The
lettering and numbering correspond to the proton assignments indicated in Scheme 1. The different colored
signals are part of: the binding-site of the anilinium station (green); the triazolium station (pink); the aniline
moiety (orange).
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123.4, 116.9 (C17, C19), 121.6, 112.3 (CA, CB), 84.3 (C1), 75.4 (C5), 71.1
(C3), 70.8 (CE), 70.2 (CD), 68.5 (C2), 68.1 (CC), 65.0 (C4), 62.1 (C6), 50.8
(C14), 34.9 (C20), 31.2 (C21), 28.9, 28.7 (C10, C11), 27.5 (C13), 25.7 (C12), 25.2
(C9), 20.5, 20.7 ppm (4s, CH3CO); HRMS (ESI): m/z : calcd for
C60H87N4O17: 1135.6066; found: 1135.6042 [M�PF6]


+ .


Keywords: click chemistry · glycorotaxanes · molecular
machines · template synthesis · triazolium
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Quaternary Stereogenic Carbon Atoms in Complex Molecules by an
Asymmetric, Organocatalytic, Triple-Cascade Reaction


Oriol Penon,[b] Armando Carlone,[a] Andrea Mazzanti,[a] Manuela Locatelli,[a]


Letizia Sambri,[a] Giuseppe Bartoli,[a] and Paolo Melchiorre*[a]


The stereoselective construction of all-carbon quaternary
sterogenic centers in complex organic molecules is an ongo-
ing synthetic challenge.[1] This is due to the growing number
of biologically active natural products and pharmaceutical
agents that possess quaternary stereogenic carbons. Howev-
er, creating these complex fragments rapidly and selectively
is a difficult task, because of the inherent steric bias encoun-
tered in the C�C bond-forming event. In this field, enantio-
selective cascade catalysis has been recognized as a new syn-
thetic solution to the stereoselective construction of molecu-
lar complexity.[2] This bio-inspired strategy is based upon the
combination of multiple asymmetric transformations in a
cascade sequence, providing rapid access to complex mole-
cules containing multiple stereocenters from simple precur-
sors and in a single operation.
Here we report the development of an organocatalytic,[3]


triple-cascade reaction that allows the direct, one-pot syn-
thesis of tri- and tetra-substituted cyclohexene carbalde-
hydes 4 with three or four stereogenic carbon atoms, one of
which is quaternary by all-carbon substitution (Scheme 1).
This three-component domino strategy is based on an opera-
tionally trivial procedure that employs unmodified, cheap,
and commercially available starting materials and catalyst,
while achieving excellent levels of stereocontrol (up to 20:1
diastereomeric ratio (dr) and complete enantioselectivity).
Notably, the development of the first asymmetric conjugate
addition of aldehydes 1 to cyanoacrylates 2, a new class of


suitable Michael acceptors for enantioselective aminocataly-
sis, is at the heart of the presented triple organocascade.
Recently, the use of simple chiral organic molecules to


catalyze asymmetric domino reactions has represented an
additional step forward to the identification of a powerful
and reliable strategy for the stereoselective synthesis of
complex molecules.[4] In this approach, the synthetic benefits
inherent to cascade sequences—which avoids time consum-
ing and costly protection/deprotection as well as isolation
procedures of intermediates—is combined with the use of
environmentally friendly, robust, and nontoxic organocata-
lysts. In particular, chiral secondary amines have been suc-
cessfully used in cascade catalysis, because of the possibility
to integrate orthogonal activation modes of carbonyl com-
pounds (enamine and iminium ion catalysis)[5] into more
elaborate reaction sequences.[6,7]


Despite the impressive recent achievements in the field, a
general and efficient organocatalytic cascade reaction that
allows the direct preparation of complex fragments, contain-
ing all-carbon quaternary stereocenters, is still lacking.[8]


Toward this ambitious goal, we were inspired by the spectac-
ular example of an enantioselective, organocatalytic, triple-
cascade reaction recently reported by Enders and collea-
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Scheme 1. Quaternary stereocenters through a triple organocascade.
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gues.[6] Exploiting the catalytic behavior of the chiral secon-
dary amine 5,[9] they realized an outstanding enamine–imini-
um–enamine sequential activation of aldehydes 1, nitroal-
kenes, and a,b-unsaturated aldehydes 3, affording cyclohex-
ene aldehydes with four stereocenters in essentially enantio-
pure form.[6a] We speculated that an adequate combination
of the reaction components, still including the aldehydic
partners 1 and 3 to preserve the catalytic machinery of this
efficient triple cascade sequence, might provide a rapid and
highly selective creation of quaternary stereocenters in com-
plex molecules.
Central to the implementation of this strategy was the in-


dividuation of a suitable Michael acceptor 2 that must ad-
dress some specific issues. Initially, such reagent must inter-
cept the enamine intermediate, generated by catalyst con-
densation with aldehyde 1, much faster than the unsaturated
carbonyl compounds do (aldehyde 3 or the corresponding
activated iminium intermediate). The resulting conjugate
adduct A (Scheme 1) should constitute a prochiral carbon
nucleophile that can selectively engage in the iminium-cata-
lyzed conjugate addition to 3. The last step is an enamine-
promoted aldol reaction, in which the less hindered alde-
hyde acts as a nucleophile affording the intermediate B and,
after dehydration, the desired cyclohexene carbaldehydes 4.
Along these lines, we envisaged cyanoacrylate derivatives 2
as a potential candidate to address these concerns.
To assess the feasibility of such an asymmetric, organoca-


talytic, triple-cascade strategy, we focused on the use of
ethyl 2-cyanoacrylate (2a),[10] probing its ability to act as a
suitable Michael acceptor for enamine-catalyzed, enantiose-
lective, direct conjugate addition of aldehydes. Exposure of
propanal (1a) to 2a in the presence of diphenylprolinol silyl
ether 5 (10 mol%) in toluene (0.25m) resulted in a fast,
clean and highly selective (>95% enantiomeric excess (ee),
determined by 1H NMR analysis in chiral medium, see Sup-
porting Information) conjugate addition [Eq. (1)].


These results, besides broadening the scope of enamine
catalysis, set conditions for the realization of the cascade se-
quence. Extensive optimization experiments revealed that
the presence of an acidic additive and the relative ratios of
the reagents were the crucial parameters to obtain high
levels of stereocontrol and reaction efficiency:[11] mixing al-
dehyde 1 (2 equiv), cyanoacrylate 2a (1.2 equiv), and unsa-
turated aldehyde 3 at room temperature in the presence of
the catalytic salt 5·oF-C6H4CO2H (10 mol%) in toluene, the
desired cyclohexene carbaldehyde 4 was obtained in good
diastereoselectivity and complete enantiocontrol after 48 h.
Importantly, the main diastereomer can be easily isolated
(diastereomeic excess (de) and ee up to 99%) by column
chromatography.


As summarized in Table 1, the triple organocascade
proved successful for a range of aldehyde substituents, pro-
viding a facile and flexible access to highly functionalized
tri-substituted cyclohexenals 4a–e, with a quaternary stereo-
center, in almost enantiomerically pure form.


This three-component domino strategy can also be suc-
cessfully extended to the highly chemo-, diastereo-, and
enantioselective synthesis of tetra-substituted cyclohexene
carbaldehydes 7 (Table 2). The use of trans-a-cyanocinna-


Table 1. Organocatalytic triple-cascade: a route toward quaternary ster-
eocenters.[a]


Entry R1 R2 4 Yield [%][b] dr[c] ee [%][d]


1 Me Ph a 42 5.5:1 >99
2[e] Me Ph a 40 5.4:1 >99
3 Et Ph b 35 3.5:1 >99
4 allyl Ph c 40 3:1 >99
5 Me pNO2-C6H4 d 34 3.8:1 98
6 Me Me e 42 2.5:1 >99


[a] Reactions performed on a 0.4 mmol scale by using 2 equivalents of al-
dehyde 1, 1.2 equivalents of 2a, and 1 equivalent of enal 3. [b] Yield of
the isolated main diastereomer. The diastereomeric purity of the isolated
products 4 (de>99%) was determined by HPLC and 1H NMR analysis.
[c] Determined by 1H NMR analysis of the crude mixture. The minor dia-
stereomer was identified as the 1-epimer of 4. [d] The enantiomeric ex-
cesses were determined by HPLC analysis of the isolated products 4.
[e] (R)-5 was used as the catalyst, affording the opposite enantiomer of
compound ent-4a.


Table 2. Control of four stereocenters through an organocatalytic triple-
cascade reaction.[a]


Entry 2 R1 R2 7 Yield [%][b] dr[c] ee [%][d]


1 b Me Ph a 52 2.6:1 >99
2[e] b Me Ph a 45 2.2:1 >99
3 b Et Ph b 40 2.3:1 >99
4 c Me Ph c 32 2:1 >99
5 b Me Me d 48 >20:1 98
6 b Et Me e 39 >20:1 98
7 b allyl Me f 40 >20:1 99
8 c Me Me g 38 7.6:1 99


[a] Reactions performed on a 0.4 mmol scale using 2 equivalents of alde-
hyde 1, 1.2 equivalents of 2 and 1 equivalent of enal 3. [b] Yield of the
isolated main diastereomer. The diastereomeric purity of the isolated
products 7 (de>99%) was determined by HPLC and 1H NMR analysis.
[c] Determined by 1H NMR analysis of the crude mixture. The minor dia-
stereomer was identified as the 1-epimer of 7. [d] The enantiomeric
excess was determined by HPLC analysis of the isolated products 7.
[e] Reaction carried out with 5 mol% of the catalyst 5.
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mates 2b,c[12] determines a fast and efficient triple organo-
cascade, leading to the desired products after 24 h reaction
time. Interestingly, aliphatic b-substituted enals induce an
higher stereocontrol, with diastereomeric ratio of up to 20:1.
The efficiency of the presented organocatalytic strategy


prompted us toward a more ambitious goal, the formation
of a complex structure with two all-carbon quaternary ste-
reocenters. Employing an a,a-disubstituted aldehyde, such
as 2-phenyl propanal (8), as a component of the triple orga-
nocascade led to the unexpected formation of cyclohexane
9, a highly functionalized molecule with five stereocenters
[Eq. (2)]. It is worth noting that this reaction allows the
highly enantioselective synthesis of just two diastereomers,
out of the 16 possible ones—compound 9 and its 5-epimer
(epi-9)—that can be separated by chromatography.[13]


The relative configuration of the tri- and tetra-substituted
cyclohexene carbaldehydes 4a and 7a and the cyclohexanes
9 and epi-9 was determined by NMR NOE analysis and X-
ray crystallography (see Supporting Information). Interest-
ingly, 4a and 7a have an opposite configuration at the C(1)
quaternary center, while the other stereogenic carbon
atoms, directly forged by the catalyst stereo-induction, have
the same configuration. The absolute configuration was as-
signed by means of TD-DFT calculations of the electronic
circular dichroism (ECD) spectra.[14] As shown in Figure 1,
the experimental ECD spectra match with the theoretical
data. The relative and absolute configurations are in agree-
ment with related aminocatalytic conjugate additions pro-
moted by catalyst 5.[6,9]


In summary, we have disclosed a novel organocatalytic
triple cascade that allows the stereoselective construction of
all-carbon quaternary sterogenic centers in complex organic
molecules. The method provides a flexible and direct access
to cyclohexene carbaldehydes with three or four stereogenic
carbon atoms with high diastereomeric and complete enan-
tiomeric control, and can be extended to the preparation of
enantiopure cyclohexanes with five chiral centers and two
quaternary carbons.[13] A full account of this new organocas-
cade strategy will be forthcoming.


Experimental Section


All the reactions were carried out in undistilled toluene without any pre-
cautions to exclude air. In an ordinary vial equipped with a Teflon-coated
stir bar, catalyst 5 (0.04 mmol, 13.0 mg, 10 mol%) and 2-fluorobenzoic
acid (0.04 mmol, 5.6 mg, 10 mol%) were dissolved in toluene (1.12 mL).


After addition of the aldehyde 1 (0.8 mmol, 2 equiv), the solution was
stirred for 10 min at room temperature. Then the cyanoacrylate deriva-
tives 2 (0.48 mmol, 1.2 equiv) and a,b-unsaturated aldehyde 3 (0.4 mmol,
1 equiv) were sequentially added. After 24–48 h stirring, the crude reac-
tion mixture was diluted with DCM (2 mL) and flushed through a short
plug of silica, using DCM/Et2O 2:1 as the eluent. Solvent was removed in
vacuo, and the residue was purified by flash chromatography (FC) to
yield the desired products 4 or 7 as a single diastereomer in almost enan-
tiomerically pure form.
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Palladium-catalyzed couplings are very powerful tools for
the formation of C�C linkages.[1] A typical cross-coupling
reaction involves the combination of an electrophile with a
nucleophile in the presence of a metal catalyst. The classical
nucleophilic components are organometallic reagents de-
rived from, for example, magnesium,[2] boron,[3] silicon,[4]


tin,[5] and zinc,[6] whereas the electrophiles are generally or-
ganic halides or sulfonates. Thus, a prerequisite for introduc-
ing an organic fragment by a cross-coupling reaction is its
conversion into either the nucleophilic or the electrophilic
component. In many cases, multistep, expensive, and mois-
ture-sensitive processes are involved in these transforma-
tions.
In the recent years, important advances in the develop-


ment of novel cross-coupling processes that do not require
stoichiometric organometallic reagents, such as C�H activa-
tion reactions,[7] a-arylations of carbonyl compounds,[8] and
decarboxylative cross-coupling reactions[9] have been dis-
closed.
In this context, we have recently uncovered a new Pd-cat-


alyzed C�C bond-forming reaction that employs N-tosylhy-
drazones as nucleophilic coupling partner, eliminating the
need of a stoichiometric amount of an organometallic re-
agent.[10] Since then, we have initiated a research program to
evaluate the synthetic potential of this novel reaction. We
identified 4-aryltetrahydropyridines 2 as ideal synthetic tar-
gets for our methodology. The 4-arylpiperidine scaffold is an
important structure for medicinal chemistry,[11] which is pres-
ent in a vast number of biologically active and therapeutical-


ly useful molecules, and is continuously employed in drug
discovery programs.[12,13–18] 4-Aryltetrahydropyridines have
been synthesized by different approaches starting from com-
mercially available 4-piperidones. In the last few years, Pd-
catalyzed cross-couplings have become the method of
choice (Scheme 1).[14–18] Two different strategies are possible:


i) conversion of the ketone into the electrophilic coupling
partner (alkenyl iodide, enol sulfonate), which can be cou-
pled with an organometallic reagent such as boronic acid,[14]


or an stannane,[15] ii) preparation of a vinyl organometallic
reagent from the 4-piperidone,[16] followed by cross-coupling
with an aryl halide.[17–19] Both approaches require several
synthetic steps from the commercially available 4-piperidone
and proper protection of the piperidone N�H group.
In a first run we selected the hydrazone 3a derived from


N-butyloxycarbonylACHTUNGTRENNUNG(N-Boc)-protected 4-piperidone 1a and
applied the reaction conditions previously reported towards
4-bromotoluene (Scheme 2). A very frustrating result was
obtained. The tetrahydropyridine 4a, which resulted from
the thermal degradation of the tosylhydrazone, was obtained
as the major product, accompanied by only 15% yield of
the desired coupling product 2a (Scheme 2). Several optimi-
zation experiments, with variation of the ligand, base, reac-
tion conditions, and catalyst loading, were performed, but
we were not able to drive the reaction to useful conversions.
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Scheme 1. Standard methods for the synthesis of 4-aryltetrahydropyri-
dines 2 from 4-piperidones 1 by cross-coupling processes.
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We then moved to N-alkyl-substituted 4-piperidones. De-
lightfully, when the reaction of the tosylhydrazone 3b (R=


Et) was treated with 4-bromotoluene, in the presence of
[Pd2ACHTUNGTRENNUNG(dba)3], XPhos, and LiOtBu in dioxane at 110 8C, the
desired coupling product 2b was cleanly obtained in nearly
quantitative yield. This time only traces of the tetrahydro-
pyridine 4b, derived from the decomposition of the tosylhy-
drazone, were detected (Scheme 2). After some experimen-
tation we found that the optimal conditions for this transfor-
mation required 2% mol Pd, a 2:1 ligand/Pd ratio, and 2.3
equivalents of LiOtBu.
Tosylhydrazones 3 are formed by mixing in a solvent to-


sylhydrazine with 4-piperidones 1. Thus, we decided to in-
vestigate whether it might be possible to carry out the cou-
pling reaction starting directly from the piperidone 1 and
the tosylhydrazine, and generating the hydrazone 3 in situ,
in a multicomponent fashion. Indeed, the multicomponent
process provided the coupling product 2b in similar yield to
that obtained from the preformed hydrazone 3b. Products
derived from undesired side reactions, such as ketone a-ary-
lation[8a,b] or tosylhydrazine N-arylation were not observed.
These reaction conditions were applied to an array of aryl


halides (Table 1). We found that the reaction is general for
substituted bromo- and chlorobenzene (Table 1, entries 2, 3,
6) derivatives, bearing electron-donating (Table 1, entries 3,
6) and electron-withdrawing groups (Table 1, entry 5).
Moreover, o-substitution is also tolerated, as seen in the
coupling reaction of bromomesitylene (Table 1, entry 7). As
expected, the reaction with p-chlorobromobenzene gives
rise exclusively the 4-chlorosubstituted derivative (Table 1,
entry 4). The reaction proceeds equally efficiently with aro-
matic heterocycles, both p-exceeding (Table 1, entries 8 and
9) or p-deficient (Table 1, entry 10). Noteworthy, 5-bromoin-
dole was successfully coupled without protection of the N�
H group (Table 1, entry 11).
Interestingly, excellent results were also obtained with N�


H unprotected 4-piperidone (Table 1, entries 12–16). The
possible competitive Pd-catalyzed N-arylation was not ob-
served at all. These reactions are slower and in some cases
required an increase in the catalyst loading to achieve com-
plete conversion (Table 1, entries 14-16). Nevertheless, this
is clearly an important advance, since it eliminates the need
for a deprotecting step.


Moreover, the use of dry solvents or an inert atmosphere
is not required for the coupling reaction. The same yields
are obtained when the reactions are carried out in reagent
grade dioxane under air as when the reactions are carried
out in dry solvent under an Ar atmosphere. From a practical
point of view, in this transformation a ketone is employed as
a nucleophilic cross-coupling reagent, with no previous syn-
thetic modification, only the addition of tosylhydrazine to
the reaction medium.
These results prompted us to extend the one-pot process


to other carbonyl compounds. Some preliminary examples


Scheme 2. Cross-coupling reaction of the tosylhydrazones 3 with p-bro-
motoluene: Influence of the N-protecting group.


Table 1. Synthesis of 4-aryltetrahydropyridines 2 from 4-piperidones 1.[a]


Entry R Ar�X t [h] Compd 2 Yield[b,c]


1 Et R’=Me, X=Br 5 2b 81
2 Bn R’=Me, X=Cl 5 2c 93
3 Bn R’=OMe, X=Cl 6 2d 99
4 Bn R’=Cl, X=Br 8 2e 98


5 Bn 7 2 f 98


6 Bn 12 2g 97


7 Bn 7 2h 92


8 Bn 5 2 i 92


9 Et 5 2j 90


10 Bn 6 2k 99


11 Et 5 2 l 83


12 H 19 2m 94


13 H 12 2n 90


14[d] H 12 2o 93


15[d] H 15 2p 70


16[d] H 24 2q 76


[a] Experimental conditions: piperidone 1, 1 mmol, TosNHNH2, 1 mmol,
ArX, 1 mmol, [Pd2 ACHTUNGTRENNUNG(dba)3], 1% mol, Xphos, 4% mol, LiOtBu, 2.3 equiv
dioxane, 110 8C. [b] Yield of isolated product. [c] XPhos: 2-dicyclohexyl-
phosphino-2’,4’,6’-triisopropylbiphenyl. [d] [Pd2 ACHTUNGTRENNUNG(dba)3], 2% mol and
XPhos, 8% mol.
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are presented in Table 2. In all the cases studied, the substi-
tuted olefins 6 are obtained directly from the carbonyl com-
pounds 5 in very high yields. Like in the reaction with 4-pi-
peridones, a-arylation products were never detected. In
terms of scope and stereoselectivity, the results are compara-
ble to those obtained previously for the reaction with pre-
formed tosylhydrazones.[10] For instance, cyclic (Table 2, en-
tries 3, 4) and acyclic (Table 2, entries 1, 2, 5) ketones can
participate in the reaction. Moreover, very good results
were obtained also with aldehydes (Table 2, entries 6–9).
The reactions of 3-phenylpropanal are noteworthy (Table 2,
entries 6, 7). Linear aldehydes are prone to suffer aldol con-
densation; however, in the presence of tosylhydrazine the
only products obtained are the trans olefins 5 derived from
the cross-coupling reaction.
In summary, we have presented an extremely efficient


methodology for the preparation of 4-aryltetrahydropyri-
dines, which are very important building blocks in medicinal
chemistry, by a novel Pd-catalyzed cross-coupling reaction
that employs a tosylhydrazone as the nucleophilic coupling
partner, with no stoichiometric organometallic reagent
added. Importantly, the tosylhydrazone can be generated in
situ, which implies that 4-piperidones can be directly em-


ployed in the cross-coupling re-
action, providing the tetrahy-
dropyridines in very high
yields in most cases. Moreover,
N�H protection is not re-
quired, thus, enabling further
diversification of the 4-arylpy-
peridines. For all these reasons,
we believe that this reaction
will be of great use in drug dis-
covery programs. Finally, the
one-pot methodology has been
extended to other types of car-
bonyl compounds. Our prelimi-
nary results indicate that a va-
riety of off-the-shelf ketones
and aldehydes can be em-
ployed as nucleophilic coupling
partners in a process, which
does not involve stoichiometric
organometallic reagents, an
inert atmosphere, or dry sol-
vents, and which generates
very few residues. We are con-
vinced that the efficiency of
this transformation, in terms of
yield and availability of the
starting materials, may lead to
it becoming the method of
choice for the preparation of
different types of di- and tri-
substituted olefins, even at
large scale. Investigations on
the scope of this transforma-


tion are currently underway and will be reported in due
course.
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Direct Allylation of Aldimines Catalyzed by C2-Symmetric N,N’-Dioxide–
ScIII Complexes: Highly Enantioselective Synthesis of Homoallylic Amines


Xing Li,[a] Xiaohua Liu,[a] Yingzi Fu,[a] Lijia Wang,[a] Lin Zhou,[a] and Xiaoming Feng*[a, b]


Optically active homoallylic amines are useful intermedi-
ates for the preparation of bioactive natural products and
relevant compounds.[1] The asymmetric allylation of imines
provides direct access to them and considerable efforts have
been devoted to devising enantioselective versions of this
transformation.[2–4] Among these methods, catalytic asym-
metric allylation of imines, as a more efficient method, has
made significant progress.[5–8] Despite these creative efforts,
the development of new methods, the design and synthesis
of new catalysts remain considerable challenge. Simplified
and environmentally friendly multicomponent strategy[9] has
been successfully adopted in the synthesis of racemic homo-
allylic amines.[10] Herein, we reported an efficient catalytic
asymmetric direct allylation of aldimines promoted by readi-
ly accessible and tuneable C2-symmetric N,N’-dioxide-ScIII


complexes under mild conditions.
As a versatile catalyst, chiral N,N’-dioxide compounds[11–12]


and their complexes[13] with different metals have showed
superiority in the enantioselective reactions of carbonyl
compounds and imines. In our study of chiral N,N’-dioxide-
metal complexes in catalytic asymmetric reactions, they
have exhibited good ability for the activation of allylstan-
nane reagent and 2-aminophenol-derived aldimines.[13] We
sought to take advantage of the activation abilities of this
kind of catalysts for the asymmetric allylation of 2-amino-
phenol-derived aldimines, which has been extensively docu-
mented well in the allylation by Kobayashi,[6] Leighton[3c,d]


and Tsogoeva[4d, e] et al. With the three-component reaction


of benzaldehyde, 2-aminophenol and allyltributyltin as
benchmark,[14] catalytic ability of different metals complexed
with l-proline-derived N,N’-dioxide L1 was tested. The sig-
nificant effect of the central metal on both reactivity and
enantioselectivity was observed, as shown in Table 1. When
Zr ACHTUNGTRENNUNG(OiPr)4


[6] and Pd ACHTUNGTRENNUNG(OAc)2
[5b–d] were adopted, the reaction


did not take place (Table 1, entries 1, 2). Racemic products
were obtained with good yields in the presence of Cu-
ACHTUNGTRENNUNG(OTf)2


[5h] and In ACHTUNGTRENNUNG(OTf)3 (Table 1, entries 3, 4). Inspiringly,
L1-Sc ACHTUNGTRENNUNG(OTf)3 complex catalyzed the reaction smoothly,
giving the desired allylic amine in 77 % yield with 82 % ee
(Table 1, entry 5).
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Table 1. Asymmetric three-component allylation of aldimines under indi-
cated conditions.[a]


Entry Metal Ligand Yield [%][b[ ee [%][c]


1 Zr ACHTUNGTRENNUNG(OiPr)4 L1 NR –
2 Pd ACHTUNGTRENNUNG(OAc)2 L1 NR –
3 Cu ACHTUNGTRENNUNG(OTf)2 L1 81 0
4 In ACHTUNGTRENNUNG(OTf)3 L1 98 1
5 Sc ACHTUNGTRENNUNG(OTf)3 L1 77 82
6 Sc ACHTUNGTRENNUNG(OTf)3 L2 82 80
7 Sc ACHTUNGTRENNUNG(OTf)3 L3 81 93
8 Sc ACHTUNGTRENNUNG(OTf)3 L4 85 56
9 Sc ACHTUNGTRENNUNG(OTf)3 L5 83 53
10 Sc ACHTUNGTRENNUNG(OTf)3 L6 90 50
11 Sc ACHTUNGTRENNUNG(OTf)3 L7 89 38
12 Sc ACHTUNGTRENNUNG(OTf)3 L8 87 17
13[d] Sc ACHTUNGTRENNUNG(OTf)3 L9 63 0
14[e] Sc ACHTUNGTRENNUNG(OTf)3 L3 81 95
15[f] Sc ACHTUNGTRENNUNG(OTf)3 L3 76 95
16[g] Sc ACHTUNGTRENNUNG(OTf)3 L3 83 80


[a] Unless specific indication, all reactions were carried out with
10 mol % L/metal complex (1:1) catalyst, 2-aminophenol (0.1 mmol),
benzaldehyde (0.105 mmol), 4 F molecular sieves (15 mg), allyltributyltin
(0.15 mmol) and CHCl3 (1.0 mL) under Ar atmosphere at 25 8C. [b] Iso-
lated yield. [c] Determined by HPLC analysis. [d] Reaction time was
40 h. [e] 1.5 mL CHCl3 was used. [f] Benzaldehyde was added after the
addition of allyltributyltin. [g] Pure aldimine prepared beforehand was
used as substrate.
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Modular and tuneable N,N’-dioxide ligands, easily synthe-
sized from readily accessible chiral amino acids and amines,
facilitated the catalyst structure optimization. Both the
chiral backbone and steric effects of the amide portion of li-
gands played important roles on enantioselectivity towards
this reaction. l-ramipril acid-oriented N,N’-dioxide L3 was
superior to l-proline-derived and (S)-pipecolic acid-based
N,N’-dioxides (Table 1, entry 7 vs 5, 6). The enantioselectivi-
ty was also closely dependent on the steric effects of the ar-
omatic amide portion. Simple aniline derivative L4 provided


56 % ee (Table 1, entry 8). Ligands regardless of steric and
electronic substitution on para-position of aniline had not
too much effects on enantioselectivity (Table 1, entries 9, 10
vs 8). Mono-ortho-substituted aniline derivatives greatly de-
creased the ee values (Table 1, entries 11, 12 vs 8). While the
bulkier 2,6-diisopropyl aniline derived N,N’-dioxide L3 dra-
matically increased enantioselectivity to 93 % ee (Table 1,
entry 7). With mother amide L9 as ligand, only racemic
product was obtained (Table 1, entry 13), which demonstrat-
ed that the existence of the N-oxide portion was essential
for the enantioselectivity.


The direct allylation of aldimine with three-component
method exhibited clearly superiority also in the enantiose-
lectivity. The addition sequence of benzaldehyde and allyl-
tributyltin had no effect on ee (Table 1, entry 15 vs 14),
while with prepared pure aldimine as substrate, the enantio-
selectivity was decreased to 80 % ee (Table 1, entry 16). Op-
timization of other conditions (see Supporting Information)
showed that 1.5 mL CHCl3, 10 mol % catalyst with the ratio
of ligand to metal 1:1 in the presence of 4 F molecular
sieves at 25 8C were optimal.


Under the optimal conditions, a variety of aldehydes were
investigated and the corresponding products were provided
in good yields with excellent enantioselectivities, as shown
in Table 2. Neither the electronic property of the substitu-
tion at the aromatic ring, nor the steric hindrance had obvi-
ous influence on the enantioselectivity and up to 97 % ee
could be obtained (Table 2, entries 1–20). In addition, con-
densed-ring aromatic aldehydes (1- and 2-naphthaldehyde)
were also found to be suitable substrates, giving the desired


products with 90 % and 96 % ee, respectively (Table 2, en-
tries 21, 22). It was noteworthy that excellent enantioselec-
tivities could be attained with 3- and 4-pyridinecarboxalde-
hyde (Table 2, entries 23, 24, up to 96 % ee). Thiophene-2-
carbaldehyde also gave the desired product in 71 % yield
with 87 % ee (Table 2, entry 25). Cinnamaldehyde provided
71 % ee (Table 2, entry 26).[15]


In summary, we have developed the catalytic asymmetric
three-component allylation of aldimines, in which readily ac-
cessible and tuneable C2-symmetric N,N’-dioxide–ScIII com-
plex catalysts were successfully utilized. A wide range of ho-
moallylic amines were obtained with high enantioselectivi-
ties (up to 97 % ee) and good yields under mild conditions.
The operational simplicity, practicability, and mild reaction
conditions render it an attractive approach for the asymmet-
ric reactions. Further investigations to clarify the mechanism
of the reaction are currently underway.


Table 2. Substrate scope for the catalytic asymmetric three-component
allylation of aldimines.[a]


Entry R Product t [h] Yield [%][b] ee [%][c]


1 Ph 4a 10 81 95
2 2-MeC6H4 4b 24 76 95
3 3-MeC6H4 4c 24 80 93
4 4-MeC6H4 4d 24 74 92
5 2-NO2C6H4 4e 18 88 96
6 3-NO2C6H4 4 f 18 85 95
7 4-NO2C6H4 4g 18 84 97 (S)[d]


8 3,4-Cl2C6H3 4h 16 85 96
9 2,4-Cl2C6H3 4 i 16 81 97


10 4 j 18 72 90


11 3-MeOC6H4 4k 18 80 95
12 3-PhOC6H4 4 L 20 89 93
13 4-PhC6H4 4m 20 76 95
14 2-ClC6H4 4n 18 85 97
15 3-ClC6H4 4o 18 79 95
16 4-ClC6H4 4p 18 73 97
17 3-BrC6H4 4q 18 81 90
18 4-BrC6H4 4r 18 81 97
19 4-CNC6H4 4 s 18 78 96
20 4-FC6H4 4 t 18 75 96
21 1-naphthyl 4u 18 82 90
22 2-naphthyl 4v 18 75 96
23 3-pyridyl 4w 30 81 96
24 4-pyridyl 4x 30 79 96
25 2-thienyl 4y 20 71 87
26 (E)-PhCH=CH 4z 20 67 71


[a] All reactions were carried out with 10 mol % L3/metal complex (1:1)
catalyst, 2–aminophenol (0.1 mmol), aldehyde (0.105 mmol), allyltributyl-
tin (0.15 mmol), 4 F molecular sieves (15 mg) and CHCl3 (1.5 mL) under
Ar at 25 8C. [b] Isolated yield. [c] Determined by HPLC analysis. [d] The
absolute configuration of the major product was determined by compari-
son with the reported value of optical rotation, see ref. [4d, e].
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Experimental Section


Typical experimental procedure : The mixture of ligand L3 (7.0 mg,
0.01 mmol), Sc ACHTUNGTRENNUNG(OTf)3 (4.9 mg, 0.01 mmol), 2-aminophenol (11 mg,
0.1 mmol), aldehyde (0.105 mmol) and 4 F molecular sieves (15 mg) in
CHCl3 (1.5 mL) was stirred in a test tube under Ar atmosphere at room
temperature for 1 h. Then allyltributyltin (47 mL, 0.15 mmol) was added,
and the reaction mixture was stirred until 2-aminophenol was consumed.
The residue was purified by flash chromatography to afford the desired
product.
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Introduction


Aryl-based monoanionic, ECE-pincer ligands—[C6H3-
ACHTUNGTRENNUNG(CH2E)2-2,6]


� , where E=NR2, PR2, AsR2, OR, SR or SeR
(Scheme 1a)—are a versatile class of organic species, thanks
to their unique properties in binding a metal ion through a
strong M�C s-bond and in forming two metallacycles, repre-
senting M�E coordination, with this bond in common.[1] The
properties of the metal centre in an ECE-pincer complex
can be controlled both by the nature of the E-donor and by
the various substituents R on the E-group, as well as by the
nature of the para-substituent on the aryl ring of the pincer
itself.[2] A variety of ECE-pincer metal complexes display in-
teresting activities as catalysts in various synthetically impor-
tant organic reactions including C�C and C�X bond-forma-
tion reactions.[2,3] The fact that the aryl-based ECE-pincer
metal complexes can be easily para-functionalized (Z in
Scheme 1) has allowed exploration of their use as immobi-
lized catalysts on various soluble and insoluble supports, in-
cluding silica,[4] polymers,[5] functionalized dendrimers,[6] por-
phyrins,[7] Buckminsterfullerenes,[8] peptides[9] and en-
zymes.[10] Because aryl-based pincer complexes are highly


stable species that are easy to immobilize, these complexes
can be applied as the core units of robust and sustainable
catalysts. Design of such economically and environmentally
benign reusable catalytic systems represents one of the
greatest challenges in modern organic synthesis.


ECE-pincer palladium complex catalysis[4,11–14] has recent-
ly been focused on two particularly important application
areas: aldol reactions[4e,12] and transformations involving al-
lylmetal compounds.[13] Symmetrical aryl ECE-pincer metal
catalysts (Scheme 1a) have been applied exclusively in these
catalytic transformations, because of the stability, modularity
and relatively simple availability of these species. It was
found[11–14] that the electronic properties of the heteroatoms
in the side arms have a particularly powerful influence on
the selectivities and reactivities of the pincer palladium cata-
lysts in the above reactions. However, previous studies on
aldol reactions have also indicated that there are considera-
ble mechanistic differences between complexes, depending
on the s-donor/p-acceptor properties of the heteroatom-
s.[11, 12i–j, 14] In various cases, this leads to catalysts with differ-
ent selectivities and activities. Allylations of aldehydes and
imines, for example, are readily catalysed by PCP-pincer
palladium complexes, whereas complexes with s-donating


Abstract: The synthesis and catalytic
applications of a new aryl-based un-
symmetrical PCS-pincer complex are
reported. Preparation of the robust air-
and moisture-stable PCS-pincer palla-
dium complex 5[X] started from the
symmetrical a,a’-dibromo-meta-xylene
and involved the selective substitution
of one bromide by PPh2ACHTUNGTRENNUNG(BH3), fol-
lowed by substitution of the second
bromide by SPh and subsequent intro-
duction of the palladium. The new PCS
complexes (5[X]) were employed as
catalysts in two important organic
transformations. Firstly, complex 5[Cl]
displays high catalytic activity in aldol
reactions but enters the catalytic cycle
as a precatalyst. Secondly, complex 5-


ACHTUNGTRENNUNG[BF4] displays tandem catalytic activity
in the coupling of allyl chlorides with
aldehydes and imines in the presence
of hexamethylditin. In these tandem
catalytic reactions the first process is
the conversion of allyl chlorides into
trimethylallyltin (and trimethyltin chlo-
ride) with Sn2Me6, which is followed by
catalytic allylation of aldehyde and sul-
fonimine substrates. In addition, we
present a new catalytic process for the
one-pot allylation of 4-nitrobenzalde-
hyde with vinyloxirane. The catalytic


performance of the novel PCS-pincer
palladium complex was compared to
those of its symmetrical PCP- and SCS-
pincer complex analogues. It was con-
cluded that the unsymmetrical PCS
complex advantageously unifies the at-
tractive catalytic features of the corre-
sponding symmetrical pincer com-
plexes including both (p-) electron-
withdrawing (such as phosphorus) or
(s-) electron-donating (such as sulfur
and nitrogen) heteroatoms. Thus, in the
aldol reaction the PCS-pincer palladi-
um complex 5[X] provides a high turn-
over frequency, while in the tandem
process both reactions are catalysed
with sufficiently high activity.


Keywords: aldol reaction ·
allylation · electrophilic addition ·
palladium · pincer complexes


[a] Dr. M. Gagliardo, Dr. N. C. Mehendale, Prof. Dr. G. van Koten,
Prof. Dr. R. J. M. Klein Gebbink
Chemical Biology & Organic Chemistry, Faculty of Science
Utrecht University, Padualaan 8, 3584 CH Utrecht (The Netherlands)
Fax: (+31)302523615
E-mail : r.j.m.kleingebbink@uu.nl


[b] N. Selander, Prof. K. J. SzabJ
Department of Organic Chemistry, Arrhenius Laboratory Stockholm
University, 10691 Stockholm (Sweden)
Fax: (+46)8154908
E-mail : kalman@organ.su.se


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


Scheme 1. General formula for aryl-based a) symmetrical and b) unsym-
metrical pincer complexes.
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heteroatoms (NCN and SeCSe) have displayed lower (if
any) catalytic activity.[13a–d] Interestingly, formation of allyl-
metal species proceeds smoothly with NCN, SCS and SeCSe
complexes, but PCP complexes display very low activi-
ty.[13d,f–k]


These observations prompted us to synthesise and explore
the catalytic activities of a novel class of pincer palladium
catalysts using combinations of s-donor/p-acceptor effects in
the pincer ligands. A possible way to accomplish this goal is
to use the unsymmetrical ECE’-pincer complexes shown in
Scheme 1b.
The first unsymmetrical PCN-pincer palladium complexes


were reported by Dupont, Monteiro and co-workers[3b,15a] .
These complexes, generated by chloropalladation of hetero-
substituted alkynes, proved to be highly reactive catalyst
precursors in coupling of arylboronic acids with aryl chlor-
ides. Aryl-based unsymmetrical (PCN) pincer metal (i.e. ,
rhodium) complexes have also been reported by Milstein
and co-workers,[15b–d] and during the preparation of this
paper an excellent method for the synthesis of PCN-pincer
palladium complexes was reported by Song and co-work-
ers.[15e]


In order to study the composite effects of electron-with-
drawing and -donating side arms in palladium-catalysed
aldol reactions[12] and transformations involving allylmetal
compounds,[13] we have designed a new aryl-based pincer
complex catalyst. Considering the synthetic aspects of ob-
taining such a complex (see below), we chose phosphorus as
p-acceptor heteroatom and sulfur as the s-donor one to
make up a PCS-pincer complex (Scheme 1b, E=SPh, E’=
PPh2). We employed the corresponding palladium complex
as catalyst in the aldol condensation of methyl isocyanoace-
tate with benzaldehyde, as well as in tandem catalytic trans-
formations of allyl chloride or vinyloxirane substrates with
aldehyde and sulfonimine reagents. The major focus of this
study is on the mechanistic aspects of having two electroni-
cally different donor atoms (phosphorus and sulfur) present
in the pincer ligand. Moreover, it was also of interest to see
whether the PCS-pincer palladium complex would combine
the different activities and selectivities of PCP- and SCS-
pincer palladium complexes in the corresponding C�Sn and
C�C coupling reactions discussed and could thus lead to a
catalytic tandem reaction. This latter aspect is particularly
interesting because previous attempts to perform tandem
catalytic reactions with a single, symmetrical ECE-pincer
complex failed, and synthetically useful procedures could
only be performed by the simultaneous use of two different
(NCN and PCP) complexes.[13d] In the reference reactions,
we employed symmetrical SCS- (Scheme 1a, E=S) and in
some cases PCP-catalysts under the same reaction condi-
tions as the PCS-pincer palladium catalyst. As the perfor-
mance of the SCS-complexes in many related catalytic trans-
formations have not yet been explored, we have also been
able to present some new interesting applications with this
system.


Results and Discussion


Synthesis of the unsymmetrical PC(H)S-pincer pro-ligand :
The synthesis of symmetrical pincer arene ligands typically
starts from a,a’-dibromo-meta-xylene (1, Scheme 2) by nu-
cleophilic displacement of the benzylic bromines. By appli-
cation of excesses of NR2-, PR2-, SR- or other nucleophiles
the corresponding symmetrical ECE-pincer ligand can be
obtained in usually excellent yields.[1–3] As the two bromines
in 1 are symmetrically equivalent, synthesis of unsymmetri-
cal ECE’-pincer ligands requires selective and sequential nu-
cleophilic substitution of the benzylic leaving groups, which
is obviously a more challenging task.


Pro-ligand 4 was prepared in three steps from commer-
cially available a,a’-dibromo-meta-xylene (1, Scheme 2).
Treatment of 1 with one equivalent of Li-PPh2ACHTUNGTRENNUNG(BH3) (pre-
pared in situ) yielded a mixture containing monophosphine
2 (63%) and diphosphine [C6H4ACHTUNGTRENNUNG{CH2P ACHTUNGTRENNUNG(BH3)Ph2}2-1,3]
(12%), together with unreacted 1 (25%). This mixture of
compounds was used without further purification. Full con-
version of the benzylic bromides into thioethers was ach-
ieved by treatment of the mixture with an excess of thiophe-
nol in the presence of K2CO3. Separation of the resulting
borane-protected PC(H)S pro-ligand 3 from the symmetri-
cal SCHS- and PCHP-pincer arenes was carried out by
column chromatography. Subsequent deprotection of the di-
phenylphosphino-BH3 moiety in 3 with HBF4·OEt2, fol-
lowed by a basic workup, gave the PC(H)S-pincer arene 4
as an air- and moisture-sensitive white solid. In the 1H NMR
spectrum of 4, recorded in CDCl3, the benzylic protons are
found as a singlet at 4.02 ppm (SCH2) and as a singlet at


Scheme 2. Synthesis of the PCHS�pincer arene 4.
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3.39 ppm (PCH2). The
31P{1H} NMR spectrum shows a sin-


glet at �7.23 ppm (PPh2), whereas the 13C NMR spectrum
of 4 (in CDCl3) shows a doublet at 35.99 ppm (1JC,P=


15.9 Hz) for the benzylic PCH2 carbon.


Synthesis of neutral and cationic PCS-pincer PdII com-
plexes : The cationic PCS–PdII complex 5 ACHTUNGTRENNUNG[BF4] was prepared
by electrophilic C�H activation upon treatment of 4 with
[Pd ACHTUNGTRENNUNG(NCMe)4]ACHTUNGTRENNUNG(BF4)2


[16] (Scheme 3). Complex 5 ACHTUNGTRENNUNG[BF4] was


readily converted into the neutral 5[Cl] by treatment with
excess NaCl in an acetonitrile/water mixture (Scheme 3).
Both complexes were isolated as air-stable, yellow solids,
which can be stored without change for months in air at am-
bient temperature. The 1H and 31P NMR data for 5 ACHTUNGTRENNUNG[BF4] and
5[Cl] are similar and consistent with binding of the PCS-
pincer ligand in a terdentate fashion. The downfield shift of
the single resonance for the benzylic SCH2-protons in the
1H NMR spectrum of 5 ACHTUNGTRENNUNG[BF4], relative to that in the free
arene 4, confirms coordination of the S-donor atom to the
palladium centre. This resonance is broadened as a result of
fluxional behaviour attributed to various processes such as
reversible Pd�S bond breaking and formation, and pyrami-
dal inversion at the sulfur atom. These processes lead to iso-
mers in which the phenyl group coordinated to the S-centre
occupies either an axial or equatorial position.[17] The pres-
ence of an apparent molecular symmetry plane (the palladi-
um coordination plane) is reflected in the enantiotopicity of
the benzylic PCH2 protons. These appear as a doublet in the
1H NMR spectrum, due to coupling with the phosphorus
centre. The 31P NMR spectrum shows only one resonance at
49.7 ppm for 5 ACHTUNGTRENNUNG[BF4], which is shifted with respect to the [Pd-
ACHTUNGTRENNUNG(PCP) ACHTUNGTRENNUNG(NCMe)] ACHTUNGTRENNUNG(BF4)2


[18] and [PdCl ACHTUNGTRENNUNG(PCP)][18] complexes.


Catalytic performance of 5[Cl] as pre-catalyst in an aldol
condensation : The catalytic activities of the new PCS-pincer
complex and those of the known SCS- and PCP-pincer com-
plexes 5[Cl], 6[Cl][14] and 7[Cl][18] were compared as Lewis
acid pre-catalysts in the aldol condensation reaction be-
tween methyl isocyanoacetate (9) and benzaldehyde (8 a,
Scheme 4). The data reported in Scheme 4 show that PCS
complex 5[Cl] is the fastest catalyst (entry 1), with a trans/
cis ratio of the product comparable to that obtained when
the reaction is carried out with SCS-pincer palladium com-
plex 6[Cl] (entry 2). In contrast with these results, the PCP-
catalyst is the slowest, also giving a different cis/trans ratio
of the products. Previous studies[4e,12j] have shown that 7[Cl]


as such is indeed the catalyst for this reaction, whereas the
SCS-pincer palladium complex 6[Cl] is in fact a pre-cata-
lyst.[4e] Thus, complex 6[Cl][4e] and the PCS-complex 5[Cl]—
but not 7[Cl]—are converted by the methyl isocyanoacetate
substrate 9 into the corresponding 1:1 isocyanide insertion
products 11 a and 11 b (Scheme 5).


Insertion of an isocyanide into the M�C bond of a cyclo-
metallated compound has been extensively studied[4e,11,12i–j]


and has also been documented for ECE-pincer palladium-d8


complexes (NCN[12i–j] and SCS[4e,14]). The fact that PCP-
pincer complex 7[Cl] appears to be stable towards inser-
tion[12j] has been ascribed to the stronger P�Pd coordination
of the two ortho-(diphenylphosphino)methyl substituents
relative to the Pd�N and Pd�S bonding in the correspond-
ing NCN- and SCS-pincer palladium(II) complexes. Recent-
ly we have shown[4e,12i–j] that a likely reaction mechanism for
this insertion reaction involves coordination of the isocya-
nide as a ligand cis to the aryl C atom in the symmetrical
ECE-pincer palladium complex (E=NMe2 or SPh), which
may only occur through prior decoordination of one or both
of the ortho-ligands. These findings prompted us also to
study the reactivity of PCS complex 5[Cl] towards alkyl iso-
cyanide 9 in CH2Cl2. It was found that PCS complex 5[Cl]
readily reacted with isocyanide 9 to afford a quantitative
yield of complex 11 a (Scheme 5), incorporating two isocya-
noacetate molecules. One of the isocyanoacetates has insert-


Scheme 3. Synthesis of ionic 5 ACHTUNGTRENNUNG[BF4] and neutral 5[Cl] PCS–PdII com-
plexes.


Scheme 4. Aldol condensation reaction between benzaldehyde (8 a) and
methyl isocyanoacetate (9). Turnover frequency (TOF) is given as mol of
product per mol of catalyst in the first hour.


Scheme 5. Insertion of methyl isocyanoacetate into the Pd�C bond of the
neutral [PdCl ACHTUNGTRENNUNG(PCS)] complex 5[Cl] (this study) and 6[Cl] (see ref. [4e]).
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ed into the Pd�C bond, whereas the second one is h1-C-co-
ordinated to the palladium centre.
Complex 11 a was characterised by elemental analysis and


by IR and NMR spectroscopy. The 1H NMR spectrum of a
solution of 11 a in CD2Cl2 showed patterns pointing to the
presence of both inserted and coordinated methyl isocya-
noacetate. The singlet methylene hydrogen signal at
3.52 ppm is indicative of a non-coordinated CH2SPh group,
whereas the doublet (2JH,P=10.8 Hz) of the methylene hy-
drogen at 4.25 ppm for the CH2PPh2 group in the 1H NMR
spectrum, as well as the downfield singlet resonance at
47.8 ppm (cf. �7.2 ppm for the free PCHS-pincer arene 4) in
the 31P{1H} NMR spectrum, are consistent with a coordinat-
ed CH2PPh2 group. Further confirmation of the formation
of a 1:1 insertion complex was provided by solution IR spec-
tra, which showed absorptions for a C-coordinated isocya-
nide [ñ ACHTUNGTRENNUNG(C�N)] at 2230 cm�1 (vs. 2166 cm�1 for free 10) and
for the imidoyl moiety [ñ ACHTUNGTRENNUNG(C=N) at 1627 cm�1.
The rapid insertion of 9 into the Pd�C bond of complex


5[Cl] contrasts with the stability of 7[Cl] towards this re-
agent and has been ascribed to the more labile coordination
of the Pd�S bond in 6[Cl] relative to that of the Pd�P one.
As a consequence, in 11 a it is the S-donor ligand that is the
non-coordinated one.
With regard to the mechanistic details of the aldol reac-


tion catalysed by 5[Cl] it seems likely that prior Pd�S bond
cleavage occurs with h1-coordination of the incoming methyl
isocyanoacetate (9). This is followed by insertion of the iso-
cyanide into the Pd�C bond, which is followed by h1-coordi-
nation of the second molecule of 9 to give 11 a (cf. reaction
in Scheme 5). Subsequently, it is the h1-coordinated isocya-
noacetate (9) molecule that then undergoes the aldol reac-
tion. Consequently, the resulting isocyanoacetate (9) inser-
tion compounds (11 a–b) are the active catalysts in the aldol
reaction in the cases of PCS (5[Cl]) and SCS (6[Cl]) which
in fact are true pre-catalysts. In contrast, the PCP-pincer
complex 7[Cl] follows a different reaction coordinate involv-
ing halide displacement and h1-C coordination of a methyl
isocyanoacetate (9).[12j]


The catalytic results obtained with complexes 5[Cl], 6[Cl]
and 7[Cl] in this aldol condensation show how changes in
the nature of the pincer ligand donor arms can affect the re-
activity of the corresponding metal complexes. In this specif-
ic case, changing the arms from symmetrical sulfur heteroa-
toms (6[Cl]) to symmetrical phosphorus heteroatoms (7[Cl])
alters the direct interaction/reaction of these complexes with
9, and as a result alters the mechanism of the catalysed reac-
tion, resulting in different activities (TOFs and product se-
lectivities).


SCS- and the PCS-pincer complexes as catalysts for tandem
catalysis : Recent reports showed[13d,f–i] that NCN- and
SeCSe-pincer palladium complexes (Scheme 1a, E=N, Se)
are excellent catalysts for preparation of allylmetal species,
such as allylstannanes (Scheme 6, 12 ! 14 a) and allylboro-
nates, whereas the PCP-pincer palladium complexes
(Scheme 1a, E=P) are less efficient catalysts in these pro-


cesses. On the contrary, allylation of aldehydes and imines
(Scheme 6, 14 a ! 16/17) can be performed with much more
efficiency with PCP-catalysts than with the corresponding
NCN- or SeCSe-catalysts.[13d] Accordingly, we anticipated
that with PCS-pincer palladium catalyst 5 ACHTUNGTRENNUNG[BF4] it should be
possible to perform both catalytic processes in a tandem se-
quence. Indeed, a tandem catalytic coupling of allyl chlor-
ides (12 a and 12 b) and vinyloxirane (18) with aldehyde 8 b
or sulfonimine 15 reagents could be achieved with hexame-
thylditin (13) in the presence of catalytic amounts (5 mol%)
of 5 ACHTUNGTRENNUNG[BF4] (Schemes 6, 7, Table 1). These reactions resulted


in formation of homoallyl alcohols (16 a–c) and homoallyl
amines (17 a–b) via intermediate formation of allylstannanes
(14 a). These processes could be performed under mild con-
ditions (40 8C) as genuine one-pot reactions in a single op-
erational step. Accordingly, all reagents (12, 13, 8 b/15 and
ionic catalyst 5 ACHTUNGTRENNUNG[BF4]) were mixed together at the beginning
of the reaction, and after the allotted reaction time (16 h)
the products (16 or 17) were isolated. The reactions with
allyl chloride (12 a) proceeded cleanly and with relatively
high isolated yields of 63–78% (entries 1 and 3). When a
substituted allyl chloride (such as cinnamyl chloride, 12 b)
was used, the yields dropped slightly (59–60%), but they
still remained respectable, considering that the product is
formed in a tandem catalytic process (entries 5 and 7).
The diastereoselectivity of the reaction is poor in the case


of allylation of 4-nitrobenzaldehyde (8 b, entry 5), but it is
rather promising for allylation of sulfonimine 15 (entry 7).
The major diastereomer obtained is the anti form in the
case of allylation of 8 b and the syn form in that of allylation
of 15. Previously, we have studied[13b, l] the roles of steric and
electronic interactions in determining the stereoselectivity in


Scheme 6. Tandem catalytic approach for stannylation of allyl chlorides
followed by allylation of aldehyde and imine substrates 8 b and 15. The
catalyst employed in this process, [Pd]cat, is either complex 5 ACHTUNGTRENNUNG[BF4] or com-
plex 6 ACHTUNGTRENNUNG[BF4].


Scheme 7. Tandem catalytic allylation of 8b with vinyloxirane (18) in the
presence of 5 ACHTUNGTRENNUNG[BF4] or 6 ACHTUNGTRENNUNG[BF4] as catalyst.
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pincer-complex-catalysed allylation reactions. These studies
have clearly shown that the allylation of aldehydes (such as
8 b) proceeds with anti selectivity, while the opposite regio-
selectivity (syn selectivity) occurs for the corresponding pro-
cess with imine substrates (such as 15). These previous ob-
servations[13b, l] are in perfect agreement with the stereoselec-
tivity observed in the presented processes catalysed by 5-
ACHTUNGTRENNUNG[BF4] and 6 ACHTUNGTRENNUNG[BF4] (Table 1).
As reported previously[3f,13d] symmetrical PCP-pincer pal-


ladium complexes do not catalyse the formation of the inter-
mediate allylstannanes (Scheme 6, 12 ! 14), and so these
complexes alone cannot be employed as catalysts for cou-
pling of allyl chlorides and aldehydes in the presence of hex-
amethylstannane (13). Therefore, reactions with PCP com-
plex 7 as reference catalyst were not performed in this
study. On the other hand we also studied the catalytic per-
formance of SCS-pincer complex 6 ACHTUNGTRENNUNG[BF4]. To our delight, this
complex showed a high catalytic activity, comparable to that
of the PCS-pincer complex 5 ACHTUNGTRENNUNG[BF4] (entries 2, 4, 6 and 8).
The high activity of SCS complex 6 ACHTUNGTRENNUNG[BF4] in the tandem cata-
lytic reactions is surprising, because symmetrical ECE-
pincer complexes with s-donor heteroatoms (e.g., NCN)
usually perform poorly[13a–b,l] in the allylation step
(Scheme 6, 14 ! 16/17). The isolated yields obtained with


the SCS-pincer complex 6 ACHTUNGTRENNUNG[BF4]
are particularly high for allyla-
tion of aldehyde 8 b, while the
stereoselectivity obtained with
12 b as allyl substrate is even
higher than with the PCS-
pincer complex 5 ACHTUNGTRENNUNG[BF4]
(entry 6). However, in the ally-
lation reaction of sulfonimine
15 the PCS-pincer complex 5-
ACHTUNGTRENNUNG[BF4] clearly outperforms 6-
ACHTUNGTRENNUNG[BF4]. The homoallyl amines
17 a and 17 b (entries 3–4 and
7–8) are formed in higher yields
with PCS catalyst 5 ACHTUNGTRENNUNG[BF4] (78
and 60%) than with the SCS
catalyst 6 ACHTUNGTRENNUNG[BF4] (73 and 48%).
In particular, when the tandem
reaction of 12 b and 15 was cat-
alysed with SCS catalyst 6 ACHTUNGTRENNUNG[BF4]
(entry 8), a substantial amount
of cinnamylstannane (14 a, R=


Ph) was present in the crude re-
action mixture. This finding in-
dicates that the allylation pro-
cess (Scheme 6, 14 ! 16) of the
imine by cinnamyl stannane
proceeds very slowly in the
presence of 6 ACHTUNGTRENNUNG[BF4] as catalyst.
We have also succeeded in


performing (Scheme 7) a
tandem catalytic coupling reac-
tion of vinyloxirane (18) with


8 b (entries 9 and 10). This reaction proceeds under reaction
conditions similar to those used for the allylation with allyl
chlorides, except that catalytic amounts of LiOAc and water
were added to the reaction mixture. Without this addition of
LiOAc and water, vinyloxirane (18) is decomposed by the
catalysts, probably through opening of the epoxy functional-
ity. The coupling reaction of aldehyde 8 b with vinyloxirane
(18) leads to formation of an unprotected homoallyl diol
(16 c), which is a useful synthetic intermediate. As far as we
know, this reaction represents the first example of a palladi-
um-catalysed coupling of a vinyloxirane with an aldehyde to
afford homoallyl alcohol 16 c.


Mechanistic considerations of the tandem coupling reaction :
On the basis of the above results and our previous mecha-
nistic and modelling studies,[13b,k,l] it is possible to propose a
plausible catalytic cycle for the presented tandem C�Sn and
C�C processes (Scheme 8). The first catalytic process is the
formation of the allylstannane intermediate 14 from allyl
chloride 12 (or vinyloxirane (18)) and hexamethylstannane
(13). This catalytic reaction is initiated by transmetallation
of catalyst 5[L] with 12 to afford complex 5 ACHTUNGTRENNUNG[SnMe3] and tri-
metyltin chloride. Formation of trimethyltin-palladium
pincer complexes under similar reaction conditions has been


Table 1. Tandem catalytic reactions in the presence of symmetrical (6 ACHTUNGTRENNUNG[BF4]) and unsymmetrical (5 ACHTUNGTRENNUNG[BF4])
pincer complexes as catalysts.


Entry Allyl
reagent


Electro ACHTUNGTRENNUNGphile Cat. [8C]/[h][b] Product Yield [%][c] dr[d]


1 5 ACHTUNGTRENNUNG[BF4] 40/16 63 –


2 12 a 8b 6 ACHTUNGTRENNUNG[BF4] 40/16 16a 80 –


3 12 a 5 ACHTUNGTRENNUNG[BF4] 40/16 78 –


4 12 a 8b 6 ACHTUNGTRENNUNG[BF4] 40/16 17a 73 –


5 8b 5 ACHTUNGTRENNUNG[BF4] 40/16 59 3:1


6 12b 8b 6 ACHTUNGTRENNUNG[BF4] 40/16 16 b 74 9:1


7 12b 15 5 ACHTUNGTRENNUNG[BF4] 40/16 60 1:5


8 12b 15 6 ACHTUNGTRENNUNG[BF4] 40/16 17 b 48 1:4


9[e] 8b 5 ACHTUNGTRENNUNG[BF4] 20/16 46 5:3


10[e] 18 8b 6 ACHTUNGTRENNUNG[BF4] 20/16 16 c 57 3:1


[a] In a typical reaction 5 mol% catalyst was employed in THF solvent. [b] Reaction conditions: reaction tem-
perature/time. [c] Isolated yield. [d] Diastereomeric ratio: anti/syn. [e] LiOAc (10 mol%) and water (2 equiv)
were also added to the reaction mixture.
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observed for NCN-pincer palladium complexes.[13k] Complex
5 ACHTUNGTRENNUNG[SnMe3] undergoes a nucleophilic substitution reaction
with allyl chloride, furnishing allylstannane 14 and regener-
ating PCS-pincer palladium chloride 5 ACHTUNGTRENNUNG[L=Cl].
The regenerated catalyst 5[L] is able to undergo transme-


tallation with allylstannane 14 to give h1-allylpalladium com-
plex 19. Similar transmetallation reactions were previously
reported for PCP-pincer complexes and allylstannanes.[13b]


In those studies it was concluded[13a–b] that complexes with
heteroatoms exhibiting p-accepting properties in the ortho-
substituents (such as symmetrical PCP-pincer complexes)
undergo more facile transmetallation than the correspond-
ing analogues with strongly s-electron donating ortho-li-
gands ligands (such as NCN). Considering this, the presence
of at least one phosphorus atom in 5 ACHTUNGTRENNUNG[BF4] probably allows
an efficient transmetallation. On the other hand, the rela-
tively low catalytic activity of 6 ACHTUNGTRENNUNG[BF4] in the allylation step
(entry 8) may be due to a slow transmetallation of the stan-
nane intermediate 14 to the palladium atom, which is at-
tached to an electron-rich SCS-pincer ligand. According to
our mechanistic and modelling studies[13b,l] these h1-allylpal-
ladium complexes readily react with aldehyde or imine elec-
trophiles (8 b or 15). Thus, electrophilic substitution by com-
plex 19 gives 20, which subsequently undergoes decomplexa-
tion to provide the homoallyl alcohol or homoallyl amine
products (16 or 17) and to regenerate catalyst 5[L] once
again. In this way complex 5[L] performs as an auto-tandem
catalyst controlling two bond formation processes: the stan-
nylation (Sn�C bond formation) of the allyl chloride and
the electrophilic substitution (C�C bond formation) of the
allylstannane intermediate. Our studies show that the stan-
nylation process (12 ! 14) in the presence of the PCS cata-
lyst 5 ACHTUNGTRENNUNG[BF4] is much faster than the catalytic allylation (14 !
16/17). It was found that in the presence of 5 ACHTUNGTRENNUNG[BF4] under the
applied reaction conditions (entry 1), but in the absence of
an electrophile (e.g., 8 b), allyl chloride (12 a) was converted
into allylstannane (14 a) in 30 min, while the full reaction
time required for coupling of 12 a with 8 b is 16 h. This indi-


cates that the catalytic genera-
tion of the allylstannane (14) is
complete before significant
progress in the allylation reac-
tion has taken place.


Conclusion


Aryl-based unsymmetrical PCS-
pincer palladium complexes 5-
ACHTUNGTRENNUNG[BF4] and 5[Cl] could be pre-
pared in relatively simple four-
and five-step synthesis sequen-
ces, respectively. These PCS-
pincer complexes, as well as the
SCS-pincer complex 6[Cl],
proved to be efficient catalysts
in the aldol reaction between


benzaldehyde and methyl isocyanoacetate, but are obviously
pre-catalysts because the methyl isocyanoacetate reactant
converts the pincer catalyst into a ketimine-palladium cata-
lyst. In the aldol condensation reaction (Scheme 4) the PCS
complex gave higher turnover numbers than its PCP and
SCS counterparts. The combination of a sulfur and a phos-
phorus heteroatom in the side arms, such as in complex 5-
ACHTUNGTRENNUNG[BF4], results in a synergetic effect. This effect involves two
major components: a weak coordination of the sulfur atom
allowing insertion of 9, as well as a strong coordination of
the phosphorus atom, which increases the rate of the cata-
lytic process.
In the tandem catalytic coupling of allyl chlorides or vi-


nyloxirane with aldehyde or sulfonimine substrates, both 5-
ACHTUNGTRENNUNG[BF4] and 6 ACHTUNGTRENNUNG[BF4] are the true catalytic species. Comparative
studies using symmetrical PCP- and SCS-pincer palladium
complexes show that a strong synergistic effect is also opera-
tive in these catalytic reactions. In the tandem catalytic stan-
nylation and allylation of allyl chlorides (Scheme 6, Table 1)
the PCS complex performs much better than the PCP ana-
logue.[13d] Although the SCS complex has a surprisingly high
catalytic activity, the PCS complex is more efficient in allyla-
tion of sulfonimines. In these processes, the PCS catalyst
unifies the attractive catalytic features of the symmetrical
analogues: firstly, a high catalytic activity in the stannylation
reaction (Scheme 6, 12 ! 14), in which symmetrical com-
plexes with electron-donating heteroatoms and a weaker co-
ordination interaction to the palladium centre (e.g., NCN or
SCS) perform well, and secondly, the more efficiently cata-
lysed allylation of the electrophile (Scheme 6, 14 ! 16/17)
by less electron-rich pincer complexes in which the heteroa-
tom has a stronger interaction with palladium (i.e., as in
PCP).
The above study on PCS-complexes has at least three im-


portant implications for reactions catalysed by ECE’-pincer
palladium complexes. 1) It has been demonstrated that elec-
tronic fine-tuning and desymmetrization of pincer-com-
plexes allows development of catalytic auto-tandem proto-


Scheme 8. Proposed catalytic cycle of the auto-tandem reaction. The employed pincer complex 5[L] catalyses
both the stannylation and the allylation processes.
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cols, in which a single complex is able to catalyse several cat-
alytic events with different mechanisms. 2) New types of
PCS-based chiral catalysis can be designed for asymmetric
allylation[13e,m] of sulfonimines with allyl chlorides. These re-
actions are suitable for synthesis of homoallyl amines (such
as 17 a–b), which are important motifs in bioactive natural
products and pharmaceuticals.[19] 3) Unsymmetrical aryl-
based PCS-pincer palladium complexes are particularly suit-
able catalytic platforms as recyclable, robust catalysts, as
these complexes have considerable thermal and kinetic sta-
bility and can easily be connected to both soluble and in-
soluble supports of various length scales, making these
(tandem) catalysts suitable for separation by (nano)filtration
and re-use.[4–9]


Experimental Section


General : All reactions were performed under dry oxygen-free nitrogen
with use of Schlenk techniques. THF and Et2O were dried over Na/ben-
zophenone. MeCN and CH2Cl2 were dried over CaH2, and all solvents
were freshly distilled under nitrogen prior to use. CD2Cl2 was purchased
from Cambridge Isotopes, dried over CaH2, distilled prior to use and
stored in a Schlenk flask over 4 Q molecular sieves under nitrogen. All
standards reagents were purchased from Acros Organics and Aldrich
Chemical Co., Inc, and were used as received. Imine 15[20] and the com-
plexes [Pd ACHTUNGTRENNUNG(MeCN)4] ACHTUNGTRENNUNG[BF4]2,


[16] [Pd ACHTUNGTRENNUNG{C6H3ACHTUNGTRENNUNG(CH2SPh2)2-2,6} ACHTUNGTRENNUNG(MeCN)] ACHTUNGTRENNUNG(BF4) (6-
ACHTUNGTRENNUNG[BF4])


[5b] and [PdCl ACHTUNGTRENNUNG{C6H3 ACHTUNGTRENNUNG(CH2PPh2)2-2,6}] (7[Cl])
[18] were synthesized by


literature procedures. 1H NMR (1H (300.1/400.0 MHz), 13C NMR (75.5/
100.6 MHz) and 31P{1H} NMR (121.5 MHz)) spectra were recorded on a
Varian INOVA 300 MHz spectrometer and a Bruker 400 MHz spectrom-
eter. Chemical shift values are reported in ppm (d) relative to (CH3)4Si
(1H and 13C NMR) and a capillary containing 85% H3PO4 in D2O,
(31P{1H} NMR). FT-IR spectra were recorded on a Mattson Instruments
Galaxy Series FTIR 5000. Gas chromatographic analyses were performed
with a Perkin–Elmer Autosystem XL GC with use of a 30 m, PE-17 capil-
lary column with an FID detector. High-resolution electron spray ioniza-
tion (ESI) mass spectra were recorded with a Micromass LC-TOF mass
and a Bruker MicrOTOF spectrometer. Elemental analyses were per-
formed by H. Kolbe Microanalysis Laboratories, MRlheim, Germany. For
column chromatography, Merck silica gel 60 (230–400 mesh) was used.


ACHTUNGTRENNUNG[C6H4 ACHTUNGTRENNUNG(CH2Br)-1-(CH2P ACHTUNGTRENNUNG(BH3)Ph2)-3] (2): nBuLi (4.5 mL, 7.1 mmol) was
added at �78 8C to HPPh2·BH3 (1.29 g, 7.1 mmol) in dry THF (40 mL).
The temperature was allowed to rise to room temperature and stirring
was continued for 15 h. Next, a solution of 1 (1.87 g, 7.1 mmol) in dry
THF (20 mL) was added at �78 8C. The mixture was allowed to warm to
room temperature and stirred for 20 h. All volatiles were then removed
in vacuo, and the obtained residue was dissolved in CH2Cl2. The organic
layer was washed with water and brine and dried over MgSO4. After fil-
tration and evaporation of CH2Cl2 a white, sticky solid was obtained.
Analysis by 1H NMR in CDCl3 showed the presence of the desired prod-
uct 2 (63%), [C6H4 ACHTUNGTRENNUNG{CH2P ACHTUNGTRENNUNG(BH3)Ph2}2–1,3] (12%) and unreacted 1 (25%).
Compound 2 was used in the next reaction without further purification.
Because of its toxicity, elemental and ESI analyses were not carried out.
CAUTION : Substituted benzyl bromides can be powerful lachrymators
and should be used with adequate ventilation and precaution against skin
contact or ingestion.


ACHTUNGTRENNUNG[C6H4 ACHTUNGTRENNUNG(CH2P ACHTUNGTRENNUNG(BH3)Ph2)-1-(CH2SPh)-3] (3): K2CO3 (2.0 g, 15 mmol), 18-
crown-6 (0.4 g, 15 mmol) and PhSH (2.2 g, 20 mmol) were added to a
THF (40 mL) solution of ligand 2. The resultant mixture was stirred at
room temperature for 15 h. After filtration and evaporation of the sol-
vent, the residue, a colourless oil, was purified by silica gel chromatogra-
phy with Et2O/hexane 1:9, to afford 3 as a white solid. The other prod-
ucts of the reaction were characterized by 1H, 13C and 31P{1H} NMR spec-
troscopy as the pincer ligands [C6H4 ACHTUNGTRENNUNG{CH2SPh}2-1,3] and [C6H4 ACHTUNGTRENNUNG{CH2P-


ACHTUNGTRENNUNG(BH3)Ph2}2-1,3]. The solvent was removed in vacuo to give 3 as a white
solid in 51% overall yield from 1 in two steps. Yield: 1.49 g, 51%;
1H NMR (CDCl3, 25 8C): d =1.2 (br s, 3H; BH3), 3.61 (d, 2JH,P=12.0 Hz,
2H; ArCH2P), 3.98 (s, 2H; ArCH2S), 6.8–7.7 ppm (m, 19H; ArH);
13C NMR (CDCl3, 25 8C): d=33.95 (d, 1JC,P=31.8 Hz; ArCH2PBH3),
38.64 (s; ArCH2S), 126.23, 127.42 (d, JC,P=3 Hz), 128.16 (d, JC,P=2.4 Hz),
128.64, 128.77, 128.84, 129.16 (d, JC,P=4.9 Hz), 129.57, 130.87 (d, JC,P=


4.3 Hz), 131.32 (d, JC,P=2.5 Hz), 132.21 (d, JC,P=4.3 Hz), 132.64 (d, JC,P=


9 Hz), 136.39, 137.25 ppm (d, JC,P=2.5 Hz; ArC); 31P NMR (CDCl3,
25 8C): d =19.35 ppm (brs); elemental analysis calcd (%) for C26H26BPS
(412.33): C 75.73, H 6.36, P 7.51, S 7.78; found: C 75.66, H 6.35, P 7.64, S
7.73.


ACHTUNGTRENNUNG[C6H3 ACHTUNGTRENNUNG(CH2PPh2)-2-(CH2SPh)-6] (4): HBF4·Et2O (0.9 mL, 5.9 mmol) was
added at 0 8C under nitrogen to a stirred solution of 3 (0.5 g, 1.2 mmol)
in CH2Cl2. The mixture was then allowed to warm to room temperature,
and the stirring was continued for another 18 h. A saturated aqueous
NaHCO3 solution was added dropwise at 0 8C, resulting in considerable
gas evolution. When the addition was complete, the mixture was stirred
at room temperature for another 30 min. The organic layer was collected
and dried over MgSO4. After evaporation of all the volatiles, 4 was ob-
tained as an air- and moisture-sensitive, white, sticky solid (0.35 g, 74%).
1H NMR (CDCl3, 25 8C): d=3.39 (s, 2H; ArCH2P), 4.02 (s, 2H;
ArCH2S), 6.8–7.8 ppm (m, 19H; ArH); 13C NMR (CDCl3, 25 8C): d=


35.99 (d, 1JC,P=15.9 Hz; ArCH2P), 39.0 (s; ArCH2S), 126.23, 127.42 (d,
JC,P=3 Hz), 128.16 (d, JC,P=2.4 Hz), 128.64, 128.77, 128.84, 129.16 (d,
JC,P=4.9 Hz), 129.57, 130.87 (d, JC,P=4.3 Hz), 131.32 (d, JC,P=2.5 Hz),
132.21 (d, JC,P=4.3 Hz), 132.64 (d, JC,P=9 Hz), 136.39, 137.25 ppm (d,
JC,P=2.5 Hz; ArCipso);


31P NMR (CDCl3, 25 8C): d=�7.23 ppm; elemen-
tal analysis calcd (%) for C26H23PS (398.5): C 78.36, H 5.82; found: C
78.26, H 5.71.


[Pd ACHTUNGTRENNUNG(NCMe) ACHTUNGTRENNUNG{C6H3ACHTUNGTRENNUNG(CH2PPh2)-2-(CH2SPh)-6}] ACHTUNGTRENNUNG(BF4) (5 ACHTUNGTRENNUNG[BF4]): A solution
of 4 (0.35 g, 0.8 mmol) in dry MeCN (25 mL) was added to a solution of
[Pd ACHTUNGTRENNUNG(MeCN)4] ACHTUNGTRENNUNG(BF4)2 (0.39 g, 0.8 mmol) in dry MeCN (25 mL). The result-
ing yellow solution was stirred for one hour at room temperature. The
solvent was removed in vacuo until a small amount remained in the
flask. Dry Et2O was added, causing the precipitation of 5 ACHTUNGTRENNUNG[BF4] as a light
yellow powder that was collected by centrifugation, washed with Et2O
and dried in vacuo (0.55 g, 70%). 1H NMR (CD3CN, 25 8C): d=4.15 (d,
2JH,P=12.3 Hz, 2H; ArCH2P), 4.65 (s, 2H; ArCH2S), 7.06 (d, 3JH,H=


3.9 Hz, 2H; ArH), 7.13 (t, 3JH,H=4.7 Hz, 1H; ArH), 7.46–7.64 (m, 9H;
ArH), 7.72–7.84 ppm (m, 6H; ArH); 13C NMR (CD3CN, 25 8C): d =42.37
(d, 1JC,P=36.6 Hz; ArCH2P), 48.70 (s; ArCH2S), 124.39, 125.32 (d, 2JC,P=


25 Hz), 127.89, 130.31, 130.46, 131.01, 131.10, 132.34 (d, JC,P=1.8 Hz),
133.14 (d, JC,P=3.02 Hz), 133.73, 133.88, 148.02 (d, 3JC,P=17.06 Hz),
151.81, 156.75 ppm (d, JC,P=2.49 Hz; ArCipso);


31P NMR (CD3CN, 25 8C):
d=49.7 ppm (s); IR (ATR): ñ =3058, 2976, 2935, 2317, 2287, 1579, 1484,
1437, 1049, 1023, 743, 689 cm�1; MS (ES) (70 eV): m/z (%): 544.19 (100)
[M�BF4]


+, 503.16 (70) [M�MeCN�BF4]
+ ; elemental analysis calcd (%)


for C28H25BF4NPPdS (631.77): C 53.23, H 3.99, N 2.22; found: C 53.09, H
4.06, N 2.14.


ACHTUNGTRENNUNG[PdCl ACHTUNGTRENNUNG{C6H3 ACHTUNGTRENNUNG(CH2PPh2)-2-(CH2SPh)-6}] (5[Cl]): An excess of NaCl
(0.24 g, 4.1 mmol) in H2O (5 mL) was added in one portion to a solution
of 5ACHTUNGTRENNUNG[BF4] (0.2 g, 0.28 mmol) in MeCN (5 mL). The resulting suspension
was stirred at room temperature for 3 h. The solvent was removed in
vacuo, and the obtained yellow residue was dissolved in CH2Cl2 (5 mL).
Subsequently, the organic layer was washed with H2O (2T15 mL) and
dried in vacuo, yielding 5[Cl] as a yellow powder, which was washed with
Et2O and dried in vacuo (0.14 g, 95%). 1H NMR (CDCl3, 25 8C): d=3.99
(d, 2JH,P=12.2 Hz, 2H; ArCH2P), 4.48 (s, 2H; ArCH2S), 6.99 (d, 3JH,H=


4.2 Hz, 2H; ArH), 7.09 (t, 3JH,H=4.8, 3.6 Hz, 1H; ArH), 7.24–7.46 (m,
9H; ArH), 7.74–7.92 ppm (m, 6H; ArH); 13C NMR (CDCl3, 25 8C): d=


43.94 (d, 1JC,P=36.07 Hz; ArCH2P), 49.01 (s; ArCH2S), 122.52, 123.30 (d,
JC,P=24.38 Hz), 125.56, 128.80, 128.94, 129.01, 129.48, 131.04, 131.07,
132.85, 133.0, 147.02 (d, JC,P=18.34 Hz), 150.32, 160.67 ppm (ArCipso);
31P NMR (CDCl3, 25 8C): d=45.02 ppm (s); IR (ATR): ñ=3051, 2972,
2864, 1579, 1482, 1435, 1103, 1055, 1025, 740, 688 cm�1; MS (ES) (70 eV):
m/z (%): 503.2 (100) [M�Cl]+ ; elemental analysis calcd (%) for
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C26H22ClPPdS (539.36): C 57.90, H 4.11, P 5.74, S 5.94; found: C 57.83, H
4.19, P 5.84, S 5.86.


Methyl isocyanoacetate insertion complex (11 a): Compound 9 (36 mL,
0.4 mmol) was added to a solution of 5[Cl] (0.1 g, 0.18 mmol) in CH2Cl2
(5 mL). The resulting solution was stirred at room temperature for 20 mi-
nutes. Subsequently, the solvent was evaporated until a small amount re-
mained. Addition of pentane (10 mL) caused the precipitation of 11a as
a yellow solid, which was collected by centrifugation and dried under
vacuo (0.07 g, 50%). 1H NMR (CD2Cl2, 25 8C): d=3.52 (s, 2H; SCH2),
3.78 (br s, 6H; OMe), 4.1 (br s, 2H; C(O)CH2), 4.25 (d, 2JH,P=10.8 Hz,
2H; PCH2), 4.85 (s, 2H; C(O)CH2), 6.89 (1H; ArH), 7.05–7.24 (m, 3H;
ArH), 7.3–7.6 (m, 10H; ArH), 7.7–7.94 (m, 3H; ArH), 8.0–8.1 ppm (m,
1H; ArH); 13C NMR (CD2Cl2, 25 8C): d =30.8 (s; ArCH2S), 44.0 (d,
1JC,P=36 Hz; ArCH2P), 46.0 (s; C(O)CH2), 49.5 (s; OCH3), 51.0 (s;
CCH3), 62.0 (s; C(O)CH2), 122.8, 123.0, 125.0, 125.8, 126.5, 127.5, 127.8,
129.2, 129.7, 131.1, 131.5, 131.9, 133.1, 138.2, 150.5, 163.0, 171.0,
186.0 ppm; 31P NMR (CD2Cl2, 25 8C): d =47.76 ppm; IR (CH2Cl2 solu-
tion): ñ=3053, 2953, 2230, 1750, 1627, 1582, 1482, 1436, 1219, 1179, 1102,
1055, 1025, 999, 742, 690 cm�1; elemental analysis calcd (%) for
C34H32ClN2O4PPdS (737.54): C 55.37, H 4.37, N 3.80; found: C 55.26, H
4.44, N 3.69.


Standard protocol for the aldol condensation reaction : In a typical ex-
periment, the catalyst 5[Cl] (0.016 mmol, 1 mol% [Pd]) was added to a
solution of methyl isocyanoacetate (9, 1.6 mmol), benzaldehyde
(1.6 mmol) and pentadecane (internal standard, 0.4 mmol) in distilled
CH2Cl2 (5 mL). iPr2EtN (HunigUs base, 0.16 mmol, 10 mol%) was added
to this mixture at room temperature at the time noted as 0 h. Samples of
the reaction mixtures were taken with an airtight syringe at regular inter-
vals. The degrees of conversion relative to benzaldehyde were monitored
over time by GC analysis.


Standard protocol for the tandem coupling reactions (Table 1): In a typi-
cal experiment, the catalyst 5 ACHTUNGTRENNUNG[BF4] (0.008 mmol, 5 mol% [Pd]) was
added to a solution of the allylic substrate 12 (0.192 mmol) and aldehyde
8b or sulfonimine 15 (0.16 mmol) in distilled THF (0.7 mL). In the allyla-
tion of sulfonimine, molecular sieves (0.025 g) were also added. Hexame-
tylditin (13, 0.192 mmol) was added to this mixture by airtight syringe
under inert atmosphere. This reaction mixture was stirred for the allotted
temperatures and times listed in Table 1 and was then quenched with
water and extracted with diethyl ether. After drying and evaporation of
the ether phase, the products were purified by silica gel column chroma-
tography. The ratios of diastereomers were determined from the crude
1H NMR spectra.


1-(4-Nitrophenyl)but-3-en-1-ol (16 a): This compound was prepared by
the standard protocol for the tandem coupling reactions with 12a and 8b.
The NMR data obtained for 16a are identical with the literature[21]


values. 1H NMR (CDCl3, 25 8C): d=2.21 (d, 3JH,H=3.3 Hz, 1H), 2.41–2.50
(m, 1H), 2.53–2.61 (m, 1H), 4.87 (m, 1H), 5.16–5.23 (m, 2H), 5.79 (dddd,
3JH,H=6.5, 7.8, 10.4, 16.9 Hz, 1H), 7.54 (d, 3JH,H=8.8 Hz, 2H), 8.21 ppm
(d, 3JH,H=8.8 Hz, 2H); 13C NMR (CDCl3, 25 8C): d=43.92, 72.13, 119.72,
123.65, 126.55, 133.17, 147.30, 151.03 ppm; HRMS (ESI): m/z : calcd for
[C10H11NO3+Na]+ : 216.0631; found: 216.0632.


1-(4-Nitrophenyl)-2-phenylbut-3-en-1-ol (16 b): This compound was pre-
pared by the standard protocol for the tandem coupling reactions with
12b and 8b. The diastereoselectivity was assigned on the basis of
1H NMR data given in the literature[22] for 16b. 1H NMR for anti-16b
(CDCl3, 25 8C): d=2.51 (d, 3JH,H=2.3 Hz, 1H), 3.48 (br t, 3JH,H=8.5 Hz,
1H), 4.93 (dd, 3JH,H=2.3, 7.8 Hz, 1H), 5.27 (d, 3JH,H=17.0 Hz, 1H), 5.32
(d, 3JH,H=10.1 Hz, 1H), 6.23 (ddd, 3JH,H=9.1, 10.1, 17.0 Hz, 1H), 7.04 (m,
2H), 7.18–7.25 (m, 3H), 7.28 (d, 3JH,H=8.8 Hz, 2H), 8.05 ppm (d, 3JH,H=


8.8 Hz, 2H); 1H NMR for syn-16 b (CDCl3, 25 8C): d =2.12 (d, 3JH,H=


3.2 Hz, 1H), 3.59 (br t, 3JH,H=8.0 Hz, 1H), 4.91 (m, 1H), 5.05 (m, 2H),
5.94 (ddd, 3JH,H=8.2, 10.3, 17.0 Hz, 1H), 7.17–7.45 (m, 7H), 8.16 ppm (d,
3JH,H=8.8 Hz, 2H); 13C NMR for both diastereomers (CDCl3, 25 8C): d=


58.70, 59.51, 76.37, 118.20, 119.48, 123.05, 123.21, 127.16, 127.44, 127.50,
127.80, 128.12, 128.64, 128.70, 128.93, 136.62, 136.79, 139.48, 147.16,
149.12 ppm; HRMS (ESI): m/z : calcd for [C16H15NO3+Na]+ : 292.0944;
found: 292.0942.


1-(4-Nitrophenyl)-2-vinylpropane-1,3-diol (16 c): For the preparation of
16c, the standard protocol was slightly modified. The catalyst 5 ACHTUNGTRENNUNG[BF4]
(0.008 mmol, 5 mol% [Pd]) was dissolved in THF, followed by addition
of LiOAc·2H2O (0.016 mmol, 10 mol%) and water (0.32 mmol, 2 equiv).
The mixture was stirred for 10 minutes at room temperature, followed by
addition of the vinyloxirane (18) (0.192 mmol), aldehyde 8 b (0.16 mmol)
and 15 (0.192 mmol). The workup procedure was the same as described
in the standard protocol. The diastereoselectivity was assigned on the
basis of 1H NMR data given in the literature[23] for an analogous stereo-
defined compound. 1H NMR for anti-16 c (CDCl3, 25 8C): d=1.89 (br,
1H), 2.58 (m, 1H), 3.02 (br, 1H), 3.79 (d, 3JH,H=5.5 Hz, 2H), 5.05 (d,
3JH,H=17.3 Hz, 1H), 5.09 (d, 3JH,H=4.4 Hz, 1H), 5.21 (d, 3JH,H=10.4 Hz,
1H), 5.80 (ddd, 3JH,H=8.7, 10.4, 17.3 Hz, 1H), 7.51 (d, 3JH,H=8.8 Hz,
2H), 8.19 ppm (d, 3JH,H=8.8 Hz, 2H); 1H NMR for syn-16c (CDCl3,
25 8C): d=1.89 (br, 1H), 2.58 (m, 1H), 3.02 (br, 1H), 3.85 (d, 3JH,H=


5.6 Hz, 2H), 4.93 (d, 3JH,H=7.5 Hz, 1H), 5.02 (d, 3JH,H=17.3 Hz, 1H),
5.09 (d, 3JH,H=10.4 Hz, 1H), 5.60 (ddd, 3JH,H=8.6, 10.4, 17.3 Hz, 1H),
7.50 (d, 3JH,H=8.8 Hz, 2H), 8.19 ppm (d, 3JH,H=8.8 Hz, 2H); 13C NMR
for both diastereomers (CDCl3, 25 8C): d =52.19, 52.74, 64.19, 64.79,
74.08, 119.11, 120.08, 123.38, 123.47, 127.09, 127.51, 133.38, 134.35, 147.21,
149.85, 149.98 ppm; HRMS (ESI): m/z : calcd for [C11H13NO4+Na]+ :
246.0737; found: 246.0739.


N-[1-(4-Nitrophenyl)but-3-enyl]benzenesulfonamide (17 a): This com-
pound was prepared by the standard protocol for the tandem coupling re-
actions with 12a and 15. 1H NMR (CDCl3, 25 8C): d=2.43 (dd, 3JH,H=7.0,
7.0 Hz, 2H), 4.50 (dt, 3JH,H=6.5, 6.5 Hz, 1H), 5.04–5.14 (m, 3H), 5.45
(ddt, 3JH,H=7.2, 10.2, 17.3 Hz, 1H), 7.29 (d, 3JH,H=8.7 Hz, 2H), 7.36–7.41
(m, 2H), 7.48–7.53 (m, 1H), 7.68 (d, 3JH,H=8.7 Hz, 2H), 8.04 ppm (d,
3JH,H=8.7 Hz, 2H); 13C NMR (CDCl3, 25 8C): d=41.60, 56.39, 120.60,
123.59, 127.07, 127.51, 128.93, 131.78, 132.83, 139.89, 147.20, 147.76 ppm;
HRMS (ESI): m/z : calcd for [C16H16N2SO4+Na]+ : 355.0723; found:
355.0724.


N-[1-(4-Nitrophenyl)-2-phenylbut-3-enyl]benzenesulfonamide (17 b): This
compound was prepared by the standard protocol for the tandem cou-
pling reactions with 16b and 18. The diastereoselectivity was assigned on
the basis of 1H NMR data given in the literature[22] for an analogous ster-
eodefined compound. Only the major isomer was isolated and character-
ized: 1H NMR for syn-17b (CDCl3, 25 8C): d=3.50 (br t, 3JH,H=8.4 Hz,
1H), 4.60 (dd, 3JH,H=4.9, 8.2 Hz, 1H), 4.85 (d, 3JH,H=4.9 Hz, 1H), 4.87
(d, 3JH,H=17.0 Hz, 1H), 5.02 (d, 3JH,H=10.2 Hz, 1H), 5.71 (ddd, 3JH,H=


8.7, 10.2, 17.0 Hz, 1H), 6.92–6.96 (m, 2H), 7.15 (d, 3JH,H=8.8 Hz, 2H),
7.24–7.35 (m, 5H), 7.48–7.51 (m, 3H), 7.99 ppm (d, 3JH,H=8.8 Hz, 2H);
13C NMR for syn-17b (CDCl3, 25 8C): d =56.39, 61.04, 119.27, 123.10,
127.08, 127.96, 128.03, 128.74, 128.84, 129.27, 132.72, 135.25, 137.88,
139.40, 146.14, 147.25 ppm; HRMS (ESI): m/z : calcd for
[C22H20N2SO4+Na]+ : 431.1036; found: 431.1030.
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Clathrate Formation from Octaazaphthalocyanines Possessing Bulky
Phenoxyl Substituents: A New Cubic Crystal Containing Solvent-Filled,
Nanoscale Voids


Saad Makhseed,*[a] Fadi Ibrahim,[a] Jacob Samuel,[a] Madeleine Helliwell,[b]


John E. Warren,[c] C. Grazia Bezzu,[d] and Neil B. McKeown*[d]


Introduction


Phthalocyanine (Pc) and its derivatives are one of the most
studied class of organic molecular materials due to their out-
standing optical and electronic properties combined with ex-


cellent thermal and chemical stability.[1] In addition to their
widespread use as blue and green colourants, phthalocya-
nines are of increasing interest for applications in nonlinear
optics (including optical limitation),[2] Xerography (as pho-
toconductors),[3] hole- and electron-transport materials in or-
ganic electronic devices,[4] liquid-crystalline charge carrier-
s[5]and exciton-transport materials,[6] optical data storage (as
the laser absorption layer within recordable discs),[3] photo-
dynamic cancer therapy,[7] solar energy conversion,[8] cataly-
sis[9] and as the active component of gas sensors.[10] The ex-
tended planar shape, fourfold symmetry and synthetic diver-
sity also makes phthalocyanine an excellent building block
for use in supramolecular[11] and polymer chemistry.[12] Fur-
thermore, the phthalocyanine macrocycle can be modified in
order to tune molecular and materials properties, for exam-
ple, by the replacement of carbon within the benzo units
with nitrogen. In particular, 1,4,8,11,15,18,22,25-octaazaph-
thalocyanines (AzaPc), often termed tetrapyrazinoporphyra-
zines, possess significantly different physical properties to
phthalocyanines that are beneficial for some applications.[13]


For example, the main adsorption band in the visible spec-
trum (the Q-band) of AzaPc is shifted to shorter wavelength


Abstract: The synthesis of octaazaph-
thalocyanine (AzaPc) derivatives, with
bulky phenoxyl substituents placed at
eight peripheral positions and contain-
ing either H+ , Ni2+ or Zn2+ ions in
their central cavity, is described. The
required precursors, derivatives of pyr-
azine-2,3-dicarbonitrile, were prepared
using a nucleophilic aromatic substitu-
tion reaction between 2,6-diisopropyl-
phenol or 2,6-diphenylphenol and 5,6-
dichloropyrazine-2,3-dicarbonitrile.
Analysis of the resulting AzaPcs by
UV/Visible and 1H NMR spectroscopy


confirms that steric isolation of the
AzaPc cores was enforced both in solu-
tion and in the solid state. X-ray dif-
fraction studies of single crystals of the
AzaPcs reveal that solvent inclusion
takes place in each case. Of particular
significance is the finding that the zinc
derivative of 2,3,9,10,16,17,23,24-octa-
(2,6-diisopropylphenoxy)octaazaphtha-


locyanine provides nanoporous cubic
crystals, containing massive (8 nm3) sol-
vent-filled voids, similar to those of the
analogous phthalocyanine derivative.
Exchange of the included solvent
within the voids can be readily ach-
ieved by using a number of alternative
solvents including water. Based on the
observed loading of included water, the
internal volume of this nanoporous
cubic crystal appears to be more hydro-
philic than its phthalocyanine counter-
part.
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(e.g., lmax�630 nm) as compared to typical values for phtha-
locyanine (e.g., lmax�680 nm). Hence, substituted deriva-
tives of AzaPcs have been studied for potential use in pho-
todynamic therapy,[14,15] nonlinear optics,[16] liquid-crystal
technology,[17] catalysis[18] and as a red fluorophore.[19] This
last application is an example in
which the properties of AzaPc
provide a clear advantage as
the main fluorescence band,
corresponding to the Q-band of
the absorption spectrum, pro-
vides an intense red fluores-
cence in dilute solution, where-
as for phthalocyanines it falls
outside of the visible region of
the spectrum into the near IR.
For many applications, it is nec-
essary to control co-facial self-
association of the disc-shaped
macromolecules so as to avoid
the effects of intermolecular
processes (e.g., self-quenching
of excited state, adsorption
band broadening by exciton
coupling or prevention of sin-
glet-oxygen production). Al-
though many strategies now
exist for preventing self-associa-
tion of phthalocyanines in solution and the solid state,[20,21]


they are rarely adapted to bring about isolation of the
AzaPc system.[22]


Recently, we reported that the bulky substituents of
2,3,9,10,16,17,23,24-octa(2,6-diisopropylphenoxy)-1,4,8,11,15,
18,22,25-phthalocyanine (Pc1-H2) prohibit close self-associa-
tion of the macrocycle even within solid thin films and that
the zinc derivative Pc1-Zn forms a remarkable cubic crystal
containing massive solvent-filled voids.[23] Here, we describe
the synthesis of the analogous AzaPcs, 2,3,9,10,16,17,23,24-
octa(2,6-diisopropylphenoxy)-1,4,8,11, ACHTUNGTRENNUNG15,18,22,25-octaazaph-
thalocyanine (AzaPc1-M; M= H2, Ni, Zn) and also
2,3,9,10,16,17,23,24-octa(2,6-diphenylphenoxy)-1,4,8,11,15,18,
22,25-octaazaphthalocyanine (AzaPc2-M; M=H2, Ni, Zn)
and present structures obtained by single-crystal X-ray dif-
fraction studies to illustrate the prevention of cofacial self-
association of the AzaPc cores and the inclusion of solvent
molecules within these crystals.


Results and Discussion


Synthesis : Derivatives of AzaPc are generally prepared
from substituted pyrazine-2,3-dicarbonitrile precursors
through a metal-ion-mediated cyclotetramerisation reaction.
Following the general methodology developed by
Mørkved,[24,25] the aromatic nucleophilic substitution reac-
tion between the appropriate phenol and 5,6-dichloropyra-
zine-2,3-dicarbonitrile[26] gave the precursors to AzaPc1-H2


and AzaPc2-H2, that is, 5,6-bis(2,6-diisopropylphenoxy)pyra-
zine-2,3-dicarbonitrile (3) and 5,6-bis(2,6-diphenylphenoxy)-
pyrazine-2,3-dicarbonitrile (4), respectively, in good yield
(Scheme 1). The metal-containing AzaPc1-M and AzaPc2-
M (M=Ni, Zn) were prepared readily by the cyclotetramer-


isation of the precursor in quinoline using the appropriate
metal acetate. Surprisingly, we found that the metal-free
AzaPc1-H2 and AzaPc2-H2 could be prepared in reasonable
yield simply by heating 3 or 4 in quinoline. This method
avoids the problematic replacement of the phenoxy substitu-
ents through transetherification induced by the alkyloxide
initiator,[15,25] which interferes with the synthesis of the
metal-free AzaPcs by conventional methods.[27] This reaction
is worth noting because metal-free phthalocyanines cannot
usually be prepared by this method. It is well established
that phthalonitriles containing electron-withdrawing sub-
stituents undergo cyclotetramerisation under relatively mild
conditions[28] and it is likely that the electronic properties of
the pyrazine ring favours macrocycle formation even with-
out the introduction of an alkyloxide initiator or metal ion
template.


Structural characterisation and self-association : All AzaPc
products gave 1H NMR and UV/Visible spectroscopic data
consistent with their structures. In addition, clusters of
peaks that correspond to the calculated isotope composition
of the molecular ion were observed by matrix-assisted laser
desorption ionisation mass spectroscopy (MALDI-MS). It
was noted previously that the 1H NMR spectrum of Pc1-Zn
displays a doublet of doublets for the methyl groups at
298 K,[23] which can be ascribed to slow interchange between
methyl groups in different environments due to restricted
rotation.[21,29] In contrast, the 1H NMR spectra of AzaPc1-
Zn at 298 K displays a more typical doublet corresponding


Scheme 1. The synthesis of AzaPcs-1-M and AzaPc2-M. Reagents and conditions: i) K2CO3, MeCN, 70 8C,
24 h; ii) quinoline, 160 8C, 24 h; iii) metal acetate, quinoline, 160 8C, 24 h.
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to the methyl hydrogens of the isopropyl groups (Figure 1).
Variable-temperature studies showed that the coalescence of
the methyl peaks for AzaPc1-Zn and Pc1-Zn occurs at 268


and 303 K, respectively, corresponding to a free energy of
activation of 54.7 and 62.3 kJ mol�1, respectively. The differ-
ence can be attributed to the absence of the steric effect of
the hydrogen atoms in the non-peripheral benzo-positions
of AzaPc1-Zn, which provide greater freedom of movement
for the conformational processes required for methyl inter-
change. Both UV/Vis absorption and NMR spectroscopy
can be used to determine the degree of aggregation of
phthalocyanines or azaphthalocyanines in solution or the
solid phase. For example, 1H NMR spectra of the AzaPcMs
show no broadening or peaks shifts over a broad concentra-
tion range, which indicates the absence of aggregation. Gen-
erally for UV/Vis adsorption spectroscopy, co-facial self-as-
sociation of PcMs and AzaPcMs results in broadening of the
Q-band and a significant shift to a shorter wavelength due
to exciton coupling. However, for the AzaPcMs, the position
and appearance of the Q-band is independent of concentra-
tion. Furthermore, no significant shift or broadening of the
Q-band is observed from the visible spectrum of thin films
cast from solution (Figure 2). For example, broadening of
the Q-band from the spin-coated film of AzaPc1-Zn (lmax =


634 nm) is only 0.2 nm at half peak height.
To investigate the effect of the bulky phenoxy substituents


on the packing of the AzaPcMs in the solid state, crystals
were grown for analysis by X-ray diffraction (XRD). The
AzaPc-1-M (M= H2, Ni) complexes provide isomorphous or-
thorhombic crystals in which CH2Cl2 is included (Figure 3).


Within these crystals the AzaPc cores are planar and the
aromatic planes of the phenoxy substituents lie almost per-
pendicular to the plane of the AzaPc core due to the mutual
steric effects between the bulky isopropyl groups on adja-
cent phenoxy units. The resulting rigid, doughnut-shaped
structure adopted by the substituents ensures that co-facial
self-association of the AzaPc cores is prohibited and pro-
vides a cavity above and below the AzaPc macrocycle. The
shape of the molecule also poses a challenge for the efficient
packing of the molecules, which is solved by the adoption of
a planar packing structure in which the AzaPc cores lie per-


pendicular to the plane in a herringbone structure so that
two of the 2,6-diisopropylphenoxy groups of one molecule
are placed within the cavity of its neighbour. Nevertheless,
for AzaPc-1-H2, this packing arrangement requires the in-
clusion of four solvent molecules of CH2Cl2 for each AzaPc
molecule, two of which are weakly hydrogen bonded to the
benzo nitrogen atoms of the AzaPc (Nbenzo�HCH2Cl2 =


0.2991 nm), and placed mid-way within the plane of the her-
ringbone arrangement, whereas the other two CH2Cl2 mole-
cules are highly disordered and lie in between these planes
(Figure 3). Within the isomorphous crystal structure derived
from AzaPc-1-Ni, these solvent molecules are made up of a
disordered mixture of CH2Cl2, acetone and water.


Attempts to form suitable crystals from AzaPc2-M for
XRD studies succeeded only for the Zn-containing deriva-


Figure 1. Details of the aliphatic region of the 1H NMR spectrum of Pc1-
Zn obtained at a) 333 K and b) 298 K compared to that of AzaPc1-Zn
obtained at c) 298 K and d) 230 K illustrating the relative ease of methyl
group positional interchange within AzaPc1-Zn.


Figure 2. UV/Vis adsorption spectrum of AzaPc1-Zn a) in THF (c =1.2N
10�5


m) and b) from a solvent cast film.


Figure 3. Results from the single-crystal XRD study of AzaPc1-Ni. a)
Face-on and b) side views of the molecule showing the planarity of the
macrocycle. c) A view of the herringbone arrangement of the macrocy-
cles looking down the x axis of the crystal. d) A view along the z axis of
the crystal showing the disordered solvent (CH2Cl2, acetone and H2O) lo-
cated between the layers of the herringbone structure. Note: to enhance
clarity the 2,6-diisopropylphenoxyl groups are not shown in c) and d).
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tive for which a tetragonal crystal, of P4̄21c space group, was
obtained. Analysis of the molecular structure of this com-
pound shows that the macrocycle is slightly twisted from
planarity and that the phenyl groups of the eight 2,6-diphe-
nylphenoxy substituents are forced out of the plane of the
macrocycle so that they adopt a configuration that gives the
whole molecule a square shape (Figure 4). The Zn cation is


disordered over two sites protruding from the macrocyclic
plane. The cavities above and below the macrocycle pro-
duced by the bulky substituents are partially occupied by
CHCl3 (two per AzaPc) and H2O (two per AzaPc) mole-
cules, the former, at 0.5 occupancy, hydrogen bonded to the
four meso-nitrogen atoms (Nmeso�Hchloroform =0.2504 nm).
One of the H2O molecules is present as an axial ligand on
the Zn cation (Zn�O= 0.2108 nm), which is disordered over
two sites and the other is hydrogen bonded to the axial
ligand (Oaxial�Owater = 0.3240 nm) and is disordered over four
equivalent sites. The square shape adopted by AzaPc2-Zn
leads to tetrahedral packing of the molecules in columns
within which the closest Zn�Zn distance is 1.0863 nm.


AzaPc1-Zn possesses striking crystal-forming properties.
Very large, single blocks grow by diffusion of methanol into
a concentrated solution of the compound in CH2Cl2 (Fig-
ure 5 a). XRD analysis shows that these crystals are isomor-
phous with the nanoporous cubic crystals, of Pn3̄n space
group, derived from Pc1-Zn. The molecular structure of
AzaPc1-Zn within the crystal is conical with the oxygen of
its axial water ligand at the apex of the cone. The solvent-
filled voids, two per unit cell, are defined by six AzaPc mol-
ecules with each of the axial oxygen ligands pointing into
the centre of the void. The distance between the Zn2+ ions
across the void is 2.358 nm, which is slightly larger than the
2.331 nm found within the cubic crystal of Pc1-Zn, despite


the smaller unit cell of the AzaPc1-Zn crystal (a=3.726 nm
versus a=3.770 nm), which reflects the shallower cone con-
figuration adopted by the AzaPc macrocycle. Therefore, the
large voids have a volume in excess of 8 nm3, which ac-
counts for most of the 19.6 nm3 solvent accessible space esti-
mated by the use of PLATON software.[30] 1H NMR analysis
of the composition of the crystals dissolved in CDCl3 indi-
cates that the ratio of MeOH:AzaPc1-Zn is 20:1 (i.e., 240
solvent molecules per unit cell). Two of these methanol
atoms are localised, at 50 % occupancy, by hydrogen-bond-
ing to the four meso-nitrogen atoms of the AzaPc (Nmeso�
OMeOH =0.282 nm). Based upon an electron count, a further
81 solvent molecules are partially ordered within each unit
cell suggesting that the remaining methanol molecules, de-
duced from NMR evidence, are wholly disordered. Simply
by placing the crystals of AzaPc1-Zn in contact with other


Figure 4. Results from the single-crystal XRD study of AzaPc2-Zn. a)
Face-on and b) side views of the molecule. Molecules of CHCl3 at 0.5 oc-
cupancy are bound through hydrogen bonding to the four meso-nitrogen
atoms and molecules of H2O at 0.25 occupancy are hydrogen bonded to
the axial water molecule at four position. c) A view of the tetragonal ar-
rangement of the macrocycles looking down the z axis of the crystal


Figure 5. a) An example of the single-crystal growth of AzaPc1-Zn from
the diffusion of MeOH into a solution of the sample in CH2Cl2. For
scale, the diameter of the sample tube is 15 mm. Results from the single-
crystal XRD study. b) The side view of the molecule showing the conical
shape of the molecule and the oxygen atom of the axial ligand which is
presumed to be H2O and c) a perspective view of the unit cell (outer
cube) with dimensions of 3.75 nm and which contains 12 molecules of
AzaPc1-Zn. The shaded inner cube represents one of the two large
ACHTUNGTRENNUNG(�8 nm3) solvent-filled voids found in each unit cell. In this view, the
second nanovoid is distributed in �1 nm portions at each corner of the
unit cell. MeOH molecules, with an occupancy of 0.5, are hydrogen
bonded to each of the four meso-nitrogen atoms of the AzaPc. Note: to
enhance clarity the 2,6-diisopropylphenoxyl groups are not shown in c).
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solvents (e.g. hexane, acetone, H2O), exchange of the includ-
ed methanol can be achieved (Table 1).


Conclusion


Placing eight bulky phenoxyl substituents at the periphery
of AzaPc successfully prohibits self-association of the mac-
rocycle even in the solid state, leading to unperturbed opti-
cal properties. Due to the shape of the resulting molecules
efficient packing in the crystalline state is only achieved by
the inclusion of solvent molecules. An extreme example of
this is the formation of nanoporous crystals from AzaPc1-
Zn, which contain large solvent-filled voids of 8 nm3


volume. These voids are interconnected by narrow channels
allowing the exchange of one type of solvent for another
and providing access to the central metal ions. Work is in
progress to determine whether the introduction of other
metal cations within the central cavity of AzaPc1-H2, espe-
cially those of more established catalytic activity, is compati-
ble with the formation of this interesting crystal structure.


Experimental Section


Full experimental procedures for compounds 1–4 are provided in the
Supporting Information along with crystallographic details. CCDC-
670579 (AzaPc1-H2), 670580 (AzaPc1-Ni), 670581 (AzaPc2-Zn) and
670582 (AzaPc1-Zn) 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_
request/cif.


Example of typical procedures


Synthesis of 3 : To a stirred solution of 5,6-dichloropyrazine-2,3-dicarboni-
trile (2 g, 10.10 mmol) and 2,6-diisopropylphenol (4.01 g, 23.23 mmol) in
dry CH3CN (150 mL) anhydrous potassium carbonate (8.01 g,
58.04 mmol) was added. The reaction mixture was heated at 70 8C for
24 h under nitrogen. On cooling, the reaction mixture was poured into
distilled water (500 mL) and neutralised with hydrochloric acid. The re-
sulting precipitate was collected by filtration and washed with water,
then air-dried. The crude product was recrystallised from n-hexane to
give 3 as a white powder (3.8 g, 78.1 %). M.p. 253 8C; 1H NMR


(400 MHz, CDCl3, 25 8C): d=1.25 (d, J =6.1 Hz, 24 H), 2.84 (sept, J=


6.7 Hz, 4 H), 7.30 (d, J =7.4 Hz, 4 H), 7.38 ppm (t, J =7.5 Hz, 2 H); IR
(KBr): ñ=2263 cm�1 (CN); MS (EI): m/z (%): 482 (100) [M]+ ; elemental
analysis calcd (%) for C30H34N4O2: C 74.68, H 7.03, N 11.62; found: C
74.38, H 7.18, N 12.03.


Synthesis of AzaPc1-Zn : A solution of 3 (1 g, 2.07 mmol) and zinc(II)
acetate (0.1 g) in dry quinoline (10 mL) was heated at 160 8C for 24 h
under nitrogen. On cooling, the reaction mixture was poured into dis-
tilled water (200 mL). The resulting precipitate was collected and purified
by means of column chromatography (eluent: CHCl3) and recrystallisa-
tion from acetone to give a purple reflective, green solid (15 % yield).
M.p. >300 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d =1.33 (d, J =6.5 Hz,
96H), 3.34 (sept, J =6.7 Hz, 16 H), 7.46 (d, J= 7.7 Hz, 16H), 7.59 (t, J=


7.8 Hz, 8 H); UV/Vis (THF): lmax (e)=624 nm (246 000 mol�1 dm3 cm�1);
MALDI MS: isotropic cluster centred at m/z : 1993 [M]+ ; elemental anal-
ysis calcd (%) for C120H136N16O8Zn: C 72.25, H 6.82, N 11.24: found: C
72.13, H 6.9, N 10.87.
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Table 1. Composition of the included solvent within the cubic crystals of
AzaPc1-Zn as compared to that for Pc1-Zn, showing the greater hydro-
philicity of the AzaPc1-Zn system. The measurements were made by dis-
solving the crystals in dry CDCl3 and comparing the integrated heights of
the peaks due to the Pc with those of the solvent.


AzaPc1-Zn/
Solvent[a]


AzaPc1-Zn/
H2O


Pc1-Zn/
Solvent[a]


Pc1-Zn/
H2O


H2O – 1:37 1:1[b] 1:30
MeOH 1:14 1:20 1:20 1:2
EtOH 1:16 1:14 1:21 –
acetone 1:13 1:14 1:11 1:3
isopropanol 1:14 1:10 1:14 1:2
hexane 1:5 1:8 1:9 1:1


[a] No attempt was made to dry the solvent or remove existing water
from the crystals prior to exchange of the original solvent, which was
MeOH for AzaPc1-Zn and acetone for Pc1-Zn. [b] Residual amount of
acetone that remained included with the crystals of Pc1-Zn on exchange
with water.
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Introduction


Metal complexes offer vast opportunities for the design of
compounds with bioactivity due to the large variety of avail-


able metals and the ability to tune the reactivity and struc-
ture of the metal complexes by their ligand spheres.[1] Most
commonly, the metal is directly involved in the mode of
action, either through coordination or redox chemistry. For
example, the highly successful anticancer drug cisplatin (1)


crosslinks guanine bases in DNA duplexes.[2] Similarly, the
ruthenium arene complex 2 and its derivatives exert their
highly cytotoxic effects through coordination to DNA,[3]


whereas the ferrocene moiety in the breast cancer drug can-
didate hydroxyferrocifen (3) is believed to serve as a crucial
redox-active moiety.[4] Thus, these reactive anticancer drugs
require a fine-tuned reactivity of the metal center, and it is,
therefore, not surprising that in these complexes a substitu-
tion of the metal by one of their homologues results in a de-
cline in anticancer activities: the palladium analogue of cis-


Abstract: In this study, we probe and
verify the concept of designing unreac-
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platin is too hydrolytically unstable to serve as an anticancer
drug, but the osmium analogue of 2 hydrolyzes by two
orders of magnitude more slowly than the ruthenium conge-
ner and, therefore, should react more slowly with DNA;[5]


the ruthenium analogue of hydroxyferrocifen 3, unlike the
ferrocifens, does not show antiproliferate effects on estrogen
receptor a-negative breast cancer cell lines, most likely due
to a modified redox behavior.[6]


We recently revealed the promising kinase inhibition and
anticancer effects of the ruthenium half-sandwich complex
Ru and some of its derivatives (Scheme 1).[7–12] The organo-


metallic Ru is a highly potent inhibitor for the kinases GSK-
3, Pim-1,[8,10,11] and probably some yet unidentified kinases,
and induces strong biological responses, such as the activa-
tion of the Wnt signaling pathway in mammalian cells,[8]


strong pharmacological effects during the development of
frog embryos,[8] and the efficient induction of apoptosis in
some melanoma cell lines.[12] In contrast to the aforemen-
tioned examples 1–3, we believe that the ruthenium center
in the scaffold Ru has a solely structural role, and that it is
rather the shape of the organometallic complex that is re-
sponsible for all of its bioactivity.[10]


We sought to probe this assumption by replacing rutheni-
um by its heavier homologue, osmium (Ru!Os,
Scheme 1).[5,13] Ruthenium and osmium, which are located
within the same group in the second and third transition-
metal row, respectively, form isostructural complexes be-
cause the atomic radii of the two elements are almost identi-
cal due to the lanthanide contraction.[14] Despite these struc-
tural similarities, third-row transition-metal ions are general-
ly significantly more substitutionally inert than those of the
second row, and possess a different redox chemistry.[15]


Therefore, if the reactivity of the metal plays at least some
role in the mode of action, Ru and Os should differ signifi-
cantly in their bioactivities. In contrast, if indeed the three-
dimensional structures of these organometallic scaffolds de-
termine their bioactivities, the two congeners Ru and Os
must display closely related properties. The following study
demonstrates that the latter is indeed the case: Ru and Os
display almost indistinguishable biological activities, thus
verifying the concept of designing unreactive bioactive
metal complexes with the metal serving as a key structural
center.


Results and Discussion


Synthesis of osmium half-sandwich complexes : Compound
Os was obtained in an analogous fashion to the recently de-
scribed synthesis of Ru (Scheme 2).[16] Accordingly, the pyri-


docarbazole ligand 4 was reacted with [OsACHTUNGTRENNUNG(h5-C5H5)(CO)-
ACHTUNGTRENNUNG(MeCN)2]


+PF6
� (5)[17] in the presence of one equivalent of


potassium carbonate, followed by a tetrabutylammonium
fluoride (TBAF)-induced desilylation, to afford Os in a
modest yield of 31% over two steps. This synthetic scheme
is general and applicable to derivatives of Os, such as OsBn,
in which a benzyl group at the imide moiety serves as a crys-
tallization handle (see Figure 1).


Structural comparison of ruthenium and osmium complexes :
To evaluate the structural similarity of Ru and Os, we crys-
tallized the derivative OsBn and compared the obtained
crystal structure with the analogous and recently described
ruthenium crystal structure RuBn.[7] A superimposition re-
vealed that both complexes are almost indistinguishable in
their three-dimensional structures (Figure 1). For example,
the differences in the coordinative bond length to the CO
(D=0.004 L), the pyridine nitrogen (D=0.008 L), and the
indole nitrogen (D=0.004 L) are within three times the esti-
mated standard deviations (3Ms) and, therefore, are identi-
cal within experimental errors. The discrepancies to the


Figure 1. Superimposed crystal structures of RuBn (red) and OsBn
(blue).


Scheme 1. Probing the correlation between shape and function with the
isostructural complexes Ru and Os.


Scheme 2. Synthesis of Os. TBAF= tetra-n-butylammonium fluoride;
TBS= tert-butyldimethylsilyl.
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carbon atoms of the cyclopentadienyl ligand range from
0.001 to 0.032 L and from less than 1Ms to 7Ms. Altogether,
it can be concluded that replacing ruthenium for osmium in
this half-sandwich scaffold leads to almost indistinguishable
structures.


Configurational stabilities and redox potentials : Despite this
desired structural conformity, osmium typically forms coor-
dinative bonds that are more inert than the analogous bonds
of its lighter homologue, ruthenium.[15] In our scaffold, this
phenomenon is reflected by the significantly higher configu-
rational stability of Os compared to Ru. To evaluate this, a
sample of (R)-Os (10 mm in DMSO) was stored in the dark
at room temperature for one month and then analyzed with
a Daicel Chiralpak 1B HPLC column (45:55!80:20 EtOH/
hexane in 20 minutes, flow rate=0.5 mLmin�1), after which
no trace of the mirror image (S)-Os could be observed. In
contrast, the enantiopure ruthenium complexes racemize at
room temperature by about 3% in one week; this reflects
the higher inertness of the Os complex compared to the Ru
complex. With respect to redox behavior, Ru and Os differ
only slightly: the oxidative peak potential of Os (Ep


ox=


0.312 V vs. Fc/Fc+ (Fc+ = ferrocene/ium)) is around 50 mV
lower than Ru (Ep


ox=0.36 V vs. Fc/Fc+).


Anticancer activities in 1205 Lu melanoma cells : We initiat-
ed our comparative bioactivity study by measuring the cyto-
toxicities of Ru and Os in melanoma cells.[12] For this, we in-
cubated 1205 Lu cells with different concentrations of the
organometallic compounds (3 nm to 3 mm) for 72 h and
quantified the reduction of live cells with the MTT method.
The results in Figure 2a demonstrate that within experimen-
tal errors, Ru and Os show almost identical concentration-
dependent cytotoxicity profiles in 1205 Lu. For example, at
1 mm, the cell survival is at (16�4)% and (18�7)% for Ru
and Os, respectively.


To investigate this further in a more complex model, Ru
and Os were tested in collagen-implanted three-dimensional
spheroids of 1205 Lu cells.[12] As shown in Figure 2b, at con-
centrations as low as 3 mm, both compounds decreased cell
viability markedly and to a similar extent, as visualized by
the loss of green fluorescent live cells and the appearance of
red fluorescent dead cells.[12] Thus, Ru and Os display highly
potent and almost identical antiproliferate properties. Fur-
thermore, cell cycle analyses of 1205 Lu cells that were
treated with Ru and Os for 24 h, revealed a concentration-
dependent increase in the number of cells in the sub-G1
population, which indicates that the induction of apoptosis
was the main reason for cell death. Levels of apoptosis were
very similar for Ru and Os, reaching 24 and 27% at 1 mm,
and 50 and 41% at 3 mm, respectively (see the Supporting
Information).


Activation of Wnt signaling : We recently disclosed that the
strong apoptotic effect of complex Ru in 1205 Lu cells
occurs at least in part through p53-induced apoptosis, which
is initiated by the inhibition of glycogen synthase kinase 3b


(GSK-3b).[12] Therefore, we next compared Os and Ru in
their ability to inhibit GSK-3b in vitro and within mammali-
an cells. We first measured IC50 values against GSK-3b with
an enzyme assay and found that both Ru and Os show very
similar binding behavior, with Os the slightly more potent
inhibitor for GSK-3b with an IC50 of (0.6�0.2) nm versus
(1.4�0.4) nm for Ru at 100 mm ATP (Figure 3a).[18] GSK-3b


is a negative regulator of the Wnt signal transduction path-
way and, therefore, the inhibition of GSK-3b results in the
activation of b-catenin-dependent transcription.[19] To com-
pare the activation of Wnt signaling as a response to GSK-
3b inhibition inside mammalian cells upon Ru and Os treat-
ment, we used human embryonic kidney cells (HEK293OT)
that are stably transfected with a TCF/b-catenin luciferase


Figure 2. Anticancer properties of Os and Ru. a) 1205 Lu melanoma cells
were treated with Os (*) and Ru (*) for 72 h and cell survival was deter-
mined by using the MTT assay. The average of five independent experi-
ments is shown. b) Collagen-implanted 1205 Lu spheroids were overlaid
with the medium and incubated with Os and Ru for 72 h before treat-
ment with calcein-AM and propidium iodide. Green fluorescence indi-
cates viable cells and red fluorescence dead cells.


Figure 3. Inhibition of GSK-3b by Os and Ru in vitro and within mam-
malian cells. a) GSK-3b inhibition at 100 mm ATP and 200 pm GSK-3b


(*: Os ; *: Ru). IC50 curves were obtained by phosphorylation of phos-
pho-glycogen synthase peptide-2 with [g-32P]ATP. Every data point was
determined from at least two independent measurements and the error
bars are less than 20%. b) Activation of the Wnt signaling pathway by
the inhibition of GSK-3b (&: Os ; &: Ru). HEK293 cells that were trans-
fected with a b-catenin-responsive luciferase reporter were treated with
different concentrations of compounds for 24 h. Luminescence signals
were measured after cell lysis and the addition of luciferin. The average
of four individual experiments is shown.
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reporter gene (OT-Luc cells).[20] This system allows the mon-
itoring of b-catenin levels with a luminescent read-out. Ac-
cordingly, we incubated OT-Luc cells with different concen-
trations of Ru and Os for 24 h and determined luciferase
levels from the addition of luciferin to the cell lysate fol-
lowed by luminescence signal measurements. The results are
shown in Figure 3b. Again, Ru and Os show a highly similar
bell-shaped concentration-dependent Wnt activation profile.


Protein kinase binding : Altogether, the presented data
imply that the almost identical anticancer properties of Ru
and Os are the result of their highly similar protein kinase
inhibition profiles. To support this conclusion, we attempted
to compare the binding modes of the two congeners to a
protein kinase by using the protein kinase Pim-1 as a model
system. Accordingly, we cocrystallized (S)-Os with full-
length human Pim-1, solved the structure to a resolution of
2.35 L (Table 1), and compared it with the recently obtained


structure of (S)-Ru and Pim-1.[10] To our knowledge, this
crystal structure represents the first disclosed structure of an
osmium complex that is bound to an enzyme. Upon super-
imposing the main-chain atoms of both cocrystal structures
(rms deviation of 0.24 L), (S)-Ru and (S)-Os occupy almost
indistinguishable binding positions within the ATP-binding
site. The same van der Waals interactions that (S)-Ru estab-
lishes with Pim-1 are preserved in the structure with (S)-Os.
The pyridocarbazole moiety of (S)-Os is nicely placed in the
hydrophobic pocket that is formed by the residues from the
N- and C-terminal domains; the cyclopentadienyl ring
stacks against Phe49, whereas the CO group is positioned in
close proximity to Gly45 (Figure 4). In the same way as (S)-
Ru, (S)-Os forms a characteristic hydrogen bond between
the maleimide NH-group and the carbonyl oxygen of
Glu121, and the indole hydroxyl group is involved in two
additional hydrogen bonds (to Lys67 and water-mediated to
Glu89). This is in slight variation to the ruthenium structure
in which both of these contacts are water mediated. Impor-
tantly, the metal centers are not involved in any direct inter-


action with the kinase active site, and the two crystal struc-
tures are consistent with an experimentally verified identical
binding affinity of Ru and Os to Pim-1 (IC50 values of
200 pM at 100 mm ATP).


Conclusion


Swapping ruthenium for the isostructural but chemically dis-
tinguished osmium in the organometallic protein kinase in-
hibitor scaffold (Ru!Os) enabled us to probe and verify
our concept of designing unreactive bioactive metal com-
plexes. To our knowledge, this is a unique example in which
the replacement of a metal in an anticancer scaffold by its
heavier homologue does not significantly alter the biological
activity. This phenomenon can be explained by the almost
identical three-dimensional structures of the two complexes
and their identical mode of action as protein kinase inhibi-
tors.[21] In fact, an osmium complex with such a high antipro-
liferative effect in a two- and three-dimensional cell culture
is without any precedence. Ru and Os might thus be mem-
bers of a new class of bioactive organometallic agents.


Experimental Section


Materials and general methods : NMR spectra were recorded on a Bruker
AM-500 (500 MHz) or DMX-360 (360 MHz) spectrometer. IR spectra
were recorded on a Perkin–Elmer 1600 series FTIR spectrometer and
high-resolution mass spectra were obtained with a Waters LCT Premier
instrument by using an ESI ionization and TOF analyzer. Solvents and
reagents were used as supplied from Fisher, Sigma–Aldrich, Acros, or
Strem. Protein kinases (human) and substrates were purchased from Up-
state Biotechnology.


Synthesis of compound Os : A round-bottomed flask was charged with
the pyridocarbazole ligand 4[16a] (50 mg, 0.094 mmol), [Os ACHTUNGTRENNUNG(h5-C5H5)(CO)-


Table 1. Crystallographic data and refinement statistics of (S)-Os with
Pim-1.


Parameters


space group P65


cell dimensions [L] a,b=98.45, c=80.36
resolution [L] 2.35
total observation
(unique, redundancy)


212458 (18397, 11.5)


completeness (outer shell) [%] 97.7 (100.0)
Rmerge (outer shell) [%] 14.9 (78.9)
I/s (outer shell) 18.1 (3.5)
Rwork (Rfree) [%] 16.8 (22.5)
hetero groups (S)-Os
rmsd[a] bond length [L] 0.016
rmsd[a] bond angle [8] 1.447
Ramachandran [%]
(allowed/generally allowed/disallowed)


92.8/7.2/0


[a] rmsd= root-mean-square deviation.


Figure 4. Superimposition of the cocrystal structures of Pim-1 with (S)-Os
(PDB code 3BWF) and (S)-Ru (PDB code 2BZI). Amino acid side
chains are only displayed for the structure with (S)-Os since the positions
are virtually identical. Color coding: Ribbon in red for the ruthenium
structure and for the osmium structure green (sheets) and blue (loops).
Carbon atoms of (S)-Ru and (S)-Os are in pink and yellow, respectively.
(S)-Os is displayed with slightly bigger stick and ball radii to distinguish
it from (S)-Ru.
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ACHTUNGTRENNUNG(MeCN)2]
+PF6


� (5 ; 48 mg, 0.094 mmol), [17] K2CO3 (13 mg, 0.094 mmol),
and a magnetic stir bar. The flask was purged with argon and MeCN
(4 mL) and MeOH (1 mL) were added. The reaction was stirred at room
temperature for 2 h, during which time the reaction mixture turned
purple. The solvent was removed and the crude material was purified by
means of silica-gel chromatography by eluting with hexanes/EtOAc 5:1
to 3:1. This yielded the product as a mixture with unreacted ligand. This
mixture (36 mg) was used in the next step without further purification.


The mixture (36 mg) was dissolved in CH2Cl2 (3 mL) and purged with
argon. TBAF (97 mL of a 1m solution in THF) was added to this solution,
which immediately became black and turbid. The reaction was stirred for
30 min at room temperature. Acetic acid (one drop) was added to
quench the reaction, upon which the solution turned purple. The solvent
was removed and the crude material was purified by means of silica-gel
chromatography by eluting with benzene/acetone 10:1 to 5:1. Compound
Os was isolated as a purple solid (17 mg, 31% over 2 steps). 1H NMR
(500 MHz, [D6]DMSO): d=11.04 (s, 1H), 9.41 (d, J=4.6 Hz, 1H), 9.23
(s, 1H), 9.00 (d, J=8.2 Hz, 1H), 8.09 (d, J=2.4 Hz, 1H), 7.65 (dd, J=8.3,
5.2 Hz, 1H), 7.51 (d, J=8.7 Hz, 1H), 7.12 (dd, J=8.7, 2.5 Hz, 1H),
5.72 ppm (s, 5H); 13C NMR (125 MHz, [D6]DMSO): d=182.2, 170.6,
170.4, 157.8, 156.8, 151.8, 146.30, 146.27, 133.2, 131.3, 123.23, 123.20,
121.1, 116.5, 116.4, 114.5, 112.2, 108.2, 78.2 ppm; IR (thin film): ñ =3392
(br), 2921, 2850, 1916, 1747, 1689, 1643, 1504, 1470, 1339, 1212, 668 cm�1;
HRMS: m/z : calcd for C30H20N3O3Os: 588.0599; found: 588.0602
[M+H]+ .


Cyclic voltammetry of Os and Ru : Voltammetric experiments were con-
ducted with a computer-controlled Eco Chemie mAutolab III potentiostat
with 1 mm diameter planar Pt and glassy carbon (GC) working electro-
des, a Pt wire auxiliary electrode, and an Ag wire reference electrode
(isolated by a salt bridge containing 0.5m Bu4NPF6 in CH3CN). Potentials
were referenced to the ferrocene/ferrocenium redox couple. The electro-
chemical cell was thermostated at 293 K by using an Eyela PSL-1000 var-
iable temperature cooling bath. Data were obtained at a scan rate of
1 Vs�1 in CH2Cl2 with 0.25m Bu4NPF6 as the supporting electrolyte. Oxi-
dative peak potentials (Eox


P ): Ru=++0.36, Os=++0.31 V.


Pim-1 expression, purification, and cocrystallization with Os : Pim-1 was
expressed and purified with some modifications as described previous-
ly.[22] Briefly, expression of the protein in BL21 ACHTUNGTRENNUNG(DE3)pLysS cells was in-
duced with 2 mm IPTG for 5 h at 18 8C. Cells were collected by centrifu-
gation, resuspended in 50 mm HEPES (pH 7.5), 500 mm NaCl, 5% glyc-
erol, and lysed by applying high pressure (French-press). The lysate was
purified with a DEAE cellulose column (DE52 Whatmann) and Ni-NTA
chromatography (Qiagen). The protein was treated overnight with
lambda phosphatase and TEV protease to remove phosphate and His-
tag, respectively. Further purification was achieved with a Mono-Q
column (Amersham Biosiences), which separated the dephosphorylated
and phosphorylated fractions, and an additional Ni-NTA affinity column
to ensure separation of Pim-1 from His-tag. Separated dephosphorylated
and phosphorylated fractions were concentrated to 5 mgmL�1 in crystal-
lography buffer (50 mm HEPES pH 7.5, 250 mm NaCl, 5% glycerol,
10 mm DTT). The osmium complex (S)-Os was added to the protein
from a 10 mm DMSO stock solution to give a final concentration of
1 mm. Crystals of nonphosphorylated Pim-1 with (S)-Os were grown at
4 8C in 4 mL sitting drops in which the protein solution (2 mL) was mixed
with the precipitate stock (2 mL) that contained 0.2m Li2SO4, 100 mm Bis-
TrisPropane (pH 7.0), 20% PEG3350, 10% ethylene glycol, and 0.3%
DMSO. Crystals were cryoprotected and flash cooled in liquid nitrogen.


Data collection and structure determination : Cryoprotected crystals
yielded X-ray diffraction to 2.35 L on a X12C beam line at the National
Synchrotron Light Source (Upton, NY). Data were indexed and merged
by using HKL2000.[23] The structure was solved by molecular replacement
by using a crystal structure of Pim-1 (PDB code 1YWV) as a search
model for rotation and translation functions, which were calculated with
the program AmoRe.[24] Iterative cycles of refinement and manual re-
building of the model were performed by using the program REFMAC5
and O, respectively.[25, 26] The structure has been deposited at the RCSB
Protein Data Bank under the PDB code 3BWF.


Measurements of protein kinase inhibition : GSK-3b, Pim-1, and sub-
strates were purchased from Upstate Biotechnology USA. For measuring
IC50 values of Os and Ru against Pim-1, various concentrations of inhibi-
tors were incubated at room temperature with 80 pm kinase in MOPS
(MOPS=3-morpholinopropane-1-sulfonic acid; 20 mm, pH 7), bovine
serum albumin (0.8 mgmL�1), and 5% DMSO (which is a consequence of
the DMSO inhibitor stock solution) in the presence of S6 kinase/Rsk2
substrate peptide (50 mm) and ATP (100 mm), which includes [g-32P]ATP
(0.2 mCimL�1). Reactions were initiated after 20 min by adding MgCl2 to
a final concentration of 30 mm in a total reaction volume of 25 mL. The
reactions were terminated by spotting 17.5 mL onto a circular P81 phos-
phocellulose paper (diameter: 2.1 cm, Whatman) followed by washing
with 0.75% phosphoric acid (3M) and acetone (1M). The dried
P81 papers were transferred to scintillation vials and a scintillation cock-
tail (5 mL) was added. The counts per minute (CPM) were measured
with a Beckmann 6000 scintillation counter and the IC50 values were de-
fined as the concentration of inhibitor at which the CPM was 50% of the
control sample corrected by the background.


For determining the IC50 values of Os and Ru against GSK-3b, various
concentrations of the compounds were incubated with 200 pm kinase in
MOPS (20 mm, pH 7), MgCl2 (30 mm), EDTA (1 mm), bovine serum al-
bumin (0.8 mgmL�1), and 5% DMSO, in the presence of phosphoglycogen
synthase kinase-2 substrate (20 mm) for 20 min, and the reactions were in-
itiated by adding ATP to give a final concentration of 100 mm and by in-
cluding [g-32P]ATP (0.2 mCimL�1) to give a final volume of 25 mL. Reac-
tion termination, measurements, and IC50 determinations were performed
in the same way as for Pim-1.


Cell cycle analysis : Cell cycle analysis was performed after treatment
with kinase inhibitors (Ru, 1 and 3 mm, for 24 h or Os, 1 and 3 mm for
24h). 1–2M106 cells were grown adherently on a culture dish, and were
then harvested, washed in cold PBS, and resuspended in cold PBS
(200 mL). Cells were fixed by adding the above-mentioned cell solution
(200 mL) to 70% ethanol (4 mL), and were incubated on ice for at least
1 h. Intracellular DNA was labeled with a propidium iodide solution
(200 mL) that contained 40 mgmL�1 propidium iodide and 100 mgmL�1


RNase in PBS, and was then incubated at 37 8C for 30 min in darkness.
Samples were analyzed by using an EPICS XL (Beckman–Coulter, Inc.,
Miami, FL). The cell cycle profile was obtained by analyzing 15000 cells.
Data were analyzed by using WinMDI software, and apoptosis was de-
fined by the percentage of cells in the sub-G1 fraction of the cell cycle.


Cytotoxicity measurements in 1205 Lu cell culture : 1205 Lu melanoma
cells were maintained in DMEM medium plus 2% fetal bovine serum
(FBS) at 37 8C under an atmosphere of 5% CO2 at constant humidity.
For each experiment, cells were plated into a 96-well plate with 2500–
3000 cells/well and left to grow for 24 h. Thereafter, cells were treated
with increasing concentrations of Os and Ru and 1% DMSO (which is a
consequence of the DMSO inhibitor stock solution) for 72 h. As a con-
trol, the same number of cells was treated with 1% DMSO. After the
treatment, a solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT, 5 mgmL�1, 20 mL) in PBS was added to each well.
Cells were incubated with MTT for 3 h, and after which time, the media
was removed. This was followed by the addition of DMSO (100 mL) to
solubilize the resulting purple crystals. Absorbance of each well was mea-
sured at 540 nm in a plate reader, and the cell survival in the presence of
inhibitors was calculated as a percentage of control absorbance. Experi-
ments were repeated five times and the average value was taken.


Cytotoxicity measurements in 1205 Lu spheroids : Melanoma spheroids
were prepared by using the liquid overlay method. Briefly, melanoma
cells (200 mL; 25000 cells per mL) were added to a 96-well plate that was
coated with 1.5% agar (Difco, Sparks, MD). Plates were left to incubate
for 72 h, by which time cells had organized into 3D spheroids. The sphe-
roids were then harvested by using a P1000 pipette. The media was re-
moved and the spheroids were implanted into a gel of bovine collagen I
that contained EMEM, L-glutamine, and 2% FBS. Normal 2% melano-
ma media was overlayed on top of the solidified collagen. Spheroids
were treated with either Ru (1–3 mm) or Os (1–3 mm), before being left to
grow for 72 h. Spheroids were then washed twice in PBS before being
treated with calcein-AM and ethidium bromide (Molecular Probes,
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Eugene, OR) for 1 h at 37 8C, according to the manufacturers instruc-
tions. After this time, pictures of the invading spheroids were taken by
using a Nikon-300 inverted fluorescence microscope.


Wnt activation in cell culture : OT Luc cells, kindly provided by Dr. Peter
Klein (University of Pennsylvania, USA), were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin at 37 8C under an atmosphere that contained 5% CO2 at
constant humidity. Cells were plated on 6-well plates (250000 cells/well in
2 mL of medium) and allowed to attach for 24 h. Thereafter, the medium
was exchanged with fresh medium (2 mL) and inhibitors were added
(10 mL, 200M concentrated in 100% DMSO). After incubation with dif-
ferent concentrations of inhibitor for 24 h, cells were washed with cold
PBS (1 mL). The luciferase assay system (Promega) was used for cells
lysis and the luciferase assay. Accordingly, cells were harvested and lysed
with lysis buffer (200 mL) supplemented with protease inhibitor cocktail
and phosphatase inhibitor cocktails I and II from Sigma. The lysates
were transferred into 1.5 mL tubes, vortexed for 10 sec, and left on ice
for 30 min to ensure complete lysis. Cells were spun down at 10000 rpm
at 4 8C for 20 min. Supernatants were stored at �80 8C until luminescence
measurements. For luminescence measurements, luciferase substrate was
dissolved in assay buffer according to the manufacturers protocol (5 mL
of lysate was added into 100 mL of substrate) and luminescence signals
were measured immediately with a Monolight 3010 Luminometer from
BD Biosciences.
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Introduction


Aromatic as well as nonaromatic macrocyclic oligopyrrolic
compounds, together with their acyclic counterparts, have
been the subject of many studies.[1] Select members of these
structurally diverse classes have attracted special attention
in past years due to their rich coordination and anion-recog-
nition chemistry.[2] Among them, macrocycles incorporating
Schiff base-type linkages are particularly popular.[3,4,5] The
popularity of Schiff base compounds is derived from their


relative ease of formation and the presence of a basic imine
functionality, which offers an additional coordination or hy-
drogen-bonding site. Representative nonaromatic Schiff
base pyrrole-based compounds with rich anion- and cation-
binding properties are compounds 1 and 2, introduced by
Love et al. and Katayev, Sessler et al. , respectively.[6,7]


Abstract: A double nucleophilic substi-
tution reaction of 3,5-bis(chlorome-
thyl)pyrazole with pyrroles generates a
novel pyrrole–pyrazole hybrid building
block, the pyrazole analogue to tripyr-
rane. Vilsmeier–Haack formylation
produces the corresponding dialde-
hyde, which was used in the formation
of a series of nonaromatic Schiff base
macrocycles. NMR and UV/Vis spec-
troscopy and single-crystal diffractome-
try were used to characterize the novel


macrocycles. The solid-state structures
of select free bases and protonated
members of this class of macrocycles
display a range of intra- and intermo-
lecular hydrogen-bonding patterns that
suggest their use in molecular-recogni-
tion systems. They also contain an acid-


sensitive chromophore. Their acid–base
and anion-recognition properties were
ascertained; alas, only modest anion-se-
lective spectroscopic signatures could
be detected by using UV/Vis and
1H NMR spectroscopy. The macrocy-
cles proved resistant toward oxidation
to their aromatic congeners. The pyr-
role–pyrazole building blocks present-
ed are potentially useful for the synthe-
sis of a range of pyrazole analogues of
all-pyrrole macrocycles.
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The use of pyrazole moieties (or other heterocycles such
as triazoles) in linear and macrocyclic compounds is much
less developed than that of pyrroles. Nonetheless, several in-
teresting multidentate cyclic and linear ligands have become
known. Prototypic for this class is macrocycle 3, which has
been intensely investigated by the groups of Navarro and
GarcKa-EspaÇa.[8] Pyrazoles combine hydrogen-bond donor
and acceptor capabilities into the same functionality.[9] Fur-
thermore, pyrazoles are very useful building blocks in bioin-
organic coordination chemistry because they offer a reason-
able compromise for mimicking the bridging carboxylate
donors found in nature.[10] Like carboxylates, they are mono-
anionic donors supporting a range of metal–metal distances,
but unlike carboxylates, they can be incorporated much
more readily into compartmentalized ligand frameworks.
These aspects make pyrazoles particularly interesting for in-
corporation into molecular-recognition systems and biomim-
etic bimetallic complexes.[8,10, 11,12]


Although a combination of pyrroles and pyrazoles into
one ligand framework suggests itself, prior to our recent
communication reporting macrocycle 4a,[13] little was known
about such compounds.[14] We attribute the scarcity of infor-
mation on pyrazole-containing pyrrolic macrocycles to the
absence of suitable pyrazole-based building blocks.
We will disclose here the details of the synthesis of the


key pyrrole–pyrazole building block, and its application in
the synthesis of a family of pyrrole–pyrazole-containing
macrocycles (4).[13] The acid–base properties of these com-
pounds are discussed and the scope and limits of these mac-
rocycles in molecular-recognition events are ascertained by
using single-crystal diffractometry, and UV/Vis and NMR
spectroscopy. As will become evident, the novel macrocycles
do not compete, at least not as far as tested, with the anion-
recognition abilities of many other pyrrole-based macrocy-
cles. However, the novel compounds are expanding the
range of readily accessible and potentially useful oligopyr-
rolic macrocycles, and they feature a unique combination of
hydrogen-bonding donor and acceptor sites.


Results and Discussion


Retrosynthetic analysis of macrocycles of type 4 : As the
first example of a pyrrole–pyrazole hybrid Schiff base mac-
rocycle we decided to synthesize macrocycles of type 4, the


retrosynthetic analysis of which is shown in Scheme 1. Schiff
base reaction of any 1,2- (or, perceivably, wider spaced) dia-
mine I with dialdehyde 5 likely generates the macrocycle,


with the 3,5-bis(pyrrol-2-ylmethyl)-substituted pyrazoldial-
dehyde 5 being identified as the key intermediate. This dial-
dehyde is perceivably accessible by Vilsmeier–Haack formy-
lation of 6, itself the reaction product of pyrazole synthon II
and an appropriately activated pyrrole. Several N-protected
and unprotected derivatives suitable as synthon II are
known, among them the tetrahydropyranyl (THP)-protected
and the unprotected chloro- and bromomethyl deriva-
tives.[15,16,17] This reaction sequence is essentially the pyra-
zole analogue of the ring-closing step in the synthesis of sp3-
texaphyrin 13 (see below, Scheme 5).


Formation of the 3,5-bis(pyrrol-2-ylmethyl)pyrazoles : Based
on precedent substitution reactions from our laboratories in-
volving THP-protected 3,5-bis(halomethyl)pyrazole (8),[15,17]


we reacted this compound with pyrrole under a range of
basic conditions (Grignard pyrrole, nBuLi) (Scheme 2).
We quickly realized that forcing conditions (several equiv-


alents of nBuLi) were required to accomplish the desired
substitution reaction, irrespective of whether the chloro
(8a)[16,17] or bromo (8b) derivative [15] were used (Scheme 2).
Even under forcing conditions, the isolated yield of the de-
sired bis(pyrrol-2-ylmethyl)-substituted pyrazole 10 was un-
satisfactory (17%), and the monosubstitution product 9 was
generally present in larger quantities (29%). Worse than the
low yields, however, was the circumstance that we were not
able to deprotect the pyrazole moiety in 10 using the tradi-
tional acidic conditions (i.e. , dry ethanolic HCl)[17,18] without
extensive decomposition of 10.


Scheme 1. Retrosynthetic analysis of target macrocycle 4.
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Monosubstitution took place selectively at the chloro-
methyl group adjacent to the nitrogen atom carrying the
THP group and not, as could have been assumed based on
steric grounds, at the chloromethyl group on the opposite
side. The structural assignment of 9 was confirmed by using
X-ray diffraction (Figure 1).
We have observed a similar reactivity pattern before.[19]


Several possible mechanistic explanations for this observa-
tion that find some parallels in the chemistry of pyrrole can
be offered (Scheme 3).
Anchimeric assistance of the tetrahydropyrane oxygen


atom may assist in the substitution reaction (mechanism A),
but only the chloromethyl group adjacent to the THP group
is susceptible to this activation effect. Additionally, the ob-
served degree of selectivity reflects the electronic influence
of the lone pair of the THP-substituted amine-type nitrogen
atom on the halomethyl substituent attached at its a posi-
tion (B), as compared to its b position (C). Inversely, it re-
flects the unavailability of the lone pair of the imine-type ni-
trogen atom to assist in the nucleophilic displacement. This
interpretation suggests the removal of the THP group from
8 prior to the substitution reaction. The absence of the pro-


tecting group in 11 removes the accelerating effect of the
anchimeric assistance but allows rapid tautomeric exchange
of the hydrogen atom between both nitrogen atoms, thus
making the a/b reactivity differences obsolete. Hence, sub-
stitution at both halomethyl positions of 11 is expected,
though perhaps combined with an overall slower rate of sub-
stitution.
Indeed, reaction of the unprotected pyrazole derivative 11


with pyrrole 7a using a fourfold stoichiometric excess of
base (nBuLi) generates the desired compound 6a, albeit in
modest yield (21%), and no significant quantities of the
monosubstituted product were observed. A contributing
aspect to the low isolated yield of 6a is that, analogously to
its all-pyrrole congeners, the tripyrranes, it is rather unsta-
ble.[20] Protection of the a positions of pyrrole moieties is a
proven way of stabilizing oligopyrrolic compounds. Thus, re-
action of 11 with 2-methylpyrrole (7b) produces 6b in 88%
yield. By using optimized reaction conditions, reaction of 11
with diethylpyrrole (7c) generates 6c in 91% yield as an
off-white solid. The ethyl substituents were introduced at
the b positions to prevent attack at these positions in subse-
quent reactions and to assist in the solubility of the final
products. Spectroscopic and analytical data confirm the
identity of 6c. For instance, diagnostic signals in the


Scheme 2. Reaction conditions: i) 1) pyrrole (4 equiv), nBuLi (4 equiv),
CH2Cl2 or THF (dry), �30 8C, N2 atm, 1.5 h; 2) 15 h, RT; 3) saturated aq
NH4Cl; 4) column chromatography. ii) 1) nBuLi (3.5–4.0 equiv), CH2Cl2
(dry), �78 8C, N2 atm, 4 h; 2) 15 h, RT; 3) saturated aq NH4Cl; 4) column
chromatography. iii) 1) DMF (dry; 10 equiv), benzoyl chloride (8 equiv),
0 8C for 2 h, then warming to RT, 4 h; 2) ethanolic Na2CO3; 3) column
chromatography.


Figure 1. View of the molecular structure of 9. All CH hydrogen atoms
and the disorder of the pyrrole have been omitted for clarity.


Scheme 3. Mechanistic rationalization of the observed reactivity of 8.
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1H NMR spectrum of this pyrrole–pyrazole hybrid are the
signal for the pyrazole moiety (d=5.88 ppm, s, 1H) in com-
bination with the signals for the a position of the diethylpyr-
role (d=6.33/6.34 ppm, s, 2H) and the methylene linkages
(d=3.83 ppm, s, 4H). This key intermediate can be made in
multigram quantities though it is susceptible to (acid-cata-
lyzed) decomposition and is best kept in the freezer and
under an N2 atmosphere.
Also analogously to its all-pyrrole analogues, Vilsmeier–


Haack-type bisformylation of 6c is possible, generating 5c
in good yields (88%).[21] Introduction of the formyl groups
greatly stabilizes the compound, and 5c can be kept for ex-
tended periods of time without decomposition. Among
other things, the replacement of the a-pyrrole signals in the
1H NMR spectrum of 6c by aldehyde signals (at d=


9.45 ppm) and the characteristic nC=O signal at 1608 cm�1 in
the IR spectrum of 5c define the identity of this product.
The availability of this compound allowed us to proceed
toward the target compounds. However, it should be noted
that this compound is also a potential building block for a
range of pyrazole analogues of pyrrolic (macrocyclic) com-
pounds.


Formation of pyrrole–pyrazole hybrid macrocycles 4a–4 f :
The Schiff base condensation reaction between a tripyrrane
dialdehyde and a diamine is well known. Notably, when
using diaminobenzenes this reaction generates the nonaro-
matic precursors to texaphyrins (sp3-texaphyrins).[4,22] Anal-
ogously, the trifluoroacetic acid (TFA)-catalyzed reaction
between pyrrole–pyrazole dialdehyde 5c and a range of aro-
matic (12a–12c) and aliphatic (12d) diamines generates,
after purification by using column chromatography over alu-
minum oxide followed by crystallization, yellow compounds
in yields of up to 90% (at a 0.5 mmol scale) that can be
characterized as the macrocycles 4a–4d, respectively
(Scheme 4). Purification of the macrocycles by crystalliza-
tion in the absence of any basic conditions, including the ab-
sence of aluminum oxide, generates them as their TFA salts
(4·TFA).
The composition of the reaction product between, for ex-


ample, dialdehyde 5c and diamine 12a, was ascertained by
using high-resolution mass spectrometry (HRMS, ESI+ ) to
be C29H35N6, the expected composition for the (monoproto-
nated) reaction product of the 1:1 condensation product 4a.
The 1H and 13C NMR spectra of products 4 demonstrate
their twofold symmetry (fast tautomeric exchange inter-
changes the two nonequivalent pyrazole nitrogen atoms).
The presence of diagnostic signals in the 1H and 13C NMR
spectra for the 4-position of the 3,5-disubstituted pyrazole
moiety (4a : d=5.67 ppm, s, 1H; and d=103.9 ppm, respec-
tively), an imine functionality (4a : d=8.15 ppm, s, 2H; and
d=146.1 ppm, respectively) together with a sharp imine
band in the IR spectrum (4a : 1614 cm�1), and characteristic
signals for the amine backbone used, also suggest the forma-
tion of a macrocycle. In addition, the chemical shift for the
methylene protons (4a : d=3.88 ppm, s, 4H) indicate that
the macrocycle does not contain a fully conjugated p


system. Accordingly, the yellow color (lmax=331 nm for 4a)
of relatively low absorptivity (loge331=4.37) and the charac-
teristics of the UV/Vis spectrum are not at all porphyrin-
like (Figure 2). The macrocycles derived from the aromatic
1,2-amines (4a–4c) are stable solids that readily crystallize.
Hence the structural assignments derived from the spectra
could also be confirmed by single-crystal X-ray diffractome-
try of select members (see below). Macrocycle 4d, derived
from the aliphatic 1,3-diamine 12d, is somewhat less stable
and could not be crystallized.
Macrocycles 4a,b are the pyrazole analogues of the mac-


rocyclic, nonaromatic sp3-texaphyrin 13, the precursor to the
aromatic expanded porphyrin texaphyrin 14 (Scheme 5).[4,22]


However, in contrast to 13, compounds 4a,b have resisted,
to date, all of our attempts of oxidizing them to a fully aro-
matic system (using 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ), p-chloranil, BaMnO4


[23] or MnO2, in the ab-
sence or presence of a range of metal ions and/or bases).[4,22]


Pyrazole derivatives, owing to the presence of two electro-
negative nitrogen atoms, are known to be much less reactive
than pyrroles toward electrophilic attack and oxidation.[9]


Considering further the reported difficulties of oxidizing tex-
aphyrinogen 13 to the metallated or free base fully aromatic
analogue,[4,22] our inability of oxidizing 4a–c to pyrazole ana-
logues of texaphyrin is not altogether surprising (but still
being investigated).
Reaction of the bis(1,2-diamines) 12e and 12 f with 5c


also generated red-brown solids in high yields, which in solu-
tion gave spectroscopic signatures similar to those of, for in-
stance, 4a (and yellow solutions for the free bases). Analysis
by using HRMS (ESI+ ) confirmed their composition corre-
sponding to the expected bis-macrocycles 4e and 4 f, respec-
tively. However, their low solubility, especially of 4e, has
hampered their detailed study.


Scheme 4. Reaction conditions: i) 1) MeOH (dry), stoichiometric excess
of TFA, N2 atm, reflux, 20–30 h; 2) column chromatography.
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Acid–base properties of Schiff base macrocycles of type 4 :
Macrocycles of type 4 are basic due to the presence of imine
groups. The UV/Vis spectra of the macrocycles are sensitive


Figure 2. UV/Vis spectra of the Schiff base macrocycles indicated in 0.01% Et3N (c) and with excess TFA (a) in CHCl3. For 4a : UV/Vis spectro-
photometric titration of a solution of 4a in CHCl3 (4.2Q10


�5
m) with TFA (0.01m in CHCl3); inset: titration profile (molar absorbance e at l =331 nm


(Q) and 362 nm (*) versus equivalents of TFA).


Scheme 5. Synthesis of free base texaphyrin: i) [Cp2Fe]PF6, 2,6-lutidine,
CH3CN.


[22]


Chem. Eur. J. 2008, 14, 4823 – 4835 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4827


FULL PAPERSchiff Base Macrocycles



www.chemeurj.org





to protonation. Thus, a photometric titration of 4a with
TFA reveals the formation of a monoprotonated species
with a bathochromically shifted UV/Vis spectrum (Figure 2).
Only one of the two imine nitrogen atoms is protonated,
even in the presence of a fourfold excess of TFA. Accord-
ingly, macrocycles 4a–d also lose their twofold 1H NMR
symmetry in the presence of TFA. For example, for 4a·TFA,
the phenylene signals (d=7.17 ppm) split into two doublets
of doublets, and a new signal at d=11.15 ppm (br s, 1H;
protonated imine) is observed. The chromophore in these
compounds includes the diamine linker, as can be deduced
by the sensitivity of the UV/Vis spectrum toward the partic-
ular linker used. For instance, the spectrum of 4d containing
a C3 aliphatic linker is clearly hypsochromically shifted
(lmax=312 nm) relative to 4c (lmax=342 nm), which contains
an aromatic linker. Bringing two chromophores into conju-
gation, as in 4e, causes a 30–40 nm bathochromic shift rela-
tive to the monomacrocyclic compound 4a, whereas a mere
linking of the chromophores through a biphenyl linkage
(4 f) causes a redshift of less than 10 nm.
Spectrophotometric titration of the bis-macrocyclic com-


pounds 4e, f with TFA revealed a 2:1 TFA/macrocycle ratio
upon protonation but with no discernable isosbestic point.
A titration with diacids, such as hexafluoroglutaric or per-
fluorosuberic acid, confirmed the expected 1:1 diacid/macro-
cycle ratio upon protonation (see Figures S26 and S27 in the
Supporting Information). This raises the question as to
whether the diacids would hydrogen bond in an intramolec-
ular fashion, that is, linking both macrocyclic moieties
within one molecule, or if extended chain structures would
be formed. The UV/Vis spectrum of 4e, f with both diacids
is somewhat broadened but otherwise identical to the spec-
trum observed for the protonation with the monoacid TFA,
including the absence of isosbestic points. This may point
toward some minor diacid-induced changes in the conforma-
tion of the chromophores, or, most likely, the presence of
multiple species as a result of nonspecific 4e, f·2H+-diacid–
dianion interactions. If intramolecular hydrogen bonding
had predominantly taken place, we would not have expected
the two diacids of differing chain lengths to show near-iden-
tical results. The short diacid, hexafluoroglutaric acid, was
predicted to be incapable of forming hydrogen bonds with
both macrocyclic cavities of a single molecule of 4e, f,
whereas perfluorosuberic acid was predicted to be able to
span both macrocyclic subunits in an intramolecular fashion.
A series of 19F and 1H NMR investigations (in [D6]DMSO)
also pointed to the presence of multiple species.


Structural variety of 4 and 4·TFA in the solid state : Figure 3
shows the single-crystal X-ray structure of free base 4a,
present as the solvate 4a·2EtOH. The macrocycle assumes a
nonplanar, shallow bowl-shape conformation. The imine
functionalities and the two sp2-carbon-linked pyrrole moiet-
ies are each idealized coplanar, and the angle between the
mean planes of the pyrrole moieties and the phenylene ring
is 418. The sp3-carbon-linked pyrazole ring is slanted by
about 808 relative to the phenylene plane. Notably, the ni-


trogen atoms of the pyrazole ring are positioned outside of
the macrocycle cavity. This relative orientation of the pyra-
zole moieties was also predicted by molecular modeling
studies to be the prevalent conformation in pyrazole-based
polyamine macrocycles.[8b] The pyrazole nitrogen atoms are
thus not engaged in intramolecular hydrogen bonding but
they give rise to intermolecular hydrogen bonds to two mol-
ecules of EtOH, whereby one nitrogen atom acts as hydro-
gen-bond donor, the other as acceptor. These cocrystallized
solvents act as bridges between macrocycles, forming dimers
that display their pyrazole nitrogen atoms in a complemen-
tary fashion toward each other. One more (disordered)
EtOH molecule is found hydrogen bonded in a four-point
arrangement to both imine nitrogen atoms and both pyrrole
NH protons. This might suggest that the cavity of free base
macrocycles of type 4 is well suited to accommodate ROH
(and, perhaps, other) guests through its combined hydrogen-
bond donor/acceptor arrangement.
As noted above, macrocycles of type 4 are basic and their


trifluoroacetate salts crystallize readily from the crude reac-
tion mixture. This allowed the determination of the solid-
state conformational changes that occur upon protonation
(Figure 4). The phenylene–imine–pyrrole portion of the pro-
tonated macrocycle 4a·TFA·H2O now takes up a more
planar conformation, reducing the angle between the mean
planes of the pyrrole moieties and the phenylene ring to
188. The pyrazole moiety assumes essentially the same con-
formation as in the free base form, albeit with the ring only
slanted by about 658 relative to the phenylene plane. The
protonation-induced planarization—with, presumably, con-


Figure 3. View of the intermolecular hydrogen-bonding interactions of
4a·2EtOH as observed in the solid state. All hydrogen atoms not in-
volved in hydrogen bonding and the disorder of the C2H5 group have
been omitted for clarity. Selected interatomic distances [S] and angles
[8]: N3···O1 2.906(2), N3�H3 0.92(3), O1···N4 2.962(2), O1···N5 2.934(2),
O1�H1O 0.82(3), N6···O1 2.920(2), N6�H6 0.94(3), N1···O2’ 2.783(2),
N1�H1N 0.92(3), O2···N2 2.778(2), O2�H2 0.87(3), N4�C13 1.283(3),
N4�C14 1.407(3), N5�C20 1.278(3), N5�C19 1.416(3); N3-H3···O1
172(3), O1-H1O···N4 143(3), O1-H1O···N5 141(3), N6-H6···O1 171(2),
N1-H1N···O2’ 179(2), O2-H2···N2 179(3), C13-N4-C14 121.3(2), C20-N5-
C19 120.8(2). Symmetry transformation used to generate equivalent
atoms (’): �x, y, 0.5�z.
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comitant rigidification—of the chromophore is also seen in
the sharpened and increased UV/Vis absorption of the pro-
tonated macrocycles (Figure 2).
These changes brought about by protonation of a single


imine moiety appear to be general in this compound class
because they are also observed in the solid-state structures
of 4b·TFA·H2O (Figure 5) and 4c·TFA·H2O (Figure 6). The
conformational changes are concomitant with a change in
the intramolecular hydrogen-bond patterns. The protonated
imine functionality switched from being a hydrogen-bond
acceptor (in free base 4a) to a hydrogen-bond donor that is
bonded to, in all cases, a molecule of trifluoroacetate that


sits above the mean plane of the macrocycle and that is also
hydrogen bonded to other sites of the macrocycle. These tri-
fluoroacetate molecules, together with the water molecules,
act as hydrogen-bonding bridges to the pyrazole NH func-
tionality of a second molecule of protonated 4. However,
significant differences between the final outcome of these
hydrogen bonds in the structures of 4a·TFA·H2O/
4b·TFA·H2O and 4c·TFA·H2O are observed. Whereas a
pair of trifluoroacetate molecules and H2O molecules link
two protonated macrocycles of 4a and 4b to form a dimer,
an infinite chain is formed by 4c·TFA·H2O.
The propensity of the protonated macrocycles to form hy-


drogen-bonded aggregates was also detected in their single
and tandem ESI+ mass spectra, which generally show
peaks with m/z values that correspond to a number of
mono- and dicationic dimer structures held together by one
or two protons and/or trifluoroacetate anions, such as
[4a·H]+ (m/z 467), [4a·H·4a]+ (m/z 933), or [4a·H·TFA·4a]+


(m/z 1046). Furthermore, the signals for the pyrazole and
pyrrole NH protons are substantially broadened in the
1H NMR spectrum (in CDCl3) of the protonated macrocy-
cles, which is also indicative of their involvement in intra- or
intermolecular hydrogen bonds.
The number of well-defined and switchable hydrogen-


bond donor and acceptor opportunities at the in- and out-
side of the macrocycle, combined with a chromophore that
is sensitive to changes in the hydrogen-bond pattern and
protonation state, makes macrocycles of type 4 unique and
suggests that the free base and protonated compounds could
be used in molecular-recognition systems.


Testing the anion-recognition abilities of 4a and 4a·H+ : We
tested whether anion-specific spectroscopic properties of
4a·H+ can be discerned. The results of a UV/Vis titration
study of 4a with a variety of organic and inorganic acids are
shown in Figure 7 (titration profiles for the systems 4a/PFP
and 4a/DMP can be found in Figures S24 and S25 in the
Supporting Information). To our disappointment, no anion-
specific features in the UV/Vis spectra of the 4a·H+ ·acid
anion were detected. We surmise that (nonspecific) electro-
static cation–anion interactions override, if at all present,
any specific anion-recognition effects.
We therefore tested the neutral macrocycles toward


anion-recognition effects. That the neutral compound 4a is,
in fact, capable of distinct interactions with anions is shown
by an NMR titration of 4a with tetra-n-butylammonium
fluoride (TBAF) in [D6]DMSO. The pyrazole CH region of
the 1H NMR spectrum of 4a is shown in Figure 8. Upon ad-
dition of fluoride, a d�0.6 ppm upfield shift of the CHpz


signal is observed. The computed binding constant for this
interaction is about 15m


�1 and therefore much weaker than
many other pyrrole-based systems.[2] The shift of the pyra-
zole CH group may indicate the hydrogen bonding of fluo-
ride to the pyrazole NH functionality on the outside of the
macrocycle (cf. to Figure 3), or may be the result of fluoride
binding to one, or both NH functionalities of the pyrroles at
the inside of the macrocycle. The proximity of the CHpz hy-


Figure 4. View of the intermolecular hydrogen-bonding interactions of
4a·TFA·H2O as observed in the solid state. All hydrogen atoms not in-
volved in hydrogen bonding and the disorder of the CF3 group have been
omitted for clarity. Selected interatomic distances [S] and angles [8]:
N3···O1 2.931(3), N3�H3 0.87(3), N5···O1 3.242(3), N5�H5 0.90(3),
N6···O1 2.824(3), N6�H6 0.96(4), N1···O2’ 2.838(3), N1�H1 0.94(4),
O3···N2 2.912(3), O3···O2’ 2.749(3), O3�H3A 0.95(5), O3�H3B 1.01(5),
N4�C13 1.290(3), N4�C14 1.412(3), N5�C20 1.319(3), N5�C19 1.416(3);
N3-H3···O1 170(3), N5-H5···O1 145(2), N6-H6···O1 166(3), N1-H1···O2’
164(3), O3-H3A···N2 164(4), O3-H3B···O2’ 161(4), C13-N4-C14 121.6(2),
C20-N5-C19 127.8(2). Symmetry transformation used to generate equiva-
lent atoms (’): 1�x, 2�y, 2�z.


Figure 5. View of the intermolecular hydrogen-bonding interactions of
4b·TFA·H2O as observed in the solid state. In the interest of clarity all
hydrogen atoms not involved in hydrogen bonding have been omitted.
Selected interatomic distances [S] and angles [8]: N2···O2’ 2.878(4),
O3···O2 2.752(4), O3···N1’ 3.056(4); N2-H2···O2’ 167(5), O3-H3A···O2
155(6), O3-H3B···N1’ 154(5). Symmetry transformation used to generate
equivalent atoms (’): 1�x, 1�y, 2�z.
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drogen atom pointing toward
the center of the macrocycle
and the bound fluoride would
then account for the observed
shift. However, given that the
only signal affected by the addi-
tion of fluoride is that of the
CHpz hydrogen atom, binding
to the pyrazole group is most
likely. No significant changes in
the UV/Vis spectrum of 4a are
detected in the presence of F�,
further supporting NHpz binding
at this position that is not part
of the chromophore. Variable
temperature 19F NMR experi-
ments proved to be of no value
to discern the binding mode.
Fluoride binding to pyrrole ni-
trogen atoms is well known and
much exploited.[2] Evidently,
however, in 4a fluoride binding


to a pyrazole NH group is preferred, further encouraging us
to pursue the design of pyrrole–pyrazole conjugates that are
capable of projecting both types of hydrogen-bond donor
toward the inside of the molecule.


Conclusion


In summary, the linear pyrrole–pyrazole hybrid 5c and its
precursor 6 provide new and useful building blocks for the
construction of novel macrocycles containing pyrazole and
pyrrole moieties, with the family of mono- and bicyclic
Schiff base compounds 4 presented here as a first example.
In that vein, we are currently exploring the cyclocondensa-
tion of 5c with 6 to form the pyrazole analogues of hexa-
phyrin or FurutaTs Tdoubly N-confused hexaphyrinT.[24] The
combination of the presence of a chromophore, defined con-
formation, and multiple hydrogen-bond sites at the in- and
outside of the macrocycle suggest the use of 4 in molecular-
recognition systems. Some indications for fluoride binding
of the neutral macrocycles were found, though binding affin-
ity and selectivity were modest, at best. Nevertheless, the
structures and ease of synthesis of these novel systems, in
combination with their unique pattern of hydrogen-bonding
donor and acceptor sites, warrant their further investigation.
We are currently investigating the metal coordination prop-
erties of type 4 macrocycles.


Experimental Section


General : NMR spectra were measured by using Bruker Avance spec-
trometers and are reported on the d scale. 19F NMR spectra were refer-
enced against C6F6. Where necessary, assignment of the NMR signals was
derived from 2D spectra; abbreviations used in the assignments: py=pyr-


Figure 6. View of the intermolecular hydrogen-bonding interactions of 4c·TFA·H2O as observed in the solid
state. In the interest of clarity all hydrogen atoms not involved in hydrogen bonding have been omitted. Se-
lected interatomic distances [S] and angles [8]: N1···O2’’ 2.871(4), O3···O2 2.840(5), O3···N2’ 3.002(5); N1-
H1···O2’’ 156(5), O3-H3A···O2 152(4), O3-H3A···N2’ 162(5). Symmetry transformations used to generate
equivalent atoms (’): �1+x, y, z ; (’’): 1+x, y, z.


Figure 7. UV/Vis spectra of 4a in THF in the presence of different acids
(TFA: trifluoroacetic acid; TCA: trichloroacetic acid; DMP: dimethyl-
phosphate; PFP: pentafluorophenol).


Figure 8. 1H NMR spectrum of the titration of macrocycle 4a (6.77Q
10�2m in [D6]DMSO) with a solution of nBu4NF (1.02m).
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role, pz=pyrazole. Mass spectra were recorded by using Finnigan MAT
8200 (EI), Finnigan MAT LCQ (ESI), or Finnigan MAT 95 (FAB) mass
spectrometers and the high-resolution mass spectra were recorded by
using a Bruker APEX IV 7 T Fourier transform ion cyclotron resonance
(FTICR) machine. IR data were collected with a Digilab Excalibur spec-
trometer. UV/Vis spectra were recorded by using an Analytik Jena Spe-
cord S 100 spectrometer in a 1 cm pathway cuvette. Melting points were
determined by using a B:chi melting point B-540 apparatus or a Stanford
Research Systems Scientific Instruments GmbH Optimelt MPA 100 and
are uncorrected. Elemental analyses were measured by the Analytical
Laboratory of the Institut f:r Anorganische Chemie der Universit=t Gçt-
tingen by using a Heraeus CHN-O-RAPID instrument. Solvents were
dried (P4O10 for CH2Cl2, Mg for MeOH, and CaH2 for DMF) and dis-
tilled prior to use. 3,5-Bis(chloromethyl)- (8a)[16,17] and 3,5-bis(bromo-
methyl)-1-(tetrahydropyran-2-yl)pyrazole hydrochloride (8b),[15] 3,5-bis-
(chloromethyl)-1H-pyrazole (11),[13] and 3,4-diethylpyrrole (7c)[25] were
prepared according to literature procedures. All other reagents were
commercially available and were used as received. Column chromatogra-
phy was performed on aluminum oxide (Macherey-Nagel AG, basic,
Brockmann Activity I), unless otherwise indicated. Analytic thin-layer
chromatography (TLC) was carried out using aluminum oxide (layer
thickness 0.2 mm) aluminum-backed TLC cards with fluorescent indica-
tor (254 nm) purchased from Fluka.


3-Chloromethyl-5-(1H-pyrrol-2-ylmethyl)-1-(tetrahydropyran-2-yl)pyra-
zole (9) and 3,5-bis(1H-pyrrol-2-ylmethyl)-1-(tetrahydropyran-2-yl)pyra-
zole (10): Pyrrole (7a) (2.40 mL, 34.0 mmol) was dissolved, under anhy-
drous conditions (N2), in dry THF (30 mL). The reaction mixture was
cooled in an acetone/dry ice bath to �30 8C and nBuLi (1.6m in hexane,
21.3 mL, 34.0 mmol) was added carefully in portions. After stirring for
1.5 h, compound 8a (1.0 equiv, 2.13 g, 8.53 mmol) dissolved in dry THF
(30 mL) was added dropwise. The reaction was stirred for 5 h at �40 8C.
Subsequently, the reaction was allowed to warm to room temperature
overnight. A saturated aqueous NH4Cl solution (100 mL) was added and
the mixture was extracted with CH2Cl2 (2Q100 mL). The combined or-
ganic layers were dried over MgSO4, filtered, and the solvent was re-
moved by using rotary evaporation to yield a brown oil that was purified
by means of column chromatography (aluminum oxide, basic, Brock-
mann activity I, ethyl acetate/light petroleum 1:2). After the removal of
the solvent, product 10 was obtained as a hygroscopic light brown solid.
This should be stored at low temperature and under an N2 atmosphere.
(Second fraction eluting from the column was 9 (0.068 mg, 29%); third
fraction was 10 (0.442 g, 17%)). Compound 9 : Rf=0.62 (aluminum
oxide, ethyl acetate/petroleum ether 1:2); 1H NMR (300 MHz, CDCl3,
301 K): d=1.52–1.74 (m, 3H; CH2


THP), 1.88–1.92 (dd, 3J ACHTUNGTRENNUNG(H,H)=13.3,
3.6 Hz, 1H; CH2


THP), 2.02–2.09 (m, 1H; CH2
THP), 2.36–2.47 (m, 1H;


CH2
THP), 3.62 (t, J3 ACHTUNGTRENNUNG(H,H)=11.4 Hz, 1H; CH2


THP), 3.98–4.06 (m, 3H;
CH2-py, 2H; CH2


THP, 1H), 4.50–4.56 (m, 2H; CH2-Cl), 5.27 (dd, J3-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, J4 ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H; CHTHP-pz), 5.99–6.02 (m, 1H;
CHpy(b)), 6.09–6.11 (q, J3 ACHTUNGTRENNUNG(H,H)=5.8, J4 ACHTUNGTRENNUNG(H,H)=2.7 Hz, 1H; CHpy), 6.13 (s,
1H; CHpz), 6.63–6.65 (m, J3 ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H; CHpy(a)), 8.42 ppm (s,
1H; NH); 13C NMR (125 MHz, CDCl3, 298 K): d=22.6 (CH2


THP), 24.3
(CH2), 28.8 (CH2


THP), 29.4 (CH2
THP), 39.2 (Cl-CH2), 67.9 (CH2


THP), 84.7
(N-CHTHP), 106.2 (CHpz), 106.4 (CHpy(b)), 108.3 (CHpy), 117.6 (CHpy(a)),
127.1 (Cq,py), 142.6 (N=Cq,pz), 148.6 ppm (N=Cq,pz); IR (KBr): ñ =3347
(m), 2945 (s), 2852 (s), 1551 (w), 1466 (m), 1254 (s), 1083 (s), 1042 (vs),
1005 (s), 799 (s), 728 cm�1 (s); MS (EI): m/z (%): 279 (28) [M]+ , 244 (8)
[M�Cl]+ , 195 (100) [M�THP+H]+ , 160 (17) [M�THP�Cl]+ , 85 (66)
[DHP�H]+ ; elemental analysis calcd (%) for C14H18N3OCl: C 60.10, H
6.49, N 15.02, O 5.72, Cl 12.67; found: C 60.33, H 6.91, N 13.60. Com-
pound 10 : Rf=0.39 (aluminum oxide, ethyl acetate/petroleum ether 1:2);
1H NMR (300 MHz, CDCl3, 301 K): d=1.55–1.78 (m, 3H; CH2


THP), 1.90
(m, 1H; CH-CH2


THP), 2.10 (m, 1H; CH2
THP), 2.41–2.52 (m, 1H; CH-


CH2
THP), 3.57–3.68 (td, 3J ACHTUNGTRENNUNG(H,H)=11.4 Hz, 4J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; CH2


THP),
3.87–3.94 (dd, 3J ACHTUNGTRENNUNG(H,H)=16.4 Hz, 2H; CH2), 3.92–4.04 (dd, 3J ACHTUNGTRENNUNG(H,H)=


16.5 Hz, 2H; CH2
’), 4.03–4.12 (m, 1H; CH2


THP-O), 5.24 (dd, 3J ACHTUNGTRENNUNG(H,H)=


10.2/2.5 Hz, 1H; -O-CHTHP), 5.86 (s, 1H; CHpz), 5.96–5.98 (m, 2H;
CHpy(b)), 6.06–6.10 (q, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 2H; CHpy),
6.64 (m, 2H; CHpy(a)), 8.53 ppm (s, 1H; NH); 13C NMR (125 MHz,
CDCl3, 301 K): d=22.9 (CH2


THP), 24.2 (CH2), 26.9 (CH2), 24.8 (CH2
THP),


29.7 (CH2
THP), 68.1 (CH2


THP-O), 84.5 (CHTHP), 105.7 (CHpz), 106.1
(CH(b)), 106.2 (CH(b)), 108.1 (CHpy), 108.2 (CHpy), 116.8 (CHpy(a)), 117.5
(CHpy(a)), 127.4 (Cq,py), 129.2 (Cq,py), 141.8 (Cq,pz), 150.6 ppm (Cq,pz); MS
(EI): m/z (%): 310 (35) [M]+ , 226 (100) [M�THP+H]+, 159 (75)
[M�THP�py]+ , 85 (99) [DHP+H]+ .


3,5-Bis(1H-pyrrol-2-ylmethyl)-1H-pyrazole (6a): A solution of pyrrole
(7a) (3.4 mL, 48.8 mmol) in CH2Cl2 (dry, 40 mL) was cooled in an ace-
tone/dry ice bath to �78 8C under an N2 atmosphere and nBuLi (1.6m in
hexane, 30.5 mL, 48.8 mmol) was added carefully in portions. After stir-
ring for 1 h, compound 11 (1.0 equiv, 2.50 g, 12.5 mmol) dissolved in dry
CH2Cl2 (20 mL) was added dropwise. The reaction mixture was stirred
for 4 h at �78 8C and was then allowed to warm to room temperature
overnight. A saturated aqueous NH4Cl solution (100 mL) was added and
the mixture was extracted with CH2Cl2 (3Q100 mL). The combined or-
ganic layers were dried over Mg2SO4, filtered, and the solvent was re-
moved by using rotary evaporation to yield a brown oil that was purified
by means of column chromatography (aluminum oxide, basic, Brock-
mann activity I, diethyl ether/petroleum ether 7:1). After removal of the
solvent, compound 6a was obtained as a hygroscopic white solid (567 mg,
21%). The product is susceptible to fast decomposition at room tempera-
ture in air and is best kept in the freezer under N2. Rf=0.20 (aluminum
oxide, diethyl ether/light petroleum 7:1); 1H NMR (300 MHz, CDCl3,
300 K): d =3.85 (s, 4H; CH2), 5.88 (s, 1H; CHpz), 5.96–5.97 (m, 2H;
CHpy), 6.05–6.09 (m, 2H; CHpy), 6.55–6.57 (m, 2H; CHpy), 8.61 ppm (s,
2H; NH); 13C NMR (125.76 MHz, CDCl3, 300 K): d=25.6 (CH2), 103.8
(CHpy(b)), 106.6 (CHpz), 108.4 (CHpy), 117.6 (CHpy(a)), 128.3 (Cq),
147.0 ppm (Cq,pz); MS (EI): m/z (%): 226 (100) [M]+ , 160 (22) [M�py]+ ,
152 (54) [M�CH2py]


+ , 80 (20) [pz�CH2]
+ , 67 (49) [py+H]+ .


3,5-Bis(5-methyl-1H-pyrrol-2-ylmethyl)-1H-pyrazole (6b): Prepared from
2-methylpyrrole 7b (2.60 g, 29.3 mmol) and 11 (1.0 equiv, 1.20 g,
7.30 mmol) as described for 6a and purified by means of column chroma-
tography (aluminum oxide, CH2Cl2/MeOH/Et3N 10:1:0.001). The second,
main fraction was collected, providing 6b as a light ochre solid (1.63 g,
88%). Rf=0.54 (aluminum oxide, CH2Cl2/MeOH 10:1); m.p. 73–77 8C;
1H NMR (400 MHz, CDCl3, 298 K): d=2.18 (s, 6H; CH3), 3.88 (s, 4H;
CH2), 5.77 (m, 2H; CHpy), 5.89 (m, 2H; CHpy), 5.95 (s, 1H; CHpz),
8.20 ppm (br s; NH); 13C NMR (100.63 MHz, CDCl3, 298 K): d=13.0
(CH3), 37.7 (CH2), 38.2 (CH2), 103.5 (CHpy), 105.9 (CHpz), 106.3 (CHpy),
127.5 ppm (Cq,py); IR (KBr): ñ =3348 (s), 3228 (s), 2916 (s), 1666 (w),
1574 (w), 1425 (m), 1303 (w), 1142 (w), 1001 (w), 769 cm�1 (s); MS (EI):
m/z (%): 254 (100) [M]+, 173 (44) [M�ACHTUNGTRENNUNG(C5H7N)]


+ , 94 (20) [CH2pyCH3]
+ ,


80 (18) [py�CH3]
+ ; elemental analysis calcd (%) for C15H18N4: C 70.84,


H 7.13, N 22.03; found: C 70.34, H 7.37, N 20.89.


3,5-Bis(3,4-diethyl-1H-pyrrol-2-ylmethyl)-1H-pyrazole (6c): Prepared
from 3,4-diethylpyrrole (7c) (3.5 g, 28.4 mmol) dissolved in dry CH2Cl2
(200 mL) and 3,5-bis(chloromethyl)-1H-pyrazole (11) (1.0 equiv, 1.33 g,
8.10 mmol) dissolved in dry CH2Cl2 (50 mL), as described for 6a, and pu-
rified by means of column chromatography (aluminum oxide, CH2Cl2/
MeOH 45:1). After the removal of the solvent, compound 6c was ob-
tained as a hygroscopic, low-melting light brown solid (2.49 g, 91%). The
product is susceptible to slow decomposition at room temperature in air
and is best kept in the freezer under N2. Rf=0.50 (aluminum oxide,
CH2Cl2/MeOH 1:20); m.p. 36–45 8C; 1H NMR (500 MHz, CDCl3, 301 K):
d=1.11–1.14 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.21–1.24 (t, 3J ACHTUNGTRENNUNG(H,H)=


7.51 Hz, 6H; CH3), 2.45–2.51 (m, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 8H; CH2CH3), 3.83
(s, 4H; py-CH2-pz), 5.88 (s, 1H; CHpz), 6.33 (s, 1H; CHpy), 6.34 (s, 1H;
CHpy), 8.19 (br s, 2H; NH), 8.69–10.19 ppm (br s; NH); 13C NMR
(126 MHz, CDCl3, 301 K): d =14.6 (CH3), 16.1 (CH3), 17.4 (CH2), 18.5
(CH2), 23.8 (py-CH2-pz), 103.5 (CHpz), 112.8 (CHpy), 120.3 (Cq), 123.8
(Cq), 124.8 (Cq), 147.1 ppm (Cpz); IR (KBr): ñ =3356 (s), 2926 (m), 1674
(m), 1558 (m), 1443 (s), 1298 (w), 1083 (w), 1002 (w), 779 (m), 532 cm�1


(m); MS (EI): m/z (%): 338 (62) [M]+ , 323 (10) [M�CH3]
+ , 309 (7)


[M�C2H5]
+ , 217 (20) [M�C8H11N]


+ , 200 (22) [M�C9H16N]
+ , 186 (5)


[M�C10H18N]
+, 154 (12) [C9H4N3]


+, 122 (100) [C8H12N]
+ ; HRMS (ESI+ ,


methanol/water): m/z calcd for C21H31N4: 339.25432 [M+H]+ ; found:
339.25433 [M+H]+ ; elemental analysis calcd (%) for C21H30N4·0.25H2O:
C 73.52, H 8.97, N 16.34; found: C 73.59, H 8.67, N 16.45.
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3,5-Bis(3,4-diethyl-5-formyl-1H-pyrrol-2-ylmethyl)-1H-pyrazole (5c): A
procedure for the diformylation of dipyrromethanes was adopted from
the literature:[26] Under an N2 atmosphere, benzoyl chloride (0.76 mL,
6.7 mmol, 8.0 equiv) was added to an ice-cooled solution of compound 6c
(282 mg, 0.83 mmol) in dry DMF (608 mg, 8.33 mmol, 10 equiv). The re-
action mixture was stirred at 0 8C for 2 h, followed by an additional 4 h at
RT. (For larger scale preparations we recommend stirring the reaction
mixture for several hours longer.) The dark brown mixture was cooled
back to 0 8C and quenched by addition of a wet, ethanolic Na2CO3 solu-
tion (1.0 g Na2CO3 dissolved in 80 mL 1:1 H2O/EtOH). The solution was
extracted with CH2Cl2 (3Q100 mL), the combined organic phase was
dried over Na2SO4, and evaporated to dryness in vacuo. The resulting
black oil was purified by means of column chromatography (aluminum
oxide, basic, CH2Cl2/MeOH 20:1). The third, main fraction was collected
and the solvent was evaporated under vacuum to afford 5c as a light
brown solid. Subsequent recrystallization from EtOH gave 5c as a light
ochre solid (288 mg, 88%; the yields of multi-gram preparations were re-
duced to 40–70%). Rf=0.44 (aluminum oxide, CH2Cl2/MeOH 15:1); m.p.
191–195 8C; 1H NMR (500 MHz, [D6]DMSO, 301 K): d=0.89–0.92 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.09–1.12 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3),
2.29–2.33 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 2.60–2.65 (q, 3J ACHTUNGTRENNUNG(H,H)=


7.5 Hz, 4H; CH2CH3), 3.80 (s, 4H; py-CH2-pz), 5.74 (s, 1H; CHpz), 9.45
(s, 2H; CHO), 11.40 (br s; NH), 12.28 ppm (br s; NH); 13C NMR
(126 MHz, [D6]DMSO, 301 K): d=15.8 (CH3), 16.2 (CH2CH3), 16.6
(CH2CH3), 17.4 (CH3), 23.4 (br; py-CH2-pz), 102.7 (CHpz), 122.9 (Cq),
127.0 (CpyCHO), 135.5(Cq), 136.4 (Cq), 144.6 (br; Cq), 176.3 ppm (CHO);
IR (KBr): ñ=3243 (s), 2929 (m), 1608 (vs), 1448 (m), 1350 (m), 1280 (w),
1134 (w), 1010 (m), 856 (w), 772 cm�1 (s); MS (EI): m/z (%): 394 (100)
[M]+ , 365 (63) [M�C2H5]


+ , 351 (5) [M�C3H7]
+ , 337 (13)


[M�2C2H5+H]+ , 323 (5) [M�2C2H5�CH3+2H]+ , 243 (28)
[M�C9H12NO]+ , 228 (16) [C13H16N4]


+ , 214 (18) [C12H14N4]
+ , 200 (12)


[C11H12N4]
+ , 150 (30) [C9H12NO]+ , 122 (50) [C8H12N]


+ , 94 (7) [C5N2H6]
+ ;


HRMS (ESI+ , MeOH/H2O): m/z calcd for C23H31N4O2: 395.24415
[M+H]+ ; found: 395.24413 [M+H]+ ; elemental analysis calcd (%) for
C23H30N4O2·0.5H2O: C 68.46, H 7.74, N 13.88; found: C 68.44, H 7.74, N
14.29.


General procedure for the preparation of free base Schiff base macrocy-
cles of type 4 : Dialdehyde 5c (200 mg, 0.51 mmol) was dissolved under
N2 in dry MeOH (250 mL) at 50 8C. The appropriate diamine (0.51 mmol,
1.0 equiv) dissolved in dry MeOH (10 mL) was added dropwise to the
stirred solution. After 15 min, TFA (1.54 mL, 20.0 mmol, 40 equiv) was
added in small portions and the reaction mixture was heated to reflux
under N2 for 20 h. After this time, the solvent was removed by using
rotary evaporation and the resulting (red to brown) residue was purified
by means of column chromatography over aluminum oxide.


General procedure for the preparation of Schiff base macrocycle salts of
type 4·TFA : The same preparation as described for 4, however, the chro-
matographic step over aluminum oxide was replaced by a recrystalliza-
tion of the crude protonated material. Thus, after cooling the reaction
mixture to ambient temperature, the solvent was removed by using the
rotary evaporator and the resulting red-to-brown solid was purified by re-
crystallization.


Schiff base macrocycle 4a : Prepared according to the general procedure
for 4 using dialdehyde 5c (200 mg, 0.51 mmol) and 1,2-diaminobenzene
(54.0 mg, 0.51 mmol). Column chromatography (aluminum oxide, basic,
Brockmann activity I, CH2Cl2/MeOH 30:1) provides 4a as a yellow-
orange solid (213 mg, 90%, 0.51 mmolar reaction scale). Rf=0.79 (alumi-
num oxide, CH2Cl2/MeOH 30:1); m.p. 241–244 8C; 1H NMR (500 MHz,
CDCl3, 301 K): d =1.01–1.04 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.16–1.19 (t,
3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 2.30–2.35 (m, 4H; CH2CH3), 2.53–2.57 (q,
3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 4H; CH2CH3), 3.88 (s, 4H; py-CH2-pz), 5.67 (s, 1H;
CHpz), 7.17 (s, 4H; CHPh), 8.16 (s, 2H; HC=N), 10.50 ppm (br s; NH);
13C NMR (126 MHz, CDCl3, 301 K): d=16.0 (CH3), 17.0 (CH2CH3), 17.3
(CH2CH3), 17.4 (CH3), 24.0 (br; py-CH2-pz), 103.9 (CHpz), 117.2 (br;
CPh), 122.6 (Ctert), 125.7 (CPh), 132.5 (br; Ctert), 146.1 ppm (br; HC=N); IR
(KBr): ñ=3428 (m), 3268 (w), 3061 (w), 2961 (m), 2926 (w), 2868 (w),
1614 (vs), 1569 (s), 1443 (s), 1383 (w), 1335 (w), 1264 (m), 1210 (m), 1101
(w), 1057 (w), 1010 (w), 963 (w), 894 (w), 807 (w), 745 cm�1 (w); UV/Vis


(CHCl3/0.01% Et3N): lmax (e)=331 (2.37Q104 Lmol�1 cm�1), 362 nm (sh);
MS (ESI in MeOH): m/z (%): 467 (100) [M+H]+ ; MS (FAB in 4-NBA):
m/z (%): 467 (100) [M+H]+ ; HRMS (ESI+ , MeOH/H2O): m/z calcd for
C29H35N6: 467.29177 [M+H]+; found: 467.29177 [M+H]+ ; elemental
analysis calcd (%) for C29H34N6·1.5CH3OH (514.7): C 71.18, H 7.83, N
16.33; found: C 71.19, H 7.49, N 16.04.


Schiff base macrocycle 4a·TFA : Prepared according to the general proce-
dure for 4·TFA. Isolation and purification by crystallization in MeOH/
CH2Cl2 at 5 8C over one day. M.p. 222–235 8C; 1H NMR (500 MHz,
CDCl3, 301 K): d =1.13–1.16 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.17–1.20 (t,
3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 2.50–2.54 (m, 4H; CH2CH3, [D6]DMSO),
2.73–2.78 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 3.42 (br; NH), 4.13 (s, 4H;
py-CH2-pz), 6.21 (s, 1H; CHpz), 7.30–7.34 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 2H;
CHPh), 7.80–7.82 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 2H; CHPh), 8.62 (s, 2H; 2HC=


N), 11.15 ppm (br s; NH); 13C NMR (126 MHz, [D6]DMSO, 301 K): d=


15.1 (CH3), 16.2 (CH2CH3), 16.6 (CH2CH3), 17.0 (CH3), 24.2 (br; py-
CH2-pz), 104.4 (CH


pz), 116.7 (CHPh), 123.1 (Cq), 125.2 (Cq), 126.6 (CHPh),
136.0 (Cq), 141.1 (br; Cq), 142.3 (br; HC=N), 157.5 ppm (Cq,pz); 19F NMR
(188 MHz, [D6]DMSO, 301 K): 89.0 ppm (s; CF3COO); IR (KBr): ñ=


3430 (m), 3210 (w), 3178 (w), 2957 (m), 2947 (w), 1640 (vs), 1570 (s),
1552 (w), 1435 (w), 1304 (w), 1190 (m), 1180 (m), 1010 (w), 958 (w), 801
(m), 756 cm�1 (w); UV/Vis (CHCl3/TFA): lmax (e)=361 (3.58Q
104 Lmol�1 cm�1), 423 nm (sh); MS (ESI in MeOH): m/z (%): 467 (58)
[M+H]+ , 933 (78) [2M+H]+ , 1047 (100) [2M+CF3COOH]+ .


Schiff base macrocycle 4b : Prepared as a red solid (102 mg, 90%) ac-
cording to the general procedure for 4 from 5c (90 mg, 0.23 mmol) and
4,5-dimethyl-1,2-phenylendiamine (12b) (31.0 mg, 0.23 mmol), followed
by column chromatography (Brockmann activity I, CH2Cl2/MeOH 15:1).
Rf=0.45 (aluminum oxide, MeOH/CH2Cl2 1:30); m.p. 216–218 8C;
1H NMR (300 MHz, CDCl3, 298 K): d =1.00–1.05 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz,
6H; CH3), 1.13–1.18 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 2.27 (s, 6H;
2CH3


Ph), 2.31–2.38 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 2.51–2.58 (q, 3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 3.88 (s, 4H; CH2), 5.75 (br s, 1H; CHpz),
6.94 (s, 2H; CHPh), 8.07 ppm (s, 2H; HC=N); NH signal not found; UV/
Vis (MeCN/0.01% Et3N): lmax (e)=334 (2.06Q104 Lmol�1 cm�1), 388 nm
(sh); MS (ESI in MeCN/CH2Cl2): m/z (%): 495 (100) [M+H]+ , 989 (65)
[2M+H]+ .


Schiff base macrocycle 4b·TFA : Prepared according to the general proce-
dure for 4·TFA. Purified by crystallization in MeOH/Et2O for one day at
5 8C (102 mg, 90%, 0.23 mmolar scale). Rf=0.45 (aluminum oxide,
MeOH/CH2Cl2 1:30); m.p. 216–218 8C; 1H NMR (500 MHz, [D6]DMSO,
301 K): d=1.12–1.15 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.16–1.19 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 2.29 (s, 6H; 2CH3


Ar), 2.49–2.53 (q, 3J ACHTUNGTRENNUNG(H,H)=


7.5 Hz, 4H; CH2CH3), 2.72–2.77 (q,
3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 4.12


(s, 4H; 2CH2), 6.20 (s, 1H; CHpz), 7.63 (s, 2H; CHPh), 8.58 (s, 2H; HC=


N), 11.08–11.54 ppm (br; NH); 13C NMR (126 MHz, [D6]DMSO, 301 K):
d=15.3 (CH3), 16.4 (CH2CH3), 16.7 (CH2CH3), 17.2 (CH3), 19.2 (CH3


Ar),
24.3 (br; CH2


py/pz), 104.5 (CHpz4), 116.1 (Cq), 117.5 (CHPh), 118.4 (Cq),
123.1 (Cq), 125.0 (Cq), 133.7 (Cq), 135.5 (Cq), 140.6 (Cq), 141.6 (N=CH),
157.8, 158.0, 158.1, 158.3 ppm (q, J3 ACHTUNGTRENNUNG(C,F)=30.8 Hz; TFA); 19F NMR
(188 MHz, [D6]DMSO, 301 K): 88.6 ppm (s; CF3COO); IR (KBr): ñ=


3436 (m), 3265 (w), 3177 (w), 2965 (m), 2932 (w), 2874 (w), 2359 (w),
1679 (s), 1641 (vs), 1590 (s), 1447 (m), 1385 (m), 1335 (w), 1312 (w), 1264
(s), 1195 (w), 1099 (m), 1017 (m), 866 (w), 802 (vs), 717 cm�1 (w); UV/
Vis (MeCN/TFA): lmax (e)=362 (2.88Q104 Lmol�1 cm�1), 435 nm (sh);
MS (ESI in MeOH): m/z (%): 495 (100) [M+H]+ , 989 (65) [2M+H]+ ,
1102 (61) [2M+CF3COOH]+ ; MS (FAB, 4-NBA): m/z (%): 495 (100)
[M]+ ; HRMS (ESI+ , MeOH/H2O): m/z calcd for [M+H]+ : 495.32307;
found: 495.32312 [M+H]+ ; elemental analysis calcd (%) for
C31H38N6·TFA·1.5H2O (635.7): C 62.35, H 6.66, N 13.22; found: C 62.15,
H 6.63, N 12.44.


Schiff base macrocycle 4c·TFA : Prepared according to the general proce-
dure for 4·TFA from 5c (150 mg, 0.38 mmol) and diaminonaphthaline
(97%) (12c) (60.0 mg, 0.38 mmol). Recrystallization from MeOH/Et2O/
CH2Cl2 provided 4c·TFA in the form of a yellow-orange solid (173 mg,
88%, 0.38 mmolar scale). Rf=0.57 (aluminum oxide, MeOH/CH2Cl2
1:30); m.p. 270–279 8C; 1H NMR (300 MHz, CDCl3, 298 K): d=1.03–1.08
(t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.13–1.18 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3),
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2.36–2.43 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 2.57–2.65 (q, 3J ACHTUNGTRENNUNG(H,H)=


7.5 Hz, 4H; CH2CH3), 4.10 (s, 4H; CH2), 6.30 (s, 1H; CHpz), 7.39–7.43
(m, 3J ACHTUNGTRENNUNG(H,H)=3.1 Hz, 2H; CHnaphtl), 7.70–7.74 (m, 3J ACHTUNGTRENNUNG(H,H)=3.1 Hz, 4H;
CHnaphtl), 8.16 (s, 2H; HC=N), 12.23 ppm (br s; NH); 13C NMR
(126 MHz, [D6]DMSO, 301 K): d =15.3 (CH2CH3), 16.4 (CH2CH3), 16.7
(CH2CH3), 17.3 (CH2CH3), 24.4 (br; CH2


py/pz), 104.5 (CHpz4), 113.8
(CHnaphtl), 123.3 (Cq), 125.4 (CHnaphtl), 126.2 (Cq), 127.5 (CHnaphtl), 131.6
(Cq), 135.5 (Cq), 141.3 (br; N=CH), 142.9 (Cq), 158.0 ppm (Cq); IR (KBr):
ñ=3422 (w), 3230 (m), 3050 (w), 2960 (m), 2925 (w), 2875 (w), 2354 (w),
1604 (vs), 1433 (s), 1328 (m), 1265 (m), 1222 (m), 1156 (w), 1009 (w), 861
(w), 801 (w), 746 (w), 620 cm�1 (w); UV/Vis (CHCl3/0.01% Et3N): lmax


(e)=342 (2.44Q104 Lmol�1 cm�1), 381 nm (sh); UV/Vis (CHCl3/TFA):
lmax (e)=369 (2.87Q104 Lmol�1 cm�1), 414 nm (sh); MS (ESI in MeOH):
m/z (%): 517 (100) [M+H]+ , 1033 (24) [2M+H]+ , 1069 (40) [2
ACHTUNGTRENNUNG(M+H2O)+H]+ , 1146 (42) [2M+TFA]+ ; HRMS (ESI+ , MeOH/H2O):
m/z calcd for [M+H]+ : 517.30742; found: 517.30720 [M+H]+; MS (FAB,
4-NBA): m/z (%): 517 (100) [M+H]+ , 1033 (1) [2M+H]+ ; elemental
analysis calcd (%) for C33H36N6·TFA·H2O (648.7): C 64.80, H 6.06, N
12.96; found: C 64.20, H 6.40, N 12.74.


Schiff base macrocycle 4d·TFA : Prepared according to the general proce-
dure for 4·TFA from 5c (104 mg, 0.26 mmol) and 1,3-diaminopropane
(99%) (22.0 mL, 0.26 mmol) and catalyzed by TFA (2 mL, 0.69 mmol,
0.1 equiv). The brown-red solid was purified by means of column chro-
matography (aluminum oxide, basic, Brockmann activity I, CH2Cl2/
MeOH 15:1) to provide 4d·TFA as a yellow-orange solid (107 mg, 94%).
Rf=0.38 (aluminum oxide, CH2Cl2/MeOH 20:1); m.p.>180 8C; 1H NMR
(CD2Cl2, 300.13 MHz, 298 K): d=0.99–1.05 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H;
CH3), 1.07–1.12 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.91 (m, 2H; CH2


prop),
2.31–2.38 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 2.46–2.54 (q, 3J=7.5 Hz,
4H; CH2CH3), 3.66–3.71 (m, 4H; CH2


prop), 3.84 (s, 4H; 2CH2), 5.53 (s,
1H; CHpz), 7.99 (s, 2H; 2HC=N), 9.46 ppm (NH); 13C NMR (CD2Cl2,
125.77 MHz, 301 K): d=16.48 (CH3), 17.4 (CH2CH3), 17.7 (CH2CH3),
18.6 (CH3), 24.1 (br; CH2


py/pz), 30.1 (CH2CH2CH2), 34.7, 62.3
(CH2CH2CH2), 104.3 (CHpz4), 122.4, 124.4, 131.1, 143.5, 150.0 ppm (CH=


N); IR (KBr): ñ =3245 (w), 2947 (s), 1628 (vs), 1443 (s), 1261 (s), 1080
(m), 1020 (m), 801 cm�1 (s); UV/Vis (CHCl3/0.01% Et3N): lmax (e)=312
(1.56Q104 Lmol�1 cm�1), 351 nm (sh); UV/Vis (CHCl3/TFA): lmax (e)=


325 nm (1.70Q104 Lmol�1 cm�1); MS (ESI+ , MeOH): m/z (%): 433 (100)
[M+H]+ , 865 (69) [2M+H]+ ; MS (FAB in 4-NBA): m/z (%): 433 (100)
[M+H]+ ; HRMS (ESI+ , MeOH/H2O): m/z calcd for C26H36N6:
433.30742 [M+H]+ ; found: 433.30731 [M+H]+ .


Schiff base macrocycle 4e·TFA : Prepared according to the general proce-
dure for 4·TFA from 5c (108 mg, 0.27 mmol, 2 equiv) and 1,2,4,5-tetra-
aminobenzene tetrahydrochloride (12e) (38.9 mg, 0.14 mmol, 1 equiv) in
dry MeOH (8 mL), and using 5 equiv of TFA (53 mL, 0.69 mmol) and
heated at reflux under N2 for 30 h. The brown-red solid was purified by
means of column chromatography (aluminum oxide, basic, Brockmann
activity I, CH2Cl2/MeOH 20:1) to provide product 4e·TFA as a violet-
brown solid (107 mg, 91%). Rf=0.65 (aluminum oxide, MeOH/CH2Cl2
1:15); m.p.<290 8C; IR (KBr): ñ=3375 (w), 3171 (w), 2932 (m), 1631
(vs), 1546 (w), 1443 (m), 1269 (m), 1165 (w), 1010 (s), 957 (w), 796 cm�1


(m); UV/Vis (CHCl3/MeOH/0.01% Et3N): lmax (e)=369 (3.06Q
104 Lmol�1 cm�1), 434 nm (sh); UV/Vis (MeOH/TFA): lmax (e)=396
(5.02Q104 Lmol�1 cm�1), 452 nm (sh); MS (ESI in MeOH): m/z (%): 429
(63) [M+2H]2+ , 856 (100) [M+H]+ , 1710 (8) [2M]+ ; MS (FAB, in 4-
NBA): m/z (%): 855 (100) [M+H]+ ; HRMS (ESI+ , MeOH/H2O): m/z
calcd for C52H62N12: 855.52932 [M+H]+ , 428.26830 [M+2H]2+ ; found:
855.52896 [M+H]+ , 482.26810 [M+2H]2+ .


Schiff base macrocycle 4 f·TFA : Prepared according to the general proce-
dure for 4·TFA from 5c (108 mg, 0.20 mmol, 2 equiv) in MeOH (90 mL)
and diaminobenzidine (97%) (12 f) (21.8 mg, 0.10 mmol, 1 equiv), dis-
solved in MeOH (2 mL). Recrystallization from MeOH/Et2O at 5 8C
gave 4 f·TFA in the form of a red-purple solid (94 mg, 94%, 0.1 mmolar
scale). Rf=0.56 (aluminum oxide, MeOH/CH2Cl2 1:15); m.p. 237–239 8C;
1H NMR (500 MHz, [D6]DMSO, 309 K): d=1.11–1.19 (m, 3J ACHTUNGTRENNUNG(H,H)=


7.5 Hz, 27H; CH3), 2.50 (m, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 8H; CH2CH3, DMSO),
2.79 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 8H; CH2CH3), 4.15 (s, 8H; 2CH2), 6.22 (s, 2H;
CHpz), 7.75–7.83 (t, 2H; CHAr), 7.93–7.98 (d, 2H; CHAr), 8.20 (s, 2H;


CHAr), 8.69 (s, 2H; 2HC=N), 8.82 (s, 2H; 2HC=N), 11.20 (s, 1H; NH),
11.33 ppm (s, 1H; NH); 13C NMR (125.77 MHz, [D6]DMSO, 313 K): d=


15.1 (CH3), 15.15 (CH2CH3), 16.8 (CH2CH3), 16.6 (CH3), 16.9, 17.1, 24.2
(br; CH2


py/pz), 24.4 (CH2
py/pz), 104.6 (CHpz4), 115.7 (CHAr), 117.3 (CHAr),


123.0, 123.5 (Cq), 125.0, 125.2, 125.6 (CHAr), 135.8 (Cq), 136.2 (Cq), 137.5
(Cq), 140.9 (Cq), 142.2 (N=CH), 142.6 (N=CH), 143.3 ppm (Cq); not all
signals could be assigned by 2D NMR due to the low solubility of this
compound; 19F NMR (188.28 MHz, [D6]DMSO, 298 K): d =88.05 ppm (s;
CF); IR (KBr): ñ=3429 (br), 3229 (br), 2955 (w), 2361 (w), 1640 (vs),
1577 (m), 1436 (m), 1322 (w), 1335 (w), 1260 (w), 1188 (w), 1145 (m),
1012 (m), 866 cm�1 (m); UV/Vis (CHCl3/0.01% Et3N): lmax (e)=348
(2.39Q104 Lmol�1 cm�1), 393 nm (sh); UV/Vis (CHCl3/TFA): lmax (e)=


376 (3.79Q104 Lmol�1 cm�1), 422 nm (sh); MS (ESI in MeOH): m/z (%):
467 (48) [M+H]2+ , 931 (100) [M+H]+ , 954 (7) [M+Na]+ , 1862 (20)
[2M+H]+ , 1884 (7) [2M+Na]+; HRMS (ESI+ , MeOH/H2O): m/z calcd
for [M+2H]2+ : 466.28395; found: 466.28388 [M+2H]2+ ; MS (FAB, 4-
NBA): m/z (%): 932 (100) [M+H]+ ; elemental analysis calcd (%) for
C58H66N12·3TFA·2H2O (1309.3): C 58.71, H 5.62, N 12.84; found: C
58.39, H 5.50, N 12.55.


Schiff base macrocycle 4 f·PFS : Prepared according to the general proce-
dure for 4·TFA from 5c (108 mg, 0.20 mmol, 2 equiv) in MeOH (90 mL)
and diaminobenzidine (97%) (12 f) (21.8 mg, 0.10 mmol, 1 equiv), dis-
solved in MeOH (2 mL), except that 1.0 equiv perfluorosuberic acid
(PFS) (96%) was used to catalyze the condensation. The reaction was
heated at reflux for 31 h. The brown-red solid retrieved after rotary evap-
oration was purified by crystallization in MeOH/Et2O at 5 8C. M.p. 194–
211 8C; 1H NMR (500 MHz, [D6]DMSO, 309 K): d =1.13–1.20 (m, 3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 27H; CH3), 2.50 (m, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 8H; CH2CH3,
DMSO), 2.79 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz; 8H; CH2CH3), 3.40 (br s; H2O), 4.14
(s, 4H; 2CH2), 4.15 (s, 4H; 2CH2), 6.22 (s, 2H; CHpz), 7.73–7.75 (d, 2H;
CHAr), 7.92–7.93 (d, 2H; CHAr), 8.19 (s, 2H; CHAr), 8.67 (s, 2H; 2HC=


N), 8.79 (s, 2H; 2HC=N), 11.13 (s, 1H; NH), 11.27 ppm (s, 1H; NH);
13C NMR (125.77 MHz, [D6]DMSO, 313 K): d=15.1, 15.2 (CH3), 16.1,
16.4, 16.7 (CH2CH3), 17.0, 17.1 ACHTUNGTRENNUNG(CH3), 24.3 (br; CH2


py/pz), 104.6 (CHpz),
109.2, 115.0, 117.2 (CHAr), 123.1, 123.5 (Cq), 125.0, 125.1, 125.2, 125.6
(CHAr), 126.9, 135.8 (Cq), 136.1 (Cq), 137.5 (Cq), 142.2, 142.6 (N=CH),
158.2 ppm (CF2);


19F NMR (188.29 MHz, [D6]DMSO, 298 K): d =41.1–
41.4 (dd; CF2), 48.0 ppm (s; CF2); IR (KBr): ñ=3208 (br), 2964 (m),
2930 (w), 2871 (w), 1679 (vs), 1636 (vs), 1582 (w), 1552 (w), 1439 (m),
1377 (w), 1323 (w), 1199 (s), 1139 (w), 1061 (w), 1007 (s), 958 (w),
804 cm�1 (br); UV/Vis (MeOH/Et3N): lmax (e)=352 (2.44Q
104 Lmol�1 cm�1), 390 nm (sh); UV/Vis (MeOH/PFS): lmax (e)=380
(2.93Q104 Lmol�1 cm�1), 458 nm (sh); MS (ESI in MeOH): m/z (%): 467
(100) [M+2H]2+ , 931 (7) [M+H]+ ; elemental analysis calcd (%) for
C58H66N12·C8F12O4H2·2H2O (1357.4): C 58.40, H 5.35, N 12.38; found: C
57.93, H 5.34, N 12.15.


X-ray crystallography : Single crystals of 9·0.5THF were grown from solu-
tions in THF/Et2O/light petroleum, those of 4a were grown at 5 8C from
a saturated ethanolic solution, crystals of the TFA salt 4a·TFA were ob-
tained by slow evaporation of a saturated solution in MeOH/CH2Cl2. Dif-
fraction-grade crystals of 4b·TFA·H2O and 4c·TFA·H2O formed upon
slow evaporation of solutions of MeOH/CH2Cl2.


X-ray data were collected on a STOE IPDS II diffractometer (graphite
monochromated MoKa radiation, l=0.71073 S) by use of w scans. The
structures were solved by direct methods and refined on F2 using all re-
flections with SHELX-97.[27] All non-hydrogen atoms except those in the
disordered parts of 9·0.5THF were refined anisotropically. Hydrogen
atoms which were not involved in hydrogen bonding were placed in cal-
culated positions and assigned to an isotropic displacement parameter of
0.08 S2. The positional parameters of all nitrogen- and oxygen-bound hy-
drogen atoms in 4b·TFA·H2O and 4c·TFA·H2O were refined by using
DFIX and DANG restraints. Their isotropic displacement parameters
were refined freely. The pyrrole ring in 9 as well as the F3C group of the
CF3COO� anion in 4c·TFA·H2O were disordered about two positions
(occupancy factors: 9·0.5THF, 0.53(2)/0.47(2); 4c·TFA·H2O, 0.925(5)/
0.075(5)). In both cases SADI restraints were used to model the disorder.
Additionally a THF solvent molecule in 9·0.5THF was found to be disor-
dered about a center of inversion and was refined with a fixed occupancy
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factor of 0.5. Face-indexed absorption corrections for 4b·TFA·H2O and
4c·TFA·H2O were performed numerically with the program X-RED.[28]


Table 1 contains the crystal data and refinement details for 9·0.5THF,
4b·TFA·H2O, and 4c·TFA·H2O.


CCDC-666276 (9·0.5THF), CCDC-666277 (4b·TFA·H2O), and CCDC-
666278 (4c·TFA·H2O) 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_
request/cif.
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Introduction


It is well documented that cells, viruses, organelles, proteins
or synthetic drugs often interact through stabilising multiple
interactions. The prevalence of cooperative effects as a pre-
liminary key step to receptor clustering, and further cascade
signal transduction, has allowed the emergence of the con-
cept of multivalent drugs.[1] For instance, the optimal
number of ligands and specific spatial arrangement are cru-
cially relevant for the structure-based design of oligomers
that target a structurally elucidated receptor.[2] In addition,
it has been shown that ligands showing poor dissociation
constants (KD) in the monomeric form, for example, 10�3–
10�4m


�1 for protein/carbohydrate interactions, can exhibit
dramatically enhanced receptor-binding properties when
grafted onto a multivalent scaffold.[3] In this case, the opti-
mal size and the ligand local density may also be related to
the number of receptors that have to be clustered to initiate
a biological signalling cascade.[4]


In this respect, dendrimers[5–8] are suitable platforms as
drug vehicles[9] because they provide a finely tuneable range
of accessible surface functions attached to a dendritic skele-


Abstract: The syntheses of a series of
phosphonic acid-capped dendrimers is
described. This collection is based on a
unique set of dendritic structural pa-
rameters—cyclo(triphosphazene) core,
benzylhydrazone branches and phos-
phonic acid surface—and was designed
to study the influence of phosphonate
(phosphonic acid) surface loading to-
wards the activation of human mono-
cytes ex vivo. Starting from the versa-
tile hexachloro-cyclo(triphosphazene)


N3P3Cl6, six first-generation dendrimers
were obtained, bearing one to six full
branches, that lead to 4, 8, 12, 16, 20
and 24 phosphonate termini, respec-
tively. The surface loading was also ex-
plored at the limit of dense packing by
means of a first-generation dendrimer


having a cyclo(tetraphosphazene) core
and bearing 32 termini, and with a
first-generation dendrimer based on a
AB2/CD5 growing pattern and bearing
60 termini. Human monocyte activa-
tion by these dendrimers confirms the
requirement of the whole dendritic
structure for bioactivity and identifies
the dendrimer bearing four branches,
thus 16 phosphonate termini, as the
most bioactive.
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ton that can be adapted at will.[10] Dendrimer-mediated mul-
tiple presentations[11] are associated with several biomedical
issues such as the design of anti-viral[12] or anti-cancer
drugs,[13,14] biocides[15] or gene-transfection agents.[16,17] The
immunological properties of dendritic multiple antigen pep-
tides (MAP) are also well documented.[18] However, to the
best of our knowledge, efficient dendrimer-mediated activa-
tion of a specific subpopulation of the human innate
immune system has not yet been reported. Animal model
cells were studied by the group of Kren who described the
activation of rat natural killer (NK) cells by glycodendrim-
ers.[19] Another study by Lee et al reports on the grafting of
multi-lineage haematopoietic factor human interleukin-3
(hIL-3) on a fifth-generation poly(amidoamine) PAMAM
dendrimer. The in vitro immunostimulating properties of
this conjugate were reported to be lower than those of free
hIL-3.[20]


However, we have recently shown that phosphorus-con-
taining dendrimers[21] decorated with suitable amino-bis-
methylene phosphonic acid derivatives on the surface were
able to both promote the amplification of fully functional
NK cells[22] and to provide the activation of monocytes from
healthy human peripheral blood mononuclear cells (PBMC)
in culture,[23] whereas the corresponding surface monomers
were unable to provide such activities. Monocytes are a piv-
otal subpopulation of the innate immune system. Indeed,
they are the immune systemGs first line of defence: they pro-
vide early responses against various infections and they send
further instructive signals to the adaptive immune system.
The dendrimer-triggered activation of human monocytes
was featured by morphological and phenotypical changes,
an increase of phagocytic and transcriptional activities and
an increased survival in culture. This pioneering study aimed
at varying some global dendritic parameters, such as the size
and the type of surface function. In this respect, we have
shown that multivalent character and phosphonic acid cap-
ping of dendrimers were crucial for monocyte targeting and
activation. A lead compound 1 was evenly elicited from the
rather heterogeneous dendritic library[23] that we have sur-
veyed: this compound consists of a first-generation phospho-
rus-containing dendrimer with a cyclo(triphosphazene) core
and 12 tyramine-based amino-bismethylene phosphonic acid
surface functions (TamBP) on its outer shell (Figure 1).


Here, we describe a new core-controlled strategy to
modify the density of the outer shell of TamBP-capped den-
drimers that were assayed towards human PBMC cultures,
in order to answer the key question related to multivalency:
what is the optimum TamBP surface loading to achieve
monocyte activation? Herein, we present a homogeneous li-


brary of phosphorus dendrimers based on the same chemical
units that screens out the local density of TamBP functions
of the outer shell, from extremely free systems to highly
dense structures. Actually, starting from the versatile hexa-
chloro-cyclo(triphosphazene) reagent, we achieved the sub-
stitution of each chlorine atom in a controlled fashion and
could synthesise a set of first-generation phosphorus-con-
taining dendrimers bearing two to ten TamBP surface func-
tions, that is, one to five activating branches, respectively. To
complete the exploration at the upper limit of surface-func-
tion density, two highly dense, phosphorus-containing den-
dritic structures were also synthesised and assayed.


Results and Discussion


Phosphonic acid capping sequence : The lead compound 1 is
a cyclo(triphosphazene) core surrounded by six identical
branches each bearing two TamBP monosodium salts. These
results are connected to our pioneering efforts to modify
phosphorus-containing dendrimers with phosphonate termi-
nations.[24] Here, we have developed a new sequence of reac-
tions that further proved to be a versatile strategy to add a
phosphonic acid outer shell to any aromatic aldehyde-termi-
nated dendrimer.


This phosphonic acid capping sequence (Scheme 1) can be
applied to multigram batches of various dendrimers[25,26] and
involves first a condensation of an arylaldehyde-terminated
dendrimer Db with dichlorothiophospho ACHTUNGTRENNUNG(N-methyl)hydra-
zide [H2N-N(Me)P(S)Cl2] to yield Dc. This reaction is easily
monitored by 31P NMR, the signal of the phosphorus atoms
being shielded from 74 to 66.9 ppm. The second step is the
nucleophilic substitution of terminal chlorine atoms of Dc
by the TamBP phenol under mild basic conditions to afford
a phosphonate-terminated dendrimer Dd in nearly quantita-
tive yield after salt removal. The TamBP phenol arises from
a Kabachnik–Fields reaction, which is a three-component
procedure involving aqueous formaldehyde, tyramine and
dimethylphosphite.[22] The third key step of this procedure is
a standard dealkylation[27] of the methyl phosphonic acid
esters with bromotrimethylsilane in acetonitrile leading to a
silylated tetraphosphonic acid-terminated dendrimer De.
The latter, too sensitive towards hydrolysis to be isolated, is
subsequently subjected to methanolysis to give a phosphonic
acid-terminated dendrimer Df.


The final water-soluble dendrimer Dg, functionalised with
phosphonic acid monosodium salts, is obtained by adding
aqueous sodium hydroxide (1 equiv per PO3H2). In the
course of this study, all phosphonic acid-capped dendrimers
were found to be insoluble either in organic solvents, water,
or mixtures of both. This phenomenon was attributed to the
strong propensity of phosphonic acids to form inter- and in-
tramolecular hydrogen bonds. Therefore, the water-soluble
monosodium salts of the corresponding species were always
used for spectroscopic analysis and biological assays.


Figure 1. Lead compound 1 with TamBP end groups.
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Synthesis of the 1=6th to 5=6th N3P3-cored analogues : To the
best of our knowledge, the controlled substitution of func-
tionalised phenol on polyphosphazene rings has been scarce-
ly reported.[28] Nevertheless, starting from the versatile hexa-
chloro-cyclo(triphosphazene), one can expect to substitute
selectively one to six chlorine atoms. Assuming that selectiv-
ity would strongly depend on the nucleophile/base pair, the
solvent, the temperature and the concentration, we have de-
veloped a strategy based on these assumptions to design cy-
clo(triphosphazene) dendritic cores presenting one to five
aromatic aldehydes.


These cores are the key starting materials to prepare ana-
logues of compound 1 having a specific number of blocked
positions at the core, that is, bearing one to five activating
branches. We have decided to block the elicited positions by
suitable and relatively small phenolic compounds, assuming
that the spatial arrangements of the TamBP outer shell
would be weakly modified. Furthermore, it would be of
great interest to further adapt this strategy to other func-
tionalised phenols, opening a versatile route to polyfunction-
alised dendritic nanotools. This last point was, for instance,
exploited for the synthesis of the 5=6th fluorescent-tagged
dendrimers on which an activating branch is formally re-
placed by a fluorescent probe (see below).


The synthesis of the 1=6th precursor involves at first the re-
action of 4-hydroxybenzaldehyde on a large excess (4 equiv)
of [N3P3Cl6] to afford the monosubstituted phosphazene ring


2a. The reaction proceeds cleanly if the sodium salt of 4-hy-
droxybenzaldehyde in a diluted solution of THF at 0 8C is
used, and only traces of the disubstituted cyclo(triphospha-
zene) were observed. Other methods involving the use of
triethylamine in toluene, cesium carbonate or potassium car-
bonate in polar solvents such as THF or acetonitrile afford-
ed untreatable mixtures. This compound shows a typical set
of signals in 31P NMR with a 62 Hz (2JPP) coupling constant:
one triplet centred on 11.7 ppm can be attributed to the ary-
loxy-substituted phosphorus atoms of the ring, and the dou-
blet at 22.5 ppm stands for the dichlorinated phosphorus
atoms. The 1=6th precursor compound 2b is obtained in high
yields from 2a by substitution of the remaining five chlorine
atoms by 4-hydroxymethylbenzoate in the presence of
cesium carbonate, giving rise to a coalesced multiplet cen-
tred on d 7.5 ppm in 31P NMR spectroscopy.


On the other hand, the reaction of hexachloro-cyclo(tri-
phosphazene) with two equivalents of 2,2’-dihydroxybiphen-
yl in the presence of cesium carbonate is adapted from a
procedure described by Carriedo et al.[28] and leads selec-
tively to the dichlorinated 2=6th bispiro precursor 3a after
routine flash chromatography to remove traces of the mono-
spiro compound 5a. The latter is obtained quantitatively by
reacting one equivalent of 2,2’-dihydroxybiphenyl with
[N3P3Cl6] in the presence of cesium carbonate. Persubstitu-
tion of the remaining chlorine atoms by 4-hydroxybenzalde-
hyde in the presence of cesium carbonate gives access to the
2=6th and 4=6th dendritic cores 3b and 5b, respectively
(Scheme 2).


Scheme 1. The phosphonic acid capping sequence applied to an arylalde-
hyde-terminated dendrimer Db.


Scheme 2. Synthesis of the 1=6th to 5=6th dendritic cores 2b to 5b : a) 4-hy-
droxybenzaldehyde, HNa; b) 4-hydroxymethylbenzoate, Cs2CO3; c) 2,2’-
dihydroxybiphenyl, Cs2CO3; d) 4-hydroxybenzaldehyde.
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The synthesis of the 3=6th den-
dritic core 4b was more tedious
to achieve. One of the six posi-
tions on the cyclo(triphospha-
zene) was “locked” by the mono-
substitution of 4-hydroxyme-
thylbenzoate on [N3P3Cl6] to
afford 4, which shows a
31P NMR signature quite similar
to that of 2a : the dichlorinated
phosphorus atoms resonate as a
doublet centred at 26.0 ppm
(2Jpp=61.4 Hz), whereas the ar-
yloxy-substituted phosphorus
atom resonates as a triplet cen-
tred at 15.4 ppm. Two other
gem positions were then
locked, and the subsequent
monospiro derivative 4a was
thus obtained from the gem-dis-
ubstitution of one equivalent of
2,2’-dihydroxybiphenyl on the
phosphazene ring (Scheme 2).


At this stage, the 31P signa-
ture (Figure 2A) corresponds to
an ABX system. The dichlori-
nated phosphorus atom that
resonates at 27.0 ppm is repre-
sented by a doublet of doublets
(X part, 2JAX=70 Hz, 2JBX=


75 Hz). The remaining two
phosphorus atoms are very sim-
ilar and resonate as a multiplet
(AB part, 2JAB=81 Hz) at
16.9 ppm, with a strong second-
order effect. However, the 2D
HMQC 1H-31P NMR allows the
distinction between both aryl-
oxy-substituted phosphorus
atoms. The multiplet centred at
16.4 ppm stands for the 2,2’-di-
hydroxybiphenyl substituted
phosphorus atom, and the other
multiplet centred at 17.4 ppm
stands for the monoaryloxy
phosphorus atom. This ABX
system was simulated with A
and B parts set at 17.4 and
16.4 ppm, respectively, and cou-
pling with J=81 Hz, and the X
part set at 27.0 ppm and coupling with A and B (2JAX=


70 Hz, 2JBX=75 Hz), and the theoretical spectrum fits exact-
ly the experimental one.


The remaining three chlorine atoms are substituted by 4-
hydroxybenzaldehyde to afford 4b. This last step leads to a
31P signature that also corresponds to an ABX system, with
a doublet of doublets (X part, 2JAX=96.8 Hz, 2JBX=92.5 Hz)


at 24.1 ppm corresponding to the 2,2’-dihydroxybiphenyl
substituted phosphorus atom. The former multiplet corre-
sponding to the other phosphorus atoms has evolved into
two doublets (X part, 2JAX=96.8 Hz, 2JBX=92.5 Hz) at
8.2 ppm. The two phosphorus atoms are almost identical,
differing only from one single methyl ester instead of an al-
dehyde function in para position; consequently, a strong


Figure 2. Simulated and experimental 31P{1H} NMR spectra for compounds 4a (A), 4b (B) and 4c (C).
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second-order effect is observed along with the disappear-
ance of the roof effect observed with 4a. In this case (Fig-
ure 2B), the ABX-system simulation with A, B and X shifts
set at 8.2, 8.1 and 24.1 ppm, respectively, and with A and B
coupling with X (2JAX=96 Hz, 2JBX=93 Hz) also fits the ex-
perimental spectrum. Notably, a strong second-order effect
is again observed for 4c, which may be attributed to modifi-
cation of the O-P-O angles due to the introduction of the
hydrazone linkage, and the cyclo(triphosphazene) appears
as a multiplet with a strong roof effect (Figure 2C).


The unique properties of cyclo(triphosphazene) towards
phenol substitutions also allowed us to prepare two fluores-
cent analogues of the lead compound 1, on which the fluo-
rescent tag is located at the core of the dendrimer. This ap-
proach totally differs from the one currently used that con-
sists of grafting statistically the tag on the surface of the
dendritic scaffold. Here, the fluorescence properties of the
shielded tag are expected to be modified less by the interac-
tions of the dendrimerGs outer shell with the biological
medium, and reciprocally, the tag should not alter the bio-
logical response. Two new fluo-tags were thus elaborated
with a view to affording highly fluorescent phenolic probes
that would be compatible with the synthesis of phosphorus-
containing dendrimers and with the phosphonic acid capping
sequence. Additionally, these probes were designed to show
excitation and emission wavelengths that would match the
laser-beam wavelength of routine flow cytometers. The first
step to the new julolidine-based fluorescent phenol 7 in-
volves a classical Vilsmeyer formylation of commercially
available julolidine, adapted from a described procedure,[29]


to yield quantitatively 4-formyljulolidine. In addition, 1-
cyano-N-acyl tyramine 6 is obtained quantitatively from tyr-
amine and cyanomethylacetate. The activated methylene
neighboured by two electron-withdrawing groups reacts
easily with 4-formyljulolidine to yield the conjugated push–
pull entity of the fluorescent phenol 7 (Scheme 3). This
Knoevenagel condensation proceeds in high yields under
mild conditions.


In parallel, pentasubstitution of 4-hydroxybenzaldehyde
on hexachloro-cyclo(triphosphazene) was achieved as previ-
ously described[30] to afford the penta(4-formylphenoxy)-
chloro-cyclo(triphosphazene), and the remaining chlorine


atom was substituted by 7 to afford the 5=6th dendritic core
7b (Scheme 4). The second fluorescent dendritic core was
synthesised by following a similar procedure involving the
fluorescent 1,4-diphenylmaleimide of tyramine 8 to afford
8b (Scheme 4). The fluorescent phenol 8 was obtained from
tyramine and 2,4-diphenyl maleic anhydride.[31]


Having in hand these six dendritic precursors capped with
one to five reactive aldehyde groups, the phosphonic acid
capping sequence was then applied to afford the expected
partially blocked dendrimers 2g, 3g, 4g, 5g, 7g and 8g,
equipped with 2, 4, 6, 8, 10 and 10 TamBP monosodium
salts, respectively, on their outer shell (Figure 3).


All these compounds show NMR spectra that are consis-
tent with the expected structures. In phosphorus-NMR spec-
tra, TamBP monosodium salts termini resonate at about
7 ppm and the P(S) divergent points are located at 66 ppm.
The non-symmetric phosphazene cores of water-soluble den-
drimers 3g to 5g give signals in water solutions that are less
defined than the ones observed for the TamBP methyl
esters-terminated precursors 3d to 5d. This phenomenon
has already been observed for amphiphilic dendrimers[32]


and it can be significantly reduced by adding a water-misci-
ble organic solvent such as acetone or acetonitrile to recover
perfectly defined signals. Likewise, in a mixture of deuterat-
ed water and acetonitrile the N3P3 cores of dendrimers 2g,
7g and 8g give signals at about 8 ppm that are quite similar
to those observed for the core of the aldehydic precursors.


As expected,[33] the methyl esters located at the focal
point of 2g and 4g are not affected by the sequence involv-
ing the phosphonic acid ester cleavage with bromotrimethyl-
silane, as indicated by the presence of typical signals at ap-
proximately 4 ppm in proton NMR integrating for the ex-
pected number of methoxy protons, and by the presence on
the 13C spectra of a poorly defined singlet at 166.9 and
168.3 ppm for 2g and 4g, respectively. Although poorly de-
fined, these signals can be clearly attributed thanks to 2D-
NMR experiments. Concerning compounds 7g and 8g, the
fluorescence properties of both julolidine and 1,4-diphenyl-
maleimide moieties are also kept unchanged, thus proving
that the modifications of the surface do not impair the core
functions. For instance, the excitation and emission spectra
of 7 and 7g show identical fluorescence patterns. The maxi-


Scheme 3. Synthesis of the fluorescent probes 7 and 8.


Scheme 4. Synthesis of the 5=6th dendritic fluorescent cores 7b and 8b.


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4836 – 48504840


C.-O. Turrin, A.-M. Caminade, J.-P. Majoral, R. Poupot et al.



www.chemeurj.org





mum excitation wavelength of the julolidine-based fluores-
cent phenol 7 centred at 450 nm undergoes a shift to 470 nm
for 7g after grafting onto the dendrimer scaffold, whereas
the maximum emission wavelength is shifted only from 500
to 507 nm (see ESI results below). Again, multinucleus and
2D-NMR analyses confirm these findings, all the signals cor-
responding to the julolidine part being unambiguously at-
tributed, and the same conclusions can be made for the 1,4-
diphenylmaleimide-based fluorescent dendrimer 8g.


Although the presence of strong UV-absorbing internal
hydrazone linkages in the branches precludes mass spec-
trometry analysis for these macromolecules, as previously
reported by Blais et al. ,[34] the stepwise construction of these
small phosphorus-containing dendrimers is unambiguously
ascertained by multinuclear 1D- and 2D-NMR experiments.


This rather homogeneous library of small N3P3 cored den-
drimers merely includes molecules possessing a smaller
number of TamBP on their surface than the lead compound
1. Other technologies were then developed to afford den-
drimers within the size range of 1, presenting a higher


number of TamBP on their
outer shell, and built on the
same chemical units.


Synthesis of highly dense ana-
logues : To explore the mono-
cyte-activating properties of
highly dense phosphorus-con-
taining dendrimers, we have
conceived two new dendritic
scaffolds bearing chemical units
similar to the one implied in
the construction of the lead
compound 1.


Starting from a non-planar
octapodent phosphazene ring,
namely octachloro-cyclo(tetra-
phosphazene), a new dendritic
core can be synthesised, follow-
ing the routine dendritic growth
sequence involving 4-hydroxy-
benzaldehyde and N-methyldi-
chlorothiophosphorhydrazide.
The nucleophilic substitution of
eight chlorine atoms by 4-hy-
droxybenzaldehyde affords the
octaaldehyde 9b. The phos-
phonic acid capping sequence is
then successfully applied to this
new dendritic core, affording
the expected dendrimer 9g
(Scheme 5). This compound
shows NMR signatures that are


Scheme 5. The phosphonic acid capping sequence applied to the synthesis
of octapodent-cored dense dendrimer 9g.


Figure 3. Series of TamBP-capped dendrimers based on a N3P3 core.
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comparable to those observed for the lead compound 1. The
monosodium salts of the TamBP end groups exhibit a typi-
cal large singlet at 10.0 ppm on the phosphorus NMR spec-
trum, whereas the internal P(S) atoms are located at
67.7 ppm. The cyclo(tetraphosphazene) core remains unaf-
fected during the course of the process and appears as a sin-
glet at about �10 ppm.


The first-generation trideca-functionalised dendrimer 10c
represents a new class of highly dense dendritic scaffold. It
was inspired by our recent developments in accelerated pro-
cedures involving AB2 and CD5 monomers to synthesise un-
precedented dendrimers presenting high surface-function
payload.[35] It was actually synthesised from hexa(N-methyl-
hydrazino)-cyclo(triphosphazene)[36] 10b and the monoalde-
hydic cyclo(triphosphazene) 2a (Scheme 6). The condensa-
tion reaction proceeds rapidly at room temperature and can
be monitored by phosphorus NMR. The singlet at about
32 ppm attributed to the starting hexa(N-methylhydrazino)-
cyclo(triphosphazene) disappears in less than one hour,
giving rise to a typical 31P NMR signature. A singlet at
21.7 ppm can be assigned to the three equivalent phospho-
rus atoms of the core, a doublet of doublets centred at
15.6 ppm with a 60 Hz coupling constant stands for the N=P-
ACHTUNGTRENNUNG(OAr)Cl atoms of the outer phosphazene rings, and a dou-
blet centred on 26 ppm can be assigned to the dichlorinated
phosphorus atoms of the outer phosphazene rings. Interest-
ingly, the hydrazine moieties react selectively with the aryl-
dehydes, and no nucleophilic substitution of hydrazino moi-
eties on chlorophosphazene could be observed. This trideca-
chlorinated compound 10c was obtained in nearly quantita-
tive yield after routine flash chromatography. The achieve-
ment of this new dendritic scaffold is relatively easy and can
be extended to any hydrazine- or amine-terminated struc-
ture, providing a five-fold multiplication of its functionality.
Further functionalisation of this dendritic platform involves
the phosphonic acid capping sequence using first the nucleo-
philic substitution of the 30 chlorine atoms by the TamBP


phenol under mild basic condi-
tions, followed by phosphonic
acid ester silylation and metha-
nolysis.


Biological properties : Having in
hand this collection of dendrim-
ers described in Figures 3 and 4,
all being analogous to the lead
compound 1 but bearing a dis-
crete number of active TamBP
termini, we screened their bio-
activity on human monocyte ac-
tivation. First, we checked that
the new julolidine-based fluo-
rescent dendrimer 7g could in-
teract with monocytes. Freshly
purified human monocytes


were incubated at 37 8C for 30 min and analyzed by confocal
microscopy. This enables intracellular detection of fluores-
cent objects through high-resolution imaging of optical sec-
tions of the analyzed specimen. As expected, Figure 5 shows
the internal location of dendrimer 7g in monocytes.


Activation of monocytes by dendrimers was monitored by
flow cytometry. Previously, we have shown that monocyte


Scheme 6. Synthesis of highly dense dendrimer 10g.


Figure 4. Schematic 2D representation of the complete dendrimer library.


Figure 5. Fluorescent labelling of human monocytes with 20 mm of dendri-
mer 7g observed by confocal microscopy. Left: confocal fluorescence
only; right: merge of fluorescence and phase contrast.
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activation by dendrimers resulted in down-modulation of
membranous surface markers of monocytes (decrease in sur-
face density).[23] Thus, to analyse monocyte activation by the
different dendrimers, we quantified down-modulation of two
surface markers on monocytes: CD14 and HLA-DR. Down-
modulation is followed by the mfi ratio (mfi-R, see Experi-
mental Section): the lower the mfi-R, the stronger the
down-modulation, and the greater the bioactivity of the cor-
responding dendrimer. This study shows that activation of
human monocytes by phosphorus-containing dendrimers de-
pends on the surface density of amino-bismethylene phos-
phonic groups (Figure 6). Actually, we observe an increase
in dendrimer bioactivity from dendrimer 2g (four phospho-
nate termini) to dendrimer 5g (16 phosphonate termini).
With dendrimers 8g, 1, 9g and 10g (capped with 20, 24, 32
and 60 phosphonate termini, respectively), we observe a
slight decrease in bioactivity relative to dendrimer 6g. Final-
ly, there is no significant difference between the bioactivities
of dendrimers 1, 9g and 10g. Thus, these results indicate
that the most bioactive dendrimer is 5g.


Conclusion


We have explored the activation properties towards human
monocytes of various dendritic structures bearing the prede-
fined topological and chemical requirements for such activi-
ty, and studied the influence of the multivalent presentation
of TamBP moieties. This report complements our previous
findings[23] on the basic dendritic structural pre-requirements
(optimal size range and surface function) and the optimisa-
tion of lead compound 1 regarding the number of active
sites within a given size range. The methodology described
in this paper provides an original and versatile route to
afford dendritic cores based on a unique chemical entity.


These cores can further be grown to yield a series of den-
drimers that sweeps a range of surface-function densities.
Apart from this practical and precise density-tuning proper-
ty, N3P3 offers the advantage of providing explicit phospho-
rus-NMR information. To achieve this challenging synthetic
purpose, hexachloro-cyclo(triphosphazene) was used as a
versatile dendrimer core, offering the possibility to control
both the degree of branching and the surface-function densi-
ty. Remarkably, this technology opens new perspectives for
the discrete grafting of various different functions on a
single macromolecule, such as fluorescent probes, antibodies
or versatile coupling agents. Finally, two highly dense phos-
phorus-containing dendritic structures were also synthesised
and assayed to explore the limit of influence of surface-func-
tion density. The immunostimulating properties of these
macromolecules towards monocytes are optimised with the
dendrimer bearing 16 phosphonate groups at the end of four
branches on a N3P3 core. Dendrimers bearing more than 16
phosphonate termini show a slightly decreased bioactivity,
but within the same range for that observed for dendrimers
bearing 20 to 60 phosphonate termini. Dendrimer with less
than 16 phosphonate end groups are much less bioactive. In
fact, a number of questions concerning the nature of the sur-
face functions, the size, and the number of activating groups
on the outer shell of these unprecedented monocyte-activat-
ing dendrimers have been elucidated here.


Experimental Section


General : All manipulations were carried out using standard high-vacuum
and dry-argon techniques. Chemicals were purchased from Sigma–Al-
drich or Strem and used without further purification; solvents were dried
and distilled by routine procedures. 1H, 13C and 31P NMR spectra were re-
corded at 25 8C with Bruker AC 200, ARX 250, AV 300, DPX 300, AMX
400 or AV500 spectrometers. References for NMR chemical shifts are
85% H3PO4 for 31P NMR and SiMe4 for 1H and 13C NMR. The attribu-
tion of 13C NMR signals was done using Jmod, 2D 1H-13C HSQC, 1H-13C
HMBC and 1H-31P HMQC, Broad Band or CW 31P decoupling experi-
ments when necessary. Mass spectrometry was recorded on a Finnigan-
mat TSQ 7000. The numbering schemes used for NMR are depicted in
Figure 7. Hexamethylhydrazino-cyclo(triphosphazene) 10a[36] and com-
pounds 8 to 8c[31] were prepared according to published procedures.
NMR simulations were run with Spin Works 2.5.5 software.


Mono(4-formylphenoxy)pentachloro-cyclo(triphosphazene) (2a): To a
vigorously stirred solution of hexachloro-cyclo(triphosphazene) (4.8 g,
13.8 mmol) in dry THF (200 mL) was added at 0 8C, under a dry argon
atmosphere, 4-hydroxybenzaldehyde sodium salt (500 mg, 3.47 mmol)
and the mixture was allowed to stir at RT for 12 h. The solvent was
evaporated and the residue was purified by silica-gel flash chromatogra-
phy (hexane/ethyl acetate 4:1 to 1:2) to give 2a as a colourless oil
(1120 mg, 75%). Spectroscopic data are in accordance with that de-
scribed by Chandrasekhar et al.[37] 31P{1H} NMR (CDCl3, 81.02 MHz): d=


11.7 (t, 2JPP=62.3 Hz, P’0), 22.5 ppm (d, 2JPP=62.0 Hz, P0);
1H NMR


(CDCl3, 200.13 MHz): d=7.43 (d, 3JHH=7.5 Hz, 2H; C0
2-H), 7.95 (d,


3JHH=7.5 Hz, 2H; C0
3-H), 10.00 ppm (s, 1H; CHO); 13C{1H} NMR


(CDCl3, 50.32 MHz): d=122.1 (d, 3JCP=5.4 Hz, C0
2), 131.7 (d, 4JCP=


5.4 Hz, C0
3), 134.6 (s, C0


4), 153.6 (d, 2JCP=3.1 Hz, C0
1), 190.5 ppm (s,


CHO); MS (Cl, -NH4
+): m/z : 452 [M+NH4]


+ , 434 [M+H]+ .


Compound 2b : A mixture of 2a (196 mg, 0.452 mmol), methyl 4-hydroxy-
benzoate (348 mg, 2.284 mmol), cesium carbonate (1.488 g, 4.568 mmol)
and THF (10 mL) was stirred at RT for 12 h. The reaction mixture was


Figure 6. Screening of the bioactivity of various dendrimers towards
human monocytes (mfi-R for HLA-DR and CD14 markers). Black
circle: untreated monocytes, grey circles: N3P3 core dendrimers (1, 2g,
3g, 4g, 5g, 8g and 10g), grey square: N4P4 core dendrimer (9g). Results
shown were obtained from one healthy donor and are representative of
the three donors tested.


Chem. Eur. J. 2008, 14, 4836 – 4850 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4843


FULL PAPERPhosphorus-Containing Dendrimers



www.chemeurj.org





centrifuged, filtered and evaporated. The residue was washed several
times with methanol to give a mixture of 2b and the byproduct resulting
from the hexasubstitution of the cyclo(triphosphazene) core by methyl 4-
hydroxybenzoate. This mixture was engaged in the next step without pu-
rification. For analytical purpose, a small amount of 2b was purified by


silica-gel chromatography (Et2O/pen-
tane 4:1). 31P{1H} NMR (CDCl3,
101.26 MHz): d=7.5 ppm (br s, P0,
P’0);


1H NMR (CDCl3, 250.13 MHz):
d=3.93 (s, 15H; O-CH3), 6.99–7.05
(m, 10H; Co-H), 7.09 (d, 3JHH=8.5 Hz,
2H; C0


2-H), 7.71 (d, 3JHH=8.5 Hz, 2H;
C0


3-H), 7.85–7.89 (m, 10H; Cm-H),
9.92 ppm (s, CHO); 13C{1H} NMR
(CDCl3, 50.32 MHz): d=52.3 (s, C(O)-
ACHTUNGTRENNUNG(OCH3)), 120.5 (s, Co), 121.1 (s, C0


2),
127.4 (s, C0


3), 131.3 (s, Cm), 133.5 (s,
Cp), 135.7 (s, C0


4), 153.5 (s, Ci), 154.6
(d, 2JCP=3.1 Hz, C0


1), 165.9 (s, CO),
190.4 ppm (s, CHO); DCI-MS (NH3):
m/z : 1029 [M+NH4]


+ , 1012 [M+H]+ .


Compound 2c : To a solution of
dichlorothiophospho ACHTUNGTRENNUNG(N-methyl)hydra-
zide (0.351 mmol) in chloroform
(5.5 mL) was added 2b (355 mg,
0.351 mmol) and the mixture was
stirred at RT for 1 h. The solvent was
evaporated and the residue was puri-
fied by silica-gel chromatography
(Et2O/pentane 4:1) to give 2c as a
white solid (328 mg, 80%).
31P{1H} NMR (CDCl3, 202.54 MHz):
d=7.8 (m, N3P3), 63.2 ppm (s, P=S);
1H NMR (CDCl3, 500.33 MHz): d=


3.54 (br s, 3H; N-CH3), 3.94 (2s, 15H;
C(O) ACHTUNGTRENNUNG(OCH3)), 6.91–7.03 (m, 12H; Co-
H; C0


2-H), 7.54–7.67 (m, 3H; C0
3-H;


CH=N), 7.88 ppm (br s, 10H; Cm-H);
13C{1H} NMR (CDCl3, 125.82 MHz):
d=31.8 (d, 2JCP=12.5 Hz, N-CH3),
52.3 (s, C(O) ACHTUNGTRENNUNG(OCH3)), 120.6 (s, Co),
121.3 (s, C0


2), 127.2 (s, C0
4), 127.3 (s,


Cp), 128.6 (s, C0
3), 131.3 (s, Cm), 140.4


(d, 3JCP=19.0 Hz, CH=N), 151.3 (s,
C0


1), 153.6 (s, Ci), 166.0 ppm (2s, CO);
FAB-MS: m/z : 1172 [M+H]+ .


Compound 2d : To a solution of 2c
(167 mg, 0.142 mmol) in THF (5 mL)
were added the tyramine-based aza-
bis ACHTUNGTRENNUNG(dimethyl) phosphonate derivative
(120 mg, 0.313 mmol) and cesium car-
bonate (204 mg, 0.626 mmol) and the
mixture was allowed to stir at RT for
12 h. The reaction mixture was centri-
fuged, filtered and evaporated. The
residue was purified by silica-gel chro-
matography (ethyl acetate/methanol
9:1 to 8:2) to give 2d as a viscous oil
(219 mg, 83%). 31P{1H} NMR (CDCl3,
202.54 MHz): d=7.8 (m, N3P3), 26.9 (s,
PO3Me2), 63.2 ppm (s, P=S); 1H NMR
(CDCl3, 500.33 MHz): d=2.76 (t,
3JHH=7.5 Hz, 4H; CH2-CH2-N), 3.06
(t, 3JHH=7.5 Hz, 4H; CH2-CH2-N),
3.20 (d, 2JHP=10.1 Hz, 8H; N-CH2-P),
3.39 (d, 3JHP=10.1 Hz, 3H; N-CH3),
3.74 (m, 24H; P(O) ACHTUNGTRENNUNG(OCH3)), 3.89 (s,
9H; C(O) ACHTUNGTRENNUNG(OCH3)), 3.94 (s, 6H; C(O)-
ACHTUNGTRENNUNG(OCH3)), 6.98–7.07 (m, 12H; Co-H,


C0
2-H), 7.12–7.18 (m, 8H; C1


2-H, C1
3-H), 7.61–7.62 (m, 3H; C0


3-H, CH=


N), 7.85–7.88 ppm (m, 10H; Cm-H); 13C{1H} NMR (CDCl3, 125.82 MHz):
d=33.0 (br s, N-CH3), 33.1 (s, CH2-CH2-N), 49.4 (dd, 1JCP=157.5 Hz,
3JCP=7.2 Hz, N-CH2-P), 52.3 (2s, C(O) ACHTUNGTRENNUNG(OCH3)), 52.7 (m, P(O) ACHTUNGTRENNUNG(OCH3)),
58.1 (t, 3JCP=7.6 Hz, CH2-CH2-N), 120.6 (2 s, Co), 121.1 (br s, C0


2), 121.3


Figure 7. Numbering scheme for 2a–e (A), 3a–e and 5a–e (B), 4–g (C), 7–g (D), 8d–g (E), 9b–g (F) and 10b–
g (G).
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(2 s, C1
2), 127.2 (s, Cp), 127.3 (2s, Cp), 128.3 (s, C0


3), 129.9 (s, C1
3), 131.3 (s,


Cm), 131.4 (s, Cm), 132.5 (s, C0
4), 136.5 (s, C1


4), 132.3 (d, 3JCP=13.5 Hz,
CH=N), 148.9 (d, 2JCP=6.8 Hz, C1


1), 150.8 (m, C0
1), 153.6 (s, Ci), 153.7 (s,


Ci), 166.0 ppm (2s, CO); FAB-MS: m/z : 1862 [M+H]+ , 1884 [M+Na]+ .


Compound 2g : To a vigorously stirred solution of 2d (158 mg,
0.085 mmol) in dry acetonitrile (7.5 mL) was added at 0 8C, under a dry
argon atmosphere, bromotrimethylsilane (105 mL, 0.798 mmol) and the
mixture was allowed to stir at RT for 12 h. The reaction mixture was
evaporated and the residue was diluted in methanol (2.5 mL). The result-
ing mixture was stirred at RT for 1 h and evaporated. After a second
methanolysis conducted as above, the residue was washed three times
with Et2O to afford 2 f as a white solid. The sodium monosalt form was
obtained by adding aqueous sodium hydroxide (0.1966n, 1.1 mL) to a
suspension of 2 f in water (1 mL). The clear solution was then lyophilised
to give 2g as a white powder (117 mg, 75%). 31P{1H} NMR (D2O/
CD3CN, 121.51 MHz): d=6.8 (s, PO3HNa), 8.5 (m, N3P3), 64.4 ppm (s,
P1);


1H NMR (D2O/CD3CN, 300.13 MHz): d =3.28 (br t, 3JHH=9.2 Hz,
4H; CH2-CH2-N), 3.60 (m, 11H; N-CH2-P, N-CH3), 3.85 (m, 4H; CH2-
CH2-N), 4.05 (3s, 15H; C(O) ACHTUNGTRENNUNG(OCH3)), 7.09–7.11 (m, 10H; Co-H), 7.22
(d, 3JHH=5.6 Hz, 2H; C0


2-H), 7.36 (d, 3JHH=7.6 Hz, 4H; C1
2-H), 7.56 (d,


3JHH=7.6 Hz, 4H; C1
3-H), 7.82 (d, 3JHH=5.6 Hz, 2H; C0


3-H), 7.90 (m,
10H; Cm-H), 8.06 ppm (s, 1H; CH=N); 13C{1H} NMR (D2O/CD3CN,
75.48 MHz): d =29.2 (s, CH2-CH2-N), 32.8 (d, 2JCP=11 Hz, N-CH3), 52.8
(2s, C(O) ACHTUNGTRENNUNG(OCH3)), 53.4 (brd, 1JCP=125.9 Hz, N-CH2-P), 58.1 (br s, CH2-
CH2-N), 120.8 (s, Co), 120.9 (s, Co), 121.5 (s, C0


2), 121.7 (s, C1
2), 121.8 (s,


C1
2), 127.3 (s, Cp), 127.4 (s, Cp), 128.6 (s, C0


3), 130.9 (s, C1
3), 131.5 (s, Cm),


131.6 (s, Cm), 133.1 (s, C0
4), 134.7 (s, C1


4), 140.3 (s, CH=N), 149.6 (d,
2JCP=7.2 Hz, C1


1), 150.5 (br s, C0
1), 153.5 (s, Ci), 153.6 (s, Ci), 166.9 (s,


CO), 167.0 ppm (3s, CO).


Dichlorodi(2,2’-dihydroxybiphenyl)-cyclo(triphosphazene) (3a): The syn-
thesis of this molecule was adapted from a published procedure. The
original base/solvent pair K2CO3/acetone was replaced by Cs2CO3/THF,
which allowed the reaction to complete at RT in 10 h. Spectroscopic data
are in accordance with those described by Carriedo et al.[28]


Di(4-formylphenoxy)di(2,2’-dihydroxybiphenyl)-cyclo(triphosphazene)
(3b): A mixture of 3a (350 mg, 0.611 mmol), 4-hydroxybenzaldehyde
sodium salt (185 mg, 1.282 mmol) and THF (4 mL) was allowed to stir at
RT for 1 week. The reaction mixture was centrifuged, filtered and evapo-
rated. The residue was diluted in the minimum of THF and precipitated
by the addition of a large amount of pentane. This purification step was
repeated three times. The resulting solid was purified by silica-gel chro-
matography (pentane/ethyl acetate 1:1) to give 3b as a white solid
(204 mg, 45%). 31P{1H} NMR (CDCl3, 101.26 MHz): d=8.8 (dd, 2JPP=


97.2, 91.6 Hz, P0), 25.0 ppm (2d, 2JPP=97.2, 91.6 Hz, P’0);
1H NMR


(CDCl3, 250.13 MHz): d=7.10 (d, 3JHH=7.8 Hz, 4H; C0
2-H), 7.33–7.45


(m, 8H; CBP-H), 7.54–7.59 (m, 8H; CBP-H), 7.99 (d, 3JHH=7.8 Hz, 4H;
C0


3-H), 10.05 ppm (s, 2H; CHO); 13C{1H} NMR (CDCl3, 62.90 MHz): d=


121.7 (m, C0
2, CBP


2), 126.3 (s, CBP
3 or CBP


5), 128.6 (s, CBP
6), 129.8 (2s, CBP


4,
CBP


3 or CBP
5), 131.6 (s, C0


3), 133.7 (s, C0
4), 147.9 (m, CBP


1), 155.3 (d, 2JCP=


6.9 Hz, C0
1), 190.8 ppm (s, CHO); DCI-MS (NH3): m/z : 762 [M+NH4]


+ ,
746 [M+H]+ .


Compound 3c : To a solution of dichlorothiophospho ACHTUNGTRENNUNG(N-methyl)hydrazide
(0.636 mmol) in chloroform (5.5 mL) was added 3b (206 mg, 0.277 mmol)
and the mixture was stirred at RT for 1 h. The solvent was evaporated
and the residue was diluted in the minimum of THF and precipitated by
the addition of a large amount of pentane. This purification step was re-
peated three times to give 3c as a white solid (280 mg, 95%).
31P{1H} NMR (CDCl3, 101.26 MHz): d=9.5 (t, 2JPP=92.3 Hz, P0), 25.3 (d,
2JPP=92.3 Hz, P’0), 63.1 ppm (s, P=S); 1H NMR ([D8]THF, 300.13 MHz):
d=3.54 (d, 3JHP=14.2 Hz, 6H; N-CH3), 7.15 (d, 3JHH=7.3 Hz, 4H; C0


2-
H), 7.35–7.62 (m, 16H; CBP-H), 7.91 (d, 3JHH=7.3 Hz, 4H; C0


3-H),
7.99 ppm (s, 2H; CH=N); 13C{1H} NMR ([D8]THF, 75.47 MHz): d=31.2
(d, 2JCP=12.8 Hz, N-CH3), 121.6 (d, 3JCP=5.0 Hz, C0


2), 121.8 (br s, CBP
2),


125.9 (s, CBP
3 or CBP


5), 128.6 (s, C0
3), 128.7 (s, CBP


6), 129.5 (2 s, CBP
4, CBP


3


or CBP
5), 131.9 (s, C0


4), 142.1 (d, 3JCP=18.9 Hz, CH=N), 148.2 (m, CBP
1),


152.2 ppm (d, 2JCP=7.2 Hz, C0
1).


Compound 3d : To a solution of 3c (110 mg, 0.103 mmol) in THF (5 mL)
were added the tyramine-based aza-bis ACHTUNGTRENNUNG(dimethyl) phosphonate TamBP


derivative (173 mg, 0.454 mmol) and cesium carbonate (296 mg,
0.908 mmol) and the mixture was allowed to stir at RT for 4 days. The re-
action mixture was centrifuged, filtered and evaporated. The residue was
diluted in the minimum of THF and precipitated by the addition of a
large amount of pentane. This purification step was repeated three times
to give 3d as a white solid (200 mg, 80%). 31P{1H} NMR (CDCl3,
101.26 MHz): d =9.5 (dd, 2JPP=95.9, 88.0 Hz, P0), 25.4 (brd, 2JPP=


89.6 Hz, P’0), 27.0 (s, PO3Me2), 63.3 ppm (s, P1);
1H NMR (CDCl3,


200.13 MHz): d=2.71 (t, 3JHH=7.3 Hz, 8H; CH2-CH2-N), 3.01 (t, 3JHH=


7.3 Hz, 8H; CH2-CH2-N), 3.15 (d, 2JHP=9.0 Hz, 16H; N-CH2-P), 3.32 (d,
3JHP=10.4 Hz, 6H; N-CH3), 3.68 (d, 3JHP=10.4 Hz, 48H; P(O) ACHTUNGTRENNUNG(OCH3)),
7.03–7.15 (m, 20H; C0


2-H, C1
2-H, C1


3-H), 7.22–7.35 (m, 8H; CBP-H),
7.40–7.50 (m, 8H; CBP-H), 7.66 (s, 2H; CH=N), 7.79 ppm (d, 3JHH=


8.5 Hz, 4H; C0
3-H); 13C{1H} NMR (CDCl3, 62.90 MHz): d=32.0 (m, CH2-


CH2-N, N-CH3), 49.4 (dd, 1JCP=157.4 Hz, 3JCP=7.3 Hz, N-CH2-P), 52.6
(d, 2JCP=3.5 Hz, P(O) ACHTUNGTRENNUNG(OCH3)), 58.0 (t, 3JCP=7.7 Hz, CH2-CH2-N), 121.3
(d, 3JCP=3.8 Hz, C1


2), 121.6 (m, C0
2, CBP


2), 126.1 (s, CBP
3 or CBP


5), 128.3 (s,
C0


3), 128.7 (s, CBP
6), 129.6 (m, CBP


4, CBP
3 or CBP


5), 129.9 (s, C1
3), 132.2 (s,


C0
4), 136.5 (s, C1


4), 138.6 (d, 3JCP=13.6 Hz, CH=N), 147.9 (d, 2JCP=


3.8 Hz, CBP
1), 148.9 (d, 2JCP=7.7 Hz, C1


1), 151.6 ppm (d, 2JCP=7.1 Hz,
C0


1).


Compound 3g : To a vigorously stirred solution of 3d (189 mg,
0.077 mmol) in dry acetonitrile (3 mL) was added at 0 8C, under a dry
argon atmosphere, bromotrimethylsilane (188 mL, 1.422 mmol) and the
mixture was allowed to stir at RT for 12 h. The reaction mixture was
evaporated and the residue was diluted in methanol (2 mL). The result-
ing mixture was stirred at RT for 1 h and evaporated. After a second
methanolysis conducted as above, the residue was washed with a small
quantity of water to afford 3 f as a white solid. The sodium monosalt
form was obtained by adding aqueous sodium hydroxide (0.1966n,
3.1 mL) to a suspension of 3 f in water (1 mL). The clear solution was
then lyophilised to give 3g as a white powder (166 mg, 90%).
31P{1H} NMR (D2O/CD3CN, 121.51 MHz): d=7.0 (s, PO3HNa), 11.7 (t,
2JPP=88.8 Hz, P0), 25.3 (d, 2JPP=88.8 Hz, P’0), 63.3 ppm (s, P1);


1H NMR
(D2O/CD3CN, 300.13 MHz): d=3.20 (br s, 8H; CH2-CH2-N), 3.43 (m,
21H; N-CH2-P, N-CH3), 3.78 (br s, 8H; CH2-CH2-N), 7.07 (brd, 3JHH=


6.4 Hz, 4H; C0
2-H), 7.28 (d, 3JHH=7.9 Hz, 8H; C1


2-H), 7.52 (m, 20H; C1
3-


H, CBP-H), 7.67 (br s, 4H; CBP-H), 8.03 ppm (m, 6H; CH=N, C0
3-H);


13C{1H} NMR (D2O/CD3CN, 75.48 MHz): d=28.9 (s, CH2-CH2-N), 32.7
(d, 2JCP=11.4 Hz, N-CH3), 53.7 (brd, 1JCP=125.4 Hz, N-CH2-P), 57.4
(br s, CH2-CH2-N), 121.6 (d, 3JCP=4.5 Hz, C1


2), 122.0 (br s, C0
2, CBP


2),
127.1 (s, CBP


3 or CBP
5), 128.2 (s, C0


3), 128.8 (s, CBP
6), 130.3 (m, CBP


4, CBP
3


or CBP
5), 130.9 (s, C1


3), 133.2 (s, C0
4), 134.8 (s, C1


4), 140.9 (d, 3JCP=


15.1 Hz, CH=N), 147.3 (br s, CBP
1), 149.3 (d, 2JCP=6.8 Hz, C1


1), 150.9 ppm
(br s, C0


1).


Compound 4 : 4-Hydroxy-benzoic acid methyl ester (1.52 g, 10.0 mmol)
was dissolved in THF, and cesium carbonate (6.52 g, 20.0 mmol) and hex-
achloro-cyclo(triphosphazene) (4.17 g, 12.0 mmol) were added. The reac-
tion mixture was stirred at RT for 16 h. The reaction mixture was centri-
fuged, filtered and evaporated. The residue was purified by silica-gel
flash chromatography (hexane/ethyl acetate 80:20) to give 5 as colourless
crystals (2360 mg, 51%). 31P{1H} NMR (CDCl3, 81.02 MHz): d=15.4 (t,
2JPP=61.4 Hz, P“0), 26.0 ppm (d, 2JPP=61.4 Hz, P0);


1H NMR (CDCl3,
250.13 MHz): d=3.91 (s, 3H; C(O) ACHTUNGTRENNUNG(OCH3)), 7.32 (d, 3JHH=8.3 Hz, 2H;
Co-H), 8.09 ppm (d, 3JHH=8.3 Hz, 2H; Cm-H); 13C{1H} NMR (CDCl3,
62.9 MHz): d =52.4 (s, C(O) ACHTUNGTRENNUNG(OCH3)), 121.4 (d, 2JCP=5.3 Hz, Co), 128.7
(s, Cp), 131.7 (s, Cm), 152.6 (d, 2JCP=5.3 Hz, Ci), 165.9 ppm (s, CO); MS
(Cl, -NH4+ ): m/z : 483 [M+NH4]


+ , 464 [M+H]+ .


Compound 4a : To a vigorously stirred solution of 4 (100 mg,
0.215 mmol) in dry THF (10 mL), were added, under a dry argon atmos-
phere, 2,2’-dihydroxybiphenyl (42 mg, 0.226 mmol), cesium carbonate
(294 mg, 0.903 mmol) and the mixture was allowed to stir at RT for 12 h.
The reaction mixture was centrifuged, filtered and evaporated. The resi-
due was purified by silica-gel flash chromatography (pentane/ethyl ace-
tate 85:15) to give 4a as a white solid (100 mg, 81%). 31P{1H} NMR
(CDCl3, 202.54 MHz): d=16.0–17.8 (m, ABM System, AB parts, P’0,
P’’0), 27.0 ppm (dd, 2JPP=79.5, 74.9 Hz, ABM System, M part, P0);
1H NMR (CDCl3, 500.33 MHz): d=3.95 (br s, 3H; C(O) ACHTUNGTRENNUNG(OCH3)), 7.18
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(dt, 3JHH=8.0 Hz, 4JHP=1.4 Hz, 1H; CBP
2-H), 7.35 (dt, 3JHH=8.0 Hz,


4JHP=1.4 Hz, 1H; CBP
2-H), 7.39–7.43 (m, 4H; Co-H, CBP


4-H), 7.45–7.50
(m, 2H; CBP


3-H), 7.58 (dt, 3JHH=7.7 Hz, 4JHP=1.6 Hz, 2H; CBP
5-H), 8.12–


8.14 ppm (m, 2H; Cm-H); 13C{1H} NMR (CDCl3, 125.82 MHz): d=52.4
(s, C(O) ACHTUNGTRENNUNG(OCH3)), 121.4 (s, Co), 121.6 (s, CBP


2), 121.8 (s, CBP
2), 126.8 (2s,


CBP
4), 128.2 (s, Cp), 128.4 (2s, CBP


6), 129.8 (s, CBP
5), 129.9 (s, CBP


5), 130.1
(s, CBP


3), 130.2 (s, CBP
3), 131.6 (s, Cm), 147.4 (s, CBP


1), 147.5 (s, CBP
1), 153.2


(s, Ci), 166.1 ppm (s, CO); FAB-MS: m/z : 578 [M+H]+ , 558 [M�Cl+
O+2H]+ , 540 [M�Cl]+ .


Compound 4b : A mixture of 4a (57 mg, 0.099 mmol), 4-hydroxybenzal-
dehyde (40 mg, 0.326 mmol), cesium carbonate (213 mg, 0.652 mmol) and
THF (3 mL) was allowed to stir at RT for 12 h. The reaction mixture was
centrifuged, filtered and evaporated. The residue was purified by silica-
gel chromatography (pentane/ethyl acetate 1:1) to give 4b as a white
solid (75 mg, 85%). 31P{1H} NMR (CDCl3, 121.51 MHz): d =8.1 (2d,
2JPP=96.8, 92.5 Hz, P0, P’’0), 24.1 (dd, 2JPP=96.8, 92.5 Hz, P’0);


1H NMR
(CDCl3, 300.13 MHz): d=3.94 (s, 3H; C(O) ACHTUNGTRENNUNG(OCH3)), 6.80–6.84 (m, 2H;
CBP


2-H), 7.20–7.39 (m, 12H; Co-H, C0
2-H, CBP


4-H, CBP
3-H), 7.54–7.57 (m,


2H; CBP
5-H), 7.80–7.86 (m, 6H; C0


3-H), 7.95–7.98 (m, 2H; Cm-H), 9.98 (s,
1H; CHO), 9.99 (s, 2H; CHO); 13C{1H} NMR (CDCl3, 75.48 MHz): d=


52.4 (s, C(O) ACHTUNGTRENNUNG(OCH3)), 120.8 (s, Co), 121.1 (m, CBP
2), 121.5 (m, C0


2), 126.5
(br s, CBP


4), 127.5 (s, Cp), 128.5 (s, CBP
6), 129.1 (s, CBP


5), 129.9 (s, Cm),
131.1 (s, CBP


3), 131.4 (2 s, C0
3), 133.7 (s, C0


4), 147.6 (s, CBP
1), 147.7 (s,


CBP
1), 153.7 (s, Ci), 154.9 (s, C0


1), 155.0 (s, C0
1), 166.1 (s, CO), 190.6 ppm


(2s, CHO); FAB-MS: m/z : 834 [M+H]+ .


Compound 4c : To a solution of dichlorothiophospho ACHTUNGTRENNUNG(N-methyl)hydrazide
(0.141 mmol) in chloroform (1 mL) was added 4b (34 mg, 0.041 mmol)
and the mixture was stirred at RT for 1 h. The solvent was evaporated
and the residue was diluted in the minimum amount of THF and precipi-
tated by addition of a large amount of pentane. This purification step
was repeated three times to give 4c as a white solid (51 mg, 95%).
31P{1H} NMR (CDCl3, 202.54 MHz): d=8.1–9.6 (ABM System, AB parts,
P0, P’’0), 24.7 (ABM System, M part, dd, 2JPP=94.3, 92.9 Hz, P’0), 62.9 (s,
P1), 63.3 ppm (s, P1);


1H NMR (CDCl3, 500.33 MHz): d=3.54 (2d, 3JHP=


14.5 Hz, 12H; N-CH3), 3.93 (s, 3H; C(O) ACHTUNGTRENNUNG(OCH3)), 6.76–6.79 (m, 2H;
CBP


2-H), 7.19–7.25 (m, 8H; Co-H, C0
2-H), 7.33–7.35 (m, 4H; CBP


4-H,
CBP


3-H), 7.53–7.55 (m, 2H; CBP
5-H), 7.67–7.73 (m, 9H; C0


3-H, CH=N),
7.96–7.99 ppm (m, 2H; Cm-H); 13C{1H} NMR (CDCl3, 125.82 MHz): d=


31.8 (s, N-CH3), 31.9 (s, N-CH3), 52.3 (s, C(O) ACHTUNGTRENNUNG(OCH3)), 120.8 (s, Co),
121.6 (2br s, C0


2, CBP
2), 126.3 (br s, CBP


4), 127.0 (s, Cp), 128.6 (2 s, CBP
6),


128.7 (2s, C0
3), 129.7 (s, CBP


5), 129.8 (2 s, CBP
3), 131.4 (2s, Cm), 131.5 (s,


C0
4), 140.6 (m, CH=N), 147.8 (2 s, CBP


1), 151.7 (s, C0
1), 151.8 (s, C0


1), 151.9
(s, C0


1), 154.1 (s, Ci), 166.3 ppm (s, CO).


Compound 4d : To a solution of 4c (35 mg, 0.027 mmol) in THF (5 mL)
were added the tyramine-based aza-bis ACHTUNGTRENNUNG(dimethyl) phosphonate derivative
(66 mg, 0.173 mmol) and cesium carbonate (61 mg, 0.186 mmol) and the
mixture was allowed to stir at RT for 12 h. The reaction mixture was cen-
trifuged, filtered and evaporated. The residue was purified by silica-gel
flash chromatography (acetone/methanol 9:1 to 8:2) to give 4d as a vis-
cous oil (75 mg, 83%). 31P{1H} NMR (CDCl3, 101.25 MHz): d=8.7 (d,
3JPP=90.0 Hz, P0 or P’’0), 8.8 (d, 3JPP=95.2 Hz, P0 or P’’0), 24.7 (dd, 2JPP=


95.5, 90.0 Hz, P’0), 26.8 (2 s, PO3Me2), 63.0 (s, P1), 63.1 ppm (s, P=S);
1H NMR (CDCl3, 250.13 MHz): d=2.75 (t, 3JHH=7.3 Hz, 12H; CH2-CH2-
N), 3.06 (t, 3JHH=7.3 Hz, 12H; CH2-CH2-N), 3.18 (d, 2JHP=9.2 Hz, 24H;
N-CH2-P), 3.32 (d, 3JHP=10.5 Hz, 6H; N-CH3), 3.39 (d, 3JHP=10.5 Hz,
3H; N-CH3), 3.73 (d, 3JHP=10.5 Hz, 72H; P(O) ACHTUNGTRENNUNG(OMe)), 3.88 (s, 3H;
C(O) ACHTUNGTRENNUNG(OCH3)), 6.74 (m, 2H; CBP


2-H), 7.09–7.27 (m, 36H; Co-H, C0
2-H,


CBP
4-H, CBP


3-H, C1
2-H, C1


3-H), 7.49–7.52 (m, 2H; CBP
5-H), 7.66–7.75 (m,


9H; C0
3-H, CH=N), 7.97 ppm (brd, 3JHH=8.7 Hz, 2H; Cm-H);


13C{1H} NMR (CDCl3, 125.82 MHz): d=32.0 (br s, N-CH3, CH2-CH2-N),
49.4 (br s, N-CH2-P), 52.2 (s, C(O) ACHTUNGTRENNUNG(OCH3)), 52.7 (s, P(O) ACHTUNGTRENNUNG(OCH3)), 58.1
(s, CH2-CH2-N), 120.9 (br s, Co), 121.3 (br s, C1


2), 121.4 (s, C0
2), 121.5 (s,


C0
2), 121.6 (s, CBP


2), 121.7 (s, CBP
2), 126.2 (br s, CBP


4), 127.0 (s, Cp), 128.2
(s, C0


3), 128.3 (s, C0
3), 128.5 (s, CBP


6), 129.6 (br s, CBP
5), 129.9 (br s, C1


3,
CBP


3), 131.4 (s, Cm), 132.3 (br s, C0
4), 136.5 (2 s, C1


4), 138.6 (m, CH=N),
147.8 (2s, CBP


1), 148.9 (s, C1
1), 151.2 (s, C0


1), 151.3 (s, C0
1), 151.4 (s, C0


1),
154.2 (s, Ci), 166.3 ppm (s, CO2).


Compound 4g : To a vigorously stirred solution of 4d (32 mg,
0.010 mmol) in dry acetonitrile (1.5 mL) was added at 0 8C, under a dry
argon atmosphere, bromotrimethylsilane (19 mL, 0.141 mmol) and the
mixture was allowed to stir at RT for 12 h. The reaction mixture was
evaporated and the residue was diluted in methanol (2 mL). The result-
ing mixture was stirred at RT for 1 h and evaporated. After a second
methanolysis conducted as above, the residue was washed once with
Et2O to afford 4 f as a white solid. The sodium monosalt form was ob-
tained by adding aqueous sodium hydroxide (0.1966n, 0.560 mL) to a
suspension of 4 f in water (1 mL). The clear solution was then lyophilised
to give 4g as a white powder (24 mg, 75%). 31P{1H} NMR (D2O/CD3CN,
202.54 MHz): d=7.2 (s, PO3HNa), 10.8 (m, P0, P’’0), 25.0 (m, P’0),
64.6 ppm (m, P=S); 1H NMR (CDCl3, 250.13 MHz): d=3.05 (m, 8H;
CH2-CH2-N), 3.44 (m, 34H; CH2-CH2-N, N-CH2-P, CH2-CH2-N), 3.69 (m,
9H; N-CH3), 3.84 (m, 6H; CH2-CH2-N), 4.00 (s, 3H; C(O) ACHTUNGTRENNUNG(OCH3)), 6.72
(m, 2H; CBP


2-H), 7.31–7.54 (m, 36H; C0
2-H, CBP


4-H, CBP
3-H, C1


2-H, C1
3-


H), 7.76 (m, 2H; CBP
5-H), 7.97 (m, 6H; C0


3-H), 8.12 ppm (m, 5H; CH=N,
Cm-H); 13C{1H} NMR (CDCl3, 125.82 MHz): d=29.4 (s, CH2-CH2-N),
29.8 (s CH2-CH2-N), 33.1 (br s, N-CH3), 53.2 (s, C(O) ACHTUNGTRENNUNG(OCH3)), 54.01 (3d,
1JCP=122.9 Hz, N-CH-P), 57.8 (s, CH2-CH2-N), 58.1 (s, CH2-CH2-N),
121.7 (br s, Co), 121.9 (br s, C1


2), 122.1 (br s, C0
2), 122.3 (s, CBP


2), 126.1
(br s, CBP


4), 127.5 (s, Cp), 128.5 (s, CBP
6), 129.1 (s, C0


3), 130.7 (br s, CBP
5),


130.9 (s, CBP
3), 131.1 (s, C1


3), 132.5 (s, Cm), 135.2 (s, C1
4), 141.2 (m, CH=


N), 147.6 (br s, CBP
1), 149.7 (br s, C1


1), 151.2 (m, C0
1), 154.5 (br s, Ci),


168.3 ppm (br s, CO2).


Tetrachloro(2,2’-dihydroxybiphenyl)-cyclo(triphosphazene) (5a): The
synthesis of this molecule was adapted from a published procedure.[28]


The original base/solvent pair K2CO3/acetone was replaced by Cs2CO3/
THF, which allowed the reaction to complete at RT after 10 h. Spectro-
scopic data are in accordance with those described by Carriedo et al.[28]


Tetra(4-formylphenoxy)-(2,2’-dihydroxybiphenyl)-cyclo(triphosphazene)
(5b): A mixture of 5a (460 mg, 1.00 mmol), 4-hydroxybenzaldehyde
sodium salt (600 mg, 4.15 mmol) and THF (4 mL) was allowed to stir at
RT for 16 h. The reaction mixture was centrifuged, filtered and evaporat-
ed. The residue was washed twice with methanol to give 5b as a white
solid (723 mg, 90%). 31P{1H} NMR (CDCl3, 81.01 MHz): d=8.0 (d, 2JPP=


94.8 Hz, P0), 24.0 ppm (t, 2JPP=94.8 Hz, P’0);
1H NMR (CDCl3,


500.33 MHz): d=6.81 (m, 2H; CBP
2-H), 7.33 (d, 3JHH=10.0 Hz, 8H; C0


2-
H), 7.37 (m, 4H; CBP


3-H, CBP
5-H), 7.55 (m, 2H; CBP


4-H), 7.84 (d, 3JHH=


10.0 Hz, 8H; C0
3-H), 10.00 ppm (s, 4H; CHO); 13C{1H} NMR (CDCl3,


125.82 MHz): d=121.4 (d, 3JCP=3.8 Hz, CBP
2), 121.6 (d, 3JCP=5.0 Hz,


C0
2), 126.6 (d, 4JCP=1.6 Hz, CBP


3 or CBP
5), 128.5 (d, 3JCP=1.3 Hz, CBP


6),
129.9 (s, CBP


4, CBP
3 or CBP


5), 131.5 (s, C0
3), 133.7 (s, C0


4), 147.5 (d, 2JCP=


10.1 Hz, CBP
1), 154.8 (d, 2JCP=7.5 Hz, C0


1), 190.6 ppm (s, CHO); ICMS:
m/z : 804 [M+H]+ .


Compound 5c : To an ice-cooled solution of 5b (725 mg, 0.90 mmol) in
THF (5 mL) was added dichlorothiophospho ACHTUNGTRENNUNG(N-methyl)hydrazide
(4.0 mmol) in chloroform (1.5 mL) and the mixture was stirred at RT for
2 h. The solvent was evaporated and the residue was washed by THF/
pentane mixture 1:5 to give 5c as a white solid (1235 mg, 95%).
31P{1H} NMR (CDCl3, 81.01 MHz): d =8.0 (d, 2JPP=96.0 Hz, P0), 23.7 (t,
2JPP=96.0 Hz, P’0), 62.8 ppm (s, P=S); 1H NMR (CDCl3, 250.13 MHz):
d=3.5 (d, 3JHP=14.0 Hz, 12H; N-CH3), 6.80 (m, 2H; CBP


2-H), 7.3 (m,
12H; C0


2-H, CBP
3-H, CBP


5-H), 7.50 (m, 2H; CBP
4-H), 7.70 ppm (m, 12H;


C0
3-H, CH=N); 13C{1H} NMR (CDCl3, 125.82 MHz): d =31.9 (d, 2JCP=


13.0 Hz, N-CH3), 121.6 (d, 3JCP=5.0 Hz, C0
2), 121.7 (br s, CBP


2), 126.2
(br s, CBP


3 or CBP
5), 128.5 (d, 3JCP=3.0 Hz, CBP


6), 128.6 (s, C0
3), 129.6 (m,


CBP
4, CBP


3 or CBP
5), 131.3 (s, C0


4), 140.7 (d, 3JCP=18.5 Hz, CH=N), 147.8
(d, 2JCP=9.0 Hz, CBP


1), 151.8 ppm (d, 2JCP=7.5 Hz, C0
1).


Compound 5d : To a solution of 5c (1.26 g, 0.85 mmol) in THF (10 mL)
were added the tyramine-based aza-bis ACHTUNGTRENNUNG(dimethyl) phosphonate TamBP
derivative (2.92 g, 0.765 mmol) and cesium carbonate (2.77 g, 8.50 mmol)
and the mixture was allowed to stir at RT for 16 h. The reaction mixture
was centrifuged, filtered and evaporated. The residue was diluted in the
minimum amount of THF and precipitated by addition of a large amount
of pentane to give 5d as a viscous solid (3215 mg, 90%). 31P{1H} NMR
(CDCl3, 81.00 MHz): d=8.0 (d, 2JPP=96.0 Hz, P0), 24.0 (t, 2JPP=96.0 Hz,
P’0), 26.3 (s, PO3Me2), 62.4 ppm (s, P1);


1H NMR (CDCl3, 250.13 MHz):
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d=2.74 (t, 3JHH=7.5 Hz, 16H; CH2-CH2-N), 3.04 (t, 3JHH=7.5 Hz, 16H;
CH2-CH2-N), 3.18 (d, 3JHP=9.1 Hz, 32H; N-CH2-P), 3.31 (d, 3JHP=


10.0 Hz, 12H; N-CH3), 3.72 (d, 3JHP=10.5 Hz, 96H; P(O) ACHTUNGTRENNUNG(OMe)), 6.68
(m, 2H; CBP


2-H), 7.19 (m, 44H; CBP
3-H, CBP


5-H, C0
2-H, C1


2-H, C1
3-H),


7.52 (m, 2H; CBP
4-H), 7.69 ppm (m, 12H; C0


3-H, CH=N); 13C{1H} NMR
(CDCl3, 62.90 MHz): d=32.8 (d, 2JHP=11.0 Hz, N-CH3), 33.0 (s, CH2-
CH2-N), 49.1 (dd, 1JCP=158.0 Hz, 3JCP=7.5 Hz, N-CH2-P), 50.7 (d, 2JCP=


7.0 Hz, P(O) ACHTUNGTRENNUNG(OCH3)), 58.1 (t, 3JCP=8.0 Hz, CH2-CH2-N), 121.2 (d, 3JHP=


4.5 Hz, C1
2), 121.6 (br s, C0


2, CBP
2), 126.1 (s, CBP


3 or CBP
5), 128.3 (s, Co


3),
128.4 (br s, CBP


6), 129.5 (m, CBP
4
, CBP


3 or CBP
5), 129.9 (s, C1


3), 132.2 (s,
C0


4), 136.6 (s, C1
4), 138.6 (d, 3JCP=14.0 Hz, CH=N), 147.7 (d, 2JCP=


9,3 Hz, CBP
1), 149.0 (d, 2JCP=7.0 Hz, C1


1), 151.4 ppm (d, 2JCP=6.5 Hz,
C0


1).


Compound 5g : To a vigorously stirred solution of 5d (269 mg,
0.593 mmol) in dry acetonitrile (5 mL) was added at 0 8C, under a dry
argon atmosphere, bromotrimethylsilane (326 mL, 2.470 mmol) and the
mixture was allowed to stir at RT for 12 h. The reaction mixture was
evaporated and the residue was diluted in methanol (2 mL). The result-
ing mixture was stirred at RT for 1 h and evaporated. After a second
methanolysis conducted as above, the residue was washed with water to
afford 5 f as a white solid. The sodium monosalt form was obtained by
adding aqueous sodium hydroxide (0.1966n, 4.810 mL) to a suspension
of 5 f in water (1 mL). The clear solution was then lyophilised to give 5g
as a white powder (230 mg, 90%). 31P{1H} NMR (D2O/CD3CN,
202.54 MHz): d=7.6 (s, PO3HNa), 10.7 (brd, 2JPP=88.7 Hz, P0), 25.3
(br t, 2JPP=88.7 Hz, P’0), 64.0 ppm (s, P1);


1H NMR (D2O/CD3CN,
200.13 MHz): d =3.51 (br s, 16H; CH2-CH2-N), 3.67 (brm, 12H; N-CH3),
4.02 (brd, 2JHP=11.9 Hz, 32H; N-CH2-P), 4.10 (br s, 16H; CH2-CH2-N),
6.94 (brm, 2H; CBP


2-H), 7.53 (m, 24H; C0
2-H, C1


2-H), 7.69 (m, 16H; C1
3-


H), 7.80–7.99 (m, 4H; CBP
3-H, CBP


5-H), 8.11 (brm, 8H; C0
3-H), 8.12 ppm


(br s, 4H; CH=N); 13C{1H} NMR (D2O/CD3CN, 75.48 MHz): d =29.5 (s,
CH2-CH2-N), 33.1 (d, 2JCP=10.5 Hz, N-CH3), 52.8 (brd, 1JCP=133.4 Hz,
N-CH2-P), 58.3 (br s, CH2-CH2-N), 121.5 (s, CBP


2), 121.7 (s, C0
2), 122.0


(br s, C1
2), 127.4 (s, CBP


3 or CBP
5), 128.5 (s, CBP


6), 128.9 (s, C0
3), 130.6 (m,


CBP
4, CBP


3 or CBP
5), 130.9 (br s, C1


3), 133.2 (s, C0
4), 134.4 (s, C1


4), 140.4
(br s, CH=N), 147.7 (br s, CBP


1), 149.9 (d, 2JCP=6.0 Hz, C1
1), 151.4 ppm


(br s, C0
1).


2-Cyano-N-[2-(4-hydroxyphenyl)ethyl]acetamide (6): To a solution of
ethyl cyanoacetate (1.00 g, 8.84 mmol) in DMF was added tyramine
(1.28 g, 9.33 mmol), and the mixture was stirred at 110 8C for 4 h and at
RT for 12 h. The reaction mixture was diluted in an acidic aqueous solu-
tion (pH 3, 50 mL) and was extracted with ethyl acetate (150 mL). The
organic phase was dried over magnesium sulfate, filtered and evaporated
to give a viscous brown solid that was co-evaporated with toluene until
complete removal of DMF. Finally, the residue was washed with dichloro-
methane to afford 6 as a brown solid (1120 mg, 65%). 1H NMR
([D6]acetone, 200.13 MHz): d =2.71 (t, 3JHH=6.7 Hz, 2H; CH2-CH2-NH),
3.41 (t, 3JHH=6.7 Hz, 2H; HN-CH2-CH2), 3.56 (s, 2H; CH2-CN), 6.74–
7.08 (m, 4H; Harom), 7.52 (br s, 1H; OH), 8.21 ppm (br s, 1H; NH);
13C{1H} NMR ([D6]acetone, 50.32 MHz): d=26.1 (s, CH2-CN), 35.1 (s,
CH2-CH2-NH), 42.3 (s, HN-CH2), 116.0 (s, Co, CN), 130.4 (s, Cm, Cp),
156.6 (s, Ci), 162.7 ppm (s, CO).


2-Cyano-N-[2-(4-hydroxyphenyl)ethyl]-3-(2,3,6,7-tetrahydro-1H,5H-3-for-
mylbenzo(ij)quinolizine)acrylamide (7): A mixture of 2,3,6,7-tetrahydro-
1H,5H-3-formylbenzo(ij)quinolizine (formyljulolidine[29]) (130 mg,
0.646 mmol), 6 (198 mg, 0.969 mmol), triethylamine (360 mL, 2.580 mmol)
and THF (14 mL) was heated under reflux for 18 h. The solvent was
evaporated and the residue was purified by silica-gel chromatography (di-
chloromethane/methanol 98:2) to give 7 as an orange solid (160 mg,
67%). 1H NMR ([D6]DMSO, 500.33 MHz): d=1.86 (m, 4H; CH2-CH2-
CH2-N), 2.64 (m, 6H; CH2-CH2-CH2-N, HN-CH2-CH2), 3.31 (m, 6H;
CH2-CH2-CH2-N, HN-CH2-CH2), 6.66–7.01 (m, 4H; Cm-H, Co-H), 7.42 (s,
2H; Co’-H), 7.79 (s, 1H; HC=C-CN), 7.97 (t, 3JHH=7.5 Hz, 1H; NH),
9.18 ppm (s, 1H; OH); 13C{1H} NMR ([D6]DMSO, 125.81 MHz): d =21.1
(s, CH2-CH2-CH2-N), 27.6 (s, CH2-CH2-CH2-N), 34.8 (s, CH2-CH2-NH),
42.0 (s, CH2-NH), 49.8 (s, CH2-CH2-CH2-N), 95.2 (s, C-CN), 115.6 (s, Co),
119.0 (s, CN), 120.9 (s, Cm’), 129.9 (s, Cm, Cp, Ci’), 130.6 (s, Co’), 147.1 (s,


Cp’), 150.6 (s, HC=C-CN), 156.1 (s, Ci), 162.7 ppm (s, CO); DCI-MS: m/z :
388 [M+H]+ , 405 [M+NH3]


+ .


Penta(4-formylphenoxy)chloro-cyclo(triphosphazene) (7a): To an ice-
cooled solution of hexachloro-cyclo(triphosphazene) (1.2 g, 3.45 mmol) in
THF (300 mL) was added 4-hydroxybenzaldehyde sodium salt (2.6 g,
18 mmol), and the mixture was stirred at RT for 12 h. The solvent was
evaporated and the residue was purified by silica-gel flash chromatogra-
phy (hexane/ethyl acetate 5:1) to give 7a as a colourless oil (1606 mg,
60%). 31P{1H} NMR (CDCl3, 121.50 MHz): d=3.5 (2d, 2JPP=88.1,
85.0 Hz, P0), 19.1 ppm (dd, 2JPP=88.1, 85.0 Hz, P’0) ;


1H NMR
([D6]acetone, 300.13 MHz): d=7.12–7.30 (m, 10H; C0


2-H), 7.71–7.86 (m,
10H; C0


3-H), 9.94 ppm (3s; 5H; CHO); 13C{1H} NMR (CDCl3,
75.48 MHz): d=121.5 (m, C0


2), 131.5 (s, C0
3), 133.9 (s, C0


4), 134.0 (s, C0
4),


154.3 (d, 2JCP=17.1 Hz, C0
1), 190.4 (s, CHO), 190.5 ppm (s, CHO).


Compound 7b : To a mixture of 7 (92 mg, 237 mmol) and 7a (184 mg,
237 mmol) in THF (10 mL) was added cesium carbonate (155 mg,
475 mmol), and the mixture was allowed to stir at RT for 12 h. The reac-
tion mixture was centrifuged, filtered and evaporated. The residue was
purified by silica-gel flash chromatography (pentane/ethyl acetate 1:1) to
give 7b as an orange oil (227 mg, 85%). 31P{1H} NMR (CDCl3,
81.02 MHz): d=10.9 ppm (br s); 1H NMR ([D6]acetone, 200.13 MHz):
d=1.74 (m, 4H; CH2-CH2-CH2-N), 2.64 (m, 6H; CH2-CH2-CH2-N, HN-
CH2-CH2), 3.31 (m, 6H; CH2-CH2-CH2-N, HN-CH2-CH2), 7.03–7.20 (m,
14H; Cm-H, Co-H, C0


2-H), 7.63–7.87 ppm (m; 13H; Co’-H, HC=C-CN,
C0


3-H), 9.98 ppm (s; 3H; CHO), 9.99 ppm (s; 2H; CHO); 13C{1H} NMR
(CDCl3, 62.90 MHz): d=21.2 (s, CH2-CH2-CH2-N), 28.0 (s, CH2-CH2-
CH2-N), 35.0 (s, CH2-CH2-NH), 41.4 (s, CH2-CH2-NH), 50.1 (s, CH2-CH2-
CH2-N), 92.9 (s, C-CN), 118.5 (s, CN), 119.5 (s, Cm’), 120.8 (s, Co), 121.3
(s, C0


2), 130.0 (s, Cm), 131.1 (s, Co’), 131.4 (2s, C0
3), 133.6 (s, Ci ’), 133.7 (s,


C0
4), 136.4 (s, Cp), 147.2 (s, Cp’), 148.8 (s, Ci), 152.4 (s, C0


1), 154.6 (br s,
HC=C-CN), 162.6 (s, CO), 190.5 (2s, CHO), 190.6 ppm (s, CHO).


Compound 7c : To an ice-cooled solution of dichlorothiophospho ACHTUNGTRENNUNG(N-
methyl)hydrazide (0.3 mmol) in chloroform (1.5 mL) was added 7b
(100 mg, 0.05 mmol) and the mixture was stirred at RT for 1 h. Upon the
evaporation of the solvent, the residue was diluted in the minimum of di-
chloromethane and precipitated by the addition of a large amount of
pentane. This purification step was repeated three times to give 7c as an
orange solid (87 mg, 90%). 31P{1H} NMR (CDCl3, 81.02 MHz): d =10.9
(br s, N3P3), 66.3 ppm (s, P1);


31P{1H} NMR (CDCl3, 202.55 MHz): d =8.4
(s, N3P3), 62.6 (s, P1), 62.7 (s, P1), 62.8 ppm (s, P1);


1H NMR (CDCl3,
500.33 MHz): d =1.98 (tt, 3JHH=6.3, 5.8 Hz, 4H; CH2-CH2-CH2-N), 2.76
(t, 3JHH=6.3 Hz, 4H; CH2-CH2-CH2-N), 2.86 (t, 3JHH=7.2 Hz, 2H; HN-
CH2-CH2), 3.34 (t, 3JHH=5.8 Hz, 4H; CH2-CH2-CH2-N), 3.59 (m, 2H;
HN-CH2-CH2), 3.50 (2d, 3JHP=14.0 Hz, 6H; N-CH3), 3.51 (d, 3JHP=


14.0 Hz, 9H; N-CH3), 6.26 (t, 3JHH=5.8 Hz, 1H NH), 6.95 (d, 3JHH=


8.3 Hz, 2H; Co-H), 7.00 (d, 3JHH=8.6 Hz, 4H; C0
2-H), 7.04–7.09 (m, 8H;


C0
2-H, Cm-H), 7.44 (s, 2H; Co’-H), 7.60 (d, 3JHH=8.6 Hz, 10H; C0


3-H),
7.64 (s, 3H; CH=N), 7.68 (s, 2H; CH=N), 7.99 ppm (s, 1H; HC=C-CN);
13C{1H} NMR (CDCl3, 125.82 MHz): d=21.1 (s, CH2-CH2-CH2-N), 27.6
(s, CH2-CH2-CH2-N), 32.0 (d, 2JCP=12.9 Hz, N-CH3), 35.2 (s, CH2-CH2-
NH), 41.6 (s, CH2-CH2-NH), 50.1 (s, CH2-CH2-CH2-N), 92.8 (s, C-CN),
119.5 (s, CN), 120.8 (s, Cm’), 121.2 (s, Co), 121.4 (br s, C0


2), 128.6 (s, C0
3),


129.8 (s, Cm), 131.1 (s, Co’), 131.2 (s, Ci ’), 131,3 (s, C0
4), 135.8 (s, Cp), 140.7


(m, CH=N), 147.2 (s, Cp’), 151.7 (m, C0
1, Ci), 152.4 (s, HC=C-CN),


162.6 ppm (s, CO).


Compound 7d : To a solution of 7c (100 mg, 0.052 mmol) in THF (5 mL)
were added the tyramine-based aza-bis ACHTUNGTRENNUNG(dimethyl) phosphonate TamBP
derivative (198 mg, 0.520 mmol) and cesium carbonate (339 mg,
1.04 mmol) and the mixture was allowed to stir at RT for 12 h. The reac-
tion mixture was centrifuged, filtered and evaporated. The residue was
diluted in the minimum of THF and precipitated by the addition of a
large amount of pentane. This purification step was repeated three times
to yield 7d as an orange solid (195 mg, 70%). 31P{1H} NMR (CDCl3,
202.55 MHz): d=8.5 (s, N3P3), 27.0 (2s, PO3Me2), 27.2 (s, PO3Me2), 62.3
(br s, P1), 62.4 ppm (s, P1);


1H NMR (CDCl3, 500.33 MHz): d=1.93 (m,
4H; CH2-CH2-CH2-N), 2.69 (m, 4H; CH2-CH2-CH2-N), 2.72 (br t, 3JHH=


6.6 Hz, 20H; Ph-CH2-CH2-N), 2.84 (m, 2H; HN-CH2-CH2), 3.01 (t,
3JHH=6.6 Hz, 20H; Ph-CH2-CH2-N), 3.16 (d, 2JHP=9.0 Hz, 24H; N-CH2-
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P), 3.21 (d, 2JHP=9.0 Hz, 16H; N-CH2-P), 3.22 (m, 4H; CH2-CH2- CH2-
N), 3.27 (m, 19H; N-CH3, CH2-CH2-CH2-N), 3.56 (m, 2H; HN-CH2-
CH2), 3.70 (3 d, 3JHP=10.5 Hz, 120H; P(O) ACHTUNGTRENNUNG(OCH3)), 6.48 (t, 3JHH=


5.6 Hz, 1H; NH), 6.88–7.14 (m, 54H; Co-H, C0
2-H, Cm-H, C1


2-H, C1
3-H),


7.38 (s, 2H; Co’-H), 7.60–7.65 (m, 15H; C0
3-H, CH=N), 7.91 ppm (s, 1H;


HC=C-CN); 13C{1H} NMR (CDCl3, 125.82 MHz): d=21.1 (s, CH2-CH2-
CH2-N), 27.6 (s, CH2-CH2-CH2-N), 32.9 (d, 2JCP=8 Hz, N-CH3), 33.0
(br s, Ph-CH2-CH2-N), 35.0 (s, CH2-CH2-NH), 41.6 (s, CH2-CH2-NH), 49.4
(3 dd, 1JCP=157.5 Hz, 3JCP=7.8 Hz, N-CH2-P), 50.1 (s, CH2-CH2-CH2-N),
52.7 (br s, P(O) ACHTUNGTRENNUNG(OCH3)), 58.10 (t, 3JCP=7.5 Hz, Ph-CH2-CH2-N), 58.8 (t,
3JCP=7.5 Hz, Ph-CH2-CH2-N), 93.0 (s, C-CN), 118.5 (s, CN), 120.2 (s,
Cm’), 120.7 (s, C0


2), 121.1 (br s, Co, C1
2), 128.3 (s, C0


3), 129.8 (br s, C1
3),


131.0 (s, Cm), 132.1 (m, Co’, Ci ’, C0
4), 135.8 (s, Cp), 136.6 (br s, C1


4), 138.8
(m, CH=N), 147.1 (s, Cp’), 149.9 (d, 2JCP=6.9 Hz, C1


1), 151.3 (m, C0
1, Ci),


152.1 (s, HC-C-CN), 162.6 ppm (s, CO).


Compound 7g : To a vigorously stirred solution of 7d (100 mg,
0.019 mmol) in dry acetonitrile (5 mL) was added at 0 8C, under a dry
argon atmosphere, bromotrimethylsilane (110 mL, 0.838 mmol) and the
mixture was allowed to stir at RT for 12 h. The reaction mixture was
evaporated and the residue was diluted in methanol (2.5 mL). The result-
ing mixture was stirred at RT for 1 h and evaporated. After a second
methanolysis conducted as above, the residue was washed three times
with Et2O to give 7 f as an orange solid. The sodium monosalt form was
obtained by adding aqueous sodium hydroxide (0.1966n, 4.8 mL) to a
suspension of 7 f in water (1 mL). The clear solution was then lyophilised
to give 7g as a orange powder (75 mg, 75%). 31P{1H} NMR (D2O/CD3CN
7:1, 81.0 MHz): d =9.6 (s, N3P3), 9.9 (br s, PO3HNa), 64.5 ppm (s, P=S);
1H NMR (D2O/CD3CN 7:1, 500.3 MHz): d =2.17 (m, 4H; CH2-CH2-CH2-
N), 2.91 (m, 4H; CH2-CH2-CH2-N), 3.24 (m, 2H; HN-CH2-CH2), 3.58
(m, 20H; Ph-CH2-CH2-N), 3. 80 (m, 15H; N-CH3), 3.86 (d, 2JHP=


11.6 Hz, 40H; N-CH2-P), 4.04 (m, 6H; CH2-CH2-CH2-N, HN-CH2-CH2),
4.21 (m, 20H; Ph-CH2-CH2-N), 7.31 (d, 3JHH=8.1 Hz, 2H; Co-H), 7.37 (d,
3JHH=8.1 Hz, 2H; Cm-H), 7.41 (m, 10H; C0


2-H), 7.56 (s, 2H; Co’-H), 7.63
(m, 20H; C1


2-H), 7.84 (m, 20H; C1
3-H), 7.94 (s, 1H; HC=C-CN), 8.08 (m,


10H; C0
3-H), 8.33 ppm (m, 5H; CH=N); 13C NMR (D2O/CD3CN 7:1,


125.8 MHz): d=21.2 (s, CH2-CH2-CH2-N), 27.6 (s, CH2-CH2-CH2-N),
29.5 (br s, Ph-CH2-CH2-N), 33.1 (d, 2JCP=10.1 Hz, N-CH3), 34.5 (s, CH2-
CH2-NH), 41.2 (br s, CH2-CH2-NH), 50.2 (s, CH2-CH2-CH2-N), 54.0 (d,
1JCP=126.5 Hz, N-CH2-P), 58.4 (br s, Ph-CH2-CH2-N), 118.1 (s, CN),
121.0 (s, Cm’), 121.2 (s, Co), 122.0 (m, C0


2, C1
2), 128.9 (s, C0


3), 131.1 (br s,
C1


3, Cm), 133.0 (m, Co’, Ci ’, C0
4, Cp), 135.0 (brs, C1


4), 141.0 (m, CH=N),
149.9 (br s, C1


1), 151.2 (m, C0
1, Ci), 152.0 (br s, HC=C-CN), 164.8 ppm


(CO).


Compound 8d : To a solution of 8c[31] (380 mg, 0.198 mmol) in THF
(5 mL) were added the tyramine-based aza-bis ACHTUNGTRENNUNG(dimethyl) phosphonate
TamBP derivative (736 mg, 2.08 mmol) and cesium carbonate (738 mg,
2.08 mmol) and the mixture was allowed to stir at RT for 12 h. The reac-
tion mixture was centrifuged, filtered and evaporated. The residue was
diluted in the minimum of THF and precipitated by the addition of a
large amount of pentane. This purification step was repeated three times
to yield 8d as a yellow powder (760 mg, 72%). 31P{1H} NMR (CDCl3,
161.9 MHz): d=8.5 (br s, N3P3), 27.1 (s, PO3Me2), 62.1 ppm (br s, P1);
1H NMR (CDCl3, 400.1 MHz): d=2.68 (br s, 22H; CH2-CH2-N-CH2),
2.84 (br s, 2H; CH2-CH2-N), 2.97 (br s, 22H; CH2-CH2-N-CH2), 3.11 (d,
2JHP=9.3 Hz, 40H; CH2-PO3Me2), 3.20 (m, 15H; CH3-N), 3.67 (d, 3JHP=


10.4 Hz, 96H; PO3Me2), 3.72 (br s, 2H; CH2-CH2-N), 6.73–7.57 ppm (m,
79H; Harom, CH=N); 13C{1H} NMR (CDCl3, 100.6 MHz): d =33.3 (m,
CH2-CH2-N, CH3-N-P), 34.2 (s, CH2-CH2-N-CH2), 39.7 (s, CH2-CH2-N),
49.7 (dd, 1JCP=156.6 Hz, 3JCP=7.0 Hz, CH2-P), 53.1 (m, PO3Me2), 58.5 (t,
3JCP=7.4 Hz, CH2-CH2-N-CH2), 121.6 (br s, C0


2, C’0
2, C1


2), 128.7 (br s,
C0


3), 128.8 (s, Ci), 128.9 (s, Co), 130.0 (s, C’0
3), 130.1 (s, Cp), 130.2 (s, Cm),


130.9 (br s, C1
3), 132.5 (br s, C0


4), 135.5 (s, C’0
4), 136.4 (s, C=C), 136.9 (br s,


C1
4), 136.9 (br s, C1


4), 139.1 (m, CH=N), 149.2 (d, 2JCP=7.4 Hz, C1
1), 151.6


(br s, C0
1), 156.1 (s, C’0


1), 170.8 ppm (s, CO).


Compound 8g : To a vigorously stirred solution of 8d (100 mg,
0.019 mmol) in dry acetonitrile (3 mL) was added at 0 8C, under a dry
argon atmosphere, bromotrimethylsilane (176 mL, 1.33 mmol). The reac-
tion mixture was stirred at RT overnight and then evaporated to dryness


under reduced pressure. The crude residue was washed twice with metha-
nol (2.5 mL) for 1 h at RT and evaporated to dryness under reduced pres-
sure. The resulting white solid was washed once with Et2O (5 mL) and
then transformed into its sodium salt as follows: the dendrimer was sus-
pended in water (1 mL/100 mg) and 1 equiv of sodium hydroxide per ter-
minal phosphonic acid was added. The resulting solution was lyophilised
to afford dendrimer 8g as a white powder (89 mg, 90%). 31P{1H} NMR
(CD3CN/D2O, 202.5 MHz): d=6.75 (br s, PO3HNa); 9.45 (br s, N3P3),
64.45 ppm (s, P1);


1H NMR (CD3CN/D2O, 500.3 MHz): d =2.82 (br s, 2H;
CH2-CH2-N), 3.11 (br s, 22H; CH2-CH2-N-CH2), 3.32 (d, 2JHP=10.1 Hz,
55H; CH3-N, CH2-PO3HNa), 3.69 (br s, 22H; CH2-CH2-N-CH2), 3.81
(br s, 2H; CH2-CH2-N), 6.88–7.92 ppm (m, 79H; Harom, CH=N);
13C{1H} NMR (CD3CN/D2O, 125.8 MHz): d =28.8 (m, CH2-CH2-N-CH2),
32.4 (s, CH2-CH2-N), 32.7 (d, 3JCP=11.3 Hz, CH3-N), 39.2 (s, CH2-CH2-
N), 53.6 (d, 1JCP=125.8 Hz, CH2-P), 57.5 (s, CH2-CH2-N-CH2), 121.5 (br s,
C0


2, C’0
2, C1


2), 128.2 (s, Ci), 128.6 (m, C0
3), 128.6 (s, Co), 130.1 (s, C’0


3),
130.3 (s, Cp), 130.6 (s, Cm), 130.8 (br s, C1


3), 132.5 (br s, C0
4), 134.5 (br s,


C1
4), 135.8 (s, C’0


4), 136.4 (s, C=C), 140.5 (m, CH=N), 149.2 (d, 2JCP=


6.2 Hz, C1
1), 150.6 (br s, C0


1), 171.2 ppm (s, CO); C’0
1 could not be detect-


ed.


Compound 9b : To a suspension of sodium hydride (454 mg, 18.9 mmol)
in THF (100 mL) maintained at �20 8C was slowly added octachloro-cy-
clo(tetraphosphazene) (1 g, 2.15 mmol) and a solution of 4-hydroxyben-
zaldehyde (2.31 g, 18.9 mmol) in THF (20 mL). The reaction mixture was
then allowed to reach RT and stirred for 2 days. The crude slurry was fil-
tered on Celite and centrifuged to afford a clear solution that was con-
centrated to dryness under reduced pressure. The resulting paste was
washed several times with portions of cold methanol (10 to 20 mL) to
afford 9b as a white powder (2222 mg, 90%). 31P{1H} NMR (CDCl3,
81.01 MHz): d=�10,5 ppm (s; P); 1H NMR (CDCl3, 200.13 MHz): d=


7.04 (d, 3JHH=8.4 Hz, 16H; C0
2-H), 7.56 (d, 3JHH=8.6 Hz, 16H; C0


3-H),
9.68 ppm (s, 8H; CHO); 13C{1H} NMR (CDCl3, 62.89 MHz): d=121.9 (s,
C0


2), 132.1 (s, C0
3), 134.6 (s, C0


4), 155.7 (s, C0
1), 191.5 ppm (s, CHO).


Compound 9c : To an ice-cooled solution of dichlorothiophospho ACHTUNGTRENNUNG(N-
methyl)hydrazide (7.66 mmol) in chloroform (33 mL) was added 2b
(1000 mg, 0.87 mmol) and the mixture was stirred at RT for 2 h. After
solvent removal, the residue was diluted in the minimum amount of di-
chloromethane and precipitated by the addition of a large amount of
pentane. This purification step was repeated three times to give 9c as a
white solid (1822 mg, 86%). 31P{1H} NMR (CDCl3, 81.01 MHz): d=


�10.0 (s, P0), 65.7 ppm (s, P1);
1H NMR (CDCl3, 200.13 MHz): d =3.47


(d, 3JHP=14.0 Hz, 24H; CH3-N), 7.04 (d, 3JHH=8.4 Hz, 16H; C0
2-H),


7.56 ppm (brd, 3JHH=8.6 Hz, 24H; C0
3-H, CH=N); 13C{1H} NMR


(CDCl3, 62.89 MHz): d =31.9 (d, 2JCP=12.9 Hz, CH3-N-P1), 121.2 (s, C0
2),


128.5 (s, C0
3), 130.8 (s, C0


4), 140.7 (d, 3JCP=18.8 Hz, CH=N), 152.3 ppm
(s, C0


1).


Compound 9d : To a solution of 9c (1000 mg, 0.41 mmol) in THF
(10 mL) were added the tyramine-based aza-bis ACHTUNGTRENNUNG(dimethyl) phosphonate
TamBP derivative (2.8 g, 7.23 mmol) and cesium carbonate (2.35 g,
7.25 mmol) and the mixture was allowed to stir at RT for 12 h. The reac-
tion mixture was centrifuged, filtered and evaporated. The residue was
diluted in the minimum of THF and precipitated by the addition of a
large amount of pentane. This purification step was repeated three times
to yield 9d as an orange solid (2607 mg, 80%). 31P{1H} NMR (CDCl3,
81.01 MHz): d=�9.4 (s, P0), 30.2 (s, PO3Me2), 66.8 ppm (s, P1);


1H NMR
(CDCl3, 200.13 MHz): d=2.67 (br t, 3JHH=6.5 Hz, 32H; CH2-CH2-N),
2.96 (br t, 3JHH=6.5 Hz, 32H; CH2-CH2-N), 3.10 (d, 2JHP=9.57 Hz, 64H;
-CH2-P), 3.14 (d, 3JHP=11.8 Hz, 24H; CH3-N), 3.64 (d, 3JHP=10.5 Hz,
192H; -P(O) ACHTUNGTRENNUNG(OCH3)), 6.80–7.80 ppm (m, 104H; CHarom, CH=N);
13C{1H} NMR (CDCl3, 62.89 MHz): d=32.9 (br s, CH3-N), 32.9 (br s, CH2-
CH2-N), 49.3 (dd, 1JCP=157.6 Hz, 3JCP=6.7 Hz, -CH2-P), 52.6 (d, 2JCP=


4.1 Hz, -P(O) ACHTUNGTRENNUNG(O-CH3)), 58.1 (t, 3JCP=7.8 Hz, CH2-CH2-N), 121.2 (d,
3JCP=3.6 Hz, C0


2, C1
2), 128.2 (s, C0


3), 129.9 (s, C1
3), 131.7 (s, C0


4), 136.6 (s,
C1


4), 138.9 (d, 3JCP=16.0 Hz, CH=N), 148.9 (d, 2JCP=6.1 Hz, C1
1),


151.8 ppm (br s, C0
1).


Compound 9g : To a vigorously stirred solution of 9d (570 mg,
0.083 mmol) in dry acetonitrile (5 mL) was added at 0 8C, under a dry
argon atmosphere, bromotrimethylsilane (777 mL, 5.83 mmol) and the
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mixture was allowed to stir at RT for 12 h. The reaction solution was
evaporated and the residue was diluted in methanol (2.5 mL). The result-
ing mixture was stirred at RT for 1 h and evaporated. After a second
methanolysis conducted as above, the residue was washed three times
with Et2O to give 9 f as a white solid. The sodium monosalt form was ob-
tained by adding aqueous sodium hydroxide (0.1966n, 4.8 mL) to a sus-
pension of 9 f in water (1 mL). The clear solution was then lyophilised to
give 9g as a white powder (463 mg, 72%). 31P{1H} NMR (CD3CN/D2O,
81.01 MHz): d=�9.5 (s, P0), 10.1 (br s, PO3HNa), 67.7 ppm (s, P1);
1H NMR (CD3CN/D2O, 200.13 MHz): d=2.50–4.20 (m, 152H; CH2-CH2-
N, CH2-CH2-N, -CH2-P, CH3-N), 6.70–8.10 ppm (m, 104H; CHarom, CH=


N); 13C{1H} NMR (CD3CN/D2O, 62.89 MHz): d =31.4 (s, CH2-CH2-N),
35.1 (s, CH3-N), 55.5 (d, 1JCP=169.2 Hz, -CH2-P), 59.9 (s, CH2-CH2-N),
121.6 (s, C0


2, C1
2), 123.9 (s, C1


3), 130.8 (s, C0
3), 133.2 (s, C1


4), 136.8 (s, C0
4),


142.7 (s, CH=N), 151.7 (s, C1
1), 153,8 ppm (s, C0


1).


Compound 10c : To a solution of 2a (655 mg, 1.51 mmol) in chloroform
(10 mL) was added hexamethylhydrazino-cyclo(triphosphazene) (10a)[36]


(61 mg, 0.15 mmol) and the mixture was stirred at RT for 2.5 h. The sol-
vent was evaporated and the residue was purified by column chromatog-
raphy (silica, hexane/ethyl acetate 4:1 to 2:1) to give dendrimer 10c as a
white solid (425 mg, 97%). 31P{1H} NMR (CDCl3, 81.0 MHz): d =12.1
(dd, 2JPP=58.4, 62.2 Hz, P’1), 18.2 (s, P0), 22.5 ppm (d, 2JPP=60.0 Hz, P1);
1H NMR (CDCl3, 200.1 MHz): d=3.31 (s, 18H; CH3-N), 7.17 (d, 3JHH=


8.1 Hz, 12H; Co-H), 7.52 (s, 6H; CH=N), 7.62 ppm (d, 3JHH=8.1 Hz,
12H; Cm-H); 13C{1H} NMR (CDCl3, 50.3 MHz): d=32.4 (s, CH3-N),
121.4 (d, 3JCP=5.2 Hz, Co), 127.9 (s, Cm), 134.7 (brd, 4JCP=2.3 Hz, Cp),
135.2 (br s, CH=N), 149.0 ppm (d, 2JCP=10.2 Hz, Ci).


Compound 10d : To a solution of the tyramine-based aza-bis ACHTUNGTRENNUNG(dimethyl)
phosphonate TamBP derivative (597 mg, 1.55 mmol) in THF (8 mL)
were added dendrimer 10c (150 mg, 0.05 mmol) and cesium carbonate
(1.11 g, 3.42 mmol) and the mixture was stirred at RT for 12 h. The reac-
tion mixture was centrifuged, filtered and evaporated. The residue was
diluted in the minimum amount of THF and precipitated by the addition
of a large amount of pentane. This purification step was repeated three
times to give dendrimer 10d as a viscous oil (465 mg, 70%).
31P{1H} NMR ([D6]acetone, 81.0 MHz): d=9.0 (br s, P1), 17.4 (s, P0), 26.5
(s, PO3Me2), 26.6 ppm (2s, PO3Me2);


1H NMR ([D6]acetone, 200.1 MHz):
d=2.79 (br t, 3JHH=6.5 Hz, 24H; CH2-CH2-N), 2.87 (br t, 3JHH=6.5 Hz,
36H; CH2-CH2-N), 3.07 (br t, 3JHH=6.5 Hz, 24H; CH2-CH2-N), 3.10 (br t,
3JHH=6.5 Hz, 36H; CH2-CH2-N), 3.22 (d, 2JHP=9.7 Hz, 48H; N-CH2-P),
3.27 (d, 2JHP=9.7 Hz, 72H; N-CH2-P), 3.44 (br s, 18H; CH3-N), 3.68 (d,
3JHP=10.4 Hz, 72H; P(O) ACHTUNGTRENNUNG(OCH3)), 3.72 (d, 3JHP=10.4 Hz, 36H; P(O)-
ACHTUNGTRENNUNG(OCH3)), 3.73 (d, 3JHP=10.4 Hz, 72H; P(O) ACHTUNGTRENNUNG(OCH3)), 3.73 (d, 3JHP=


10.4 Hz, 180H; P(O) ACHTUNGTRENNUNG(OCH3)), 6.85 (d, 3JHH=8.1 Hz, 24H; C1
2-H), 6.89


(d, 3JHH=8.1 Hz, 36H; C1
2-H), 7.01 (d, 3JHH=8.1 Hz, 12H; C0


2-H), 7.20
(d, 3JHH=8.1 Hz, 24H; C1


3-H), 7.24 (d, 3JHH=8.1 Hz, 36H; C1
3-H), 7.67


(d, 3JHH=8.1 Hz, 12H; C0
3-H), 7.84 ppm (br s, 6H; CH=N); 13C{1H} NMR


([D6]acetone, 50.3 MHz): d=32.3 (br s, CH3-N, CH2-CH2-N), 49.1 (dd,
1JCP=156.0 Hz, 3JCP=7.6 Hz, N-CH2-P), 52.0 (s, P(O) ACHTUNGTRENNUNG(OCH3)), 58.2 (m,
CH2-CH2-N), 58.3 (m, CH2-CH2-N), 120.6 (s, C1


2), 120.7 (s, C1
2), 120.9


(br s, C0
2), 127.6 (s, C0


3), 130.0 (s, C1
3), 133.7 (s, C0


4), 136.1 (br s, CH=N),
136.9 (s, C1


4), 137.0 (s, C1
4), 149.0 (br s, C1


1), 150.7 ppm (d, 2JCP=10.2 Hz,
C0


1).


Compound 10g : To a vigorously stirred solution of 10d (100 mg,
0.008 mmol) in dry acetonitrile (3 mL) was added at 0 8C, under a dry
argon atmosphere, bromotrimethylsilane (132 mL, 0.997 mmol). The reac-
tion mixture was stirred at RT overnight and then evaporated to dryness
under reduced pressure. The crude residue was washed twice with metha-
nol (2.5 mL) for 1 h at RT and evaporated to dryness under reduced pres-
sure. The resulting white solid was washed once with Et2O (5 mL) and
then transformed into its sodium salt as follows: the dendrimer was sus-
pended in water (1 mL/100 mg) and 1 equiv of sodium hydroxide per ter-
minal phosphonic acid was added. The resulting solution was lyophilised
to afford dendrimer 10g as a white powder (77 mg, 75%). 31P{1H} NMR
(D2O/CD3CN 7:1, 202.6 MHz): d =7.9 (s, PO3HNa), 9.5 (br s, P1),
20.0 ppm (s, P0);


1H NMR (D2O/CD3CN 7:1, 500.3 MHz): d =3.58 (m,
60H; CH2-CH2-N), 3.71 (br s, 18H; N-CH3), 4.00 (m, 120H; N-CH2-P),
4.12 (m, 60H; CH2-CH2-N), 7.16 (m, 12H; C0


3-H), 7.30 (m, 36H; C1
2-H),


7.37 (m, 24H; C1
2-H), 7.66 (m, 60H; C1


3-H), 8.11 (brd, 12H; C0
2-H),


8.20 ppm (br s, 6H; CH=N); 13C{1H} NMR (D2O/CD3CN 7:1,
125.8 MHz): d=29.7 (s, CH2-CH2-N), 32.5 (s, N-CH3), 53.1 (d, 1JCP=


130.8 Hz, N-CH2-P), 53.3 (d, 1JCP=130.8 Hz, N-CH2-P), 53.4 (d, 1JCP=


130.8 Hz, N-CH2-P), 58.3 (s, CH2-CH2-N), 58.5 (s, CH2-CH2-N), 121.5
(br s, C1


2), 122.0 (s, C0
3), 128.4 (s, C0


2), 130.8 (br s, C1
3), 131.1 (br s, C1


3),
132.6 (s, C0


1), 134.3 (br s, C1
4), 137.5 (s, CH=N), 149.4 (s, C1


1), 149.7 (s,
C1


1), 150.9 ppm (s, C0
4).


PBMC purification : Fresh blood samples were collected from healthy
adult donors, PBMC were prepared on a Ficoll–Paque density gradient
(Amersham Biosciences AB, Upsalla, Sweden) by centrifugation (800 g,
30 min at RT). Collected PBMC were washed twice with RPMI 1640
medium (Cambrex Bio Science, Verviers, Belgium).


Monocyte purification and culture : Highly pure CD14+ monocytes (over
98%, as checked by flow cytometry) were positively selected from
PBMC by magnetic cell sorting on LS Separation Column (CD14 Mi-
crobeads, Miltenyi Biotec, Auburn, CA, USA) according to the manufac-
turerGs instructions. Three million purified monocytes were cultured in
six-well plates. Each well contained 3 mL of complete RPMI 1640
medium, that is, supplemented with penicillin and streptomycin, both at
100 UmL�1 (Cambrex Bio Science, Verviers, Belgium), 1 mm sodium pyr-
uvate and 10% heat-inactivated fetal calf serum (both from Invitrogen
Corporation, Paisley, UK). A sterile, filtered solution of the specified
dendrimer was added to the culture in each well at a final concentration
of 20 mm. Cultures were maintained for 2 d.


Confocal microscopy : Purified monocytes were stained with dendrimer
7g (20 mm, 30 min at 37 8C). After incubation, cells were washed with
phosphate buffer to remove dendrimer 7g non-specifically bound to
monocytes. Then samples were prepared as already described[38] and ex-
amined by using a LSM 510 confocal microscope (Carl Zeiss, Jena, Ger-
many). Confocal microscopy allows the localisation of fluorescent probes
in a given section which can be controlled (punctual fluorescence pat-
terns cannot be attributed to cell-surface receptor clustering because the
observed sections are not in the plane of the cell surface, but in the
middle of the cells).


Flow cytometry : Flow cytometry was performed by using an LSR-II cy-
tometer (BD Biosciences, San Jose, CA, USA). After culture, monocytes
were washed with phosphate buffer to remove dendrimers as the cellular
binding of dendrimers might compete with antibody binding. The surface
of the monocytes were stained by using fluorochrome-conjugated mono-
clonal antibodies (mAb) (BD Biosciences, San Jose, CA, USA): clone
TW36 for anti-HLA-DR and clone M5g2 for anti-CD14. To compare the
surface densities of various molecules among different monocyte popula-
tions, we calculated the mean fluorescence intensity ratio (mfi-R), that is,
the ratio between the mfi of cells stained with the selected mAb and that
of cells stained with the isotype control (negative control).[39]
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A Core–Shell Nanoparticle Approach to Photoreversible Fluorescence
Modulation of a Hydrophobic Dye in Aqueous Media


Jian Chen, Fang Zeng, Shuizhu Wu,* Qiming Chen, and Zhen Tong[a]


Introduction


Materials with properties that can be optically modulated
are of high interest in a broad range of scientific fields, in-
cluding biotechnology and advanced optics.[1–3] Fluorescence
techniques are rapidly becoming a leading methodology in
many biological diagnosis, imaging, and detection applica-
tions, primarily because of their versatility and ease of use.
The modulation of fluorescence emission in aqueous media
represents a new trend in the application of fluorescence in
biological studies because it can be used to selectively high-
light cells, organelles, or proteins.[4] Photochromic com-
pounds such as spiropyran, which can be interconverted re-
versibly by light between two states with different spectro-
scopic properties, can be used to achieve photoreversible
fluorescence modulation through energy transfer.[5] In
recent years, various attempts have been made to enhance
the fluorescence emission and achieve photoreversible fluo-


rescence modulation of fluorophores in aqueous media, for
example, by chemical modification of fluorophores to pro-
duce dyad or triad molecules.[6,7] However, the fluorophore
moieties in the dyad or triad molecules still tend to aggre-
gate in aqueous media, which usually leads to fluorescence
quenching. In addition, they usually lack the necessary bio-
compatibility for applications in biotechnology.
Recently, fluorescent nanoparticles have attracted increas-


ing attention as a result of their advantages over conven-
tional dyes for labeling and sensing. They hold the most
promise as three-dimensional scaffolds for the development
of new tunable and versatile sensing devices because the se-
lectivity and operating range can be monitored, without any
synthetic effort, by changing the receptor and/or the dye.
Hence, they are widely used as novel luminescent probes in
biological and environmental fields.[8,9] The fluorescent
nanoparticles are not only very bright and exhibit improved
photostability, but also feature versatility in their design and
synthesis. They can be prepared by incorporating fluorescent
dyes into various quantum dots and nanoparticles by cova-
lent linkage, entrapment, or self-assembly strategies.[10] Thus,
the inclusion of fluorescent labels or probes within nanopar-
ticles is an attractive strategy for the application of fluores-
cence techniques in aqueous systems. In many of the appli-
cations that involve the use of fluorescent nanoparticles,
fluorescence resonance energy transfer (FRET), which is an


Abstract: Amphiphilic core–shell nano-
particles containing spiropyran moiet-
ies have been prepared in aqueous
media. The nanoparticles consist of hy-
drophilic and biocompatible poly(eth-
ACHTUNGTRENNUNGyl ACHTUNGTRENNUNGeneimine) (PEI) chain segments,
which serve as the shell, and a hydro-
phobic copolymer of methyl methacry-
late (MMA), a spiropyran-linked meth-
acrylate, and a cross-linker, which
forms the core of the nanoparticles. A
hydrophobic fluorescent dye based on
the nitrobenzoxadiazolyl (NBD) group


was introduced into the nanoparticles
to form NBD–nanoparticle complexes
in water. The nanoparticles not only
greatly enhance the fluorescence emis-
sion of the hydrophobic dye NBD in
aqueous media, probably by accommo-
dating the dye molecules in the inter-
face between the hydrophilic shells and


the hydrophobic cores, but also modu-
late the fluorescence of the dye
through intraparticle energy transfer.
This biocompatible and photorespon-
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attractive mechanism because it does not directly produce
redox-active ions that could lead to photodamage or other
undesirable processes, has been widely employed to realize
the various functions that operate in, for example, sensors,
probes,[11] optical switches,[12] and biological imaging.[13] In
addition, FRET can be applied experimentally to character-
ize the nanoparticles.[14]


Among their various potential applications, fluorescent
nanoparticles can be utilized for fluorescence modulation.
Park and co-workers synthesized a new class of fluorescent
and photochromic compounds and used one of these to
form fluorescent nanoparticles that exhibited high-contrast
on/off fluorescence switching properties upon UV/Vis irradi-
ation.[9a] Very recently, Zhu et al. incorporated a spiropyran
and a fluorescent dye into polymer nanoparticles to gener-
ate optically addressable two-color fluorescent systems, and
they used light to change the color of the nanoparticles.[15]


Herein, we demonstrate a new strategy using a class of
spiropyran-containing amphiphilic core–shell nanoparticles
to realize photoreversible fluorescence modulation
(Scheme 1). The nanoparticles can incorporate hydrophobic
fluorescent dyes and reversibly switch their fluorescence
emission upon UV or visible-light irradiation. In this way,
various hydrophobic dyes can be easily incorporated into
the nanoparticles without additional synthetic effort. In the
nanoparticles, the hydrophilic and biocompatible poly(eth ACHTUNGTRENNUNGyl-
ACHTUNGTRENNUNGeneimine) (PEI) chain segments act as the shell and a hy-
drophobic copolymer of methyl methacrylate (MMA), a spi-
ropyran-linked methacrylate (SPMA), and a cross-linker
forms the core of the nanoparticles. In this study, a hydro-
phobic fluorescent probe based on a hydrophobic nitroben-
zoxadiazolyl dye (NBD)[16] was loaded onto the nanoparti-
cles in aqueous media to form a photoswitchable fluorescent


nanoparticle system. This fluorescent nanoparticle complex
possesses several features.
First, the nanoparticles with PEI chain segments as the


shell are hydrophilic and free from other surfactant mole-
cules; the particle matrix can protect the biological environ-
ment (for example, the intracellular environment) from any
toxic dyes. Branched PEI was used in this study because
PEI is a well-studied and commercially available polyamine
with defined molecular weights. Also, a series of nanoparti-
cles could be obtained by choosing PEIs with different mo-
lecular weights. As a weak, polybasic aliphatic amine with a
high concentration of amino groups, PEI has been widely
used in the fields of biochemistry and medicine as a result
of its unique features, such as its ability to bind to biomacro-
molecules. On the one hand, PEI can form complexes with
biological substances and exert positive effects on the latter,
for example, PEI as a polycation can interact with proteins
through long-range coulombic forces and increase the stabil-
ity of the proteins as well as enhance the rate of enzyme-cat-
alyzed reactions.[17] Moreover, PEI can form polyplexes with
DNA through covalent conjugation or coulombic interaction
and thus enhance the transfection efficiency.[18] On the other
hand, the interaction of PEI with proteins often leads to
negative effects such as unspecific bindings[19] and, accord-
ingly, cytosolic protein chemistry can interfere with the
above-mentioned polyplexes.[20] Various measures have been
taken to reduce or avoid these unspecific bindings, for ex-
ample,[21] branched PEI and certain PEI derivatives can be
used to avoid unspecific binding[21a] and a natural anionic
mucopolysaccharide can be deposited onto the cationic sur-
face of DNA–PEI complexes to recharge the surface poten-
tial and reduce the number of unspecific interactions with
proteins.[21b] In this approach to nanoparticle preparation,
many amine-containing water-soluble polymers can be used


to initiate the formation of
nanoparticles. Thus, the un-
modified branched PEI used in
this study, which may cause un-
specific binding in biological
applications, could eventually
be replaced by other amine-
containing polymers such as
modified PEIs or other biomac-
romolecules so that the unspe-
cific binding can be reduced or
avoided.
Second, many dyes are hy-


drophobic and in aqueous
media their fluorescence emis-
sion is very weak as a result of
their poor solubility. Moreover,
for those dyes that undergo
photoinduced intramolecular
charge transfer (ICT) upon ex-
citation and emit fluorescence
as a result of the charge recom-
bination process,[22] high polari-Scheme 1. Photoreversible fluorescence modulation of the NBD–nanoparticle complex.
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ty solvents like water often shift the fluorescence spectra of
those dyes strongly to the red.[22b,c] In addition, for dyes that
can form hydrogen bonds with water molecules, hydrogen-
bonding often leads to nonradiative dissipation of the excita-
tion energy into hydrogen-bonding vibrations, and hence sig-
nificantly quenches the fluorescence emission of the dyes.[23]


Thus, for the strategy described herein, by solubilizing the
hydrophobic fluorescent dyes and providing them with a hy-
drophobic environment, the amphiphilic core–shell nanopar-
ticles not only retain the high fluorescence emission intensi-
ty of the dye, but also prevent the unfavorable effects of
dye–water interactions. Moreover, this approach using am-
phiphilic nanoparticles can be applied to other hydrophobic
fluorophores as the NBD dye herein can be readily replaced
by other hydrophobic dyes without covalently connecting
the dyes to the nanoparticles.
Finally, the nanometer size of the particles not only mini-


mizes physical perturbation in biological substances, but also
confines a considerable number of the fluorescent dye mole-
cules (donor) and spiropyran moieties (acceptor) within the
Fçrster radius. Thus the fluorescence of the former can be
photoreversibly modulated by the latter through energy
transfer.
The fluorescent dye/nanoparticle prepared in this study


may find applications in biological diagnosis, imaging, and
detection. For example, like the polymer nanoparticles pre-
pared by Zhu et al.,[15] the amphiphilic core–shell nanoparti-
cles can also be transported into cells by using liposomes as
delivery vehicles and be used to highlight the cells; this
highlighting of the cells can be controlled by light irradia-
tion. In addition, for the detection (or diagnosis) of cancer
cells, the nanoparticle complexes, with amine groups on
their surfaces, can be readily conjugated (through covalent
bonds or coulombic interactions) with a specific antibody to
form bioconjugated nanoparticles (antibody-labeled nano-
particles) and can accordingly be used for the detection of
cancer cells.


Results and Discussion


Amphiphilic nanoparticles with spiropyran moieties can ac-
commodate a hydrophobic fluorescent dye in aqueous
media, thereby enhancing its fluorescence emission. In addi-
tion, the nanoparticles can photoreversibly modulate the
fluorescence emission of the incorporated hydrophobic dye,
as illustrated in Scheme 1.


Preparation of amphiphilic spiropyan-containing nanoparti-
cles : To synthesize nanoparticles with covalently linked spi-
ropyran groups, we first synthesized SPCOOH, a carboxy-
containing spiropyran, according to a literature procedure.[24]


We obtained a spiropyran-containing methacrylate (SPMA)
monomer by esterification of SPCOOH with 2-hydroxyethyl
methacrylate (HEMA). The core–shell nanoparticles were
prepared by a procedure similar to that previously reported
by us[25] following a literature strategy,[26] except that an ad-


ditional spiropyran-linked methacrylate (SPMA) monomer
was used in the reaction and covalently incorporated into
the nanoparticles. In this preparation, a water-soluble initia-
tor, tert-butyl hydroperoxide (TBHP), was used to generate
macromolecular free radicals by reacting with the amine
groups in the PEI chains to initiate the polymerization of a
mixture of methyl methacrylate (MMA)/acrylate-linked spi-
ropyran (SPMA)/ethylene dimethacrylate (EDMA) in
water, thereby forming a copolymer of PEI-graft-(MMA-co-
SPMA-co-EDMA). As the copolymer of MMA, SPMA,
and EDMA is hydrophobic, whereas the PEI chains remain
hydrophilic, the amphiphilic copolymers consequently form
the core–shell particles in water and the PEI chain segments
the shell. The average diameters of the prepared core–shell
particles are in the range of around 80–130 nm, depending
on the PEIs used and the ratio of PEI to MMA. Specifically,
for sample NP-A1, with a 1:4 weight ratio of PEI (Mw=


1800) to MMA, we can obtain a stable dispersion of nano-
particles with an average diameter of 82 nm, as determined
by atomic force microscopy (AFM) and dynamic light scat-
tering (DLS) (Figure 1). The average particle sizes of the
samples determined by DLS are listed in Table 1.


The absorption spectra of spiropyran-linked methacrylate
(SPMA) in toluene as well as the spiropyran-containing (spi-
ropyran-doped) nanoparticles in water upon UV or visible-


Figure 1. A) AFM image of spiropyran-containing nanoparticles (sample
NP-A1). B) Size distribution for the same nanoparticle sample deter-
mined by light scattering.
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light irradiation are shown in Figure 2. It is well known that
spiropyran molecules can assume one of two stable states:
The open-ring state, known as the protonated merocyanine
(McH) form, and the closed-ring state, known as the spiro
(SP) form. Upon irradiation with UV light, the spiropyran
molecules adopt the McH form, whereas with visible light,
they adopt the SP form.[3,27] Similarly, for the SPMA mono-


mer, after visible-light irradiation, the spiropyran moieties
assumed the SP form and exhibited no absorption band
from 400 to 700 nm. However, after UV irradiation, a new
absorption band at 580 nm appeared owing to the formation
of the McH form, as shown in Figure 2A. The absorption
behavior of the spiropyran-containing nanoparticles is simi-
lar to that of the methacrylate-linked spiropyran monomer
(Figure 2B) except that, because of a light-scattering effect
of the nanoparticles, the intensity of the absorption decreas-
es from low wavelength to high wavelength. This absorption
behavior of the amphiphilic nanoparticles indicates that the
spiropyran-containing nanoparticles can also exhibit photo-
chromic behavior in aqueous media.


Introduction of a hydrophobic fluorescent dye into spiropyr-
an-containing nanoparticles : A fluorescent dye with a nitro-
benzoxadiazolyl (NBD) group and a C8 alkyl tail (structure
is shown in Scheme 1) was synthesized and used in this
study as the model hydrophobic dye. This NBD dye is hy-
drophobic as the nitrogen atom undergoes a strong electron-
withdrawing effect from the nitrobenzoxadiazolyl group.
Figures 3 and 4 show the absorption spectra and fluores-
cence emission of NBD in pure water and in nanoparticle


dispersions, respectively. The NBD dye, owing to its hydro-
phobic nature, exhibits very low solubility in pure water. Its
solution remains almost colorless with a very weak fluores-
cence emission at 541 nm (inset of Figure 4), and no reliable
UV/Vis absorption spectrum could be obtained from its sa-
turated water solution.
Although the NBD dye exhibits very low solubility in


pure water, it can still be transferred to the spiropyran-
doped nanoparticles from its solid state in water by stirring
at 50 8C, as described in the Experimental Section. The am-
phiphilic nanoparticles acted like surfactant molecules and
incorporated the hydrophobic dye molecules, thereby drasti-
cally increasing the solubility of the dye in the aqueous dis-


Table 1. Spiropyran-containing nanoparticle samples prepared in this
work.


Sample[a] Mw of PEI
[b] SP feed


[g]
Diameter
ACHTUNGTRENNUNG(by DLS) [nm]


NP-A1 1800 0.10 82
NP-A2 1800 0.050 92
NP-A3 1800 0.025 86
NP-A4 1800 0.0125 97
NP-B1 10000 0.10 106
NP-B2 10000 0.050 104
NP-B3 10000 0.025 111
NP-C0 70000 0.00 123
NP-C1 70000 0.10 119
NP-C2 70000 0.050 116
NP-C3 70000 0.025 124


[a] The MMA and EDMA feeds are 3.0 and 0.03 g, respectively.
[b] Weight ratio of PEI/MMA is 1:4.


Figure 2. Absorption spectra of A) the spiropyran-linked methacrylate
(SPMA) monomer in toluene and B) spiropyran-containing nanoparticles
(sample NP-A3) in water with a solid content of 5.0 wt% upon UV or
visible light irradiation. In panel B, the decrease in the absorption curves
from short to long wavelength is due to the light scattering effect of parti-
cles in water.


Figure 3. Absorption spectra of a saturated water solution of NBD, NBD
in a nanoparticle dispersion (sample NP-C0), and the neat nanoparticle
dispersion (sample NP-C0). To avoid interference of the absorption band
by spiropyran moieties, no spiropyran monomer was incorporated into
the nanoparticles.
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persion. As a result of the introduction of the dye into the
nanoparticle, the NBD–nanoparticle dispersion exhibited a
prominent absorption at around 470 nm (Figure 3). More-
over, the fluorescence intensity of the NBD–nanoparticle
dispersion increased greatly (by �40–180 times) and a mod-
erate blue shift of 8 nm was observed relative to that in pure
water, as shown in Figure 4. The results indicate that the
dye molecules were actually incorporated into the nanopar-
ticles, and the strong fluorescence intensity of the dye sug-
gests that the dye molecules reside in a more hydrophobic
environment, in this case probably at the interface between
the hydrophilic PEI shell and the hydrophobic PMMA/
SPMA core.
In this study, we used three different nanoparticle samples


to accommodate the hydrophobic dye. To test the accommo-
dating capacity of the different nanoparticles, we gradually
increased the amount of NBD dye during complex forma-
tion until the emission intensity of the complexes reached a
maximum. It can be seen in Figure 4 that the fluorescence
emissions of the NBD dye in the three nanoparticle disper-
sions have different intensities. For the three nanoparticle
samples (NP-A3, NP-B3, and NP-C3), the one with PEI
chains of the highest molecular weight could incorporate
more NBD molecules and the higher intensity at the maxi-
mum emission wavelength was due to the higher amount of
NBD incorporated into the core–shell interface of the nano-
particles as the fluorescence intensities were not normalized
to the corresponding optical density at the excitation wave-
length of the solutions. However, the reason for this fluores-
cence dependence on the PEI molecular weight is presently
unclear.


Photoreversible modulation (switching) of fluorescence of
the NBD dye: Figure 5 shows the modulation of the fluores-


cence intensity of NBD by spiropyran moieties for three
nanoparticle samples. After a NBD–nanoparticle complex
dispersion was irradiated with UV light (300 nm, 15 W) for
15 minutes, it was immediately transferred to the fluores-
cence spectrometer to measure the emission (at an excita-
tion wavelength of 490 nm). The characteristic fluorescence
emission from NBD at 533 nm was significantly quenched
and a new emission band at 635 nm appeared, which is the
emission from the open-ring state of the spiropyran moiety.
After irradiation with visible light (525 nm, 15 W LED
lamp) for 20 minutes, the fluorescence intensity at 533 nm
was restored (Figure 5).


Figure 4. Fluorescence emission of the NBD dye in pure water and in
water dispersions of different nanoparticles (excited at 490 nm). The fluo-
rescence spectrum of NBD in pure water was recorded by using a satu-
rated water solution of NBD. The solid content of the nanoparticle dis-
persions was 5.0 wt%. The NBD dye was added to these nanoparticle
dispersions until the complexes reached their maximum emission intensi-
ty and the NBD concentrations (in water) were 1.07M10�5, 1.89M10�5,
and 4.23M10�5m in the NP-A3, NP-B3, and NP-C3 dispersions, respec-
tively.


Figure 5. Fluorescence emission (excited at 490 nm, 25 8C) of NBD–nano-
particle complexes modulated by UV irradiation (300 nm) or by visible-
light (525 nm) irradiation. The concentration of NBD is 1.07M10�5m in
aqueous dispersions and that of the spiropyran moiety is A) 1.2M10�3


(sample NP-A1, spiropyran feed: 0.10 g), B) 3.0M10�4 (sample NP-A3,
spiropyran feed: 0.025 g), and C) 1.5M10�4m (sample NP-A4, spiropyran
feed: 0.0125 g), respectively.
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For photoreversible fluorescence modulation using the
dyad strategy,[28–30] the energy transfer process can be ex-
ploited to modulate the emissive behavior of the fluoro-
phore–spiropyran (or other photochromes) dyads or triads
as long as the emission band of the fluorophore and the ab-
sorption bands of the photochrome overlap significantly in
one of the two states of the spiropyran fragment and the dis-
tance between the fluorophore (donor) and the spiropyran
moiety (acceptor) is within the Fçrster radius (generally 1–
10 nm).[31] Under these conditions, the photochemical trans-
formation of the spiropyran can activate or suppress the
transfer of the excitation energy from a fluorophore to a spi-
ropyran moiety. For the dyad or triad systems, the distance
between the energy donor and the acceptor can be con-
trolled by inserting a spacer between them. These dyad or
triad systems have the well-defined structure needed for ef-
fective energy transfer as well as good fluorescence modula-
tion. However, a complicated synthetic process is required
to prepare them. In this case, the emission band (500–
650 nm) of the fluorophore NBD overlaps the absorption
band (500–650 nm) of the McH state of the spiropyran in
the nanoparticles. However, the SP state does not exhibit
any absorption band in the emission band of NBD (500–
650 nm), as shown in Figure 2. Thus, energy transfer from
the excited state of NBD to the SP form of spiropyran is im-
possible, whereas energy transfer to the McH form is possi-
ble. From the perspective of an energy-level match, the
energy of the first-excited singlet state of NBD was estimat-
ed to be 2.50 eV from the average frequencies of the ab-
sorption and emission bands (lmax =460 nm, lem=533 nm).
Similar calculations based upon absorption and emission
maxima[12] gave a first-excited singlet-state energy of
3.65 eV (lmax=340 nm) for the SP form of the spiropyran
moiety in nanoparticles, and 2.05 eV (lmax=575 nm, lem=


630 nm) for the McH form of the spiropyran moiety. These
data also indicate that energy transfer from NBD to the SP
form of spiropyran is impossible, whereas that from NBD to
the McH form is possible. Therefore, before ring-opening of
the spiropyran moiety, no fluorescence quenching of NBD
could be observed, whereas upon UV irradiation, the spiro-
pyran moiety converts into the open-ring McH form and
then the energy transfer from NBD to the McH form of spi-
ropyran became efficient.
The energy-level match between the excited state of NBD


and the McH form of spiropyran clearly indicates that the
observed quenching of NBD fluorescence by the McH form
arises through an energy transfer process. FçrsterNs critical
distances R0 for this donor–acceptor pair in samples NP-A1,
NP-A3, and NP-A4 have been calculated to be 43, 42, and
42 O, respectively (see the Supporting Information). The
slight differences in the R0 values between the three samples
may be due to different microenvironments in the different
nanoparticle samples.[31] According to FçrsterNs nonradiative
energy transfer theory,[31,32] the energy transfer efficiency E,
expressed by Equation (1), depends on R0 and on the dis-
tance (r) between the donor (NBD) and the acceptor
(McH). The energy transfer is effective over distances in the


range of R0�0.5R0.
[31] For NP-A1, this distance is 22� r�


65 O.


E ¼ R6
0


R6
0þ r6


ð1Þ


We used the sample NP-A1 to compare the effective energy
transfer distance with the nanoparticle size. The measured
average diameter of the core–shell nanoparticle is 82 nm,
and according to the amount of shell (PEI) and core materi-
al (mainly PMMA) fed into the reaction medium, the aver-
age diameter of the hydrophobic core of this sample of
nanoparticles can roughly be calculated to be 76 nm. In the
core–shell nanoparticles, the NBD molecules (donor) reside
in the core–shell interface, whereas the spiropyran moieties
(acceptor) reside in the core. As the upper limit of the effec-
tive energy transfer distance in this sample is 65 O (6.5 nm),
an outer sphere of about 6.5 nm thickness, which represents
about 43% of the overall volume of the hydrophobic core
of the nanoparticle system, serves as the effective area[32] in
which the McH form of the spiropyran can quench the fluo-
rescence emission of NBD. In this regard, preparation of
smaller nanoparticles can further increase the ratio of the
effective volume in a nanoparticle.
Figure 5 also shows that, for the three samples (NP-A1,


NP-A3, and NP-A4, with their average diameter of hydro-
phobic cores ranging from ca. 76 to ca. 90 nm), the amount
of spiropyran moieties in the nanoparticle core can affect
the energy transfer efficiency. We calculated the experimen-
tal energy transfer efficiency E between NBD and the McH
form of spiropyran, the concentration of spiropyran in the
dispersion (CSP), the number of spiropyran moieties in one
nanoparticle (NSP/NP), and the average distance between the
spiropyran moieties (DSP) for the three samples (see Sup-
porting Information) and listed them in Table 2.


Based on the monomer feed ratio, for the three samples,
each particle roughly contains on average 1720–13340 spiro-
pyran moieties, which corresponds to a spiropyran-linked
methacrylate (SPMA) feed of 0.0125–0.1 g (see the Experi-
mental Section). The corresponding volume occupied by
each spiropyran moiety is in the range of roughly 23–
165 nm3, or, on average, two spiropyran moieties are sepa-
rated by a distance of around 3.56–6.84 nm. In this study,
the NBD molecules were loaded into the nanoparticles at
ambient temperature, which is far below the glass transition
temperature of the hydrophobic core. Thus, most of the


Table 2. Characteristics of the three NBD–nanoparticle complexes sam-
ples.


Sample CSP


ACHTUNGTRENNUNG[10�4 m]
DSP


[nm]
NSP/NP E R0


[O]


NP-A1 12 3.56 13340 0.926 43
NP-A3 3.0 5.42 3470 0.917 42
NP-A4 1.5 6.84 1720 0.592 42
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NBD molecules cannot penetrate the inside of the cores and
are located at the interface between the hydrophilic shell
and the hydrophobic core. Based on the above estimation of
the inter-spiropyran distance, at the higher spiropyran feed
(for sample NP-A1 and NP-A3), there are plenty of spiro-
pyran moieties located within the Fçrster radius of the NBD
molecules at the interface between the hydrophilic shell and
hydrophobic core. Therefore, upon UV irradiation, intrapar-
ticle energy transfer from the excited NBD dye to the McH
state of the spiropyran moieties inside the nanoparticle core
can take place. Thus the fluorescence emission of NBD was
efficiently quenched (Figure 5). With a lower spiropyran
feed (sample NP-A4), the fluorescence emission of NBD
cannot be efficiently quenched, as illustrated in Figure 5C.
For this NBD–nanoparticle sample, the measured energy
transfer efficiency is only 0.59, and the calculated number of
spiropyrans in the effective outer sphere is about 720, still
more than that of NBD in one nanoparticle (ca. 120). We
suppose one possible reason for the absence of quenching is
that the spiropyran moieties are not homogeneously distrib-
uted in the hydrophobic cores of the nanoparticles.
The above results and discussions suggest that the photo-


physical theory can be applied to explain FRET in this core/
shell nanoparticle system. However, the theory cannot accu-
rately work for this system because its structure is much
more complicated than those of unimolecule dyad systems,
for example, the particle sizes of the different samples are
not identical, the spiropyran moieties may not be homoge-
neously distributed in the particle cores, and short-range
(less than 1 nm) interactions[31b] between donors (NBD) and
acceptors (spiropyran) may exist.
Figure 6 shows a typical photoresponse of a NBD–nano-


particle complex in a water dispersion. Upon irradiation
with 300 nm light, the fluorescence intensity gradually de-
creased over 20 min and then increased upon irradiation
with 525 nm light, taking about 20 min for the complex to
recover its fluorescence intensity. The switching of the fluo-
rescence intensity of NBD is due to the photochemical con-
version between the two states of the spiropyran moieties.


The switching time is comparable to that of a polymer film
incorporating spiropyran molecules,[33] but longer than that
of spiropyran molecules in toluene or mineral oil solutions
(tens of seconds to a few minutes).[34] The longer switching
time may be due to the solid-state environment of the nano-
particles in which configurational switching must overcome
energy barriers imposed by the closely packed organic mole-
cules. In nonpolar or low-polar solutions, however, the barri-
ers posed by fluidic solvent molecules may be much lower
than those in the solid-phase core of the nanoparticles.
Nonetheless, for some water-soluble spiropyran derivatives,
the conversion from the McH form to the SP form is slow in
water because high-polar solvent molecules tend to stabilize
the zwitterionic McH form.[35] Recently, we developed a
strategy for photoreversible fluorescence modulation by
modification of b-cyclodextrin with spiropyran, and we used
light to switch the fluorescence of rhodamine B (RhB) in-
cluded in b-cyclodextrin.[36] However, the reversibility was
only efficient in nonaqueous solution; the photochemical
conversion from the McH form to the SP form took several
hours in water. In this case, however, the spiropyran groups
reside in the hydrophobic cores of the nanoparticles, in
which the zwitterionic McH form cannot be stabilized by
water, and the fluorescence intensity of NBD can be recov-
ered much more quickly.
The reversible nature of the fluorescence modulation of


the NBD–nanoparticle complexes upon exposure to alter-
nating cycles of UV (300 nm) and visible-light (525 nm) illu-
mination is illustrated in Figure 7 and in Table S1 of the
Supporting Information. The visible light or UV can be ap-
plied to reversibly “turn on” and “turn off” the fluorescence
of NBD. The appearance of an aqueous dispersion of NBD–
nanoparticle complexes also reversibly changes on irradia-
tion with UV or visible light, as shown in Figure S4 in the
Supporting Information.
In Figure 7 and Table S1 in the Supporting Information,


with repeated cycles of visible and UV irradiation, one can
observe an increase in the fluorescence intensity of the “off
state” (upon UV irradiation) and a decrease in the fluores-


Figure 6. Fluorescence intensity (at 533 nm) changes of the NBD–nano-
particle (sample NP-A3) complex upon alternate irradiation with 300 nm
UV and 525 nm visible light. The concentration of NBD in the dispersion
is 1.07M10�5m.


Figure 7. Fluorescence emission intensities for the NBD–nanoparticle
complex in an aqueous medium (NBD concentration: 1.07M10�5m, lex=


490 nm) recorded at 533 nm and 25 8C upon cycles of UV and visible-
light irradiation.


Chem. Eur. J. 2008, 14, 4851 – 4860 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4857


FULL PAPERPhotoreversible Fluorescence Modulation of a Dye



www.chemeurj.org





cence intensity of the “on state” (upon visible-light irradia-
tion), which indicates that some NBD molecules and spiro-
pyran moieties undergo irreversible photodamage.[37] As a
result of photodamage, the amount of intact NBD dye in
the nanoparticles decreases. Thus the fluorescence intensity
upon repeated visible-light irradiation is lower than the “on
state” value observed upon the first visible-light irradiation.
On the other hand, the amount of intact spiropyran moieties
also decreases as a result of photodamage, and the remain-
ing intact spiropyran (McH form) is not capable of quench-
ing the fluorescence intensity of NBD to the “off state”
value observed upon the first UV irradiation.


Conclusion


Amphiphilic core–shell nanoparticles containing spiropyran
moieties have been prepared and they not only greatly en-
hance the fluorescence emission of the hydrophobic dye
NBD in aqueous media, probably by accommodating the
dye molecules in the interfaces between the hydrophilic
shells and the hydrophobic cores, but also photoreversibly
modulate the fluorescence of the dye through energy trans-
fer. The hydrophobic core of the nanoparticles contains and
protects the spiropyran moieties, whereas the hydrophilic
shell allows the nanoparticles to be dispersed in water and
forms an interface with the hydrophobic core to accommo-
date the hydrophobic dyes. This approach can be readily ap-
plied to other hydrophobic fluorophores (chromophores),
thus opening up possibilities for their fluorescence modula-
tion in aqueous media.


Experimental Section


Materials : Branched poly(ethyleneimines) (Acros), tert-butyl hydroper-
oxide (TBHP, Sigma), N,N’-dicyclohexylcarbodiimide (DCC, 99%, Alfa
Aesar), 4-dimethylaminopyridine (DMAP, 99%, Alfa Aesar), 2,3,3-tri-
methylindolenine (Aldrich), 3-iodopropanoic acid (Aldrich), ethylene di-
methacrylate (EDMA, Acros), and 5-nitrosalicylaldehyde (Aldrich) were
used as received. Dichloromethane (DCM, A.R.) was washed with sulfu-
ric acid and then distilled from CaH2. 2-Hydroxyethyl methacrylate
(HEMA, 97%, Aldrich) was dissolved in water (25 vol%) and washed
four times with an equal volume of hexane, then dried with MgSO4 and
distilled under vacuum prior to use. The phenolic inhibitor in methyl
methacrylate (MMA, Aldrich) was removed by washing three times with
10% sodium hydroxide solution and then with deionized water until the
pH of the water layer was 7, and then it was further purified by vacuum
distillation. Double-distilled water further purified with a Milli-Q system
was used in this work. Tetrahydrofuran (THF, A.R.) was distilled over
CaH2. Petroleum ether, benzene, and other reagents were analytical re-
agents and used without further purification.


Synthesis of the carboxy-containing spiropyran (SPCOOH) and the spi-
ropyran-linked methacrylate monomer (SPMA): During the synthesis, all
the reaction vessels were wrapped in aluminum foil to ensure the reac-
tion was performed in the dark. The carboxy-containing spiropyran l’-(b-
carboxyethyl)-3’,3’-dimethyl-6–nitrospiro[indoline-2’,2-chromane] (re-
ferred to as SPCOOH) was synthesized as follows. 2,3,3-Trimethylindole-
nine (0.06 mol), 3-iodopropanoic acid (0.06 mol), and ethyl methyl
ketone (5 mL) were heated under nitrogen at 100 8C for 3 h. The result-
ing solid material was dissolved in water and the solution was washed


with chloroform. Evaporation of water gave l-(b-carboxyethyl)-2,3,3-tri-
methylindolenine iodide (73% yield). This iodide (0.04 mol), 5-nitrosali-
cylaldehyde (0.04 mol), and piperidine (3.8 mL, 0.04 mol) were dissolved
in ethyl methyl ketone, and the red solution was refluxed for 3 h. On
standing overnight, the product precipitated as a yellow crystalline
powder. This was filtered and washed with methanol to give the product
SPCOOH (75% yield). The 1H NMR spectrum of SPCOOH is shown in
Figure S1 in the Supporting Information. 1H NMR (400 MHz, deuterated
DMSO, 25 8C, TMS): d =1.0–1.3 (6H; CH3), 2.6 (2H; CH2COO), 3.4–3.5
(2H; CH2N), 5.9–6.0 (2H; olefinic protons), 6.6–8.2 (aromatic protons),
12.0 ppm (COOH, hydrogen-bonding).


For the synthesis of SPMA, SPCOOH (3.8 g, 10 mmol), HEMA (2.6 g,
20 mmol), and DMAP (0.272 g, 2 mmol) were added to a 100 mL round-
bottomed flask equipped with a pressure-equalized dropping funnel,
magnetic stirrer, and a nitrogen inlet. Dry THF (80 mL) was added to
the flask and the solution was cooled to 0 8C; a red-brown solution result-
ed. DCC (2.06 g, 10 mmol) was dissolved in dry THF (20 mL), and the
solution was added to the SPCOOH/HEMA solution through the pres-
sure-equalized dropping funnel over 45 min. The flask was maintained at
0 8C for 2 h and then the temperature was raised gradually to 25 8C over
24 h. The product was filtered with cold (0 8C), dry THF (3M50 mL) to
give a red filtrate. Then most of the solvent was evaporated from the fil-
trate under vacuum and the residue was washed with distilled water to
give a red-purple precipitate. The precipitate was dissolved in benzene
and filtered again. Afterwards, most of the solvent was evaporated, the
solution was precipitated in a large amount of petroleum ether, and final-
ly a fine red-purple precipitate of purified 2-[3-(3’,3’-dimethyl-6-nitro-
ACHTUNGTRENNUNGspiro[indoline-2’,2-chroman]-1’-yl)propanoyloxy]ethyl methacrylate
(SPMA) was obtained. The target product was dried in a vacuum oven
overnight at room temperature. The 1H NMR spectrum of this product is
shown in Figure S2 in the Supporting Information. 1H NMR (400 MHz,
CDCl3, 25 8C): d=1.0–1.3 (6H; CH3 of spiropyran), 1.8–1.9 (3H; CH3 of
HEMA, connected to olefinic carbon), 2.6–2.7 (2H; CH2COO- of spiro-
pyran), 3.5–3.6 (2H; CH2N of spiropyran), 4.2 (4H; CH2O of HEMA),
5.5–6.0 (4H; olefinic protons, CH2 and 2 CH), 6.6–8.1 ppm (aromatic pro-
tons).


Synthesis of the spiropyran-based amphiphilic core/shell particles :
Branched poly(ethyleneimine), with Mw of 1800, 10000, or 70000, respec-
tively, was dissolved in water (75 mL) and then mixed with a mixture of
purified MMA (3.0 g), ethylene dimethacrylate (EDMA, 0.03 g), and var-
ious amounts of SPMA (0.0125–0.1 g) in a three-necked flask equipped
with a thermometer, a condenser, a magnetic stirrer, and a nitrogen inlet.
The stirred mixture was purged with nitrogen for 30 min. The appropriate
amount of TBHP was added and the mixture was heated at 80 8C for 6 h
under nitrogen. The product was filtered through a G2 sintered glass
funnel. Then the colloid was centrifuged to remove residual water-soluble
molecules, and the precipitate was recovered and dialyzed against water
for 48 h. Finally an aqueous dispersion was obtained.


Synthesis and introduction of the NBD dye into nanoparticles in aqueous
media : The NBD dye (NBD-C8) was synthesized and purified according
to a literature procedure.[38] The prepared NBD dye was dissolved in di-
chloromethane to give a 10�4m of solution. A given amount of the solu-
tion was transferred to a 25 mL flask and then the solvent was evaporat-
ed under vacuum. The same flask with the dried NBD dye was then
filled with the aqueous dispersion of nanoparticles and the mixture was
stirred for 48 h at 50 8C to allow the dye molecules to move into the
nanoparticles. Subsequently the mixture was cooled to room tempera-
ture.


Characterization : 1H NMR spectra were recorded on a Bruker Avance
400 MHz NMR spectrometer. UV/Vis spectra were recorded on a Hita-
chi U-3010 UV/Vis spectrophotometer at room temperature. Fluores-
cence spectra were recorded on a Hitachi F-4500 Fluorescence spectro-
photometer. Nanoparticle morphology was observed with a Seiko SII
atomic force microscope (AFM) in the tapping mode at room tempera-
ture. The diameters of the nanoparticles were analyzed with a MAL-
VERN Nano-ZS90 instrument. The diameters of the samples are the
averaged values with a systematic (instrumental) error of around 5%.
For the core–shell nanoparticle samples, the weight ratio of the shell
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(PEI) to core material (PMMA and spiropyran) are known and thus, by
assuming all the materials underwent reaction and were incorporated
into the core–shell particles, the thickness of the shells and the diameters
of the cores could be calculated with errors of about 5%.
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Reactivity of Silole within a Core-Modified Porphyrin Environment:
Synthesis of 21-Silaphlorin and its Conversion to Carbacorrole


Janusz Skonieczny, Lechosław Latos-Grażyński,* and Ludmiła Szterenberg[a]


Introduction


Porphyrinoids, including carbaporphyrinoids, can be derived
from regular porphyrins by means of contraction, isomerisa-
tion, expansion or core modification concepts.[1–4]


Thus heteroporphyrins 1-X are formally related to regular
porphyrins by replacement of an NH fragment by a hetero-
ACHTUNGTRENNUNGatom (X), typically from Group 16 of the periodic table. An
analogous group of modifications involves the introduction
of a C�H moiety into the porphyrin core to afford carbapor-
phyrinoids.


In the macrocyclic environment, a heteroatom can func-
tion as a donor toward a variety of metal ions, and offers an
insight into the coordination properties of furan, thiophene
or selenophene.[5–7] The metal�heteroatom bond is firmly
held in the cavity of heteroporphyrin and dissociation of the
M�X bond is generally not observed. A peculiar alteration
of the reactivity of heterocyclopentadiene within a core-


Abstract: Condensation of 1,1-dimeth-
yl-3,4-diphenyl-2,5-bis(p-tolylhydroxy-
methyl)silole with pyrrole and p-tolyl-
ACHTUNGTRENNUNGaldehyde did not form the expected
21,21-dimethyl-2,3-diphenyl-5,10,15,20-
tetra ACHTUNGTRENNUNG(p-tolyl)-21-silaporphyrin, but
rather its reduced derivative, 21-sila-
phlorin, which contains a tetrahedrally
hybridised C5 carbon atom. Attempts
to trap 21-silaporphyrin resulted in the
serendipitous discovery of a unique
transformation of 21-silaphlorin into a
non-aromatic isomer of 2,3-diphenyl-
5,10,15,21-tetra ACHTUNGTRENNUNG(p-tolyl)-carbacorrole
(iso-carbacorrole). This novel carbapor-
phyrinoid contains a cyclopentadiene
ring embedded in a tripyrrolic frame-
work. This transformation of 21-sila-
phlorin to iso-carbacorrole, carried out
under oxidative conditions, involves ex-


trusion of dimethylsilylene accompa-
nied by migration of the Cmeso-(p-tolyl)
unit to create a cyclopentadiene ring
directly linked to the adjacent pyrrole
through a tetrahedral carbon atom. In-
sertion of silver or copper ions into iso-
carbacorrole gave two structurally re-
lated organometallic complexes of
“true” carbacorrole in which the
metalACHTUNGTRENNUNG(III) ions are bound by three pyr-
rolic nitrogen atoms and a tetrahedral-
ly hybridised C21 atom of the cyclo-
pentadiene moiety. In the presence of
oxygen, the silver ACHTUNGTRENNUNG(III) carbacorrole un-
dergoes internal oxidation to 21-oxa-


corrole. The structure of silver ACHTUNGTRENNUNG(III) car-
bacorrole was determined by X-ray
crystallography. The C21 atom was
found to have a tetrahedral geometry.
The Ag�C ACHTUNGTRENNUNG(sp3) (2.046(5) 6) bond
length is similar to that in silver ACHTUNGTRENNUNG(III)
carbaporphyrinoids in which a trigonal
carbon atom coordinates to the metal
ion. Density functional theory was ap-
plied to model the molecular and elec-
tronic structure of 21-silaphlorin and
feasible isomers of carbacorrole. The
total energies (kcalmol�1 vs. iso-carba-
corrole), calculated at the B3LYP/6-
31G**//B3LYP/6-31G* level for carba-
corrole, iso-carbacorrole, vacatapor-
phyrin and cyclobutadienephlorin,
demonstrate the energetic preference
for iso-carbacorrole.
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modified porphyrin environment was observed. For instance,
21-telluraporphyrin 1-Te is converted by oxidation with per-
oxybenzoic acid into the 21-oxaporphyrin (1-O).[8] The reac-
tion of 1-Te with 1m aqueous HCl gave 21,21-dichloro-21-
telluraporphyrin.[9] Substraction of a tellurium atom from 1-
Te yielded aza-deficient porphyrin 5,10,15,20-tetraaryl-21-
vacataporphyrin.[10]


Considering the peculiar structural properties, it is signifi-
cant to recall that 21,23-ditelluraporphyrin is the first ana-
logue of [18]porphyrin ACHTUNGTRENNUNG(1.1.1.1) with a non-planar macrocy-
clic conformation containing a flipped five-membered
ring.[11]


In constructing a non-trivial macrocyclic environment for
organometallic chemistry, the heteroatom confusion (X-con-
fusion) concept, originally exemplified by a porphyrin–2-
aza-21-carbaporphyrin couple,[12,13] was applied.[3,4] Conse-
quently, interchanging the heteroatom with a b-methine
group transforms the regular heteroporphyrin 1-X into the
X-confused isomer 2-X. This strategy resulted in formation
of thia and oxa analogues of N-confused porphyrin in which
the sulfur or oxygen is located on the periphery of the mac-
rocycle.[14–19] Finally, interchanging a nitrogen atom with a b-
methine group transforms the regular heteroporphyrin into
the N-confused isomer.[20,21]


In general, a reaction between 2,5-bis(arylhydroxymeth-
ACHTUNGTRENNUNGyl)heterocyclopentadiene and pyrroles produced a variety of
5,10,15,20-tetraphenyl-21,23-diheteroporphyrins.[5,22–26] Once
arylaldehyde was included in the condensation, 5,10,15,20-
tetraaryl-21-heteroporphyrins were produced as
well.[5,6,8,26–28] In the course of a typical synthesis in analogy
to the formation of N-confused tetraarylporphyrin,[12,13] N-
confused heteroporphyrins were accompanied by formation
of heteroporphyrins.[20,21] The use of X-confused derivatives
2,4-bis(arylhydroxymethyl)heterocyclopentadiene instead of
a regular counterpart afforded X-confused heteroporphy-
ACHTUNGTRENNUNGrins.[15, 17,19] The recent seminal reports by Matano and co-
workers on the synthesis of 21-phospha-23-thiaporphyrin,[29]


phosphole-containing calixpyrroles[30] and calixpyrins[31] pre-
sented the replacement of nitrogen by phosphorous for the
very first time. This remarkable step in the field of core-
modified porphyrins provides an incentive to search for por-
phyrinoids that contain a built-in non-trivial heteroatom.
Herein, we report the synthesis and characterisation of


21-silaphlorin and its conversion into iso-carbacorrole. This
unique reaction demonstrates the remarkable ability of the
macrocyclic environment to influence the fundamental reac-
tivity of the silole moiety.


Results and Discussion


Synthesis of 2,5-bis(arylhydroxymethyl)-1,1-dimethylsilole:
A key step in the synthesis of 5,10,15,20-tetrarylsilaporphy-
ACHTUNGTRENNUNGrinoids is the construction of 2,5-bis(arylhydroxymethyl)-1,1-
dimethylsilole, which is a suitable synthon for introducing
the silole ring into a porphyrin-like skeleton. We used the
one-pot silole cyclisation method of Tamao (Scheme 1).[32–34]


The intramolecular reductive cyclisation of bis(phenyl-
ACHTUNGTRENNUNGethynyl)dimethylsilane (3) with excess lithium naphthalenide
yielded quantitatively 2,5-dilithiosilole 4. Subsequently, four
equivalents of p-tolylaldehyde were added to the mixture to
give 1,1-dimethyl-3,4-diphenyl-2,5-bis(p-tolylhydroxymeth-
yl)silole (5). Excess p-tolylaldehyde quenched an excess of
lithium naphthalenide. Chromatography and recrystallisa-
tion from toluene separated the racemate (5-SS and 5-RR)
and meso-form (5-RS) of 5. The diastereomers are easily
identified by NMR spectroscopy because of the apparent
difference in the molecular symmetry (5-SS, C2; 5-RS, Cs).
Accordingly, a single silicon-bound methyl resonance (d=


�0.13 ppm), but two (0.5 and �0.85 ppm) were detected for
5-SS (RR) and 5-RS, respectively. The 1H,29Si scalar coupling
detected by an HMBC experiment confirmed the assign-
ments. The impressive chemical shift difference reflects the
mutual orientation of the Si-methyl and p-tolyl groups, as
shown in Figure 1. In the extreme case of 5-RS, the upfield-
shifted resonance corresponds to the methyl located in the


Scheme 1. Synthesis of 1,1-dimethyl-3,4-diphenyl-2,5-bis(p-tolylhydroxy-
methyl)silole (5): a) 0.05 equiv CuCN, THF, 0 8C, N2, 3 h; b) 4 equiv
LiNaph, THF, room temperature, N2, 1 h; c) 4 equiv p-tolylaldehyde,
THF, �78 8C, 1 h, N2.


Figure 1. Drawing of the 5-RS and 5-SS structures (top: front projections,
bottom: side projections) as obtained from the molecular mechanics cal-
culations.
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shielding zone of two adjacent aryls whereas its counterpart
positioned on the other side of the silole ring stays away
from this influence. Accordingly, the 5-SS (RR) spectrum re-
veals shielding by a single meso-aryl to give an intermediary
chemical shift.


Synthesis and characterisation of 21-silaporphyrinoids : The
synthetic work leading to 21-silaporphyrinoids is summar-
ised in Scheme 2.
The synthesis involves the one-pot reaction of 1,1-dimeth-


yl-3,4-diphenyl-2,5-bis(p-tolylhydroxymethyl)silole (5) with
pyrrole and p-tolylaldehyde (1:3:2 molar ratio), carried out
in dichloromethane, catalysed by BF3·Et2O, followed by oxi-
dation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ). The procedure follows the methodology previously
utilised for the synthesis of heteroporphyrins or carbapor-
phyrinoids[5] and the intended product was 21-silaporphyrin
(1-SiMe2). Instead of the expected 21-silaporphyrin, two
macrocyclic products were isolated after chromatographic
workup: dihydro-21-silaphlorin 6 and 21-silaphlorin 7, albeit
in rather minute yields. In some experiments, iso-carbacor-
role (iso-8, Scheme 3) was detected as well, which was even-


tually attributed to the presence of traces of water in the ox-
idation step (see below).
Clearly, further oxidation of markedly puckered 7 to pro-


duce 1-SiMe2 (or its isomer iso-1-SiMe2) is hindered and ac-
companied by rather unexpected processes (see below). The
steric barrier is primarily imposed by the dimethyl substitu-
tion of the Si21 atom. Because a single methyl group can


not be threaded through the porphyrin centre, the silole ring
must remain tilted with respect to the tripyrrolic plane at
each oxidation state and thus obstructs planarisation and
consequently aromatisation. The preference for 21-silaphlor-
in formation remained in contrast with the reported chemis-
try of phlorins. Thus phlorins are reduced porphyrin deriva-
tives that contain four pyrroles bridged by three sp2 and one
sp3 meso-carbon atoms. They are readily converted into
more stable porphyrins via oxidation and consequently they
are typically not detectable in regular porphyrin syntheses.
Usually only a controlled reduction of porphyrins or N-sub-
stituted porphyrins afforded stable phlorins.[16,35–42]


Formation of iso-carbacorrole : Several attempts were made
to force further oxidation of 6 and 7 with the ultimate aim
of trapping 1-SiMe2. Adjustments of the reaction conditions
involved changing the amount of DDQ, increasing the reac-
tion temperature or the use of other oxidising reagents. Oxi-
dation was followed systematically by mass spectrometry
and 1H NMR spectroscopy. Thus an addition of a stoichio-
metric amount of DDQ to the sample of 7 in [D]chloroform
resulted in severe broadening of all 1H NMR resonances,
which suggests merely the formation of a radical species
that, even if present in a minute amount, may lead to signifi-
cant line broadening.[43–46]


The ESI spectrum measured immediately after addition
of DDQ to the solution of the sample in chloroform yielded
an intense peak at m/z=866.4, which corresponds to the
molecular formula of 1-SiMe2 or its isomer iso-1-SiMe2. Sep-
arate peaks in the same spectrum were readily assigned to
oxygen or dioxygen adducts of 1-SiMe2 or to its desilylation
products. The composition of the reaction mixture was sys-


Scheme 2. Synthesis of 21-silaporphyrinoids.


Scheme 3. Formation of iso-8.
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tematically probed by ESI and revealed that the 1-SiMe2
species is unstable. On standing at 298 K for 1 minute, the
peaks attributed to the starting species decrease in intensity
and eventually completely decay after 15 minutes.
Our efforts to trap 21-silaporphyrin (1-SiMe2) eventually


resulted in the serendipitous discovery of a unique inner
macrocyclic transformation: under oxidative conditions, 21-
silaphlorin 7 converts into a non-aromatic isomer of carba-
corrole, namely iso-carbacorrole (iso-8, Scheme 3) the struc-
ture of which resembles the recently reported P-confused-
phosphacorrole.[47] Typically, iso-8 can be obtained by con-
densation of 5, pyrrole and arylaldehyde, as described in the
Experimental Section. Significantly for mechanistic consid-
erations, the combined NMR and MS investigations re-
vealed that 21-silaphlorin 7 transforms into iso-8 after addi-
tion of DDQ. In general, carbacorrole is a novel carbapor-
phyrinoid with a cyclopentadiene ring embedded in the tri-
pyrrolic framework. Previously, the synthesis of the corrole
isomer that is, N-confused corrole which is formally con-
structed by interchanging a pyrrolic N22 nitrogen atom with
a b-methine C7, was briefly reported[48] providing the first
example of an aromatic carbaporphyrinoid confined in a
corrole frame.
This process was eventually attributed to the extrusion of


silylene (DSiMe2) from the 21-silaphlorin skeleton
(Scheme 4) and ring contraction of the 21-silaporphyrin to
iso-carbacorrole. This remarkable rearrangement has an
analogy in regular porphyrin chemistry reported by Callot
and co-workers.[49–51] Namely, the acylation of nickel(II)
meso-tetraarylporphyrins resulted in ring contraction of the
regular porphyrin to a corrole, explained by pinacolic rear-
rangement reminiscent of the one taking place during for-
mation of corrinoids. Presumably the transformation re-
quires the initial oxidation of 21-silaphlorin to be accompa-
nied by a reaction centred at the silicon atom with water.
The formal oxidation state of the macrocycle 8 remains un-
changed in comparison to parent 7. The isomerisation of 8
into iso-8 resembles the tautomerism detected for 6-amino-


fulvene-aldimines. In this group of compounds, the process
involves migration of a hydrogen around a cyclopentadiene
ring.[52]


2,5-Diphenylsiloles have been known to be desilylated
under basic conditions to produce the corresponding buta-
diene derivatives.[53–56] We initially considered the formation
of cyclobutadienephlorin 11 (see below) and assumed that
the macrocyclic constraints force the cyclobutadiene ring to
close instead of the acyclic butadiene structure. Facile sil-
ACHTUNGTRENNUNGylene extrusion was previously reported from 1,1-diarylsila-
cyclopropenes to afford the corresponding alkynes (thermal
conditions)[57,58] and from 1,1-diamino-2,3-bis(trimethylsilyl)-
silacyclopropene (photochemical conditions).[59,60] Several
methods can be applied to generate cyclobutadiene, as illus-
trated by the selected examples which involve an extrusion
step from a preformed heterocyclopentadiene deriva-
tive.[61–64]


NMR investigations : The identities of 6, 7 and iso-8 were
confirmed by high-resolution mass spectrometry and NMR
spectroscopy. The assignments of the 21-silaphlorin resonan-
ces, which are given above selected groups of peaks in
Figure 2, were made on the basis of relative intensities and
detailed two-dimensional NMR studies (COSY, NOESY,
1H,13C (HMQC, HMBC) and 1H,29Si (HMBC)) carried out
at 230 K in [D2]dichloromethane.
The 1H NMR spectrum of 7 (230 K) exhibits three AB


patterns. Four different sets of meso-p-tolyl ring resonances
were detected. Two of them demonstrated two ortho and
two meta multiplets that were readily correlated with partic-
ular methyl resonances by COSY and NOESY. The detected
differentiation of ortho and meta resonances seen for 10,15-
p-tolyls suggests that their rotation with respect to the
Cmeso�Cipso bond is slow below 230 K and obviously the mac-
rocycle is not planar. In contrast, fast rotation was detected
for 5- and 20-p-tolyls that are adjacent to the silole moiety,
as documented by a single doublet for the ortho and meta
positions in each case. Indeed, the phenyl rings attached at


Scheme 4. Suggested ring contraction mechanism.
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the b-silole position revealed different dynamic behaviour.
Namely, fast rotation was detected for 2-Ph, which remains
in contrast with hindered rotation seen for 3-Ph as revealed
by two well-separated o-H doublets (d=6.18 and 7.42 ppm,
230 K) in the entire temperature range. The marked shift
difference of 3-o-Ph and 3-o’-Ph resonances is readily relat-
ed to the location of the corresponding hydrogen atoms rel-
ative to the shielding zone of the adjacent 2-Ph. The struc-
tural formula of 7 (Scheme 2) demonstrated merely the pro-
jection facilitating a presentation. Non-planar structural
scaffolds were considered to account for the 1H NMR char-
acteristics of 7 and iso-8 (Figure 3 and Figure 6).


Consequently, density functional theory (DFT) studies
were used to visualise the suggested structures of 21-sila-
phlorin and iso-carbacorrole and to assess the degree of
macrocycle distortion that is necessary to form such macro-
cycles. Geometries of 7 and iso-8 were optimised at the
B3LYP/6-31G** level of theory. The optimised structure of


7 shows that the silole ring is nearly perpendicular to the N3
plane. Consequently, SiMe2 and phenyl groups of the silole
are oriented in the opposite direction being on different
sides of the macrocyclic plane. The straightforward assign-
ment of SiMe2 and H5 resonances by means of


1H,29Si scalar
coupling (Figure 2, inset) provided the initial step for the
1H NMR analysis. Significantly, the complementary HMQC
experiment allowed the unambiguous identification of the
unique C5 resonance and revealed its tetrahedral geometry
consistent with the chemical shift of 46.6 ppm. Subsequent
HMBC studies revealed the cross-correlation involving o-H-
ACHTUNGTRENNUNG(5-Tol)$C5 and H5$o-CACHTUNGTRENNUNG(5-Tol) couples. Once assigned,
this particular set of resonances was used as a starting point
for the NOE studies. The fundamental relays of NOE con-
nectivities are shown in Figure 4. The structural constraints


determined by NOE were included in the DFT-optimised
structure.
Considering in detail the spatial proximity of the Me Si�


o-H ACHTUNGTRENNUNG(5-Tol) (2.80 6) and Me Si�o-H ACHTUNGTRENNUNG(5-Tol) (3.35 6) as
found in the DFT-optimised structure of 7 one could expect
that NOE cross-peaks reflect the simultaneous dipolar cou-
pling between both methyls of SiMe2 and o-H ACHTUNGTRENNUNG(5-Tol). In


Figure 2. 1H NMR spectrum of 7 ([D2]dichloromethane, 230 K). Inset:
1H,29Si NMR correlations.


Figure 3. The DFT-optimised structure of 7 (left: perspective view; right:
side views with aromatic and p-Me hydrogen atoms removed for clarity).


Figure 4. The established NOE connectivities for 7. The spatial proximi-
ties [6] are in parentheses.
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agreement with the considered structural geometry, only
one methyl group Me Si is close enough to produce the de-
tectable dipolar 22-NH�Me Si (2.309 6) and 24-NH�
Me Si (2.491 6) correlations (the shortest H–H distances
are given in parentheses). The distances to hydrogen atoms
of Me Si (>5.3 6) are too large to allow any efficient di-
polar coupling. These structural features were reflected in
the NOESY map by two well-defined cross-peaks (Fig-
ure S11 in the Supporting Information). The relative intensi-
ties of the NOE cross-peaks follow the expected r�6 rela-
tion in the series H5$o-H ACHTUNGTRENNUNG(5-Tol) (2.466 6)>H5$o-H ACHTUNGTRENNUNG(3-
Ph) (2.307 6)>H5$H7 (2.718 6)>o-H ACHTUNGTRENNUNG(5-Tol)$Me Si
(2.800 6)>o-HACHTUNGTRENNUNG(5-Tol)$Me Si (3.350 6)>H5$o’-H ACHTUNGTRENNUNG(3-
Ph) (4.210 6), thus confirming the structural analysis. Origi-
nally, two other hypothetical structural models were also
considered albeit on the molecular mechanics (MM+ ) level
only. The first one resembles 7, but contains the 1808-rotated
silole fragment. The alternative structure locates the silole
ring in the tripyrrolic plane, which places the Si-methyl
groups on the opposite sides of the phlorin plane. One can
readily demonstrate that the above-described fundamental
connectivity pattern remains in contradiction with alterna-
tive geometries. The Si-methyl groups cannot be simultane-
ously dipolar coupled to o-H ACHTUNGTRENNUNG(5-Tol) in any of them. It is im-
portant to note that the determined set of correlations
serves as a definitive structural marker of the geometry pre-
sented in Figure 3.
The complete assignment of resonances 6 (Figures S2 and


S5) confirmed the localisation of unsaturated meso centres
as shown in Scheme 1. The structural analysis was stopped
at this stage, owing to the number of feasible stereoisomers.
The spectroscopic assignment carried for iso-8 (Figure 5)


followed the route described in detail for 7. The peculiar
folding of the molecule is shown in the DFT-optimised
structure (Figure 6).


The sequence of the NOE effects, starting from the struc-
turally unique H1 resonance of iso-8, allowed determination
of the rather typical relay of connectivities. It eventually af-
forded the complete assignment presented in Figure 5. In
agreement with the tetrahedral configuration, the chemical
shift of C1 equals 54.5 ppm, as confirmed by the cross-peak
in the corresponding HMQC map. Significantly, a combina-
tion of HMBC and HMQC correlations (Scheme 5) permit-
ted the identification of a cyclopentadiene skeleton.
The five 13C resonances: 54.5 (C1), 141.3 (C2), 148.6 (C3),


142.3 (C4), 138.5 (C21) ppm serve as a fingerprint for the
cyclopentadiene-like moiety formed during desilylation. Re-
markably, the 13C chemical shifts of these quintuplet carbon
atoms match those of typical cyclopentadienes stabilised by
aryl substitution.[65]


Figure 5. 1H NMR spectrum of iso-8 ([D2]dichloromethane, 250 K).


Figure 6. The DFT-optimised structure of iso-8 (left: perspective view;
right: side views with aromatic and Me-p-tolyl hydrogens removed for
clarity).
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Formation and characterisation of silverACHTUNGTRENNUNG(III) and copper ACHTUNGTRENNUNG(III)
carbacorroles : Reaction of silver(I) tetrafluoroborate with
iso-carbacorrole (iso-8) in dichloromethane in the presence
of triethylamine affords the green, diamagnetic, four-coordi-
nate silver ACHTUNGTRENNUNG(III) carbacorrole 8-Ag. A similar procedure
using copper(II) acetate as a source of the metal ion pro-
duced the analogous copper ACHTUNGTRENNUNG(III) carbacorrole 8-Cu (red-
green) (Scheme 6).


Thus the insertion process is accompanied by rearrange-
ment of iso-8 into “true” carbacorrole 8. The macrocyclic
ligand of 8-M corresponds to the “true” carbacorrole, al-
though it is frozen in this peculiar structure solely by coordi-
nation. The demetalation of 8-Ag, carried out in the pres-
ence of gaseous HCl, recovers iso-8.
The electronic spectra of iso-8, 8-Ag and 8-Cu are shown


in Figure 7. The spectrum of iso-8 shows a set of bands of
comparable, but relatively low intensity at l=338 and
386 nm, accompanied by a set of less intense bands at l=


624 and 673 nm. The spectra of 8-Ag and 8-Cu are com-
pletely different from that of the macrocyclic substrate iso-
8. In particular, one can detect the intense bands in the
region typically assigned to the Soret-like band of aromatic
carbaporphyrinoids. Its high extinction coefficients of e�5S
105 suggest an aromatic character for the ligand in 8-Ag,
which remains in contrast to the UV-visible spectrum of
non-aromatic iso-8. The spectroscopic pattern for 8-Cu re-


sembles that of 8-Ag, although all bands exhibit a hypso-
chromic shift.
The 1H NMR spectra of 8-Ag and 8-Cu differ essentially


from that of iso-8 (Figure 8). All pyrrole hydrogens and all
meso-aryl hydrogens of 8-Ag and 8-Cu demonstrate the
chemical shifts, which contain the significant downfield con-
tribution from the aromatic ring current effect. The opposite
relocation was observed for the inner tolyl ring covalently
linked to the C21 carbon atom because this moiety is locat-
ed in the shielding zone of the carbacorrole. The dynamical-
ly broadened resonances of 2-Ph (298 K) were detected at
low temperatures (Figure 8, insets in traces A) and B), re-
spectively). Coordination through the nitrogen donors in 8-
Ag is reflected by the presence of 107/109Ag scalar splitting
seen for the b-H pyrrolic signals of H7, H8, H17 and H18.
In the case of H7 and H18, 4JAgH=1.5 Hz (Figure 8, inset
A4), but it equals 1.1 Hz for H8 and H17. Such a coupling
has not been detected for the H12 and H13 resonances of
the central pyrrole ring.
Silver ACHTUNGTRENNUNG(III) carbacorrole dissolved in CHCl3 undergoes re-


actions with dioxygen in the presence of aqueous HCl over
a period of 48 h (Scheme 7). In the course of oxygenolysis,
the benzylic C21-p-tolyl fragment and the silver cation are
extruded. Cleavage is accompanied by formation of the
furan ring as the oxygen atom replaced the C21-p-tolyl
moiety. This eventually resulted in the formation of 2,3-di-
phenyl-5,10,15-tri ACHTUNGTRENNUNG(p-tolyl)-21-oxacorrole (9). Identification
of 9 was facilitated by the fact that the analogous compound
has been previously isolated and fully characterised.[66] This
peculiar conversion can be compared to the transformation
of 21-telluraporphyrin into 21-oxaporphyrin in the presence
of dioxygen.[8]


Crystal structure of 8-Ag : The structure of silver ACHTUNGTRENNUNG(III) carba-
corrole was determined by X-ray crystallography. The per-
spective views of the molecule are given in Figure 9, which
shows that the macrocycle is distorted from planarity. The
tetrahedral geometry around the C21 atom is demonstrated
by the values of the respective bond angles. Table 1 contains
selected bond lengths and angles.
The Ag�N and Ag�C bond lengths (Table 1) are compa-


rable to those in other silver ACHTUNGTRENNUNG(III) carbaporphyrinoids: sil-


Scheme 5. HMQC and HMBC connectivities found for the cyclopenta-
diene moiety of iso-8.


Scheme 6. Metal-ion insertion into iso-carbacorrole (M=Cu, Ag).


Figure 7. The electronic spectra of iso-8, 8-Ag and 8-Cu in dichlorome-
thane.
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ver ACHTUNGTRENNUNG(III) inverted porphyrin [Ag�N22, 2.06(2); Ag�N23,
2.08(2); Ag�N24, 2.03(2); and Ag�C21, 2.04(2)],[67] sil-
ver ACHTUNGTRENNUNG(III) benzocarbaporphyrin [Ag�N22, 2.038(4); Ag�N23,


2.084(4); Ag�N24, 2.046(4); Ag�C21, 2.015(4)],[68] silver ACHTUNGTRENNUNG(III)
double N-confused porphyrin [Ag�C21, 2.011(7); Ag�C22,
1.987(2); Ag�N23, 2.064(5); and Ag�N24, 2.047(7)],[69]
silver ACHTUNGTRENNUNG(III) O-confused oxaporphyrin with appended pyrrole
ring [Ag�N22, 2.031(5); Ag�N23, 2.069(5); Ag�N24,
2.042(5); Ag�C21, 2.020(7)],[19] and silver ACHTUNGTRENNUNG(III) carabapor-
pholactone [Ag�C21, 2.013(5); Ag�N22, 2.020(4); Ag�N23,
2.038(4); Ag�N24, 2.039 (4)].[17] A comparison of the struc-
tural data, although limited to the five available examples of
silver ACHTUNGTRENNUNG(III) (NNNC) carbaporphyrinoids, shows that sil-
ver ACHTUNGTRENNUNG(III)–carbon ACHTUNGTRENNUNG(sp3) and silver ACHTUNGTRENNUNG(III)–carbon ACHTUNGTRENNUNG(sp2) bond
lengths are very similar in spite of the different nature of
the carbon donors.


DFT calculations : One question requiring an answer is why
the oxidation of 21-silaphlorin leads to a iso-carbacorrole


Figure 8. 1H NMR spectra of: A) 8-Ag ([D]chloroform, 250 K) and B) 8-Cu ([D2]dichloromethane, 250 K). Insets A1, A2, A3 show 2-Ph signals observed
at 210 K; Inset A4 shows


107/109Ag scalar splitting, 298 K. Insets B1, B2, B3 show 2-Ph signals observed at 180 K.


Scheme 7. Reaction of 8-Ag with dioxygen.
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structure iso-8 instead of the alternative isomeric structures:
regular carbacorrole 8, 4-iso-carbacorrole 4-iso-8, (R)-5-iso-
carbacorrole (R)-5-iso-8, (S)-5-iso-carbacorrole (S)-5-iso-8,
vacataporphyrin 10 or cyclobutadienephlorin 11.
One reasonable hypothesis is that a steric relief allowed


by a iso-carbacorrole ring drives the conversion. We carried
out DFT calculations to address this problem. DFT was suc-
cessfully used to describe the properties of porphyrins and
related systems, providing information on their energetics,
conformational behaviour, tautomerism and aromaticity.[70]


We have previously applied DFT modelling to study the re-
lationships between aromaticity, tautomerism, and coordi-
nating capabilities of carbaporphyrinoids.[18,71–76] In particu-
lar, we were able to reproduce the energetic preference of
vacataporphyrin for a strictly planar conformation.[10] In
analogy to an unorthodox geometry of 21,23-ditellurapor-


phyrin,[11] the inverted geometry of the free ligand was con-
sidered as well.
The optimised structures are shown in Figure 10. The


total energies, calculated at the B3LYP/6-31G**//B3LYP/6-
31G** level (Table 2), readily demonstrated that iso-carba-
corrole is the most stable. The relative energies of isomers
increase in the order: iso-carbacorrole<carbacorrole<vaca-
taporphyrin<cyclobutadienephlorin. In our opinion, this
analysis provides some additional insight into the coordinat-


Figure 9. The crystal structure of 8-Ag (top: perspective view; bottom:
side view with hydrogen atoms omitted for clarity). The thermal ellip-
soids represent 50% probability.


Table 1. Selected bond lengths and angles.


Bond lengths [6] Angles [8]


Ag�C21 2.046(5) Ag�C21�C1 104.5(4)
Ag�N22 1.986(5) Ag�C21�C4 113.6(4)
Ag�N23 2.025(4) Ag�C21�Cipso 102.3(3)
Ag�N24 1.984(5) C1�C21�Cipso 116.4(5)


C1�C21�C4 105.4(4)
C4�C21�Cipso 114.5(5)


Table 2. The calculated total energies (B3LYP/6-31G**//B3LYP/6-31G**).


Compound Number Energies [kcalmol�1]
vs. iso-8


iso-carbacorrole iso-8 0.00
carbacorrole 8 2.60
4-iso-carbacorrole 4-iso-8 10.86
(R)-5-iso-carbacorrole (R)-5-iso-8 15.30
(S)-5-iso-carbacorrole (S)-5-iso-8 17.40
vacataporphyrin 10 20.86
cyclobutadienephlorin 11 52.79
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ing properties of carbacorrole. Previously, considering the
mechanism of metal-ion insertion into the coordination core
of inverted porphyrin or 2-oxybenziporphyrin, we included
a preorganisation step into the mechanistic route.[71,77] Thus,
in order to satisfy the requirements imposed by the inserted
metal ion, the molecular and electronic structures of the
ligand have to be prearranged, contributing to the overall
activation energy of metal insertion. For instance, preorgani-
sation energies for iso-8!8 or 8!10 are relatively small in
comparison to activation energies determined for insertion
of a metal ion into porphyrins and N-methylporphyrins.[78–81]


This leads us to expect that carbacorrole will coordinate
using several different coordination modes, depending on
the nature of the central atom.


Conclusion


21-Silaphlorin is a new heteroporphyrinoid, which is related
to phlorin derived from the [18]porphyrin ACHTUNGTRENNUNG(1.1.1.1) frame
and contains a silole ring that replaces one of the pyrroles.
21-Silaphlorin reveals a remarkable reactivity that involves
the extrusion of a silylilene unit followed by intramolecular
rearrangements to form a non-aromatic iso-carbacorrole
ring. Interestingly, considering the macrocyclic frame the
iso-carbacorrole on its own, carbacorrole and cyclobutadi-
ACHTUNGTRENNUNGeneporphyrin are readily recognised as constitutional iso-
mers of vacataporphyrin (butadieneporphyrin).[10] The iso-
carbacorrole, applied as a ligand to silver ACHTUNGTRENNUNG(III) or copper ACHTUNGTRENNUNG(III)
ions, reveals the peculiar plasticity of its molecular and elec-
tronic structure. The structural changes are triggered by the


Figure 10. The DFT-optimised structures of iso-8, 8, 4-iso-8, (R)-5-iso-8, (S)-5-iso-8, 10, 11 (top: perspective views; bottom: side views with aromatic, p-
Me hydrogen atoms and 10,15-p-tolyl groups removed for clarity).
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tetrahedral–trigonal rearrangements at the C1 atom accom-
panied by trigonal–tetrahedral rearrangement at the inner
C21 carbon atom. Such a prearrangement is necessary to
allow a formation of a metal ACHTUNGTRENNUNG(III)�carbon ACHTUNGTRENNUNG(sp3) s bond. Thus
coordination of copper ACHTUNGTRENNUNG(III) or silver ACHTUNGTRENNUNG(III) provides a note-
worthy route to trap a rare aromatic carbacorrole structure.
Formally, such a molecule can be constructed by the re-
placement of the pyrrole ring in triarylcorrole by a cyclo-
pentadiene moiety.


Experimental Section


Instrumentation : NMR spectra were recorded on a Bruker Avance
500 MHz spectrometer. Absorption spectra were recorded by means of a
Varian Cary 50Bio spectrometer. Mass spectra were recorded by means
of a Bruker micrOTOF-Q and AD-604 spectrometers by using the elec-
trospray, liquid-matrix secondary-ion mass spectrometry and electron-
impact techniques.


X-ray analysis : X-ray-quality crystals of 8-Ag were prepared by diffusion
of methanol into a solution of 8-Ag in dichloromethane in a thin tube.
Data were collected at 100 K on a Kuma KM-4 CCD diffractometer. The
data were corrected for Lorentz and polarisation effects. An analytical
absorption correction was applied. Crystal data are compiled in Table 3.
The structure was solved by direct methods by using SHELXS-97 and re-
fined by the full-matrix least-squares method by SHELXL-97 with aniso-
tropic thermal parameters for non-hydrogen atoms.[82,83]


CCDC-671119 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.


Computational chemistry : Density functional theory calculations were
performed by using Gaussian03.[84] Geometry optimisations were carried
out within unconstrained C1 symmetry, with starting coordinates preopti-
mised with semiempirical methods. BeckeVs three-parameter exchange
functional[85] with the gradient-corrected correlation formula of Lee,
Yang, and Parr (B3LYP)[86] was used with the 6-31G** basis set.


Materials : Tetrahydrofuran, dichloromethane and pyrrole were purified
by standard procedures. p-Tolylaldehyde (Aldrich) was used as received.


1,1-Dimethyl-3,4-diphenyl-2,5-bis(p-tolylhydroxymethyl)silole (5): p-Toly-
laldehyde (3.06 mL, 26 mmol) was added to the vigorously stirred solu-
tion of 2,5-dilithium-3,4-diphenyl-1,1-dimethylsilole[32–34] (6.50 mmol) in
tetrahydrofuran (60 mL) at �78 8C under nitrogen. The mixture was
stirred for 1 h, and then the reaction flask was taken out from the cooling
bath and left until it reached room temperature. The mixture was poured
into water (50 mL). The organic products were extracted with diethyl
ether (3S25 mL). The combined extract was washed with brine, dried
over MgSO4, filtered, and evaporated under reduced pressure. The resi-
due was dissolved in dichloromethane/hexane (0.5:9.5 v/v) and purified
by column chromatography (silica gel 70–230, 100 g). The first colourless
fraction was naphthalene. The second orange fraction eluted with di-
chloromethane was collected. Recrystallisation from toluene gave enan-
tiomers 5-SS (RR) as a white powder (1.5 g, 3.0 mmol). The third orange
fraction contained benzyl alcohol. The last fraction (orange) eluted with
methanol/dichloromethane (0.3:9.7 v/v) was collected. The solvent was
removed on a rotary evaporator. The residue was diluted with hexane,
and insoluble materials were filtered out. The filtrate was condensed to
afford 5-RS as an orange oil (1.2 g, 2.4 mmol). Total yield: 83%; HRMS
(ESI): m/z calcd for C34H33OSi


+ : 485.2301, found: 485.2280 [M�OH]+ .


Compound 5-SS (RR): 1H NMR (CDCl3, 230 K): d=7.18 (t, 2H; 3,4-m-
Ph), 7.10 (d, 2H; 3,4-o-Ph), 7.07 (m, 2H; 3,4-p-Ph), 7.06 (d, 4H; 1,6-m-
Tol), 7.03 (d, 6H; 1,6-m-Tol, 3,4-m’-Ph), 6.68 (d, 2H; 3,4-o’-Ph), 5.44 (s,
2H; 1,6), 2.29 (s, 6H; 1,6-p-Me), 1.85 (s, 2H; OH), �0.13 ppm (s, 6H;
Me�Si); 13C NMR (CDCl3, 230 K): d=154.2 (3,4), 143.7 (2,5), 140.9 (C1–
1,6-Tol), 138.0 (C1–3,4-Ph), 136.7 (C4–1,6-Tol), 129.3 (3,4-o’-Ph), 129.0
(3,4-o-Ph, 1,6 m-Tol), 127.9 (3,4-m-Ph), 127.8 (3,4-m’-Ph), 126.8 (3,4-p-
Ph), 125.6 (1,6-o-Tol), 73.0 (1,6), 21.6 (1,6-p-Me), �2.4 ppm (Me�Si);
29Si NMR (CDCl3, 298 K): d=6.22 ppm.


Compound 5-RS: 1H NMR (CDCl3, 230 K): d =7.01 (m, 6H; 3,4-m-Ph,
3,4-p-Ph), 7.05 (d, 4H; 1,6-m-Tol), 7.03 (2H; 4-o-Ph), 7.01 (d, 4H; 1,6-o-
Tol), 6.81 (d, 2H; 3-o-Ph), 5.40 (s, 2H; 1,6), 2.23 (s, 3H; 1,6-p-Me), 0.50
(s, 3H; Me Si), �0.85 ppm (s, 3H; Me Si); 13C NMR (CDCl3, 230 K):
d=154.0 (3,4), 143.4 (2,5), 140.9 (C1–1,6-Tol), 137.8 (C1–3,4- Ph), 136.4
(C4–1,6-Tol), 129.2 (3-o-Ph), 129.0 (4-o-Ph), 128.7 (1,6-o-Tol), 127.7, 127.5
(3,4-m-Ph), 126.6 (3,4-p-Ph), 125.5 (1,6-m-Tol), 72.6 (1,6), 21.3 (1,6-p-
Me), �2.3 (Me Si), �2.8 ppm (Me Si); 29Si NMR (CDCl3, 298 K): d=


6.18 ppm.


Dihydro-21-silaphlorin (6): A 500 mL round-bottomed flask equipped
with a stirring bar, topped with a tube filled with CaCl2 and a nitrogen
inlet, was charged with freshly distilled dichloromethane (450 mL). 2,5-
Bis(p-tolylhydroxymethyl)-3,4-diphenyl-1,1-dimethylsilole (5, 0.5 g,
1 mmol), pyrrole (0.21 mL, 3 mmol), p-tolylaldehyde (0.24 mL, 2 mmol)
and triethyl orthoformate (0.21 mL, 1.25 mmol) were added and the solu-
tion was purged with nitrogen for 20 min at room temperature. Subse-
quently, BF3·Et2O (0.158 mL, 1.25 mmol) was added. The reaction mix-
ture was protected from light. After 1 h of stirring at room temperature,
DDQ (0.681 g, 3 mmol) was added and stirring was continued for a fur-
ther 5 min. The solvent was removed by means of a vacuum rotary evap-
orator. The dark residue was dissolved in dichloromethane and subjected
to preliminary chromatographic separation on a short basic alumina
ACHTUNGTRENNUNG(grade II) column. The fast-moving fraction was collected and separated
again by chromatography on a basic alumina (grade II) column using a
mixture of dichloromethane/hexane (from 1:9 to 5:5 v/v) as the eluent.
Compound 6 eluted first as a yellow fraction preceded by a small amount
of a greenish impurity. The crude product was further purified by column
chromatography on a basic alumina (grade II, dichloromethane/hexane
1.5:8.5 v/v). Yield of 6 varied from traces to 9 mg (1%). Compound 7
eluted second as a green fraction and was often contaminated with
TTPH2 (TTPH2=5,10,15,20-tetra-p-tolylporphyrin). The mixture of mac-
rocyclic products was further purified by column chromatography on a
basic alumina (grade II, dichloromethane/hexane 2:8 v/v). Yield of 7:
9 mg (1%), 1H NMR (CDCl3, 230 K): d=11.66 (br s, 1H; 24-NH), 7.81(s,
1H; 22-NH), 7.42 (m, 1H; 2-m-Ph), 7.41(2d, 2H; 15-o-Tol), 7.39 (d, 1H;
2-o-Ph), 7.37 (2d, 2H; 10-o-Tol), 7.27 (m, 5H; 3-m-Ph, 5-o-Tol, 15-m-
Tol), 7.21 (m. 2H; 2-p-Ph, 3-o-Ph), 7.16 (d, 2H; 10-m-Tol), 7.09 (d, 2H;
5-m-Tol), 7.08 (d, 1H; 2-m-Ph), 7.02 (m, 1H; 3-p-Ph), 6.94 (d, 2H; 20-m-
Tol), 6.78 (d, 2H; 20-o-Tol), 6.67 (d, 1H; 13), 6.63 (d, 1H; 2-o-Ph), 6.48


Table 3. Crystallographic data for 8-Ag.


8-Ag


solvent of crystallisation MeOH into CH2Cl2
empirical formula C60H44N3Ag
T [K] 100(2)
crystal system monoclinic
space group P2(1)/n
V [63] 4919.8(2)
a [6] 14.0223(4)
b [6] 16.7096(3)
c [6] 21.9074(5)
a [8] 90
b [8] 106.575(3)
g [8] 90
Z 4
1calcd ACHTUNGTRENNUNG[gcm


�3] 1.415
q range 4.12�q�38.59
hkl range �16�h�16


�19�k�19
�23� l�26


GoF (F2) 0.914
R1 0.0615
wR2 0.1804
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(m, 1H; 3-m-Ph), 6.42 (d, 1H; 12), 6.36 (d, 1H; 17), 6.04 (m, 1H; 8), 5.87
(d, 1H; 18), 5.56 (m, 1H; 7), 5.48 (s, 1H; 10), 5.47 (d, 1H; 3-o-Ph), 5.14
(s, 1H; 20), 4.67 (s, 1H; 5), 2.42 (s, 3H; 15-p-Me), 2.30 (s, 3H; 10-p-Me),
2.26 (s, 3H; 5-p-Me), 2.18 (s, 3H; 20-p-Me), 0.01 (s, 3H; Me Si),
�1.16 ppm (s, 3H; Me Si); 13C NMR (CDCl3, 230 K): d =154.7 (2),
151.5 (3), 146.5 (4), 141.5 (1), 140.1 (15), 139.4 (C1–20-Tol), 138.6 (C4–15-
Tol), 138.3 (C1–2-Ph), 137.9 (C1–10-Tol), 137.6 (C1–5-Tol), 137.4 (C1–3-
Ph), 136.4 (C4–5-Tol), 136.3 (C4–10-Tol, C4–20-Tol), 135.0 (C1–15-Tol),
134.5 (13), 133.9 (16), 130.9 (6), 130.8 (2-m-Ph), 130.6 (9), 129.8 (3-o-Ph),
129.7 (10-m-Tol), 129.3 (10-o-Tol, 19), 129.0 (5-m-Tol), 128.9 (20-m-Tol),
128.8 (20-o-Tol), 128.7 (5-o-Tol), 128.6 (2-o-Ph, 3-o-Ph), 128.5 (3-m-
Ph),128.2 (14, 15-m-Tol), 128.0 (11), 127.9 (2-o-Ph, 15-o-Tol), 127.8 (2-m-
Ph), 127.4 (3-m-Ph), 126.9 (2-p-Ph), 126.4 (2-p-Ph), 125.7 (17), 123.2 (12),
113.4 (18), 106.7 (8), 104.2 (7), 47.0 (20), 45.4 (10), 45.3 (5), 21.3 (15-p-
Me), 21.0 (10-p-Me; 20.9 (5-p-Me), 20.8 (20-p-Me), �2.9 (Me Si),
�3.9 ppm (Me Si); 29Si NMR (CDCl3, 298 K): d =5.79 ppm; HRMS
(ESI): m/z calcd for C62H56N3Si


+ : 870.4243, found: 870.4183 [M+H]+ ;
UV/Vis (CH2Cl2, 298 K): lmax ACHTUNGTRENNUNG(loge)=316 (5.15), 453 (5.20) 687 nm
(3.93 m


�1 cm�1).


21-Silaphlorin (7): See the procedure for 6. 1H NMR (CD2Cl2, 230 K):
d=9.20, 8.41 (br, 2 s, 2H; 22,24-NH), 7.42 (d, 1H; 3-o-Ph), 7.39, 7.25 (2d,
2H; 10-o-Tol), 7.31, 7.12 (2d, 2H; 15-o-Tol), 7.29 (m, 1H; 3-m-Ph), 7.20
(d, 2H; 15-m-Tol), 7.18 (d, 2H; 10-m-Tol), 7.16 (2d, 2H; 20-o-Tol), 7.08
(d, 2H; 5-m-Tol), 7.06 (m, 1H; 3-p-Ph), 6.99 (d, 2H; 5-o-Tol), 6.97 (d,
2H; 20-m-Tol), 6.91 (d, 1H; 18), 6.84 (m, 1H; 3-m’-Ph), 6.81 (d, 2H; 2-
m-Ph), 6.79 (m, 1H; 2-p-Ph), 6.71 (d, 2H; 2-o-Ph), 6.57 (d, 1H; 12), 6.37
(d, 1H; 17), 6.23 (d, 1H; 13), 6.18 (d, 1H; 3-o’-Ph), 6.09 (d, 1H; 8), 5.81
(s, 1H; 5), 5.69 (d, 1H; 7), 2.38 (s, 3H; 10-p-Me), 2.37 (s, 3H; 15-p-Me),
2.26 (s, 3H; 5-p-Me), 2.21 (s, 3H; 20-p-Me), �0.05 (s, 3H; Me Si),
�0.24 ppm (s, 3H; Me Si); 13C NMR (CD2Cl2, 230 K): d=167.6 (14),
159.8 (2), 154.3 (3), 151.5 (11), 145.5, 142.2 (16, 19), 142.4 (1), 140.5 (C1–
5-Tol), 139.4 (6), 138.2 (C1–2-Ph), 137.9 (C1–15-Tol), 137.9 (C1–3-Ph),
137.7 (C4–10-Tol), 136.55 (C4–5-Tol), 136.5 (C4–15-Tol, C4–20-Tol), 135.9
(12), 135.3 (4), 135.2 (C1–20-Tol), 133.2 (C1–10-Tol), 132.6 (9), 132.1 (10,
15-o-Tol), 131.5 (10-o-Tol), 129.1 (5-m-Tol), 128.8 (20-m-Tol), 128.7 (3-o-
Ph, 20-o-Tol), 128.6 (13, 15-m-Tol), 128.3 (2-o-Ph), 128.2 (3-o’-Ph), 128.1
(17), 128.0 (5-o-Tol), 127.9 (3-m-Ph), 127.8 (10-m-Tol), 127.6 (3-m’-Ph),
126.8 (2-p-Ph), 126.6 (3-p-Ph), 126.5 (18), 126.4 (2-m-Ph), 123.1 (8), 121.9
(20), 110.7 (7), 107.8 (15), 46.6 (5), 21.3 (10-p-Me), 21.2 (15-p-Me), 21.1
(20-p-Me; 21.0 (5-p-Me), �2.6 (Me Si), �3.2 ppm (Me Si); 29Si NMR
(CD2Cl2, 298 K): d=6.52; HRMS (ESI): m/z calcd for C62H54N3Si


+ :
868.4087, found: 868.4104 [M+H]+ ; UV/Vis (CH2Cl2, 298 K):
lmax ACHTUNGTRENNUNG(log e)=315 (5.22), 404 (5.44), 647 (5.14), 697 nm (5.28 m


�1 cm�1).


iso-Carbacorrole (iso-8): A 500 mL round-bottomed flask equipped with
a stirring bar and nitrogen inlet, was charged with freshly distilled di-
chloromethane (450 mL). 2,5-Bis(p-tolylhydroxymethyl)-3,4-diphenyl-1,1-
dimethylsilole (5, 0.5 g, 1 mmol), pyrrole (0.21 mL, 3 mmol), p-tolylalde-
hyde (0.24 mL, 2 mmol) and water (0.036 mL, 2 mmol) were added and
the solution was purged with nitrogen for 20 min at room temperature.
The reaction mixture was protected from light and BF3·Et2O (0.158 mL,
1.25 mmol) was added. After 1 h of stirring at room temperature, DDQ
(0.908 g, 4 mmol) was added and stirring was continued for a further
5 min. The solvent was removed with a vacuum rotary evaporator. The
dark residue was dissolved in dichloromethane and subjected to prelimi-
nary chromatography separation on a short basic alumina (grade II)
column. The fast-moving fraction was collected and separated again by
chromatography on a basic alumina (grade II) column using as the eluent
a mixture of dichloromethane/hexane (3:7 v/v). iso-8 eluted first as a see-
green fraction. The crude product was further purified by column chro-
matography basic alumina (grade II, dichloromethane/hexane 1.5:8.5 v/
v). Yield of iso-8 : 8 mg (1%), 1H NMR (CD2Cl2, 250 K): d=9.98 (s, 1H;
24-NH), 8.64 (s, 1H; 22-NH), 7.47, 7.33 (2d, 2H; 10-o-Tol), 7.36 (d, 1H;
15-o-Tol), 7.31 (d, 2H; 15-o-Tol, 10-m-Tol), 7.28 (d, 1H; 7), 7.26 (d, 1H;
10-m-Tol), 7.22, 7.19 (2d, 2H; 15-m-Tol), 7.17 (d, 2H; 21-o-Tol), 7.16 (d,
2H; 5-o-Tol), 7.14–7.11 (m, 5H; 2-o,m,p-Ph), 7.10 (t, 1H; 3-p-Ph), 7.05
(t, 2H; 3-m-Ph), 6.96 (d, 2H; 5-m-Tol), 6.93 (d, 1H; 8), 6.88 (d, 1H; 13),
6.86 (d, 2H; 21-m-Tol), 6.75 (d, 2H; 3-o-Ph), 6.66 (m, 1H; 18), 6.59 (d,
1H; 12), 6.39 (d, 1H; 17), 6.23 (s, 1H; 1), 2.44 (s, 3H; 10-p-Me), 2.39 (s,
3H; 15-p-Me), 2.23 (s, 3H; 5-p-Me), 2.12 ppm (s, 3H; 21-p-Me);


13C NMR (CD2Cl2, 250 K): d =165.8 (11), 150.6 (14), 148.6 (3), 146.3 (9),
142.7 (6), 142.3 (4), 141.3 (2), 138.5 (21), 138.3 (C4–15-Tol), 137.5 (C4–21-
Tol), 137.0 (C4–5-Tol), 136.9 (C4–10-Tol), 136.3 (C1–10-Tol), 135.9 (C1–3-
Ph), 135.6 (19), 135.4 (C1–2-Ph), 135.3 (C1–15-Tol), 135.0 (C1–5-Tol),
134.6 (13), 132.7 (16), 132.3 (15), 132.3 (10-o-Tol), 132.0 (10-o-Tol, 15-o-
Tol), 131.3 (15-o-Tol), 130.7 (C1–21-Tol), 130.3 (8), 128.5 (21-m-Tol),
129.2 (5-o-Tol), 129.1 (3-o-Ph, 5-m-Tol), 129.0 (2-o-Ph), 128.84, 128.81
(10-m-Tol), 128.4 (15-m-Tol), 128.3 (2-m-Ph, 15-m-Tol), 128.1 (3-m-Ph),
127.6 (21-o-Tol), 127.4 (12), 127.1 (2-p-Ph, 3-p-Ph), 126.9 (7), 120.3 (17),
116.5 (5), 112.1 (18), 108.7 (10), 54.5 (1), 21.4 (15-p-Me), 21.3 (10-p-Me),
21.2 (5-p-Me), 21.1 ppm (21-p-Me); HRMS (EI): m/z calcd for C60H47N3:
809.3770, found: 809.3771 [M]+ ; UV/Vis (CH2Cl2, 298 K): lmax ACHTUNGTRENNUNG(loge)=
338 (5.90), 386 (5.99), 624 (5.58) 673 nm (5.74 m


�1 cm�1).


SilverACHTUNGTRENNUNG(III) carbacorrole (8-Ag): Compound iso-8 (16 mg, 0.02 mmol) was
dissolved in freshly distilled dichloromethane (20 mL), than excess
AgBF4 was added. The solution turned immediately from sea-green to
red. The resulting mixture was stirred for 5 min, and then TEA (excess)
was added. The colour changed to green. The mixture was directly
moved to the top of column chromatography on a silica gel (mesh 70–
230). The first green band moving with dichloromethane was collected
and evaporated to dryness. The residue contains practically pure 8-Ag
complex. Yield: 16.4 mg (90%), 1H NMR (CDCl3, 230 K): d=9.19, 7.89,
5.91 (br, 3 s, 5H; 2-Ph, 210 K), 8.95 (d, 1H; 7), 8.72 (d, 1H; 8), 8.63 (d,
1H; 13), 8.54 (d, 1H; 18), 8.51 (d, 1H; 17), 8.43 (d, 1H; 15-o-Tol), 8.40
(d, 1H; 12), 8.04 (d, 2H; 5-o-Tol, 10-o-Tol), 8.00 (d, 1H; 10-o-Tol), 7.87
(d, 1H; 5-o-Tol), 7.72 (d, 1H; 3-o-Ph), 7.61 (d, 1H; 15-m-Tol), 7.52 (d,
2H; 10-m-Tol, 15-o-Tol), 7.50 (d, 1H; 10-m-Tol), 7.38 (m, 2H; 5-m-Tol,
15-m-Tol), 7.16 (t, 1H; 3-m-Ph), 6.96 (m, 1H; 3-p-Ph), 6.87 (d, 1H; 5-m-
Tol), 6.55 (t, 1H; 3-m-Ph), 5.76 (d, 1H; 3-o-Ph), 5.75 (d, 2H; 21-m-Tol),
4.46 (d, 2H; 21-o-Tol), 2.64 (s, 3H; 10-p-Me), 2.61 (s, 3H; 15-p-Me), 2.39
(s, 3H; 5-p-Me), 1.46 ppm (s, 3H; 21-p-Me); 13C NMR (CDCl3, 230 K):
d=152.7 (1), 152.1, 135.5 (16, 19), 145.0, 140.3 (6, 9), 144.3 (3), 142.2,
137.8 (11. 14), 141.5 (4), 139.1 (C1–10-Tol), 138.0 (C1–15-Tol), 137.3 (C4–
21-Tol), 137.1 (C1–3-Ph), 137.0 (C4–15-Tol), 136.9 (C4–10-Tol), 136.8 (C4–
5-Tol), 136.7 (C1–5-Tol), 136.5, 135.8 (5-o-Tol), 136.3 (2), 134.8 (10-o-Tol,
15-o-Tol), 134.7 (15-o-Tol), 134.6 (10-o-Tol), 132.8 (2-Ph), 132.2 (3-o-Ph),
130.0 (3-o-Ph, 13), 129.5 (8, C1–21-Tol), 128.8 (17), 128.7 (7), 128.4, 127.5
(5-m-Tol), 128.3 (15-m-Tol), 128.2 (21-m-Tol), 128.0 (5, 10-m-Tol), 127.9
(10-m-Tol), 127.1 (3-m-Ph, 12), 127.0 (3-m-Ph), 125.6 (3-p-Ph), 123.5 (21-
o-Tol), 118.5 (15), 117.2 (18), 116.3 (10), 88.5 (21), 21.8 (10-p-Me), 21.7
(15-p-Me), 21.4 (5-p-Me), 20.6 ppm (21-p-Me); HRMS (ESI): m/z calcd
for C60H44N3Ag


+ : 913.2586, found: 913.2393 [M]+ ; UV/Vis (CH2Cl2,
298 K): lmax ACHTUNGTRENNUNG(loge)=337 (5.45), 368 (5.41), 465 (6.73), 591 nm
(5.13 m


�1 cm�1).


Copper ACHTUNGTRENNUNG(III) carbacorrole (8-Cu): Compound iso-8 (16 mg, 0.02 mmol)
was dissolved in freshly distilled tetrahydrofuran (20 mL), then excess
Cu ACHTUNGTRENNUNG(CH3COO2)2·H2O was added. The mixture was heated to reflux for
1 h. The solvent was removed under reduced pressure. The residue was
dissolved in dichloromethane and separated by chromatography on a
silica gel (mesh 70–230) column. The first red-green band was collected
and evaporated to dryness. The residue contains practically pure 8-Cu
complex. Yield: 16.6 mg (95%), 1H NMR (CDCl3, 230 K): d=8.85, 6.30
(2d, 2H; 2-o-Ph, 190 K), 8.66 (d, 1H; 7), 8.60 (d, 1H; 18), 8.49 (d, 1H;
13), 8.48 (d, 1H; 8), 8.47 (d, 1H; 17), 8.23 (d, 1H; 12), 8.22 (d, 1H; 15-o-
Tol), 7.92 (d, 1H; 10-o-Tol), 7.88 (d, 2H; 5-o-Tol, 10-o-Tol), 7.71 (d, 1H;
3-o-Ph), 7.69 (d, 1H; 5-o-Tol), 7.64 (d, 1H; 15-o-Tol), 7.58 (d, 1H; 15-m-
Tol), 7.50 (d, 1H; 10-m-Tol), 7.46 (d, 1H; 10-m-Tol), 7.42 (d, 1H; 15-m-
Tol), 7.34 (t, 1H; 2-m-Ph), 7.32 (d, 1H; 5-m-Tol), 7.24 (t, 1H; 3-m-Ph),
7.18 (t, 1H; 2-m-Ph), 7.05 (m, 1H; 3-p-Ph), 6.98 (m, 1H; 2-p-Ph, 190 K)
6.82 (d, 1H; 5-m-Tol), 6.61 (t, 1H; 3-m-Ph), 6.00 (d, 1H; 3-o-Ph), 5.63 (d,
2H; 21-m-Tol), 4.21 (d, 2H; 21-o-Tol), 2.59 (s, 3H; 10-p-Me), 2.58 (s,
3H; 15-p-Me), 2.37 (s, 3H; 5-p-Me), 1.36 ppm (s, 3H; 21-p-Me);
13C NMR (CDCl3, 230 K): d=149.6 (1), 148.7, 142.2 (6, 9), 146.1, 138.2
(16, 19), 144.6, 141.0 (11, 14), 143.7 (3), 141.0 (C1–2-Ph), 139.6 (4), 138.5
(C1–10-Tol), 138.4 (C4–21-Tol), 137.5 (C4–10-Tol), 137.4 (C4–5-Tol), 137.3
(C4–15-Tol), 137.2 (C1–3-Ph), 137.0 (C1–15-Tol), 136.5 (2), 136.3 (C1–5-
Tol), 135.1 (5-o-Tol), 134.2, 134.0 (15-o-Tol), 134.1 (10-o-Tol), 133.9, 133.8
(5-o-Tol, 10-o-Tol), 132.8, 129.5 (3-o-Ph), 132.3 (2-o-Ph), 130.7 (5), 130.5
(C1–21-Tol), 130.4 (13), 129.8 (8), 129.0, 125.9 (2-m-Ph), 128.6 (17),
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128.46, 128.48 (15-m-Tol), 128.3 (21-m-Tol), 128.1 (5-m-Tol, 10-m-Tol),
128.0 (5-m-Tol, 10-m-Tol, 7), 127.5 (2-p-Ph), 127.4 (12), 127.2, 127.0 (3-m-
Ph), 125.6 (3-p-Ph), 121.0 (21-o-Tol), 120,1 (10), 118.9 (15, 18), 96.4 (21),
21.41 (15-p-Me), 21.37 (10-p-Me), 21.2 (5-p-Me), 20.3 ppm (21-p-Me);
HRMS (ESI): m/z calcd for C60H44N3Cu


+ : 869.2831, found: 869.2742
[M]+ ; UV/Vis (CH2Cl2, 298 K): lmax (loge)=417 (5.57), 452 (5.71) 585
(5.15) 605 nm (5.14 m


�1 cm�1).


21-Oxacorrole (9): Compound 8-Ag (0.02 mmol, 16 mg) was dissolved in
dichloromethane (20 mL), then water (2 mL) and hydrochloric acid
(2 mL, 38% in H2O) was added. The mixture was stirred for 48 h at
room temperature. The heterogeneous mixture was poured into water
(50 mL), and the organic products were separated. Excess TEA was
added, and the mixture was evaporated to dryness. The residue was dis-
solved in dichloromethane/hexane (5:5 v/v) and separated by chromatog-
raphy on a basic alumina (grade II) column. The first pink fraction was
collected and evaporated to afford 9 (6.3 mg, 50%). 1H NMR (CDCl3,
298 K): d=8.89 (d, 1H; 18), 8.85 (d, 1H; 13), 8.72 (d, 1H; 7), 8.68 (d,
1H; 17), 8.67 (d, 1H; 8), 8.61(d, 1H; 12), 8.15 (d, 2H; 15-o-Tol), 8.06 (d,
2H; 10-o-Tol), 8.00 (d, 2H; 2-o-Ph), 7.65 (d, 2H; 5-o-Tol), 7.61 (t, 2H; 2-
m-Ph), 7.57 (d, 2H; 15-m-Tol), 7.56 (t, 1H; 2-p-Ph), 7.52 (d, 2H; 10-m-
Tol), 7.20 (d, 2H; 3-o-Ph), 7.16 (t, 1H; 3-p-Ph), 7.07 (t, 2H; 3-m-Ph),
7.02 (d, 2H; 5-m-Tol), 2.66 (s, 3H; 10-p-Me), 2.65 (s, 3H; 15-p-Me), 2.41
(s, 3H; 5-p-Me), �2.86 ppm (s, 1H; 22-NH); 13C NMR (CDCl3, 298 K):
d=152.4, 150.4 (11, 14), 143.5, 136.2 (1, 4), 139.6 (C1–10-Tol), 137.8 (C1–
15-Tol), 137.5, 135.7 (6, 9), 137.5 (C4–15-Tol), 137.2 (C4–5-Tol), 137.0 (C4–
10-Tol), 135.0 (15-o-Tol), 134.8 (10-o-Tol), 134.7 (5-o-Tol), 134.5, 123.8
(16, 19), 134.3 (C1–5-Tol), 134.2 (C1–3-Ph), 133.7 (C1–2-Ph), 132.2 (2-o-
Ph), 132.0 (3, 3-o-Ph), 131.7 (13), 130.4 (12), 129.5 (2), 128.8 (15-m-Tol),
128.6 (2-m-Ph), 128.3 (2-p-Ph), 127.9 (10-m-Tol), 127.8 (5-m-Tol), 127.5
(3-m-Ph), 126.0 (7, 3-p-Ph), 125.9 (8), 123.1 (17), 120.0 (15), 116.0 (18),
113.8 (10), 108.1 (5), 21.70 (15-p-Me), 21.66 (10-p-Me), 21.4 ppm (5-p-
Me); HRMS (ESI): m/z calcd for C52H40N3O


+ : 722.3166, found: 722.3173
[M+H]+ ; UV/Vis (CH2Cl2, 298 K): lmax ACHTUNGTRENNUNG(loge)=410 (5.70), 426 (5.50), 493
(4.18), 526 (4.52), 562 (4.97), 614 nm (4.68 m


�1 cm�1).
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[10] E. Pacholska, L. Latos-Grażyński, Z. Ciunik, Chem. Eur. J. 2002, 8,
5403–5406.


[11] E. Pacholska, L. Latos-Grażyński, Z. Ciunik, Angew. Chem. 2001,
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[77] L. Szterenberg, L. Latos-Grażyński, Inorg. Chem. 1997, 36, 6287–
6291.


[78] M. J. Bain-Ackerman, D. K. Lavallee, Inorg. Chem. 1979, 18, 3358–
3364.


[79] P. Hambright, P. B. Chock, J. Am. Chem. Soc. 1974, 96, 3123–3131.
[80] R. F. Longo, E. M. Brown, D. J. Quimby , A. D. Adler, M. Meot-


Ner, Ann. N. Y. Acad. Sci. 1973, 206, 420–442.
[81] R. F. Longo, E. M. Brown, G. W. Rau, A. D. Adler in The Porphyr-


ins ,Vol. 5, (Ed.: D. Dolphin), Academic Press, New York 1978,
pp. 459–481.


[82] Sheldrick, G. M. SHELXS97 - Program for Crystal Structure Solu-
tion. 1997. University of Gçttingen.


[83] Sheldrick, G. M. SHELXL97 - Program for Crystal Structure Re-
finement, 1997, University of Gçttingen.


[84] Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
y, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, 2004, Wallingford CT,
Gaussian Inc.


[85] A. D. Becke, Phys. Rev. A 1988, 38, 3098–3100.
[86] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785–789.


Received: December 19, 2007
Published online: April 9, 2008


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4861 – 48744874


L. Latos-Grażyński et al.
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Introduction


Single-walled carbon nanotubes (SWNT) have been regard-
ed as potential materials for highly efficient transportation


of charges in optoelectronic and photovoltaic devices, owing
to their one-dimensional structure and unique electronic
and photophysical properties. However, the poor solubility
of SWNT in aqueous or organic solvents, owing to their ex-
tremely strong p–p interactions has resulted in a marked im-
pediment to their applications. Covalent chemical function-
alization is one of the promising approaches to impart suffi-
cient solubility to SWNT.[1–7] Extensive sidewall functionali-
zation is known to disrupt the conjugated p-systems of
SWNT.[1,3–7] On the other hand, shortened SWNT by acid
treatment largely preserves the characteristic electronic
structure, since the chemical functionalization (e.g., by a car-
boxylic group) localizes at terminals and defect sites of the
nanotube structure and in turn most of the sidewall remains
intact.[2] Noncovalent functionalization using hydrophobic
interactions[8–10] in aqueous solvents and p–p interactions in
aqueous or organic solvents[11–13] is an alternative approach
because it can provide a general method of dissolving
SWNT without altering the electronic structure. Various p


electron-donating compounds including pyrenes,[11] porphyr-
ins,[12] and p-conjugated polymers[13] have been employed to


Abstract: We have successfully devel-
oped a new methodology for the self-
organization of C60 molecules on the
sidewall of carbon nanotubes for use in
photoelectrochemical devices. Novel
nanocarbon composites of fullerene
(e.g., C60) and highly soluble, chemical-
ly functionalized single-walled carbon
nanotubes (f-SWNT) have been pre-
pared by the rapid injection of a poor
solvent (e.g., acetonitrile) into a mixed
solution of C60 and f-SWNT in o-di-
chlorobenzene. Measurements by using
scanning electron microscopy of cast
samples revealed that the composites
are categorized into three groups;
i) f-SWNT bundles covered with layers


of C60 molecules, ii) round, large C60
clusters (sizes of 500–1000 nm) contain-
ing f-SWNT, and iii) typical, round C60
clusters (sizes of 150–250 nm). The
electrophoretic deposition of the com-
posites onto a nanostructured SnO2
electrode yielded the hierarchical film
with a gradient composition depending
on the difference in the mobilities of
C60 and f-SWNT during the electropho-
retic process. The composite film ex-


hibited an incident photon-to-photocur-
rent efficiency as high as 18% at l=


400 nm under an applied potential of
0.05 V vs. SCE. The photocurrent gen-
eration efficiency is the highest value
among carbon nanotube-based photo-
electrochemical devices in which
carbon nanotubes are deposited elec-
trophoretically, electrostatically or co-
valently onto semiconducting electro-
des. The highly aligned structure of C60
molecules on f-SWNT can rationalize
the efficient photocurrent generation.
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carbon nanotube-based molecular devi-
ces.


Keywords: chemical functionaliza-
tion · electrophoretic deposition ·
fullerenes · nanotubes · photo-
electro chemistry


[a] Dr. T. Umeyama, N. Tezuka, M. Fujita, S. Hayashi, N. Kadota,
Prof. Y. Matano, Prof. H. Imahori
Department of Molecular Engineering
Graduate School of Engineering, Kyoto University
Nishikyo-ku, Kyoto 615–8510 (Japan)
Fax.: (+81)75-383-2571
E-mail : imahori@scl.kyoto-u.ac.jp


[b] Prof. H. Imahori
Institute for Integrated Cell-Material Sciences (iCeMS)
Kyoto University
Nishikyo-ku, Kyoto 615–8510 (Japan)


[c] Prof. H. Imahori
Fukui Institute for Fundamental Chemistry
Kyoto University, 34–4, Takano-Nishihiraki-cho
Sakyo-ku, Kyoto 606–8103, Japan


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


Chem. Eur. J. 2008, 14, 4875 – 4885 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4875


FULL PAPER







interact with SWNT, leading to formation of supramolecular
complexes in aqueous or organic media under ultrasonica-
tion. Thus, the complexation of p electron-rich compounds
with SWNT imparts moderate solubility to SWNT. Never-
theless, integration of such complexes into photoelectro-
chemical and photovoltaic devices has not given satisfactory
results, owing to the insufficient debundling of SWNT by
the p electron-rich compounds.[14]


Three-dimensional structural fullerenes are carbon allo-
tropes that exhibit peculiar electron transfer (ET) proper-
ties. There has been intensive research on photovoltaic sys-
tems utilizing fullerenes and their derivatives as accept-
ors,[15, 16] because the small reorganization energies of ful-
lerenes in ET lead to remarkable acceleration of photoin-
duced charge separation (CS) and of charge shift as well as
deceleration of charge recombination (CR).[17] With these in
mind, the arrangement of fullerene molecules along SWNT
is an attractive strategy to attain efficient transportation of
charges in photoelectrochemical and photovoltaic devices.
Examples of such arrangements, however, are almost limited
to fullerene-encapsulated SWNT (bucky-peapods),[18, 19]


which are insoluble in organic solvents, making it difficult to
apply them to molecular devices. No fullerene-SWNT com-
posites utilizing the p–p interactions between fullerenes and
the external sidewall of SWNT have been isolated and in-
vestigated, owing to the poor solubility of the composites in
organic solvents. Although there are several examples of ter-
nary composites comprising of C60, SWNT, and other p-con-
jugated compounds,[20] the interaction between C60 and
SWNT has attracted less attention in the complicated terna-
ry systems.
Recently, Mitra et al. reported the formation of a C60-


SWNT supramolecular complex in toluene/H2O or toluene/
EtOH (v/v=1/25) by using microwave irradiation.[21] They
spin-coated the composite solution with poly(3-hexylthio-
phene) (P3HT) to an indium-tin-oxide (ITO) electrode to
fabricate bulk heterojunction solar cells. The power conver-
sion efficiency (0.57%) was found to be improved compared
to the reference cell, which comprised of P3HT and C60
without SWNT under their experimental conditions, but is
much smaller than the typical value (3–5%) of P3HT-C60
bulk heterojunction solar cells.[22] Thus, the relationship be-
tween the structure and photovoltaic properties of C60-
SWNT composites remains elusive.
Here we report on a novel strategy for the arrangement


of C60 molecules on the external surface of a SWNT. First,
acid treatment cuts the pristine SWNT (p-SWNT) to yield
shortened SWNT (s-SWNT) with carboxylic groups at the
open ends and defect sites (Scheme 1, step 1).[2] The
s-SWNT are then functionalized with a sterically hindered
amine (i.e. , swallow-tailed secondary amine) to yield func-
tionalized SWNT (f-SWNT), soluble in organic solvents
(step 2). Finally, a poor solvent (i.e., acetonitrile) is rapidly
injected into a mixture of C60 and f-SWNT in a good solvent
(such as o-dichlorobenzene, ODCB), resulting in the forma-
tion of composite clusters of C60 and f-SWNT ((C60+
f-SWNT)m).


[23] We expected that lyophobic interactions be-


tween C60-f-SWNT and the mixed solvent as well as the p–p
interaction between C60 molecules and between C60 and
f-SWNT would lead to the desirable arrangement of C60
molecules on the external surface of the SWNT in the
mixed solvent (step 3). We also describe photoelectrochemi-
cal properties of the C60-f-SWNT composites electrophoreti-
cally deposited onto a nanostructured SnO2 electrode.


[24,25]


A series of microscopic and photoelectrochemical studies on
the deposited composite films has been performed to eluci-
date the relationship between the structures and the photo-
electrochemical properties of the C60-f-SWNT composites.


Results and Discussion


Preparation of functionalized SWNT: f-SWNT were pre-
pared by purification and oxidation of p-SWNT (HiPco, pu-
rified grade) and subsequent reaction of s-SWNT with thio-
nyl chloride and 8-aminopentadecane (see the Experimental
Section).[2] f-SWNT are soluble in common organic solvents
including o-dichlorobenzene, chloroform, THF, and toluene
and show a solubility of up to �1.0 gL


�1 in ODCB after
sonication for 30 min. The solution is stable for at least one
month. Notably, the solubility of f-SWNT is remarkably im-
proved relative to that of similar SWNT (0.4 gL


�1 in
ODCB)[5c] functionalized with long alkyl amines (i.e., octa-
decylamine) instead of the swallow-tailed secondary amines.
The AFM image of f-SWNT (Figure 1a), which is obtained
for the sample spin-coated on freshly cleaved mica from the
ODCB solution of f-SWNT, discloses the short, thin rod-like
structures attributed to the bundles of f-SWNT. The average
diameter of isolated bundles of f-SWNT is determined to be
5.1 nm (see the Supporting Information, Figure S1). These
results demonstrate that our strategy is useful for the solubi-
lization of SWNT, which then allows p electron-rich com-
pounds to interact with their sidewalls to make supramolec-
ular complexes in organic solvents (vide infra).


Scheme 1.
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Clusterization : UV-Vis-NIR absorption spectra of C60,
f-SWNT, and the composite were measured in ODCB and
ODCB/acetonitrile mixtures (1:3, v/v). The absorption spec-
trum of f-SWNT (see the Supporting Information, Figure
S2a) in ODCB (0.024 gL


�1) shows characteristic peaks asso-
ciated with transitions between symmetric van Hove singu-
larities in the density of states for SWNT, which implies that
the electronic structure of a SWNT is retained after the
chemical modification.[2] The appearance of the moderately
sharp peaks discloses that the f-SWNT is dispersed modestly
in ODCB, since the sharpness of these peaks is widely con-
sidered to be a measure for the level of exfoliation of
SWNT bundles. To examine the clusterization behavior of
f-SWNT by lyophobic interaction, acetonitrile (poor sol-
vent) was added rapidly to a solution of f-SWNT in ODCB
(good solvent) (0.098 gL


�1). The absorption spectrum of the
resulting pale black, transparent solution in the ODCB/ace-
tonitrile mixture (1:3, v/v; Figure S2b) is largely similar to
that of f-SWNT in ODCB (Figure S2a) under the same con-


centration (0.024 gL
�1). The similarity in the sharpness of


the absorption peaks in the two spectra suggests that the
size of the bundles is largely preserved after the injection of
acetonitrile. However, there is a slight difference in the ab-
sorption intensity of f-SWNT in the mixed solvent relative
to that in ODCB, which may be attributed to a small in-
crease in the bundle size in the mixed solvent or difference
in the solvent polarity or light scattering. Small vibration of
the cuvette caused the precipitation of f-SWNT, making the
solution transparent, thereby showing that the clusters of
f-SWNT (denoted as (f-SWNT)m) are unstable in the mixed
solvent (vide infra). The AFM image of f-SWNT (Fig-
ure 1b), which is obtained for the sample spin-coated on
freshly cleaved mica from the ODCB/acetonitrile (1:3, v/v)
solution of f-SWNT, also reveals the short, thin rod-like
structures, but the average diameter (5.4 nm) of the isolated
bundles is slightly larger than that from the ODCB solution
(see Figure S1). Thus, we can conclude that the size of the
bundles of f-SWNT in the mixed solvent is slightly larger
than that in ODCB, owing to the lyophobic interaction with
the mixed solvent.
In contrast, the clusterization behavior of C60 is different


from that of f-SWNT. An ODCB/acetonitrile solution of C60
(1:3, v/v) was prepared by rapid injection of acetonitrile to
an ODCB solution of C60 (0.56 mm). Compared with the ab-
sorption spectrum of C60 in ODCB (see the Supporting In-
formation, Figure S3a), that in the mixed solvent (Figure
S3b) exhibits broad absorption with a maximum at l=


520 nm and the molar extinction coefficient in the mixed
solvent is much larger than that in ODCB. The absorption
behavior of C60 in the mixed solvent is attributed to the for-
mation of stable C60 clusters (denoted as (C60)m) by lyopho-
bic interaction in the mixed solvent.[23] Dynamic light scat-
tering (DLS) measurement of the cluster solution revealed
that the size distribution of the cluster (C60)m is relatively
narrow with an average diameter of 200 nm. Similar clusteri-
zation behavior of C60 is noted in toluene/acetonitrile mix-
ture.[23]


The absorption spectrum of a mixture of C60 (0.56 mm,
0.40 gL�1) and f-SWNT (0.098 gL�1) in ODCB, together
with those of C60 and f-SWNT in ODCB is depicted in
Figure 2. The absorption spectrum of the mixture in ODCB
(Figure 2c) matches the sum of the absorption spectra of C60
and f-SWNT in ODCB (Figure 2d), implying that there is no
significant interaction between C60 and f-SWNT in ODCB.
The clusterization behavior of C60-f-SWNT composite is also
different from that of C60 and f-SWNT. The absorption spec-
trum of the mixture of C60 and f-SWNT in ODCB/aceto-
ACHTUNGTRENNUNGnitrile (1:3, v/v) (Figure 3c)[26] shows structureless, broad ab-
sorption, which is different from those of C60 (Figure 3a)
and f-SWNT (Figure 3b) in the same mixed solvents. More-
over, the absorption spectrum of the mixture of C60 and
f-SWNT in the mixed solvent does not match the sum of the
absorption spectra of f-SWNT and C60 in the same mixed
solvents (Figure 3d). These results indicate that C60 mole-
cules interact with f-SWNT to form the composite clusters
of (C60+ f-SWNT)m in the mixed solvent.


Figure 1. AFM images and section profiles of f-SWNT (Z range: 60 nm).
The samples were prepared by spin-coating a solution of f-SWNT, in
a) ODCB (0.098 gL�1) and b) ODCB/acetonitrile (1:3, v/v; 0.024 gL�1),
on freshly cleaved mica. The grey scale represents the height topography,
with bright and dark representing the highest and lowest features, respec-
tively.
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Field emission scanning electron microscopy (FE-SEM)
measurements were performed to evaluate the shapes and
morphology of C60, f-SWNT, and the composite of C60 and
f-SWNT in ODCB/acetonitrile mixture. The samples for the
FE-SEM measurements were prepared by casting the
ODCB/acetonitrile solution onto a glass plate. The FE-SEM
image of (C60)m clusters discloses spherical particles with
sizes between 150–350 nm (Figure 4a), which is consistent
with the average diameter (200 nm) of (C60)m clusters ob-
tained by the DLS measurement (vide supra). The FE-SEM
image of f-SWNT reveals a spaghetti-like structure in which
the fibrils are entangled (Figure 4b). Obviously, the ob-
served fibrous structure results from the bundles of f-SWNT,
as the size of individual f-SWNT (an average diameter of
�1 nm) is beyond the instrumentKs resolution. On the other
hand, the FE-SEM image of (C60+ f-SWNT)m is classified
into three groups (Figure 4c). The first area, Figure 4c (i),
which is enlarged and rotated in Figure 4d, shows the entan-
gled fibril-like structure as seen in the image of F-SWNT
(Figure 4b). However, the average diameter of the fibrils is
larger by 10–20 nm than that of f-SWNT in Figure 4b,[27] sug-


gesting the interaction of the bundles of f-SWNT with C60 to
yield the fibrils with the larger diameter (vide infra). The
second area, Figure 4c(ii), displays a network structure in
which spherical particles with diameters of 500–1000 nm are
interconnected each other. The network structure suggests
that C60 clusters are self-assembled with the bundles of
f-SWNT to form larger clusters involving f-SWNT, resulting
in the formation of the interconnected structure. In the third
area, Figure 4c ACHTUNGTRENNUNG(iii), spherical particles exist with an average
diameter of 200 nm, which agrees well with the size of the
(C60)m clusters determined by using DLS and FE-SEM.
Judging from the size and the shape, the spherical particles
are assigned to (C60)m. The formation of the (C60)m clusters
is reasonable considering the high weight ratio of C60 vs. f-
SWNT (4.1:1) in the mixed solution. Hereafter, the clusters
observed in the areas Figure 4c(i)–(iii) are referred to clus-
ters I, II, and III, respectively.[28]


Electrophoretic deposition : It is known that clusters of
C60,


[23–25] cup-stacked carbon nanostructures,[29] and
SWNT[30,31] can be deposited electrophoretically onto elec-
trodes by applying dc voltage to the electrode. In a similar
manner, the clusters of C60, f-SWNT, and the composites in
the ODCB/acetonitrile mixture ([C60]=0.14 mm, [f-SWNT]
=0.024 gL�1) were attached to nanostructured SnO2 elec-
trodes (denoted as FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, FTO/SnO2/
(f-SWNT)m, and FTO/SnO2/(C60+f-SWNT)m, in which FTO
represents F-doped tin oxide), respectively. Under applica-
tion of a high dc electric field (200 V for 120 s), the clusters
of C60, f-SWNT, and the composites, which are negatively
charged in the mixed solvent, are driven toward the posi-
tively charged electrode (i.e., FTO/SnO2). With increasing
time of deposition, the FTO/SnO2 electrode turns brown for
(C60)m and (C60+ f-SWNT)m, or black for (f-SWNT)m in
color with simultaneous discoloration of the cluster solution.
All of the electrophoretically deposited films are sufficiently


Figure 2. UV-Vis-NIR absorption spectra of a) C60 (0.56 mm, 0.40 gL�1),
b) f-SWNT (0.098 gL�1), and c) a mixture of C60 (0.56 mm, 0.40 gL�1) and
f-SWNT (0.098 gL�1) in ODCB. A cuvette (1 mm) was used for the
measurements. d) Sum of spectra a) and b).


Figure 3. UV-Vis-NIR absorption spectra of a) C60 (0.070 mm,
0.050 gL�1), b) f-SWNT (0.012 gL�1), and c) a mixture of C60 (0.070 mm,
0.050 gL�1) and f-SWNT (0.012 gL�1) in ODCB/acetonitrile mixture (1:3,
v/v). A cuvette (1 cm) was used for the measurements. d) Sum of spectra
a) and b).


Figure 4. FE-SEM images of clusters of a) C60, b) f-SWNT, and c) compo-
sites of f-SWNT and C60. The samples were prepared by casting the solu-
tion of C60 (0.14 mm) and/or f-SWNT (0.024 gL�1) in ODCB/acetonitrile
(1:3, v/v) on a glass plate. The image c) is classified into three regions (i,
ii, iii). d) Enlarged, rotated image of area (i) is shown for comparison.
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robust for the photoelectrochemical measurements. The
change in absorbance of the electrophoretically deposited
electrodes is monitored at l=400 nm with increasing time
of deposition (see the Supporting Information, Figure S4).
The time to reach a maximum absorbance becomes longer
in the order of (f-SWNT)m< (C60+ f-SWNT)m~ (C60)m, show-
ing the faster deposition of (f-SWNT)m than that of (C60)m.
As we discuss later, the difference in the mobilities of the
clusters affects the structures of the deposited composite
film of C60 and f-SWNT. We used the electrodes prepared
by the electrophoretic deposition of C60 and/or f-SWNT in
ODCB/acetonitrile mixtures ([C60]=0.14 mm, [f-SWNT]=
0.024 gL�1) for the duration time of 120 s, unless otherwise
noted.
The UV-vis-NIR absorption spectra of the deposited films


on nanostructured SnO2 electrodes are shown in Figure 5.
The absorption features of the deposited films are largely


similar to those in the corresponding ODCB/acetonitrile sol-
utions (Figure 3), showing that the clusters in the mixed sol-
vent are successfully deposited onto the nanostructured
SnO2 electrodes without significant change in the cluster
structures. In addition, the broad absorption of these films
as well as the high molar absorptivity in the visible and
near-IR regions makes these films suitable for harvesting
the solar energy.
Resonant Raman spectroscopy is a valuable tool to char-


acterize SWNT because it provides detailed information on
the structure. Low-wavenumber phonon modes, radial
breathing modes (RBMs), are very susceptible to the nano-
tube diameter and electronic states. Taking into account
ACHTUNGTRENNUNGKataura plot[32] with diameters of HiPco (0.8–1.3 nm),[8] one
can monitor semiconducting and metallic SWNT with diam-
eters of 0.8–1.0 and 1.0–1.3 nm, respectively, by an excitation
energy of 1.96 eV (lex=633 nm). The resonant Raman spec-
tra of FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m, FTO/SnO2/
(C60+f-SWNT)m, and f-SWNT cast on a glass plate from the


ODCB solution were measured by means of laser excitation
energy (1.96 eV, see Figure S5). The Raman spectrum of
FTO/SnO2/ ACHTUNGTRENNUNG(C60)m exhibits several peaks (ñ=200–300 cm�1)
stemming from the vibration of C60 (Figure S5b).


[33] The in-
tensity of the Raman signals of FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, however,
is much smaller than that of the FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m (Fig-
ure S5c). On the other hand, it is well known that SWNT
show characteristic peaks attributed to tangential mode (G-
band) around ñ=1600 cm�1 and disorder mode (D-band)
around ñ=1350 cm�1.[34] The ratio of the peak intensities
(G/D ratio) reflects the relative amount of sp3 carbon, and
is used to determine the degree of functionalization in
SWNT.[34] The G/D ratios of f-SWNT, FTO/SnO2/
ACHTUNGTRENNUNG(f-SWNT)m, and FTO/SnO2/(C60+f-SWNT)m (Figure S5d)
are virtually the same, which implies that the electronic
structure of f-SWNT is preserved after the electrophoretic
deposition of (f-SWNT)m and (C60+ f-SWNT)m onto FTO/
SnO2 electrodes. In addition, the positions and shapes of the
peaks in RBM region are almost the same, indicating that
the structure and composition of f-SWNT are also retained
after the electrophoretic deposition.
FE-SEM was employed to evaluate the surface morpholo-


gy of the films prepared by the electrophoretic deposition
with the duration time of 120 seconds as shown in Figure 6.


Figure 5. UV-Vis-NIR absorption spectra of a) FTO/SnO2/ ACHTUNGTRENNUNG(C60)m,
b) FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m, c) FTO/SnO2/(C60+f-SWNT)m, and d) FTO/
SnO2. e) Spectrum of a) plus b) minus d) is shown for comparison. The
films were prepared from the corresponding solution with the concentra-
tions of [C60]=0.14 mm and [f-SWNT]=0.024 gL�1 in ODCB/acetonitrile
(1:3, v/v).


Figure 6. FE-SEM images of a) FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, b) FTO/SnO2/ACHTUNGTRENNUNG(f-
SWNT)m, and c) FTO/SnO2/(C60+f-SWNT)m electrodes. The samples
were prepared from their respective solutions ([C60]=0.14 mm, [f-
SWNT]=0.024 gL�1) in ODCB/acetonitrile (1:3, v/v) by the electropho-
retic deposition with a duration time of 120 s.
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The FE-SEM image of the FTO/SnO2/ ACHTUNGTRENNUNG(C60)m electrode (Fig-
ure 6a) shows closely packed clusters with sizes of 100–
200 nm, which are similar to that of (C60)m in the mixed sol-
vent.[23–25] The FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m electrode reveals that
the bundles of f-SWNT lie horizontally on the electrode sur-
face and are entangled each other (Figure 6b). The spherical
particles on the surface of the f-SWNT bundles may be
metal particles that persist in the f-SWNT sample even after
the purification procedure. The average diameter of the
bundles is determined to be 12 nm (see Figure S6). It is
noteworthy that the surface morphology of FTO/SnO2/
(C60+f-SWNT)m (Figure 6c) is quite similar to that of FTO/
SnO2/ ACHTUNGTRENNUNG(C60)m (Figure 6a). This observation manifests that the
top layer of the (C60+ f-SWNT)m film consists of C60 clusters
originating from the cluster III in Figure 4c. This result
agrees well with the higher mobility of (f-SWNT)m than that
of (C60)m during the electrophoretic deposition (Figure S4).
We also performed AFM measurements of FTO/
SnO2/ ACHTUNGTRENNUNG(C60)m, FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m, and FTO/SnO2/(C60+
f-SWNT)m electrodes (see Figure S7). The AFM images of
FTO/SnO2/ ACHTUNGTRENNUNG(C60)m (Figure S7a) and FTO/SnO2/(C60+
f-SWNT)m (Figure S7c) exhibit the closely-packed (C60)m
clusters with similar diameters of 100–200 nm, whereas that
of FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m (Figure S7b) discloses the entan-
gled, fibrous-shaped (f-SWNT)m clusters. The AFM images
match well the corresponding SEM images.
To shed light on the inner topography of the (C60+


f-SWNT)m film on the FTO/SnO2 electrode, we examined
the change of the (C60+ f-SWNT)m films as a function of
deposition time. Figure 7 shows the FE-SEM images of
FTO/SnO2/(C60+f-SWNT)m electrodes obtained from the
ODCB/acetonitrile solution (1:3, v/v) of C60 (0.14 mm) and
f-SWNT (0.024 gL�1) with the deposition time of 10, 20, 40,
and 60 s. At the deposition time of 10 s, the FE-SEM image
reveals entangled fibrous structures lying horizontally on the


electrode surface (Figure 7a). The average diameter of the
strings is estimated to be 18 nm (see Figure S8), which is evi-
dently larger than that of the bundles (12 nm) of FTO/
SnO2/ ACHTUNGTRENNUNG(f-SWNT)m without C60 (Figure 6b and Figure S6).
This result is in accordance with the difference in the SEM
images of (f-SWNT)m and cluster I (Figure 4b,d).


[27,35] In ad-
dition, the FE-SEM image of FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m elec-
trode at the deposition time of 10 s exhibits well-defined
bundle structures (an average diameter of 12 nm), as seen in
the FE-SEM image at the deposition time of 120 s (see Fig-
ure S9). Thus, we can conclude that the increase in the di-
ameter of the strings in Figure 7a compared to that in Fig-
ure 6b is attributed to C60 molecules on the bundles of
ACHTUNGTRENNUNG(f-SWNT)m. In other words, when acetonitrile is injected
into the ODCB solution of C60 and f-SWNT, some of C60
molecules interact with the sidewall of the bundles of
f-SWNT by p-p and lyophobic interaction, leading to the ar-
rangement of C60 molecules on the sidewall of the bundles
of f-SWNT, as depicted in Scheme 1. Considering the differ-
ence (6 nm) in the average diameters of (f-SWNT)m and
(C60+ f-SWNT)m on the electrodes, the thickness of the C60
layer is calculated to be �3 nm corresponding to three
layers of C60.
At the deposition time of 20 s, the FE-SEM image of


FTO/SnO2/(C60+f-SWNT)m electrode shows the structure
composed of connected round-shaped, rugged particles with
diameters of 500–1000 nm (Figure 7b). Taking into account
the similar shape and size of the particles and cluster II, we
assign the particles as cluster II, where small C60 clusters
would be further self-assembled with f-SWNT to yield the
large spherical clusters comprising of C60 and f-SWNT. The
FE-SEM images of FTO/SnO2/(C60+f-SWNT)m electrodes at
the deposition time of 40 and 60 s (Figure 7c,d) exhibit simi-
lar closely-packed particles with diameters of 150–300 nm,
which are almost identical to the corresponding FE-SEM
image at the deposition time of 120 s (Figure 6c). These re-
sults corroborate that clusters I, II, and III are sequentially
deposited onto the FTO/SnO2 electrode, depending on the
difference in the mobilities under the application of dc volt-
age to the cluster solution, yielding the hierarchical film
with the gradient composition along the direction of the film
thickness.


Photoelectrochemical properties : Photoelectrochemical
measurements were performed in deaerated acetonitrile
containing LiI (0.5m) and I2 (0.01m) with FTO/SnO2/(C60+
f-SWNT)m as a working electrode, a platinum wire as a
counter electrode, and I�/I3


� reference electrode. The FTO/
SnO2/(C60+f-SWNT)m electrode was prepared from the clus-
ter solution of (C60+ f-SWNT)m ([C60]=0.14 mm, [f-
SWNT]=0.024 gL�1) in ODCB/acetonitrile (1:3, v/v). Fig-
ure 8a displays photocurrent response of the FTO/SnO2/
(C60+f-SWNT)m electrode illuminated at an excitation wave-
length of 400 nm (input power: 1.81 mW cm�2) at +0.05 V
vs. SCE. The photocurrent responses are prompt, steady,
and reproducible during the repeated on/off cycles of the
visible light illumination. Blank experiments of FTO/SnO2


Figure 7. FE-SEM images of FTO/SnO2/(C60+f-SWNT)m electrodes ob-
tained from the ODCB/acetonitrile solution (1:3, v/v) of C60 (0.14 mm)
and f-SWNT (0.024 gL�1) with the deposition time of a) 10 s, b) 20 s,
c) 40 s, and d) 60 s.
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electrode without the composite film exhibited much small-
er photocurrent responses under the same conditions. These
results confirm the role of the composite film toward har-
vesting light energy and generating electron flow from the
electrolyte to the FTO/SnO2 electrode through the film
during the operation of the photoelectrochemical device.
Figure 8b shows current-applied potential curve of the FTO/
SnO2/(C60+f-SWNT)m system under white light illumination
(l> 380 nm; input power: 78.8 mWcm�2). With increasing
positive bias up to 0.05 V vs. SCE, the photocurrent increas-
es compared to the dark current. Increased charge separa-
tion and the facile transportation of charge carriers under
positive bias are responsible for the enhanced photocurrent
generation. As reported by Kamat et al. and our
group,[23–25,30,31] FTO/SnO2/ ACHTUNGTRENNUNG(C60)m and FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m
systems show similar photoelectrochemical behavior to that
of the FTO/SnO2/(C60+f-SWNT)m system (vide infra).
To evaluate the photoelectrochemical response of the


FTO/SnO2/(C60+f-SWNT)m system, we examined the wave-
length dependence of the incident photon-to-photocurrent
efficiency (IPCE) of the film on FTO/SnO2. The IPCE
values are calculated by normalizing the photocurrent densi-
ties for incident light energy and intensity and by use of the
expression in Equation (1):


IPCE ð%Þ ¼ 100� 1240� i=ðW in � lÞ ð1Þ


in which i is the photocurrent density (Acm�2), Win is the in-
cident light intensity (W cm�2), and l is the excitation wave-
length (nm). Figure 9a illustrates the photocurrent action


spectrum of the FTO/SnO2/(C60+f-SWNT)m system. The
maximum IPCE value reaches up to 18% at 400 nm under
an applied potential of 0.05 V vs. SCE. It should be noted
here that the IPCE value of the FTO/SnO2/(C60+f-SWNT)m
system monotonically decreases with increasing the wave-
length to reach almost zero at l=730 nm, which does not
match the absorption feature of the FTO/SnO2/(C60+
f-SWNT)m electrode (Figure 5c). Namely, the FTO/SnO2/
(C60+f-SWNT)m electrode exhibits significant absorbance at
l=700–1600 nm, which mainly results from the absorption
of f-SWNT and light scattering. These results suggest that
the absorption of visible light (400–700 nm) by C60 mole-
cules is responsible for the photocurrent generation and the
contribution by the excitation of f-SWNT is minor.
The photocurrent action spectrum of the FTO/SnO2/


(C60+f-SWNT)m system is also compared to those of the
FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m, and FTO/SnO2 to
gain deep insight into the photocurrent generation
(Figure 9). The IPCE values of FTO/SnO2/(C60+f-SWNT)m
(Figure 9a) system are 3–5 times as large as those of the
FTO/SnO2/ ACHTUNGTRENNUNG(C60)m (Figure 9b) and FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m
(Figure 9c). In addition, the IPCE values of the FTO/SnO2/
(C60+f-SWNT)m system are still much larger than those of
the FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m/ ACHTUNGTRENNUNG(C60)m (Figure 9d), in which the
FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m electrode is further modified with
(C60)m electrophoretically by using the cluster solution
([C60]=0.14 mm in ODCB/acetonitrile). Thus, the complex
formation of C60 and f-SWNT in the mixed solvent by the
lyophobic and p–p interactions is essential for the efficient
photocurrent generation. It should be emphasized here that
the observed maximum IPCE value of 18% in FTO/SnO2/
(C60+f-SWNT)m system is the highest among the carbon
nanotube-based photoelectrochemical devices (up to 9.3%)
in which the carbon nanotubes are deposited onto electro-
des electrophoretically,[30] electrostatically[36] or covalently.[37]


To examine the relationship between the gradient compo-
sition of the composite films along the direction of the film
thickness and the photocurrent generation, photocurrent
action spectra of the FTO/SnO2/(C60+f-SWNT)m system


Figure 8. a) Photocurrent response of FTO/SnO2/(C60+f-SWNT)m illumi-
nated at l=400 nm (1.81 mW cm�2). Applied potential: +0.05 V vs. SCE;
electrolyte: LiI (0.5m) and I2 (0.01m) in acetonitrile. b) Current vs. ap-
plied potential curve for FTO/SnO2/(C60+f-SWNT)m device under illumi-
nation with white light (l>380 nm); input power: 78.8 mWcm�2; electro-
lyte: LiI (0.5m) and I2 (0.01m) in acetonitrile.


Figure 9. Photocurrent action spectra of a) FTO/SnO2/(C60+f-SWNT)m,
b) FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, c) FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m, d) FTO/SnO2/ACHTUNGTRENNUNG(f-
SWNT)m/ ACHTUNGTRENNUNG(C60)m, and e) FTO/SnO2 electrodes. The electrodes were pre-
pared from the ODCB/acetonitrile (1:3, v/v) solution of C60 and/or f-
SWNT ([C60]=0.14 mm, [f-SWNT]=0.024 gL�1). Applied potential:
+0.05 V vs. SCE; electrolyte: LiI (0.5m) and I2 (0.01m) in acetonitrile.
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(Figure 10) were measured by using the FTO/SnO2/(C60+
f-SWNT)m electrodes prepared with different deposition
time (i.e. , 10, 20, 40, 120 s). The UV-vis absorption spectra


of the FTO/SnO2/(C60+f-SWNT)m electrodes (see the Sup-
porting Information, Figure S10) are also monitored to com-
pare the corresponding FE-SEM images (Figure 7a–c and
Figure 6c) and the photocurrent action spectra. All the elec-
trodes exhibit similar structureless absorption and the ab-
sorbance gradually increases with increasing the deposition
time. The overall photocurrent action spectra of the FTO/
SnO2/(C60+f-SWNT)m system parallel the broad absorption
spectral features. Notably, with increasing the deposition
time (0–40 s), the IPCE values increase and level off at the
deposition time of 40–120 s. Considering the exclusive depo-
sition of cluster I, the bundles of f-SWNT covered with C60
molecules, at the deposition time of 10 s and the corre-
sponding large IPCE value (12.5% at l=400 nm), the film
of cluster I without clusters II and III has a large impact on
the photocurrent generation. The aligned C60 molecules on
the bundles of f-SWNT are responsible for the efficient pho-
tocurrent generation. The gradual increase in the IPCE
values with the deposition time of 20 and 40 s relative to
that with the deposition time of 10 s reveals that the cluster
II (large-sized C60 cluster including f-SWNT) and cluster III
(middle-sized C60 cluster) also make contribution to the pho-
tocurrent generation.


Photocurrent generation mechanism : On the basis of the
previous studies on similar photochemical systems consisting
of C60


[23] or f-SWNT[30,31] as well as the film structure and the
photoelectrochemical properties of the present system, we
propose photocurrent generation mechanism as shown in
Schemes 2,3, and S1 (see the Supporting Information). As a
representative example, (8,6) SWNT, which is the highest
distribution of (n,m) species ((n,m) determines the diameter
and direction of the tubeKs rolling) in the present p-SWNT,
is given in the schemes.[31,38] Although the direct injection
from the excited states of f-SWNT to the conduction band


(CB) of SnO2 is possible (Scheme S1), its contribution in the
present system should be minor according to the photocur-
rent action spectrum of FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m system (Fig-
ure 9c).
Scheme 2 illustrates a plausible photocurrent generation


pathway, in which photoinduced ET between iodide ion
(I3
�/I�=0.5 V vs. NHE)[23] and the excited states of C60


(1C60*=1.7 V vs. NHE; 3C60*=1.4 V vs. NHE)[23] is the pri-
mary step in the photocurrent generation. The reduced C60
(C60/C60C


�=�0.2 V vs. NHE)[23] injects an electron into the
CB of SnO2 (ECB=0 V vs. NHE) through electron hopping
between C60 molecules. ET from the C60 molecules of clus-
ters I, II, and III to the f-SWNT (c1=�0.094 V vs. NHE)
may also occur to transport the electron to the SnO2 elec-
trode through the network of the f-SWNT. The electron
transferred to the SnO2 electrode is driven to the counter
electrode through an external circuit to regenerate the
redox couple. The highly aligned structure of C60 molecules
on the f-SWNT sidewalls and the high electron transport ca-
pability of f-SWNT may facilitate the electron flow, leading
to the efficient photocurrent generation in the present
system. In addition to the mechanisms in Scheme 2, direct
CS between C60 and f-SWNT in clusters I and II for the pho-
tocurrent generation is energetically possible (Scheme 3).
Namely, initial ET takes place from v1 (or v2) of f-SWNT
(0.96 V vs. NHE) to the C60 excited states. Then, subsequent
ET from the reduced C60 to the CB of the SnO2 electrode


Figure 10. Photocurrent action spectra of FTO/SnO2/(C60+f-SWNT)m
electrodes prepared by the electrophoretic method with deposition time
of a) 10 s, b) 20 s, c) 40 s, and d) 120 s; [C60]=0.14 mm, [f-SWNT]=
0.024 gL�1 in ODCB/acetonitrile (1:3, v/v); applied potential: +0.05 V
vs. SCE; electrolyte: LiI (0.5m) and I2 (0.01m) in acetonitrile.


Scheme 2.


Scheme 3.
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and from I� to v1 (or v2) of f-SWNT occurs, resulting in the
photocurrent generation. We tried to measure the transient
absorption spectrum of (C60+ f-SWNT)m cluster in the
ODCB/acetonitrile mixture, but the attempt was unsuccess-
ful, owing to the instability of the clusters under the laser-ir-
radiation conditions. The preliminary transient absorption
measurements using the FTO/SnO2/(C60+f-SWNT)m elec-
trode did not exhibit the fingerprint of C60 radical anion at
l=1000–1100 nm, which indicated no occurrence of direct
CS between C60 and f-SWNT. Thus, the photocurrent gener-
ation mechanism in Scheme 3 may be ruled out.


Conclusion


We have successfully developed the novel strategy for the
arrangement of C60 molecules on the external surface of
SWNT. First, acid treatment cuts pristine SWNT to yield
shortened SWNT with carboxylic groups at the open ends
and defect sites. Then, the shortened SWNT is functional-
ized with sterically bulky amine to yield highly soluble, func-
tionalized SWNT (f-SWNT) in organic solvents. Finally,
poor solvent (i.e., acetonitrile) is rapidly injected into a mix-
ture of C60 and f-SWNT in good solvent (o-dichloroben-
zene), resulting in formation of the composite clusters of C60
and f-SWNT. The lyophobic interaction between C60-f-
SWNT and the mixed solvent as well as the p–p interaction
between C60 molecules and between C60 and f-SWNT was
found to be responsible for the desirable arrangement of C60
molecules on the external surface of SWNT in the mixed
solvent. The electrophoretic deposition of the composites
onto a nanostructured SnO2 electrode gradually yielded the
hierarchical film with gradient composition depending on
the difference in the mobilities of C60 and f-SWNT during
the electrophoretic process. The composite film exhibited an
incident photon-to-photocurrent efficiency as high as 18%
at l=400 nm under an applied potential of 0.05 V vs. SCE.
The photocurrent generation efficiency is the highest value
among carbon nanotube-based photoelectrochemical devi-
ces in which carbon nanotubes are deposited onto electrodes
electrophoretically, electrostatically or covalently.[30,36, 37] The
highly aligned structure of C60 molecules on f-SWNT can ra-
tionalize the efficient photocurrent generation. Thus, the re-
sults obtained here will provide valuable information on the
design of carbon nanotube-based molecular devices.


Experimental Section


General procedures : UV-Vis-near infrared (NIR) spectra of solutions
and films were measured by using a Perkin–Elmer Lambda 900 UV/vis/
NIR spectrometer. Resonance Raman spectra were recorded by using a
Horiba JobinYvon LabRAM HR-800 equipped with a 1.96 eV (633 nm)
laser. Field emission scanning electron microscopy (FE-SEM) observa-
tion was carried out by using a JEOL JSM-6500FE, JSM-7500F, and a
Hitachi S-4700. For preparation of the cluster samples, a mixture of
ODCB/acetonitrile containing f-SWNT and/or C60 was cast on glass
plates and the solvent was evaporated. The samples in Figures 4, 6a,c and


7b–d were coated with Pt by using a JEOL JFC-1600 auto fine coater
before the measurements. Atomic force microscopy (AFM) images of
SWNT samples were obtained by means of a Digital Instruments Nano-
scope III in the tapping mode. A solution containing f-SWNT and/or C60
was spin-coated on freshly cleaved mica at a rotation speed of 500 rpm.
Dynamic light scattering (DLS) measurements of the cluster solutions
were performed by using a Horiba LB550 particle size analyzer. s-SWNT
was prepared by using HiPco SWNT (Carbon Nanotechnologies, Inc.) as
published elsewhere.[2] 8-Aminopentadecane was synthesized according
to the literature.[39] C60 (99.98%) was obtained from MTR Ltd. An opti-
cally transparent fluorine-doped tin oxide electrode (denoted as FTO;
Asahi Glass Inc.) was washed by sonication in 2-propanol and cleaned in
an O3 atmosphere in advance. A 15% SnO2 colloidal solution (particle
size=15 nm; Chemat Technology, Inc.) was deposited on the FTO elec-
trode using the doctor blade technique.[23g,25e–g] The electrode was an-
nealed at 673 K (denoted as FTO/SnO2) to yield 1.3-mm-thick SnO2 film.
All other chemicals were purchased from commercial sources and used
without further purification.


Synthesis of f-SWNT: s-SWNT (45 mg) was dispersed in thionyl chloride
(10 mL) and stirred vigorously at 70 8C for 1 day under Ar. The excess
thionyl chloride was removed by distillation under reduced pressure. To
the remaining black solid was added 8-aminopentadecane (5 mL) in the
glovebox and the mixture was stirred at 100 8C for 5 days. Cooled to
room temperature, the reaction mixture was diluted by ethanol and fil-
tered through a 0.22 mm polycarbonate membrane filter. The resulting
black residue was washed with ethanol, acetone, and hexane repeatedly.
Reprecipitation from ODCB/methanol and subsequent ODCB/acetone
and finally drying at 60 8C for 9 h gave the functionalized SWNT
(f-SWNT, 41 mg).


Preparation of cluster solutions and films : The cluster solutions of
f-SWNT (0.024 gL�1) and/or C60 (0.14 mm) were prepared in a 1 cm cuv-
ette by injecting acetonitrile (1.2 mL) into a solution of f-SWNT
(0.098 gL�1) and/or C60 (0.56 mm) in ODCB (0.4 mL) (ODCB/acetoni-
trile=1:3, v/v).[23–25] Two electrodes (i.e., FTO and FTO/SnO2) were in-
serted into the cuvette with keeping at a distance of 6.0 mm by a Teflon
spacer. A dc voltage (200 V) was applied for 2 min between these two
electrodes using a power supply (ATTA model AE-8750). The deposition
of the film could be visibly confirmed as the suspension became colorless
with the simultaneous colorization of the FTO/SnO2 electrode. After the
deposition, the deposited film was dried immediately with a hair dryer.


Photoelectrochemical measurements : All electrochemical measurements
were carried out in a standard three-electrode system using an ALS 630a
electrochemical analyzer.[23f, 25e–g] The deposited film as a working elec-
trode was immersed into the electrolyte solution containing LiI (0.5m)


and I2 (0.01m) in acetonitrile. A Pt wire covered with a glass Luggin ca-
pillary, whose tip was located near the working electrode, was used as a
quasi-reference electrode, whereas a Pt coil was employed as a counter
electrode. The potential measured was converted to the saturated calo-
mel electrode (SCE) scale by adding +0.05 V. The stability of the refer-
ence electrode potential was confirmed under the experimental condi-
tions. A 500 W xenon lamp (XB-50101 AAA; Ushio, Japan) was used as
a light source. Potential versus current characteristics were measured
with controlled-potential scan (1 mVs�1) under 0.5 Hz chopped white
light (l>380 nm; input power, 78.8 mWcm�2). The modified area of the
working electrode (0.20 cm2) was illuminated from the backside by mon-
ochromatic light through a monochromator (MC-10N; Ritsu, Japan). The
light intensity was monitored by an optical power meter (ML9002 A;
ACHTUNGTRENNUNGAnritsu, Japan) and corrected.
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Introduction


The secondary structure of proteins is defined to a large
extent by a network of hydrogen bonds between the back-
bone amide groups (-C(O)-N-H···O=C),[1] however, other


non-covalent interactions also play a structural role. Steiner
and Koellner[2] have stressed the importance of the X-H···p
H-bonds (X=N, O, S) in the stabilisation of termini of heli-
ces, ends and edges of strands, B-bulges and turns. These
structural motifs include H-bonds from peptide N-H groups,
that is, N-H···p H-bonds, which are known to be formed
quite frequently.[2–6] Amide–aromatic interactions have been
the subject of a number of theoretical and experimental
studies, both in aqueous solution[7,8] and in the gas phase.[9]


N-H···p H-bonds in proteins have been modelled typically
by much simpler systems, such as isolated ammonia–ben-
zene,[10,11] formamide–benzene,[12–14] N-methylformamide–
benzene[12,15] and N-methylacetamide[12] molecular com-
plexes. In essence, these studies focused on the calculation
of the stabilisation energies of these complexes by means of
density functional theory (DFT) and/or wave-function
theory (WFT) methods. These calculations provided an esti-
mation of the strength of the hypothetical analogue interac-
tion in proteins. In the model systems the orientation of the
amide moiety relative to the benzene ring depends primarily
on the electrostatic force and is also affected by dispersion
and electrostatic interactions (e.g., dipole(NH)–quadrupole-
ACHTUNGTRENNUNG(benzene)).


Abstract: The free-energy surface
(FES) of glycyl-phenylalanyl-alanine
(GFA) tripeptide was explored by mo-
lecular dynamics (MD) simulations in
combination with high-level correlated
ab initio quantum chemical calculations
and metadynamics. Both the MD and
metadynamics employed the tight-
binding DFT-D method instead of the
AMBER force field, which yielded in-
accurate results. We classified the
minima localised in the FESs as fol-
lows: a) the backbone-conformational
arrangement; and b) the existence of a


COOH···OC intramolecular H-bond
(families CO2Hfree and CO2Hbonded).
Comparison with experimental results
showed that the most stable minima in
the FES correspond to the experimen-
tally observed structures. Remarkably,
however, we did not observe experi-
mentally the CO2Hbonded family (also
predicted by metadynamics), although


its stability is comparable to that of the
CO2Hfree structures. This fact was ex-
plained by the formerBs short excited-
state lifetime. We also carried out ab
initio calculations using DFT-D and
the M06-2X functional. The impor-
tance of the dispersion energy in stabil-
ising peptide conformers is well reflect-
ed by our pioneer analysis using the
DFT-SAPT method to explore the
nature of the backbone/side-chain in-
teractions.
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Although very valuable, these prototype systems do not
model accurately the N-H···p interactions occurring in pro-
teins. Geometries in the simpler models are quite unrealistic
because the interacting monomers adopt an optimal geome-
try minimising the energy of the given complex with no hint
of any of the geometrical restrictions present in proteins:
Firstly, it is well known that the orientation of the peptide
bonds (modelled by the free ammonia, formamide, N-meth-
ylformamide or N-methylacetamide) depends on the values
of the f and y backbone dihedral angles, as defined in
Ramachandran plots. Secondly, the nitrogen of the amide
groups tends to adopt the orientation in which it achieves its
maximal hydrogen-binding capacity, forming additional H-
bonds.[8,16–18] This geometrical arrangement can work against
the nitrogenBs optimal interaction with the aromatic side
chain, as modelled by a free benzene in the prototype sys-
tems, but known to be mainly constrained to the gauche+


(g+), gauche� (g�) or trans(a) orientations in proteins. In
peptides or proteins the nature of the backbone–aromatic
side-chain interaction is quite delicate. Studies performed
on model systems so far suggest that a subtle modification
in the geometry of the system can result in significantly dif-
ferent forces. Therefore, we wish to investigate to what
extent conclusions drawn from the model systems can be ex-
trapolated to real geometries of isolated peptides.


To this end we studied the glycyl-phenylalanyl-alanine
(GFA) tripeptide. In order to work with real gas-phase
structures we proceeded as follows: First, we scanned the
potential-energy surface (PES) by means of the tight-bind-
ing DFT method covering the London dispersion energy
(DF-TB-D) (see Computational Details and Methods sec-
tion) finding all the existing minima in the PES. This is a
critical step and the use of a DFT-D based procedure in the
first screening of the PES is essential. If an empirical force
field is applied instead of an “accurate” DFT method, inac-
curate structures result. This is mainly because the DFT-D
procedure is free of problems with the definition of atomic
charges and properly covers the dispersion energy. Second,
we recalculated the most stable conformers using both DFT
and WFT methods. In the next step, the thermodynamic
characteristics were determined on the basis of standard
statistical thermodynamic calculations based on the rigid
rotor-harmonic oscillator-ideal gas (RR-HO-IG) approxima-
tion. This is another critical step and here again a proper
evaluation of the free-energy surface (FES) is essential. The
harmonic approach and/or empirically based calculations
are to some extent questionable. The thermodynamic char-
acteristics are determined mainly from low-frequency modes
and anharmonic effects are for these modes critical. For this
reason we also scanned the FES using metadynamics,[19,20] a
free-energy modelling technique effectively covering anhar-
monic effects, which is used here for the first time in combi-
nation with tight-binding DFT-D. The approximate DFT-D
method is thus used systematically in evaluating the PES
and FES. Next, we predicted which structures should be ob-
served experimentally and verified this by comparing the
theoretical frequencies with experimental gas-phase infrared


(IR) spectra. Finally, we studied the conformational prefer-
ences of the peptide backbone and the nature of the back-
bone–aromatic side-chain interaction in the GFA tripeptide.
This constitutes, to our knowledge, the first study of the
nature of backbone–aromatic side-chain interactions per-
formed on the basis of real gas-phase peptide structures and
an ab initio quantum chemical methodology.


At the same time, we take advantage of this system to
continue assessment of the performance of the DFT-D
method (density functional theory augmented with an em-
pirical dispersion term)[21] in the study of isolated small pep-
tides, which we began in earlier work for the tryptophyl-gly-
cine (Trp-Gly) and tryptophyl-glycyl-glycine (Trp-Gly-Gly)
peptides.[22] We have extended our former database of 30
different peptide conformers by another 16 structures, for
which we have compared the DFT-D electronic relative en-
ergies and geometries with CCSD(T)/CBS energies and RI-
MP2/cc-pVTZ geometries, respectively. These results will be
further included in an extensive benchmark database of ac-
curate relative energies and geometries of isolated small
peptides that we are currently preparing. Furthermore, we
verified our prediction of the most stable conformers on the
DFT-D FES against the experimental results. Additionally,
we assessed the newly developed M06-2X functional partic-
ularly developed to cover the London dispersion energy.[23]


Assessing the DFT-D (or any other) methodology or new
functional is of particular relevance in the quantum chemi-
cal calculation of the structure and properties of isolated
peptides, particularly those containing at least one aromatic
side chain. A vast majority of the functionals used for the
DFT calculations fails for the study of systems in which the
dispersion energy is an important component of the stabili-
sation energy,[24–26] and the MP2 method (even with the reso-
lution of identity approximation) is already at the edge of
its computational-time applicability for a tripeptide. Thus,
even when accurate, the study by means of WFT methods
becomes very tedious as the size of the systems increases.
Additionally, MP2 relative energies of any peptide suffer
from the intramolecular basis-set superposition error,[27–29]


whereas this error is negligible if DFT methodologies are
used.[30]


Experimental Section


The experimental setup has been described elsewhere.[31] We obtained
GFA from Sigma–Aldrich and used it without further purification. In
brief, we prepared samples by applying the neat compound to the surface
of a graphite substrate. To bring the molecules into the gas phase, we em-
ployed laser desorption using a Nd/YAG laser operating at its fundamen-
tal wavelength (1064 nm). The laser was attenuated to 1 mJ cm�2 and fo-
cused to a spot of approximately 0.5 mm diameter within 2 mm in front
of a pulsed nozzle. We translated the sample in order to expose fresh
sample to successive laser shots. The nozzle consisted of a pulsed valve
with a nozzle diameter of 1 mm and a backing pressure of 5 atm of argon
drive gas.


To obtain a resonant two-photon ionisation (R2PI) spectrum we used a
frequency-doubled dye laser and detected the photo-ions in a time-of-
flight mass spectrometer. By monitoring specific mass peaks while vary-
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ing the two-photon ionisation wavelength we obtained mass-selected ex-
citation spectra. We performed double resonance spectroscopy by apply-
ing two successive laser pulses separated by a delay of about 200 ns. As a
result of this delay we obtained two peaks in the time-of-flight spectrum
that could be monitored individually. The first laser pulse serves as an in-
tense “burn” laser, and is scanned over the desired wavelength region,
whereas the delayed laser is used as the “probe” laser, and is fixed on
one resonance. The burn laser depletes the ground state and when both
lasers are tuned to a resonance of the same conformer, this causes a de-
crease in the signal of the probe laser. To obtain IR spectra for each con-
former we used IR–UV double resonance spectroscopy by employing an
IR laser as the burn laser.[32, 34] For this purpose we used an OPO system
(LaserVision) pumped by a Nd:YAG laser. The output of the OPO
system was 8 mJ/pulse and the bandwidth was 3 cm�1.


Computational Details and Methods


Molecular dynamics/quenching (MD/Q) technique : We used the MD/Q
technique, described elsewhere,[35] to scan the PES of the GFA tripeptide,
employing the self-consistent charge density functional tight-binding
method extended by an empirical dispersion term (SCC-DF-TB-D).[36]


Typically, the MD/Q technique is confirmed with an empirical potential.
However, in our previous paper[37] we showed that the PES determined
with the AMBER potential differs substantially from that evaluated by
the SCC-DF-TB-D method. The SCC-DF-TB-D method is based formal-
ly on DFT theory because the equations applied are derived from a
second-order expansion of the DFT total-energy functional with respect
to charge-density fluctuations about a given reference density. We added
explicitly an empirical dispersion term to cover the London-type disper-
sion energy not otherwise included in the parameterisation of the model.
We have already demonstrated the SCC-DF-TB-D method to be efficient
for the screening of the PES of isolated small peptides containing aro-
matic rings. After scanning the conformational landscape, we sorted all
the conformers on the basis of the SCC-DF-TB-D energies and geome-
tries. This procedure reduced the initial set of energy-minimised struc-
tures to a set of geometrically distinct structures corresponding to all the
existing minima in the PES.


Ab initio quantum chemical calculations : The lowest-energy minima
(within a relative energy of �3.5 kcal mol�1) obtained from the MD/Q
calculations were optimised at the RI[38, 39]-MP2/cc-pVDZ[40] level of
theory (Figure 1). Next, the lowest-energy conformers from this set
(within a relative energy of �2 kcal mol�1) were again recalculated at the
RI-MP2/cc-pVTZ level of theory. The MP2/cc-pVTZ calculations are


known to provide rather accurate geometries of molecular clusters and
we believe that the same will be true for the peptides investigated here.
However, reliable geometries obtained at this level are obtained through
a compensation of errors; the effect of improving the basis set at the
MP2 level is compensated by the neglected higher-order correlation ef-
fects. We performed RI-MP2/cc-pVQZ[40]//RI-MP2/cc-pVTZ single-point
calculations on these geometries and used the extrapolation scheme of
Helgaker and co-workers[41] in order to obtain complete basis set (CBS)
limit energies (MP2CBS). Additionally, we added higher-order contribu-
tions to the correlation energy beyond the second perturbation order, the
MP2CBS energies, by calculating the difference between CCSD(T) and
MP2 relative energies (CCSD(T)-MP2) determined with the 6-31G*
(0.25) basis set. This correction term is known to be essentially independ-
ent of the basis-set size, contrary to the MP2 and CCSD(T) energies
themselves.[42] We computed theoretical IR spectra only for the conform-
ers calculated at the highest level of theory, that is, CCSD(T)/CBS. We
employed scaled harmonic frequencies for the calculation of zero-point
vibrational energies (ZPVE), enthalpies, entropies and Gibbs energies
(T=300 K) in the context of RR-HO-IG approximation. The scaling fac-
tors[43] employed were 0.958, 0.951 and 0.956 for the NHind, NHpep and
OH frequencies, respectively. The latter was also used for all the mid-IR
bands.


Resolution of identity density functional theory augmented with an em-
pirical dispersion term (RI-DFT-D): The idea behind this method[21] is
conceptually straightforward: the DFT theory is improved by adding an
empirical term describing the dispersion energy, while maintaining practi-
cally the same CPU time requirements. Augmenting the DFT energy by
dispersion is not a new concept and it was used for the first time in our
previous[36] paper in which we combined tight-binding DFT energy with
empirical London dispersion energy. A van der Waals correction to DFT
theory was also developed by Grimme.[44–46] Essentially, in the RI-DFT-D
method, the London dispersion energy is included by a damped pair po-
tential that has been parameterised against CCSD(T)/CBS results for
model complexes containing important non-covalent binding motifs. We
performed all the calculations using the TPSS[47] functional, which gives
results comparable to those of the B3 LYP[48] hybrid functional, but at a
lower computational cost. We used the Pople 6-311++G ACHTUNGTRENNUNG(3df,3pd)[49] (ab-
breviated as LP in this paper) for the geometry optimisations and fre-
quency calculations. We tested the performance of this procedure for a
set of 22 non-covalent complexes containing H-bonded, dispersion-con-
trolled and mixed complexes, and the mean-averaged error (with respect
to accurate CCSD(T)/CBS values) was the lowest among various WFT
and DFT techniques, including the MP2/CBS ones. All the thermody-
namic properties presented here were calculated under the assumption of
the RR-HO-IG approximation. We applied scaling factors of 0.984, 0.976


and 0.988[22] for the OH, NHind and
NHpep frequencies, respectively, with a
universal scaling factor of 0.984 for
the remaining vibrational modes.


M06-2X functional : We used the M06-
2X functional of Truhlar[23] in combi-
nation with 6-311+G ACHTUNGTRENNUNG(2df,2pd)[49] basis
sets for geometry optimisations and
single-point energy calculations, re-
spectively. The M06-2X functional be-
longs to a new generation of hybrid
meta-generalised-gradient-approxima-
tion exchange-correlation functionals
that include an accurate treatment of
the London dispersion energy. The
method performs very well for predict-
ing non-covalent interactions.


Metadynamics : Metadynamics[19, 20] is a
recently introduced free-energy mod-
elling technique. In metadynamics, a
system is simulated by a standard mo-
lecular-dynamics simulation to which a
history-depended bias potential is


Figure 1. Strategy of calculation used for a) scanning the PES of GFA tripeptide; b) localisation of the most
stable minima in it and c) calculation of the thermodynamic properties.
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added. This bias potential continuously floods free-energy basins and
thus enhances sampling of configurational space by disfavouring previ-
ously explored regions. Moreover, after flooding all basins, this bias po-
tential approximates a free-energy surface of the system. A free-energy
surface calculated by metadynamics is a function of a limited number of
collective variables (typically two). Collective variables are geometric pa-


rameters that are selected to deter-
mine progress of the studied process.
The pair of collective variables used in
this study were a conformational
change and intramolecular hydrogen-
bond formations, specifically the Ram-
achandran f angle of the alanine resi-
due and the distance, d, between the
hydrogen atom of the carboxyl termi-
nal group and the oxygen atom of resi-
due i+1 (Figure 2).


We performed metadynamics in its direct formulation[50] both at the
SCC-DF-TB-D level of theory and using an empirical force field
(AMBER 99).[51] For the latter, two sets of RESP (restricted electrostatic
potential fit) charges served as partial atomic charges. The HF/6-31G*
RESP charges are the default choice for this force field, but are known
to be more suitable for the condensed-phase calculations, and the
B3 LYP/cc-pVTZ charges provide a more realistic description of isolated
molecules. A more detailed discussion about the atomic charges can be
found in the Results and Discussion section. AMBER runs comprised
five million steps (5 ns). After every 500 steps (0.5 ps) we added a Gaus-
sian hill of 0.05 kcal mol�1 height and a weight defined by a dihedral
angle of 0.3 rad and a distance of 0.6 R. The metadynamics run at SCC-
DF-TB-D level comprised 600,000 steps (600 ps). In this case, after every
100 steps (0.1 ps) a Gaussian hill was added. This Gaussian hill was
0.1 kcal mol�1 in height from 0 to 500 ps and 0.05 kcal mol�1 in height
from 500 to 600 ps. The widths of these hills were the same as for meta-
dynamics using the AMBER force field.


Symmetry-adapted perturbation theory combined with DFT (DFT-
SAPT): This work represents the first analysis of the nature of the pep-
tide backbone–aromatic side-chain intramolecular interaction by means
of the symmetry-adapted perturbation theory combined with DFT and
implemented using density fitting (DF-DFT-SAPT).[52–57] For this purpose
we modelled the isolated peptide by the complex resulting from the split-
ting of the peptide into the backbone and aromatic side-chain interacting
fragments (Figure 3). We added hydrogen atoms a posteriori and for the
sake of simplicity we later reduced the peptide backbone to the fragment
likely interacting with the aromatic side chain (Figure 3). The conforma-
tion and spatial arrangements of the resulting complexes were identical
to those obtained at the RI-MP2/cc-pVTZ level of theory for the given
isolated peptide conformer.


At the present time, DF-DFT-SAPT is the only methodology providing
physically meaningful information about the nature of the intermolecular
interaction of molecular systems with up to several dozens of atoms. The
reason is that the SAPT intersystem[58] treatment is combined with a
DFT description of the subsystems allowing for the study of large mole-
cules. Furthermore, its implementation using the density fitting of two
electron objects[56] drastically reduces the cost of the conventional DFT-
SAPT method. In DF-DFT-SAPT, the intermolecular interaction energy
is composed of the sum of the first-order electrostatic (Eel


(1)) and ex-
change–repulsion (Eexch


(1)) contributions, and the second-order induction
(Eind


(2)), exchange–induction (Eexch–ind
(2)) and dispersion (Edisp


(2)). Induc-
tion, exchange–induction and charge-transfer effects of higher than
second order in the intermolecular perturbation operator are estimated
from supermolecular Hartree–Fock calculations and denoted as d(HF).[52]


The computational details of the DF-DFT-SAPT calculations performed
here are analogous to those described by Jansen et al.[55]


Codes : We determined energies, geometries, harmonic vibrational fre-
quencies and thermodynamic characteristics with RI-MP2 and RI-DFT-D
(in our own implementation) methods using the TURBOMOLE 5.8 pro-
gram package.[59] We performed CCSD(T) and DF-DFT-SAPT calcula-
tions with the MOLPRO 2002.1 program[60] and MD/Q simulations with


Figure 2. Definition of the col-
lective variables for the meta-
dynamics study.


Figure 3. Intermolecular complexes modelling backbone–aromatic side-chain interactions in the GFA conformers. All distances are given in R. The dif-
ferent components of the interaction energy of representative structures are illustrated in the bar diagram.
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the DFTB + program.[61] Additionally, we used our own scripts for the
selection of the geometrically distinct structures. For the metadynamic
calculations with the AMBER force field we used the GROMACS pack-
age[62] with a metadynamics extension,[50] whereas for the SCC-DF-TB-D
metadynamics run we used our own MD code interfaced to DFTB + pro-
gram[61] performing the energy and gradient calculations. For the latter
case we implemented metadynamics[50] in a formulation identical to the
one used in GROMACS.[62] The DFT calculations using the recently in-
troduced M06-2X functional employed QChem 3.1.[23, 63]


Results and Discussion


Localisation of conformers coexisting in the gas phase : MD
simulations using empirical force fields, for example,
AMBER, are typically used for the study of multiconforma-
tional systems such as peptides. However, atomic charges of
a flexible molecule may vary significantly from one confor-
mation to another, which consequently affects the final re-
sults. Therefore, in order to assess the applicability of the
AMBER force field for the study of peptides, we calculated
the RESP atomic charges for six geometrically distinct con-
formers out of the 15 most stable conformers in the PES de-
termined at the B3 LYP/cc-pVTZ and HF/6-31G* levels of
theory (Supporting Information Tables S1 and S2). The first
technique (DFT) is used when accurate charges for gas-
phase simulations are to be determined, and the second
technique (HF) is applied for simulations in the water envi-
ronment.


Tables S1 and S2 in the Supporting Information reveal a
very large dispersion of atomic charges for single conform-
ers. The largest dispersion concerns internal carbon and ni-
trogen atoms where single conformer charges differ by more
than 100 % (e.g., C2 in Table S1). However, charges at vici-
nal hydrogen atoms differ dramatically as well. For example,
charges on H1 (Table S1) in various structures vary by
+13 % and �31 %. Evidently, introducing an average
charge brings some uncertainty that results in incorrect
structural predictions when an empirical potential is used.
On the other hand, this finding supports the use of an ab
initio procedure for scanning the PES. Such a procedure re-
duces the uncertainty because the charges are calculated for
each structural arrangement.


Consequently, we investigated the PES of the GFA tri-
peptide by using the calculation strategy shown in Figure 1,
namely: implementing MD/Q[35] simulations using tight-
binding DFT-D theory[36] followed by accurate quantum
chemical calculations. In our previous paper we used a less
sophisticated strategy.[37] The present procedure allows us to
localise all the existing minima in the PES, the most stable
of which are further recalculated at different ab initio levels
of theory. Thus, the quality of this step clearly affects the
quality of all subsequent steps. The number of calculated
conformers decreases as the level of theory increases. The
outcome of this sequence of calculations is a set of conform-
ers, in which we may expect to include the ones detected ex-
perimentally in the gas phase (Figure 4).


Structural analysis : Figure 4 displays all conformers within a
relative energy interval less than 2 kcal mol�1 and ordered
according to the Gibbs energy scale (T=300 K). The rea-
sons why the relative energy interval is based on Gibbs
energy scale and not potential-energy scale are discussed
below. Before going into a more detailed analysis of the
structural features of the GFA conformers, we would like to
point out that the averaged root-mean-square deviations
(RMSDs) between the RI-MP2/cc-pVTZ and RI-DFT-D/
TPSS/LP geometries is only 0.11 R. This demonstrates that
the two methods provide almost identical geometries and re-
inforces the efficacy of the RI-DFT-D method as an ade-
quate tool for the study of larger peptides.[22]


The structures shown in Figure 4 can be grouped in differ-
ent families of conformers, labelled according to the Rama-
chandran terminology[1] as bL (structures 1, 3, 4, 5, 9 and 10)
and g (structures 6, 7, 8, 11, 12, 15 and 16), because they re-
semble the b-strands and g-turns encountered in proteins.[64]


There are still two additional families, designated as 311


(structure 2) and g-311 (structures 13 and 14). The main
structural difference among the families concerns the back-
bone conformations. In the b strand-like (bL) structures the
peptide backbone is fully extended, favouring the C=O[i+


1]···HN[i+ 1] interaction (referred to as C5 conformation; see
Figure 5), whereas in the g-structures the C=O[i]···HN[i+2] in-
teraction is formed by a seven-atom ring (referred to as C7


conformation; see Figure 5) involving the three amino acid
residues of the peptide. The g-311 family shows common
structural features (local backbone/backbone interactions)
with both the g and 311 families, the latter describing a pep-
tide-backbone conformation in which the -CO2H and -NH2


terminal groups form an intramolecular H-bond (HOC=


O···HNH) so that the three residues are joined in an eleven-
atom ring (C11 conformation in Figure 5). The existence of
this intramolecular interaction has been reported in pro-
teins[65] and has also been observed for our previously stud-
ied tripeptides Phe-Gly-Gly[37] and Trp-Gly-Gly.[43] To better
characterise the structures in Figure 4 the f and y dihedral
angles are given in Table S3.


In the bL structures the aromatic side chain is systemati-
cally oriented towards the -COOH terminus, whereas in the
g structures it is systematically oriented towards the -NH2


terminus. Notice as well that in the g structures, the -NH2


terminus prefers the orientation in which the lone-pair elec-
trons of the nitrogen atom are pointing towards the -NH
moiety of residue i+1, which itself points towards the aro-
matic side chain, consequently favouring the establishment
of a network of weak intramolecular interactions (for exam-
ple, C7 conformation in Figure 5). In the g family, the aro-
matic side chain could never be oriented towards the
-COOH terminus because the oxygen atoms of residues i+ 1
and i+2, and the p cloud will strongly repel each other.
There is no bL structure in which the aromatic ring is orient-
ed towards the -NH2 terminus. The reason for this absence
is clear from the structures GFA_01 and GFA_06 in
Figure 4: when the aromatic side chain is oriented towards
the -NH2 terminus, the extended peptide backbone of the bL


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4886 – 48984890


P. Hobza et al.



www.chemeurj.org





structure (e.g., GFA_01) folds into a g conformation (e.g.,
GFA_06). It is not clear whether the peptide-backbone con-
formation determines the orientation of the aromatic side
chain or whether, conversely, the aromatic side chain indu-
ces the different folded backbone conformations. However,
the NHACHTUNGTRENNUNG(i+2)-aromatic side-chain interaction in combination
with successive C5 (Figure 5) appears characteristic for the
existence of bL peptide-backbone conformations.


There is also an alternative classification of the conform-
ers based on the existence of an (C=O)OH···O=C intramo-
lecular H-bond between the hydrogen of the terminal car-
boxyl group and the backbone CO of residue (i+ 1) (e.g., C7


conformation in Figure 5). According to this classification,
two families of structures exist, designated as CO2Hbonded for
all the g structures and two bL (GFA_09,10) and as CO2Hfree


for the remaining structures. Such intramolecular interaction


is interesting for various rea-
sons. To start with, it is respon-
sible for the folding of the
backbone into a C7 conforma-
tion suggesting the possible ap-
pearance of consecutive g-turns
if the peptide backbone would
be extended by additional resi-
dues (Figure 5). The existence
of multiple g-turns in a peptide


backbone has been addressed in the literature.[66,67] More in-
terestingly and analogous to the case of Phe-Gly-Gly,[37] Trp-
Gly[43, 68,69] and Trp-Gly-Gly,[43,68,69] we observed none of the
predicted CO2Hbonded structures experimentally. This quite
intriguing observation motivated us to review our calcula-
tions on the free-energy surface. This normally forms the
least reliable step of the theoretical procedure because usu-
ally free-energy calculations are based on the RR-HO-IG
approximation, which limits the level of the entire theoreti-
cal procedure. However, in the present paper we employed
the metadynamics procedure based on tight-binding DFT-D,
which goes beyond the harmonic approximation.


Stability of the conformers : According to the H-bond pat-
tern presented by the conformers shown in Figure 4, one
would expect that the g structures will be followed in stabili-


Figure 4. RI-MP2/cc-pVTZ geometries for the 16 most stable structures of Gly-Phe-Ala tripeptide. The stability of the individual conformers decreases
from left to right. The structural family to which each conformer belongs is included in the upper left corner.


Figure 5. Nomenclature definition.


Chem. Eur. J. 2008, 14, 4886 – 4898 J 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 4891


FULL PAPERGlycyl-Phenylalanyl-Alanine Tripeptide



www.chemeurj.org





ty by the bL CO2Hbonded, the g-311, 311 and bL CO2Hfree struc-
tures because the higher number of H-bonds would be ex-
pected to correlate with more stable structures. This hypoth-
esis is confirmed by the relative electronic energies obtained
at the RI-DFT-D/TPSS/LP level of theory (column 8 in
Table 1) and also verified against CCSD(T)/CBS benchmark
data (column 2 in Table 1), having an averaged mean un-
signed error of the RI-DFT-D with respect to CCSD(T) rel-
ative energies of 1.26 kcal mol�1. The absolute values of the
relative energies at these two levels of theory are somewhat
different, however, the trends are the same. Firstly and sig-
nificantly, both methods predict the same global minimum
structure (GFA_15). Secondly, both predict CO2Hbonded


structures to be more stable than CO2Hfree conformers. Fur-
thermore, the ordering of structures within the CO2Hbonded


family at the RI-DFT-D/TPSS/LP level of theory matches
quite well, except for the GFA_16 conformer, with that of
the benchmark data. The CO2Hfree subfamily exhibits larger
discrepancies, although both methods agree in predicting
the structures with a folded backbone (e.g., GFA_02) to be
more stable than those with an extended one (e.g.,
GFA_01).


Column 6 in Table 1 lists the single-point energies ob-
tained at the M06-2X/6-311+GACHTUNGTRENNUNG(2df,2dp)//RI-MP2/cc-pVTZ
level of theory. A first conclusion that can be drawn from
these data is that the global minimum at the DFT level of
theory, that is, GFA_16 (column 6, Table 1) is not the same
as the global minimum predicted at the benchmark level of
theory, namely GFA_15 (column 2, Table 1). The difference
in energy between GFA_16 (global DFT minimum) and
GFA_15 (benchmark data minimum) structures at the M06-
2X/6-311+GACHTUNGTRENNUNG(2df,2dp) level is 1.54 kcal mol�1. There is also
disagreement in the order of structures in the two sets. Ac-
cording to the benchmark data calculations the CO2Hbonded


family of structures is more stable than the CO2Hfree family.
In the case of the M06-2X functional, this order is not that
well established and structures from different families are
interspersed. Furthermore, GFA_01, the least stable confor-
mer in the benchmark database, is in the sixth position in
the ranking of energies calculated using the M06-2X func-
tional. The same situation occurs for structures GFA_10 and
GFA_11, occupying the third and sixth positions at the
benchmark level, respectively (column 2 of Table 1), and
being the two least stable structures in the DFT scale
(column 6 in Table 1).


The level of calculations performed is very high and we
can thus be confident about the quality of the PES obtained.
This means that the lowest-energy structures should co-exist
and should thus be detected experimentally at very low tem-
peratures (the calculations correspond to 0 K). At very low
temperatures the entropy term in the expression for the
Gibbs energy is small and can be neglected against the en-
thalpy (energy) term. However, the spectroscopic measure-
ments are done on a distribution of structures established
right after the peptide is laser desorbed, implying that free
energy and not enthalpy (energy) will be controlling the
final relative population of these structures. With this as-
sumption, the final selection of conformers should be based
on Gibbs energies (T=300 K) instead of electronic energies.
In other words, zero-point vibrational energies (ZPVE),
thermal corrections to the enthalpy and entropies should be
taken into account in the calculation of the relative stabili-
ties of the conformers. The population in the beam is not
known, however, one possible assumption is that the popu-
lation distribution, originated before the expansion takes
place, is preserved to a large extent during the relatively fast
supersonic cooling.[70] In other words, although the cooling is
a non-equilibrium process, the final conformations may still


Table 1. Relative energies (DE), enthalpies (DH0) and Gibbs energies (DG) [kcal mol�1] calculated at different levels of theory for the most stable con-
formers of GFA tripeptide. Structures are ordered according to DG. Labelling is according to Figure 4. The relative population (Pop) of conformers ac-
cording to a Maxwell–Boltzmann distribution at T=300 K is also included. Scaled frequencies have been considered for the calculation of the thermody-
namical properties.


CCSD(T)/CBS DE[M06-2X/ RI-DFT-D/TPSS/LP
Structure DE[a] DH0


[b] DG Pop 6-311+ G(2 df,2dp)[c]] Structure DE DH0
[d] DG Pop


GFA_01 [bL(a)] 2.14 0.00 0.00 1000 0.83 GFA_04 [bL(a)] 4.00 0.00 0.00 1000
GFA_02 [311] 1.70 0.26 0.06 916 0.95 GFA_05 [bL(a)] 4.08 0.08 0.35 554
GFA_03 [bL(a)] 2.02 0.01 0.07 894 0.95 GFA_03 [bL(a)] 3.53 0.04 0.52 419
GFA_04 [bL(a)] 1.72 0.18 0.54 409 1.33 GFA_02 [311] 2.90 0.16 0.53 414
GFA_05 [bL(a)] 1.80 0.18 0.69 317 1.28 GFA_01 [bL(a)] 3.65 0.07 0.68 319
GFA_06 [gL(g�)] 0.93 0.28 1.25 125 0.58 GFA_06 [gL(g�)] 1.81 0.02 1.58 70
GFA_07 [gL(g�)] 0.41 0.3 1.27 122 1.26 GFA_09 [bL(a)] 1.31 0.16 1.74 54
GFA_08 [gL(g+)] 0.97 0.35 1.47 88 0.68 GFA_10 [bL(a)] 1.19 0.14 1.75 53
GFA_09 [bL(a)] 0.52 0.2 1.61 69 2.00 GFA_07 [gL(g�)] 1.17 0.09 1.79 50
GFA_10 [bL(a)] 0.43 0.21 1.65 64 2.09 GFA_08 [gL(g+)] 1.89 0.10 1.96 37
GFA_11 [gL(g+)] 0.89 0.34 1.73 56 0.70 GFA_13 [gD(g�)311] 3.12 0.49 2.00 35
GFA_12 [gD(g�)] 0.54 0.46 1.83 48 0.76 GFA_14 [gL(a)311] 3.88 0.30 2.01 35
GFA_13 [gD(g�)311] 1.15 0.62 2.34 21 0.92 GFA_12 [gD(g�)] 0.70 0.32 2.24 23
GFA_14 [gL(a)311] 1.00 0.5 2.54 15 1.37 GFA_11 [gL(g+)] 1.79 0.12 2.35 19
GFA_15 [gL(g�)] 0.00 0.46 2.57 14 1.54 GFA_16 [gD(g�)] 0.71 0.49 3.39 3
GFA_16 [gD(g�)] 1.46 0.53 2.87 9 0.00 GFA_15 [gL(g�)] 0.00 0.68 3.67 2


[a] Total relative energy evaluated as a sum of CBS RI-MP2 relative energy and the difference between CCSD(T) and MP2 relative energies. [b] ZPVE
were calculated at RIMP2/cc-pVDZ level of theory. [c] Single-point energy calculations on RI-MP2/cc-pVTZ geometries. [d] ZPVE were calculated at
RI-DFT-D/TPSS/LP level of theory.
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at least partly reflect the original thermodynamic distribu-
tion. In this simplified model we can roughly estimate the
populations according to a Maxwell–Boltzmann distribution.


Table 1 shows the thermodynamic functions DH0 and DG,
and populations at 300 K for the conformers studied. The in-
clusion of the ZPVE (i.e., passing from DE to DH0) reduces
the energy interval that is covered by these structures from
2.14 and 4.08 kcal mol�1 to 0.62 and 0.68 kcal mol�1 at the
CCSD(T)/CBS and RI-DFT-D/TPSS/LP levels of theory, re-
spectively. Furthermore, it significantly changes the order of
the structures. Unlike in the DE scale in which the
CO2Hbonded structures are the most stable ones, in the DH0


scale, the CO2Hfree structures are favoured (both at the
CCSD(T)/CBS and RI-DFT-D/TPSS/LP level of theory).


Neither the inclusion of the thermal correction to the en-
thalpy nor the inclusion of entropic contributions alters the
order of conformers any further and thus, the CO2Hfree


structures remain the most stable ones in the FES. Conform-
ers with a larger number of intramolecular H-bonds have a
higher relative order within the backbone conformation,
and as expected, are less affected by the entropic contribu-
tions. One effect of the inclusion of the entropic contribu-
tion is the increase in the energy differences between con-
formers, now lying within an interval of approximately
3 kcal mol�1 at both the CCSD(T)/CBS and RI-DFT-D/
TPSS/LP levels of theory (the mean unsigned error of the
relative Gibbs energies between the RI-DFT-D and
CCSD(T) method is 0.5 kcal mol�1). We have used these
Gibbs relative energies to calculate the relative population
of structures according to a Maxwell–Boltzmann distribution
at T=300 K (Table 1). In essence, five conformers
(GFA_01, 02, 03, 04 and 05) are entropically favoured (i.e. ,
have lower relative Gibbs energies) over the others, namely,
four bL and the 311 structures, or according to our second
structural classification, five out of the seven CO2Hfree struc-
tures.


Free-energy surface analysis by metadynamics : Gibbs ener-
gies and populations obtained from ab initio quantum chem-
ical calculations assuming a RR-HO-IG approximation are
only accurate to some extent. Indeed, a population analysis
based on MD is more robust, because it samples the whole
conformational space and goes beyond the harmonic ap-
proximation. However, the SCC-DF-TB-D trajectories ran
in this work are too short to provide reliable thermodynamic
data and as discussed above the use of empirical force fields
is not recommendable for the study of isolated small pep-
tides.


In order to overcome these limitations and to make sure
that the conformational landscape obtained by the combina-
tion of MD/Q simulations with high-level correlated ab
initio quantum chemical calculations including the RR-HO-
IG approximation for determining the thermodynamic char-
acteristics (MD/Q +QM) is correct, we employed the meta-
dynamics algorithm to independently explore the free-
energy surface of GFA tripeptide. Metadynamic calculations
yield two-dimensional free-energy surfaces from shorter


simulations than standard MD simulations. The reason is
that it allows controlled sampling of specific structural fea-
tures and thus, the simulation time needed is significantly re-
duced. For the present case, the two selected coordinates
(Figure 2) were chosen to distinguish between the CO2Hfree


and CO2Hbonded families. We performed three metadynamic
calculations. One at the SCC-DF-TB-D level of theory and
the remaining two using the AMBER force field with differ-
ent sets of RESP charges (HF/6-31G* and B3 LYP/cc-
pVTZ). We have pioneered the implementation of the
DFTB + code into metadynamics and this is the first report
of this kind of simulation applied to a peptide at this level
of theory. Furthermore, these calculations using the
AMBER force field in combination with metadynamics
serve the following two purposes: 1) analysis of the influ-
ence that the set of charges has in the AMBER results; and
2) comparison of the performance of the AMBER force
field against the tight-binding DFT-D method. Notice that
in all the simulations, numerous transitions between con-
formers were observed, which confirms the good sampling
of the FES. In each simulation, the flooding potential
reached a converged level at which the results were read.


Figure 6a visualises the SCC-DF-TB-D free-energy sur-
face as a map with isoenergetic contours. The minima found
from the MD/Q+ QM calculations are projected on top of
this map (white points) for the sake of comparison. Addi-
tionally, the free energies of the minima were averaged over
the converged part of the simulation and subsequently the
error (measured as 95 % confidence interval) was estimated
(Figure 6b). From the analysis of Figure 6a it can be con-
cluded that the two FESs, the one obtained by metadynam-
ics and the MD/Q+QM, are in good agreement. This find-
ing is of key importance because it indicates that anharmon-
ic effects are not playing a decisive role for the present con-
formers. In fact, in both free-energy surfaces the CO2Hfree


and CO2Hbonded families exist with comparable stability (see
below). Structures GFA_16 and GFA_14 have very different
f values (see Figure 2 for the definition of f) from those in
the other members of their corresponding families and con-
sequently, they appear in a different region of the contour
map. Notice as well that there is no minimum for structures
GFA_04, GFA_05 and GFA_13 on the map. However, this
is due to the resolution of the free-energy surface rather
than to failure of the method. Most importantly, the two in-
dependent methods of identifying the most stable conforma-
tions of the peptide at the free-energy surface give compara-
ble results.


Regarding the order of stabilities of the conformers, it
should be mentioned that one white point on the 2D surface
corresponds to more structures differing in other structural
motifs than those described by the coordinates selected for
metadynamics. For instance, structures GFA_06 and
GFA_09 (Figure 4) correspond to the CO2Hbonded family, but
GFA_06 is a g structure whereas GFA_09 is a bL structure.
The resulting free energy should be the thermodynamic
average of these structures. From the analysis of Figure 6b it
can be concluded that the best overall agreement with the
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quantum chemical Gibbs energies was achieved at the SCC-
DF-TB-D level of theory, although in our simulation it over-
estimates hydrogen bonding by about 3 kcal mol�1. This is in
contrast with the normal behaviour of SCC-DF-TB-D,
which tends to underestimate intersystem hydrogen
bonds.[71] This can be at least partially attributed to an arti-
fact of the simulation, because the preference of non-H-
bonded structures is possible within given error bars (Fig-
ure 6b).


Similar free-energy surfaces were evaluated using the
AMBER force field and two different sets of charges (HF/6-
31G* and B3 LYP/cc-pVTZ) for the sake of comparison.
The contour maps of these FES can be found in Figure S1
and the free energies of the minima are listed in Figure 6b.
From the data in Figure 6b, it is clear that the force field
using the B3 LYP/cc-pVTZ charges underestimates the hy-
drogen bonding, whereas using HF/6-31G* charges provides
the best description from the potentials we tested. More im-
portantly, AMBER results are strongly biased towards nega-
tive values of the dihedral angle f and thus, the procedure
cannot be recommended for the evaluation of thermody-
namic characteristics. A similar behaviour of the AMBER
ff99 is discussed in reference [72].


Comparison with the experiment : Figure 7 shows the
ground-state IR spectra measured for GFA tripeptide in the
3200–3700 cm�1 region. We obtained each of these IR–UV
hole-burning traces by setting the UV probe wavelength at
the origin of a different one of the four conformers in the
R2PI spectrum. Scaled theoretical spectra of the assigned
structures (see below) calculated using both RI-MP2 and
RI-DFT-D methods appear as well. Tables S4 and S5 list the
exact values of the calculated and experimental frequencies.
According to the experimental data, four different conform-


ers within the CO2Hfree family, characterised by a free OH
stretch frequency in the spectra, co-exist in the gas phase.
The theoretical data predict a larger number of structures
than the number we observe experimentally. The same phe-


Figure 6. a) Free-energy surface calculated using metadynamics at the SCC-DF-TB-D level of theory. Collective variables are described in the text. Free-
energy minima obtained using MD/Q +QM are illustrated as points labelled according to Figure 4. Distances are given in R and dihedral angle in 8.
b) Free energies (kcal mol�1) calculated using metadynamics combined with tight-binding DFT-D and AMBER empirical force field with either HF/6-
31G* (AMBER+ HF) or B3 LYP/cc-pVTZ (AMBER +DFT) set of charges. Labelling according to Figure 4. The energy scale corresponds to the quan-
tum chemical Gibbs energy (Table 1). CO2Hfree structures 1 to 3 were set as zero.


Figure 7. IR ground-state experimental spectra of the Gly-Phe-Ala tri-
peptide. Schematic scaled harmonic spectra at the RI-MP2/cc-pVDZ
(dark bars) and RI-DFT-D/TPSS/LP (light bars) levels of theory are also
included for comparison.
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nomenon has been reported previously for several other
peptides.[70,73, 74] This raises the question of how to reconcile
the more complicated conformational landscape predicted
theoretically with the apparently “simpler” conformational
picture derived experimentally.


One possible explanation is that the experimental data
could be incomplete, for which there could be several rea-
sons. Oscillator strengths or Frank–Condon factors for cer-
tain conformers might be too small to permit their measure-
ment. It is possible to miss conformations if their UV spec-
trum is shifted outside the experimental range. It is also pos-
sible to miss structures if their ionisation potential is more
than twice the photon energy used. However, it is not clear
why any of these conditions would apply selectively to any
of the calculated conformations. The same holds for the as-
sumption that collisional relaxation in the free jet expan-
sions selects specific conformers.


Another intriguing possibility of why we might not ob-
serve specific structures in our R2PI experiments is a short
excited-state lifetime. A sub-picosecond excited-state life-
time could preclude detection in our experiment, because
we employ two-photon ionisation with nanosecond laser
pulses. For nucleobases, a number of excited-state calcula-
tions suggest that rapid internal conversion (IC) can be
highly structure selective. Several groups have proposed
models in which IC takes place by means of conical intersec-
tions.[75–80] Whether or not these intersections have barriers
depends very sensitively on molecular structure, which can
lead to lifetimes that can differ by orders of magnitude be-
tween fairly similar structures. The failure to experimentally
observe selected tautomers and cluster structures appears to
be consistent with these models. One of several proposed IC
pathways involves ps* states with motion along an H-bond
NH coordinate. Sobolewski and Domcke recently proposed
that such excited-state dynamics can also occur in pep-
tides.[81] The predicted structures that go unobserved in our
experiment all involve an internal hydrogen bond of
CO2Hbonded. As previously reported, for the case of Phe-Gly-
Gly, Trp-Gly and Trp-Gly-Gly peptides, the structures con-
taining an (C=O)OH···O=C intramolecular H-bond were
not observed experimentally. We are currently undertaking
experiments to see if we can observe the “missing” struc-
tures by using femtosecond ionisation and by bypassing the
S1 state with single-photon ionisation.


Our theoretical calculations suggest the existence of four
different families in the PES (or FES): bL, 311, g and g-311,
two of which, bL and 311, are predicted to be entropically
favoured, that is to be more stable in the FES.


The bL family of structures : In a bL structure (Figure 4), the
peptide backbone is extended, so five IR lines should be ob-
served in the 3200–3700 cm�1 spectral region corresponding
to the carboxyl O�H stretch (OH), the amino NH2(S) sym-
metric, and NH2(A) antisymmetric stretches and the peptide
N�H stretch (NHpep) vibrations. Our conformational search
suggests the existence of four very stable structures within
the bL family (GFA_01, 03, 04, 05), which can themselves be


clustered into two subfamilies according to the orientation
of the -NH2 and CO2H terminal groups. However, the clas-
sification of these four structures is not fully straightforward
because it depends on the criteria of selection. On the one
hand, we could consider structures GFA_01 and GFA_03,
and consequently GFA_04 and GFA_05, to be members of
the same family showing different orientations of the -NH2


terminal group and similar orientation of the CO2H terminal
group. Alternatively, we could consider structures GFA_01
and GFA_05, and consequently GFA_03 and GFA_04, to be
members of the same family showing different orientations
of the CO2H terminal group and similar orientation of the
-NH2 terminal group. What seems to be clear is that there
are two bL subfamilies distinguishable in the spectroscopic
record, because two of the experimental spectra (spectra (1)
and (2) in Figure 7) nicely match those calculated for the
GFA_01, 03, 04 and 05 bL structures. We can not determine
whether the experimentally reported spectra result from the
contribution of one or two bL conformers and which of the
bL subfamilies is represented by which of the spectra.


The 311 family of structures : The assignment of the spectra
of the GFA_02 structure, representing the 311 family, is
more straightforward. From inspection of Figure 7 it can be
clearly seen that its scaled theoretical spectrum agrees well
with the experimental spectrum (3).


The g family of structures : We have observed in the struc-
tural analysis that all the g structures belong to the
CO2Hbonded family. Thus, all of these structures show a spec-
tral line in the 3200 cm�1 spectral region (Tables S3 and S4)
resulting from the involvement of the OH group in an intra-
molecular H-bond. Consequently, none match any of the ex-
perimental structures. The same is true for the GFA_09 and
10 bL structures.


After excluding structures GFA_06 to GFA_12, the spec-
trum of the next conformer in the Gibbs energy ranking is
GFA_13. The frequencies for this structure agree quite well
with spectrum (4) of Figure 7. Two observations should be
made here. First, GFA_13 belongs to a new family of con-
formers with a different conformational peptide backbone
than that for the bL and 311 families. Second, there is a
second member of the g-311 family (structure GFA_14)
which we do not observe experimentally (see Tables S4 and
S5 for its spectroscopic data), but which is equally populat-
ed to structure GFA_13.


Analysis of the nature of the peptide backbone–aromatic
side-chain interaction : Backbone–aromatic (Ar) side-chain
interactions affect the stability of peptide conformers in a
number of ways.[6,8,9,13,14, 16,66, 82] In general, it appears that for
isolated peptides containing aromatic side chains, bL struc-
tures with an Ar ACHTUNGTRENNUNG(i+1)–NH ACHTUNGTRENNUNG(i+2) interaction are more stable
than g structures with an Ar ACHTUNGTRENNUNG(i+1)–NH ACHTUNGTRENNUNG(i+1) interaction,
whereas the opposite is true for peptides without a residue
of aromatic character. This propensity has been beautifully
illustrated in the comparison of the N-Ac-Ala-NH2, N-Ac-
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Gly-NH2 and N-Ac-Phe-NH2 (NAPA)[9,82] related species.
Chin et al.[9] showed that these systems with capped end
groups adopt both g and bL(a) peptide-backbone conforma-
tions and that their relative stability (g structures more
stable than bL(a) or the other way around) depends on the
formation of a N-H ACHTUNGTRENNUNG(i+2)···p interaction. Additionally, for
the NAPA system, the authors described the different types
of intramolecular interactions formed within the molecule,
which they further characterised by orbital population and
Atoms-In-Molecules analysis. In these capped model pep-
tides, none of the intramolecular interactions involving un-
protected termini can occur, such as the HNH(i)–OCOH-
ACHTUNGTRENNUNG(i+2), which is prevalent in the GFA tripeptide with unpro-
tected end groups. Yet, the bL(a) backbone conformation is
the preferred structural motif both in the uncapped peptide
and in the capped model system.


In the C7 backbone conformation of the g structures as
well as the pseudo-C7 conformation of the 311 structure
(Figure 5) the -NH moiety of residue i+ 1 is pointing to-
wards the aromatic side chain. However, in the bL structures,
the NH moiety involved in the N-H···p interaction belongs
to residue i+2 (instead of residue i+1) and lies parallel to
the aromatic side chain. We wonder then if the nature of the
backbone–aromatic side-chain interaction is of the same
character for these two very different geometrical rearrange-
ments and which is the driving force, if any, of these interac-
tions. We modelled different representative conformations
by a peptide-backbone fragment–benzene intermolecular
complex (see Figure 3 and Computational Details and Meth-
ods section for a description of the models), and we per-
formed a qualitative analysis based on the importance of the
different components of the interaction energy provided by
DF-DFT-SAPT (Table S6). In the case of structure GFA_02,
we had to split the peptide-backbone fragment into two sub-
fragments in order to avoid an artificial repulsion between
the components originating from the proximity of the a pos-
teriori added hydrogen to the benzene ring.


The stick spectrum of Figure 3 shows that the dispersion
energy, Edisp


(2), is the largest attractive contribution to the in-
teraction energy. The importance of the electrostatic contri-
bution (Eel


(1)) varies slightly depending on the directionality
of the -NH moiety: The more pointing the -NH, the higher
the Eel


(1) component. This result is in agreement with the
conclusion by Tsuzuki et al.[11] for the benzene–ammonia
model system that the electrostatic force (dipole(NH)–
quadrupoleACHTUNGTRENNUNG(benzene)) dominates the directionality of the
NH···p interactions. Finally, the induction contribution
(Eind


(2)) plays a minor, though not negligible, role in the in-
teraction, and the repulsion energy, coming mainly from the
Eexch exchange contribution, has a significant influence on
the equilibrium of the forces. An overall conclusion that can
be obtained from the SAPT analysis is the importance of
the role played by the dispersion energy (Edisp


(2)) in the pep-
tide-backbone–aromatic side-chain interaction. This conclu-
sion supports our observation that the DFT methodology,
which does not cover the London dispersion energy, insuffi-
ciently describes peptides of aromatic character.


Conclusion


Localising the different conformations co-existing in the
gas-phase of a peptide requires exploration of the free-
energy surface of the system. Some of the conformers pre-
dicted by statistical thermodynamics and metadynamics cal-
culations to be most stable for the GFA tripeptide according
to Gibbs energies agree well with those observed experi-
mentally. However, there is an additional family reported
theoretically and not observed experimentally. One possible
explanation is a short excited-state lifetime in the structures
that we failed to observe experimentally.


A proper scan of the FES requires the use of a non-em-
pirical method. The AMBER empirical force field fails
mainly due to a large variety of atomic charges for individu-
al conformers. Furthermore, we can not fully disregard the
possibility of attributing the failure of AMBER to an inac-
curate fitting to the dihedral term during the force-field de-
velopment. The FES obtained by means of the combination
of MD/Q simulations using the tight-binding DFT-D
method with high-level correlated ab initio quantum chemi-
cal calculations followed by statistical thermodynamics RR-
HO-IG calculations is confirmed by the FES obtained inde-
pendently with the metadynamics calculations based on the
tight-binding DFT-D method. This proves both methodolo-
gies to be suitable for the study of isolated small peptides.


Metadynamics is a fast and convenient tool modelling the
free-energy surface of a peptide. However, in combination
with the AMBER force-field the method provides inaccu-
rate results originating in the failure of AMBER and not in
the metadynamics method itself. The use of metadynamics
in combination with tight-binding DFT-D is recommended.
The use of metadynamics demands a good knowledge of the
inherent behaviour of the system under study, because the
data obtained are largely dependent on the variables chosen
to scan the FES. Indeed, relevant structural information can
be hidden if the selection of variables is not appropriate.


For the electronic energies and geometries, the TPSS
functional augmented with a dispersion term (TPSS-D) pro-
vides reasonable results comparable with the benchmark
data at the CCSD(T)/CBS level of theory. However, in the
case of the M06-2X functional, the performance is not very
satisfactory, probably due to the inaccurate description of
the long-range interactions provided by the functional.


The most stable conformers of the GFA tripeptide can be
clustered into four families according to the conformational
preferences of the peptide backbone. The backbone ar-
rangement of two of these families resembles the b-strands
and g-turns encountered in analogue-capped peptides and in
proteins. bL structures are stabilised by successive C5 motifs
in combination with NHACHTUNGTRENNUNG(i+2)···aromatic side-chain interac-
tions, whereas the g structures are stabilised by C7 confor-
mations and an H-bond network involving the amino termi-
nal group, the NH ACHTUNGTRENNUNG(i+1) residue and the aromatic side chain.
As for the nature of the backbone/side-chain interactions,
the dispersion energy is proven to play a relevant role.
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We did not observe experimentally the predicted family
of g structures with hydrogen-bonded COOH terminal
groups, and we are further exploring the reasons for this in-
triguing discrepancy.
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Oxidative Homolysis of a Nitrosylchromium Complex
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Introduction


Nitric oxide is recognized as an essential agent in a number
of physiological processes that play a role in blood pressure
regulation, neurotransmission, and immune response.[1–6]


Understanding the mechanism of action of NO in vivo, and
the design of NO delivery compounds[7–9] as drugs for the
treatment of NO-imbalance diseases requires detailed
knowledge of mechanistic chemistry of NO and NO-con-
taining compounds. As a result, a large number of insightful
mechanistic studies of the binding and release of NO by
transition-metal complexes and other substances have been
carried out.[3,10–12] Among metal complexes, iron–porphyrins
have received most attention,[11,13,14] but non-porphyrin com-
plexes of a number of metal ions have also provided impor-
tant mechanistic data on the formation and chemistry of
metal nitrosyls.[10,12,15–17]


Thermal and photochemical cleavage of a metal�NO
bond, and the low pH-induced dissociation of NO from


NONOates are among the most common ways of generating
NO for chemical and biological purposes. Several other
mechanisms for NO release exist, and it is quite likely that
some of them may be advantageous under some circumstan-
ces. One possibility is oxidative homolysis, that is, oxidation
induced release of NO from a metal nitrosyl. Recently,
Herold and co-workers discovered that the oxidation of ni-
trosyl hemes with peroxynitrite[18] and with nitrogen diox-
ide[19] at a neutral pH generates FeIII hemes and NO. This
chemistry is consistent with the greater lability of FeIII�NO
than of FeII�NO, a pattern that has been established in earli-
er studies.


To the best of our knowledge, only non-metallic oxidants
have been observed so far to induce oxidative homolysis of
nitrosyl complexes. In search of metal-induced oxidative ho-
molysis, and some insight into the relevance of such a mech-
anism in chemical and biological environments, we have
now examined the reaction between metal–polypyridine oxi-
dants and a chromium nitrosyl ion, [CraqNO]2+ .


The metal nitrosyl that we chose for this study has been
known for several decades, although its precise electronic
structure has never been completely established. Arguments
for both CrI ACHTUNGTRENNUNG(NO+) and CrIII ACHTUNGTRENNUNG(NO�) forms have been ad-
vanced. The NO stretch of 1747 cm�1, magnetic moment of
2.2 mB, and the EPR spectrum[20] appear consistent with the
CrI ACHTUNGTRENNUNG(NO+) form.[21] The crystal structure,[22] low substitution


Abstract: Metal ACHTUNGTRENNUNG(III)–polypyridine com-
plexes [M(NN)3]


3+ (M=Ru or Fe;
NN=bipyridine (bpy), phenanthroline
(phen), or 4,7-dimethylphenanthroline
(Me2-phen)) oxidize the nitrosylpenta-
ACHTUNGTRENNUNGaquachromium ACHTUNGTRENNUNG(III) ion, [CraqNO]2+ ,
with an overall 4:1 stoichiometry,
4 [Ru ACHTUNGTRENNUNG(bpy)3]


3+ + [CraqNO]2+ +2H2O!
4[Ru(bpy)3]


2+ + [Craq]
3+ +NO3


�+4H+ .
The kinetics follow a mixed second-
order rate law, �d[[M(NN)3]


3+]/dt=
nk[[M(NN)3]


3+]ACHTUNGTRENNUNG[[CraqNO]2+], in which
k represents the rate constant for the
initial one-electron transfer step, and


n=2–4 depending on reaction condi-
tions and relative rates of the first and
subsequent steps. With [CraqNO]2+ in
excess, the values of nk are 283m


�1 s�1


([Ru ACHTUNGTRENNUNG(bpy)3]
3+), 7.4 ([Ru ACHTUNGTRENNUNG(Me2-phen)3]


3+


), and 5.8 ([Fe ACHTUNGTRENNUNG(phen)3]
3+). In the pro-


posed mechanism, the one-electron ox-
idation of [CraqNO]2+ releases NO,
which is further oxidized to nitrite, k=


1.04?106m
�1 s�1, 6.17?104, and 1.12?


104 with the three respective oxidants.
Further oxidation yields the observed
nitrate. The kinetics of the first step
show a strong correlation with thermo-
dynamic driving force. Parallels were
drawn with oxidative homolysis of a
superoxochromium ACHTUNGTRENNUNG(III) ion,
[CraqOO]2+ , to gain insight into relative
oxidizability of coordinated NO and
O2, and to address the question of the
“oxidation state” of coordinated NO in
[CraqNO]2+ .Keywords: chromium · homolysis ·


kinetics · nitric oxide · oxidation
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rates, a pKa of 4.8,
[23] pronounced trans-labilization by coor-


dinated NO,[21] and, most convincingly, the XAS spectrum[24]


are, on the other hand, diagnostic of the CrIII ACHTUNGTRENNUNG(NO�) form.
Ab initio calculations[25] support a 2+ charge on the chromi-
um. Clearly, all the limiting forms are only approximations,
and none represents a completely accurate picture. We rea-
soned that electron-transfer reactions should provide an ad-
ditional angle that would shed more light on the issue of
electronic structure.


In particular, a comparison between superoxo and nitrosyl
complexes should be informative in both kinetic and mecha-
nistic sense. The complex [CraqOO]2+ has been character-
ized spectroscopically and chemically.[26–28] All the data
strongly support the CrIII–superoxide description, as op-
posed to CrII–O2 or Cr


IV–peroxide. We have previously stud-
ied the oxidation of [CraqOO]2+ by metal polypyridine com-
plexes of ruthenium and iron,[29] and will now use these data
as a baseline against which the redox behavior of
[CraqNO]2+ will be gauged. It is advantageous for our pur-
pose that the ligand system is identical in the nitrosyl and
superoxo complexes.


Results


[Ru ACHTUNGTRENNUNG(bpy)3]
3+ as oxidant : Freshly prepared photogenerated


[Ru ACHTUNGTRENNUNG(bpy)3]
3+ reacted rapidly with [CraqNO]2+ in acidic


aqueous solution. The high acid concentration (typically
1.0m) was necessary to slow the spontaneous reduction of
[Ru ACHTUNGTRENNUNG(bpy)3]


3+ . From the absorbance increase at 452 nm, at
which the product [Ru ACHTUNGTRENNUNG(bpy)3]


2+ exhibits a maximum (e=


1.45?104m
�1 cm�1), the stoichiometric ratio D[[Ru ACHTUNGTRENNUNG(bpy)3]


3+]/
D ACHTUNGTRENNUNG[[CraqNO]2+] was determined to be 3.8, close to the ex-
pected ratio of 4.0, Figure S1 in the Supporting Information
and Equation (1).


4½RuðbpyÞ3�3þþ½CraqNO�2þ þ 2H2O! 4 ½RuðbpyÞ3�2þþ
½Craq�3þ þNO3


� þ 4Hþ
ð1Þ


Kinetic traces obtained at 452 nm with [CraqNO]2+ in
large excess were fitted to a single-exponential rate law, and
yielded pseudo-first-order rate constants kobs. A plot of kobs
against the concentration of [CraqNO]2+ is linear with a
slope kCrNO= (283�2)m


�1 s�1 in 1.0m HClO4. A series of ki-
netic runs in 0.24m HClO4 behaved similarly, and yielded
kCrNO= (405�18)m


�1 s�1 (see Figure S2 in the Supporting In-
formation) showing that the reaction exhibits only a mild
dependence on acid concentration and/or ionic strength. Ex-
periments with excess [Ru ACHTUNGTRENNUNG(bpy)3]


3+ were attempted, but the
results proved unreliable because the loss of the oxidant to
background decomposition became quite serious under such
conditions.


A number of considerations, but most notably the 4:1
stoi ACHTUNGTRENNUNGchiometry of Equation (1), suggest that a series of steps
and intermediates, such as NO and HNO2/NO2


�, are in-
volved in the [CraqNO]2+/[Ru ACHTUNGTRENNUNG(bpy)3]


3+ reaction. We decided


to examine directly the potential individual steps to get a
better insight and understanding of the overall mechanism,
as described in the following sections.


The reaction between NO and excess [Ru ACHTUNGTRENNUNG(bpy)3]
3+ was


found to be too fast to measure by conventional spectropho-
tometric methods at several micromolar concentrations of
each reagent. Only a jump in absorbance at 452 nm could
be observed upon mixing of the two reactants. The size of
the absorbance jump was linearly related to the concentra-
tion of added NO, and yielded a 1:1 [Ru ACHTUNGTRENNUNG(bpy)3]


3+/NO stoi-
chiometry. This step was followed by a slower absorbance
increase, Figure 1.


The kinetics of the first, fast step in the [Ru ACHTUNGTRENNUNG(bpy)3]
3+/NO


reaction (jump in Figure 1) were determined with a stop-
ped-flow apparatus with NO in large excess over [Ru-
ACHTUNGTRENNUNG(bpy)3]


3+ . The kinetic traces were exponential, and a plot of
kobs against [NO] was linear (Figure S3 in the Supporting In-
formation), yielding kNO= (1.04�0.02)?106m


�1 s�1.
The rate constant for the slower step in Figure 1 was cal-


culated from the initial rates by assuming first-order de-
pendence on [Ru ACHTUNGTRENNUNG(bpy)3]


3+ and on the product of NO oxida-
tion in the first step, believed to be nitrite ion. The value ob-
tained, (1200�50)m


�1 s�1, is similar to, although somewhat
smaller than that determined independently for the [Ru-
ACHTUNGTRENNUNG(bpy)3]


3+/nitrite reaction in 1.0m HClO4, k=1740m
�1 s�1; see


later. The rather large deviation can be explained by the un-
certainty in concentrations at the zero time for the second
step in Figure 1. The results suggest the sequence of events
described by Equations (2)–(4).


½RuðbpyÞ3�3þ þNO k2
�!½RuðbpyÞ3�2þ þNOþ ð2Þ


NOþ þH2O
k3


k�3


�! �HNO2 þHþ fast ð3Þ


½RuðbpyÞ3�3þ þHNO2=NO2
� k4
�! �½RuðbpyÞ3�2þ þNO2 ð4Þ


The [Ru ACHTUNGTRENNUNG(bpy)3]
3+/nitrite reaction was studied with nitrite


in pseudo-first-order excess. At a constant acid concentra-
tion, the reaction obeyed a mixed second-order rate law, as
illustrated by excellent fits to the exponential rate equation


Figure 1. Kinetic traces obtained upon mixing of 10 mm [Ru ACHTUNGTRENNUNG(bpy)3]
3+ with


NO (4.2 mm, top, 2.6 mm, bottom) in 1.0m HClO4.
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and linear dependence of kobs so obtained against [NO2
�]


(Figure S4 in the Supporting Information). The [H+] de-
pendence of the second-order rate constant is depicted in
Figure 2 as a plot of k versus [H+]�1. The plot is linear with


a slope k�1= (1.02�0.03)?103 s�1 and an intercept k0=


(0.86�0.15)?103m
�1 s�1. The complete rate law is thus given


by Equation (5), in which [NO2
�]tot= {[NO2


�]+ [HNO2]}.
The two forms are related by an acidity constant Ka=6.3?
10�4 [Eq. (6)].[30]


�d½½RuðbpyÞ3�3þ�
dt


¼ ðk0 þ k�1½Hþ��1Þ½½RuðbpyÞ3�3þ�½NO2
��tot
ð5Þ


HNO2 Ð Hþ þNO2
� Ka ð6Þ


The straightforward interpretation of the two-term rate
law associates the k�1 term with the reaction of NO2


�, and
the k0 term with HNO2. The complete rate law for such a
case is given in Equation (7), which reduces to the observed
form in the limit Ka ! [H+]. The parameter k�1 in Equa-
tion (5) is now identified as the product Kak


0
�1, in which


k0�1=1.62?106m
�1 s�1 represents the specific rate constant


for the reaction of the anion NO2
� with [Ru ACHTUNGTRENNUNG(bpy)3]


3+ .


Rate ¼ k0½H
þ� þ k0�1Ka


Ka þ ½Hþ�
½½RuðbpyÞ3�3þ�½NO2


��tot ð7Þ


The rate law in Equation (7) identifies k0 as a bimolecular
rate constant for the HNO2/[Ru ACHTUNGTRENNUNG(bpy)3]


3+ reaction, although
we cannot rule out the possibility that HNO2 reduces [Ru-
ACHTUNGTRENNUNG(bpy)3]


3+ by disproportionation,[31] Equation (8), followed by
the [Ru ACHTUNGTRENNUNG(bpy)3]


3+/NO reaction of Equation (2). From the
available rate constants for the reactions given in Equa-
tions (2) and (8),[31] we estimate that Equation (8), which is
catalyzed by H+ ,[31] contributes only about 25% of the acid-
independent term at 1.0m H+ , and significantly less at lower
[H+] in Figure 2. The direct [Ru ACHTUNGTRENNUNG(bpy)3]


3+/HNO2 reaction


thus appears responsible for the major portion of the k0
term. The observed first-order dependence on [HNO2] and
good fits to exponential rate law when [HNO2]@ [Ru-
ACHTUNGTRENNUNG(bpy)3


3+] also require that the contribution from a second-
order term of Equation (8) be minor.


2HNO2 Ð NOþNO2 þH2O ð8Þ


[Fe ACHTUNGTRENNUNG(phen)3]
3+ as oxidant: The reaction with [CraqNO]2+ was


much slower than the [Ru ACHTUNGTRENNUNG(bpy)3]
3+/ ACHTUNGTRENNUNG[CraqNO]2+ reaction.


The rate constant was evaluated from initial rates using 3–
5 mM [Fe ACHTUNGTRENNUNG(phen)3]


3+ and 0.10–0.40 mm [CraqNO]2+ in 0.10m


HClO4, as illustrated in Figure S5 in the Supporting Infor-
mation. It was necessary to use lower ionic strength (and,
thus, lower acid concentration) to prevent the FeII product
from precipitating. We presume that the [H+] effect on the
kinetics is minor, similar to that established in the [Ru-
ACHTUNGTRENNUNG(bpy)3]


3+ reaction. The data at 0.10m H+ yielded the rate
constant k= (5.8�0.4)m


�1 s�1.
The kinetics of the reaction of [FeACHTUNGTRENNUNG(phen)3]


3+ with NO
(0.050–0.30 mm) were determined by stopped flow measure-
ments, k= (1.12�0.05)?104m


�1 s�1 in 0.10m HClO4, Fig-
ure S6 in the Supporting Information.


The oxidation of nitrite with [FeACHTUNGTRENNUNG(phen)3]
3+ in 0.10m


HClO4 generated kinetic traces that could be fitted to a
single exponential only when the concentration of nitrite
(0.2–1.2 mm) was in excess and much larger than required to
satisfy pseudo-first-order conditions at the typical concentra-
tions of [Fe ACHTUNGTRENNUNG(phen)3]


3+ of 10 mm. A plot of pseudo-first-
order rate constants obtained under such conditions against
the concentration of nitrite was linear and yielded a second-
order rate constant of (3.24�0.05)?103m


�1 s�1 in 0.10m


HClO4. Assuming that nitrite anion is the exclusive reactive
form at this [H+], then the specific rate constant for the
NO2


�/[Fe ACHTUNGTRENNUNG(phen)3]
3+ reaction is calculated to be 5.14?


105m
�1 s�1. At smaller excesses of nitrite, the apparent rate


constant decreased with time during the course of the reac-
tion in a manner that suggested inhibition by reaction prod-
ucts, as shown in Figure S7 in the Supporting Information.
Indeed, adding external [FeACHTUNGTRENNUNG(phen)3]


2+ to reaction solutions
had a strong retarding effect. A series of experiments was
carried out with 5–10 mm [Fe ACHTUNGTRENNUNG(phen)3]


3+ , 37 mm NO2
�, and 0–


80 mm added [Fe ACHTUNGTRENNUNG(phen)3]
2+ in 0.10m CF3SO3H. (In these ex-


periments, CF3SO3H replaced HClO4 because the latter
caused the iron(II) complex to precipitate at these high con-
centrations.) The first 50 s of each trace was fitted to the
first-order rate law. The approximate pseudo-first-order rate
constants so obtained were divided by the total nitrite con-
centration and plotted against the average [[FeACHTUNGTRENNUNG(phen)3]


2+] in
Figure 3, which clearly illustrates the inhibiting effect of [Fe-
ACHTUNGTRENNUNG(phen)3]


2+ .
The effect of [Fe ACHTUNGTRENNUNG(phen)3]


2+ is easily understood in light of
the reduction potentials of the two couples, NO2


·/NO2
�


(1.04 V versus NHE)[32] and [Fe ACHTUNGTRENNUNG(phen)3]
3+ /2+ (1.06 V).[33] At


0.10m H+ used in this work, and taking Ka for HNO2 as
6.3?10�4m,[30] the equilibrium constant for the reaction
given in Equation (9) is 0.014. The accumulation of [Fe-


Figure 2. Plot of second-order-rate constant for the [Ru ACHTUNGTRENNUNG(bpy)3]
3+/nitrite


reaction against reciprocal acid concentration at 1.0m ionic strength.
[NO2


�]=40–500 mm, [[Ru ACHTUNGTRENNUNG(bpy)3]
3+]=2–10 mm.
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ACHTUNGTRENNUNG(phen)3]
2+ and its inhibiting effect increase with the progress


of the reaction, but the effect reveals itself only in the kinet-
ics. The final product yields are always quantitative because
one of the products, NO2


·, undergoes irreversible dimeriza-
tion/disproportionation and pulls the overall reaction to
completion, Equation (10). Similar retarding effect of the
iron(II) product was observed in the reduction of
[Fe(3,4,7,8-Me4-phen)3]


3+ by nitrite.[34]


½FeðphenÞ3�3þ þNO2
� Ð ½FeðphenÞ3�2þ þNO2 ð9Þ


2NO2


k10


k�10


��! ��N2O4
H2O, k10a
�����!NO3


� þHNO2 þHþ ð10Þ


The behavior of the complex [RuACHTUNGTRENNUNG(Me2-phen)3]
3+ in its re-


actions with [CraqNO]2+ , NO, and nitrite under the condi-
tions of limited [Ru ACHTUNGTRENNUNG(Me2-phen)3]


3+ was similar to that of the
other two oxidants. From the initial rates, Table S1 in the
Supporting Information, the overall rate constant k= (7.4�
0.9)m


�1 s�1 was obtained for the reaction with [CraqNO]2+ .
The plots of the pseudo-first-order rate constants for the re-
actions with NO and with nitrite are shown in Figure S8 and
S9, respectively, in the Supporting Information. All the rate
constants obtained in this work are summarized in Table 1.
Data for the NO reactions with [FeACHTUNGTRENNUNG(phen)3]


3+ and [Ru ACHTUNGTRENNUNG(Me2-
phen)3]


3+ in Table 1 were corrected for the contribution
from the nitrite reaction with the same oxidants. Nitrite is
present at about 0.2 mm level in our stock solutions of NO.
In no case was the correction greater than 4% of the experi-
mentally measured value.


Discussion


ACHTUNGTRENNUNG[CraqNO]2+ is inert toward ordinary oxidants such as molec-
ular oxygen or hydrogen peroxide, but it can be oxidized by
the powerful two-electron oxidants[23] BrO3


� and IO4
�. An


inner-sphere mechanism was proposed in both cases.[23]


The present study shows that [CraqNO]2+ also reacts with
metallic outer-sphere oxidants. All the data obtained in this
work point to a reaction sequence beginning with the rate-
determining one-electron oxidation of [CraqNO]2+ followed
by a series of steps that ultimately generate [Craq]


3+ and ni-
trate, as shown for the [Ru ACHTUNGTRENNUNG(bpy)3]


3+ [Eqs. (2)–(4) and (10)
and (11)].


½RuðbpyÞ3�3þ þ ½CraqNO�2þ k11�!½RuðbpyÞ3�2þ þ ½Craq�3þ þNO


ð11Þ


The support for this mechanism comes from the observed
4:1 stoichiometry and independent, direct observation of all
the individual steps given in Equations (2)–(4) and (10) and
(11). Reactions (11), (2), and (4) were studied in this work,
and detailed information for the remaining steps (3)[35,36]


and (10)[36] exists in the literature. With all the necessary
data at hand, we utilized the program Kinsim to simulate ki-
netic traces under our experimental conditions. The agree-
ment with observed traces is excellent for experiments using
excess [CraqNO]2+ . Only minor deviations, believed to be
caused by less than perfect correction for the slow back-
ground decay of [Ru ACHTUNGTRENNUNG(bpy)3]


3+ , are seen in the trace obtained
with excess [RuACHTUNGTRENNUNG(bpy)3]


3+ , Figure 4. The good agreement be-
tween the experiment and simulation provides additional
credibility for the proposed mechanism.


The first step, reaction 11, is written as a single stage pro-
cess that generates Craq


3+ and NO as separate species. It is
quite likely that an unstable CraqNO3+ intermediate is
formed first, followed by dissociation of NO, similar to the
oxidation of MbFeIINO with NO2 and HOONO/OONO�


which yielded the intact MbFeIIINO prior to NO release. We
have no evidence for the involvement of CraqNO3+ in reac-
tion 11. If formed, this intermediate must be short-lived,
given that the step following reaction 11 is fast, see below.
Intermediates generated by oxidation of other CraqX


2+ com-
plexes (X=O2 or alkyl)[29,37] and of CpCrII(NO)Cl2


�[38] are
also too short-lived to be observed.


The 4:1 [Ru ACHTUNGTRENNUNG(bpy)3]
+/ ACHTUNGTRENNUNG[CraqNO]2+ stoichiometry was deter-


mined under conditions of excess [Ru ACHTUNGTRENNUNG(bpy)3]
3+ . Most of the


kinetic experiments with all three oxidants, on the other
hand, used excess [CraqNO]2+ , a condition that will, under
some circumstances, reduce the overall stoichiometry and
affect the kinetics as well. The rate constants listed in the
second column in Table 1 represent the product nk11, in
which n is the stoichiometric factor applicable under the
conditions of the experiment [Eq. (12)].


�d½½MðNNÞ3�3þ�
dt


¼ nk11½½CraqNO�2þ�½½MðNNÞ3�3þ� ð12Þ


Figure 3. Plot of second-order-rate constants for the [Fe ACHTUNGTRENNUNG(phen)3]
3+/nitrite


reaction at different concentrations of added [Fe ACHTUNGTRENNUNG(phen)3]
2+ in 0.10m


CF3SO3H. [[Fe ACHTUNGTRENNUNG(phen)3]
3+]=5–10 mm, [NO2


�]tot=37 mm.


Table 1. Kinetic data for oxidation of [CraqNO]2+, NO and NO2
� by


[M(NN)3]
3+ .


nk
ACHTUNGTRENNUNG[m�1 s�1][a]


ACHTUNGTRENNUNG[CraqNO]2+


k
[106m


�1 s�1]
NO


k
[106m


�1 s�1]
NO2


�


[H+]
[m]


[Ru ACHTUNGTRENNUNG(bpy)3]
3+ 283 1.04 1.62[b] 1.00


[Ru ACHTUNGTRENNUNG(Me2-phen)3]
3+ 7.4 0.0617 1.63 0.10


[Fe ACHTUNGTRENNUNG(phen)3]
3+ 5.8 0.0112 0.514 0.10


[a] Experimental value, not corrected for stoichiometric factor n, see
text. [b] The reaction also exhibits an acid independent term correspond-
ing to HNO2 reaction, k=860m


�1 s�1.
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The data in Table 1 show that the oxidant/NO reaction is
always fast relative to the initial step [Eq. (11) and ana-
logues] under our experimental conditions, that is, with con-
centrations of [CraqNO]2+0.4 mm and [Ru ACHTUNGTRENNUNG(bpy)3]


3+


�0.01 mm, but that the next step, oxidation of nitrite, may
not be “fast” at the high H+ concentrations used in this
work. Similarly, reagent concentrations and individual rate
constants for various steps in Equations (2)–(4) and (10)
and (11) will determine the steady-state concentrations of
NO2 and thus the rate of reaction (10) relative to reaction
(11) and the reverse of reaction (4). The values of n were es-
timated by calculating the pseudo rate constants for each
step from the known rate constants and experimental con-
centrations, and determining whether these rates are “slow”
or “fast” relative to the experimental value for the overall
reaction. The major reason for the variation in n among the
three complexes are the different ratios k11/k4, and the use
of higher [H+] (1.0m) in the [CraqNO]2+/[Ru ACHTUNGTRENNUNG(bpy)3]


3+ reac-
tion than in the reactions of the other two oxidants (0.10m).


Also shown in Table 2 are the data for the oxidation of
[CraqOO]2+ by the same three oxidants. In that reaction, the
stoichiometric factor n is always 1.0.[29]


There is a strong correlation between the rate constants
k11 and the thermodynamic driving force for the reaction.
The plot of logk11 (denoted in Figure 5 as kNO) against the
reduction potential of the oxidant is linear with a slope of
9.5, reasonably close to the value of 8.4 expected on the
basis of Marcus theory. This result is consistent with an


outer-sphere mechanism, which is favored in view of the
substitutional inertness and lack of feasible coordination site
on the [M(NN)3]


3+ oxidants.
A correlation similar to that in Figure 5 is obtained for


the oxidation of [CraqOO]2+ by the same three oxidants,[29]


although the scatter of the data is somewhat greater for the
superoxo complex. As shown in Table 2, the kinetics of oxi-
dation of [CraqNO]2+ and [CraqOO]2+ are quite similar, with
the two series lying within two orders of magnitude from
each other.


The reduction potentials for the free couples are �0.16 V
(O2/O2


�, standard state 1m)[39] and � ACHTUNGTRENNUNG(0.8�0.2) V
(NO/3NO�).[40] The calculation of the reduction potentials
for dissociative oxidation of the chromium complexes, E0


dissoc,
of these (anionic) ligands also requires the knowledge of the
equilibrium binding constants KCr, as shown in Scheme 1.


Unfortunately, the value of KCr for [CraqNO]2+ is not
known, but it has to be much greater than KCr for
[CraqOO]2+ (3?108m


�1, calculated from the equilibrium con-
stant for [Craq]


2+�O2 bond homolysis and reduction poten-


Figure 4. Experimental (solid) and simulated (dashed) kinetic traces for
the reaction of 11 mm [Ru ACHTUNGTRENNUNG(bpy)3]


3+ with 100 mm [CraqNO]2+ (top) and
0.8 mM [CraqNO]2+ (bottom) in 1.0m HClO4. Simulations according to
the mechanism in depicted in Scheme 1 utilized the following rate con-
stants (obtained in this work and ref. [31]): k11=142m


�1 s�1, k2=1.0?
106m


�1 s�1, k4=1.88?103m
�1 s�1, k10=5?108m


�1 s�1, k�10=7?103 s�1, k10a=


1?103 s�1, Ka for HNO2=6.3?10�4m, and kdecay (for background decay of
[Ru ACHTUNGTRENNUNG(bpy)3]


3+)=1.6?10�5 s�1.


Table 2. Results of kinetic simulations for reactions of [CraqNO]2+ with
[M(NN)3]


3+ .


k11 [m
�1 s�1][a] n[b] kCrOO [m�1 s�1][c]


[Ru ACHTUNGTRENNUNG(bpy)3]
3+ 142 2 2630


[Ru ACHTUNGTRENNUNG(Me2-phen)3]
3+ 3.7 2 1060


[Fe ACHTUNGTRENNUNG(phen)3]
3+ 1.4 4 82


[a] Obtained from simulations according to the mechanism in Scheme 1,
see text. [b] Stoichiometric factor under the experimental conditions.
[c] Rate constant for the oxidation of [CraqOO]2+ . Data from refer-
ence [29].


Figure 5. Plot of log k11 (= log kNO) for the reaction between [Ru ACHTUNGTRENNUNG(bpy)3]
3+


and [CraqNO]2+ versus reduction potential of [Ru ACHTUNGTRENNUNG(bpy)3]
3+ , [Ru ACHTUNGTRENNUNG(Me2-


phen)3]
3+ , and [Fe ACHTUNGTRENNUNG(phen)3]


3+ .


Scheme 1.
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tials for [Craq]
3+ /2+ and O2/O2


�). The idea of the stronger
binding of NO� than of O2


� to the metal is also supported
by the much stronger binding of the proton to NO�, pKa=


11.4 for 1HNO/3NO�)[41] and 4.7 for HO2/O2
�.[42] On these


grounds we conclude that the gap between the potentials for
the two complexes should be much smaller than that for the
free anions, as is the case with the two conjugate acids (E0=


0.16 V for O2/HO2
[39] and �0.14 for 3NO/1HNO).[41] Thus the


lower reactivity of [CraqNO]2+ is most likely the result of
the changed thermodynamics of the coordinated versus free
anions.


To support our argument, we searched the literature for
other examples of oxidation of superoxo and nitrosyl com-
plexes with transition-metal oxidants. Unfortunately, the
data are quite limited, and the only related examples appear
to be the reactions of oxy[43] and nitrosyl[18] hemoglobins and
myoglobins with peroxynitrite. The oxidation of the nitrosyl
complexes is a one-electron reaction, but the oxy species are
oxidized to FeIV in a two-electron process. At a given pH,
the rate constants for the nitrosyl and oxy globins are quite
similar, but the meaning of this finding is dubious in view of
the mechanistic differences.


Based on our analysis, and in view of the observed simi-
larity with the superoxo complex in the reactions with oxi-
dants, we conclude that the CrIII�NO� form provides the
best description of the nitrosyl complex. Just as in the case
of [Craq


IIIOO]2+ and other superoxo complexes,[44–46] this lim-
iting form is clearly an oversimplification, but one that is
none the less quite useful in rationalizing the observed
chemistry.


Experimental Section


Solutions of [CraqNO]2+ were prepared from [Craq]
2+ and NO by a litera-


ture procedure,[47] and purified by ion exchange on Sephadex C-25. The
concentration of [CraqNO]2+ was determined spectrophotometrically
(lmax 449 nm, e =121m


�1 cm�1).[47] Gaseous NO (Matheson) was purified
by passage through Ascarite, sodium hydroxide and water.[48] Stock solu-
tions of NO were prepared by bubbling the purified gas through argon-
saturated 0.10m or 1.0m HClO4 for 30 min.[48] Such solution typically con-
tained 1.7 mm NO and 0.2 mm nitrite ions. Solutions of [Craq]


2+ were gen-
erated by zinc amalgam reduction of [Craq]


3+ . The complex salts [Fe-
ACHTUNGTRENNUNG(phen)3] ACHTUNGTRENNUNG[ClO4]3


[49] and [RuACHTUNGTRENNUNG(Me2-phen)3]Cl2·6H2O
[50] were prepared by lit-


erature procedures. [Ru ACHTUNGTRENNUNG(bpy)3]Cl2, Cr ACHTUNGTRENNUNG[ClO4]3·6H2O, and trifluorometh-
ACHTUNGTRENNUNGanesulfonic acid were purchased from Aldrich. HClO4 (70%) and
sodium nitrite (99.999%) were from Fisher Scientific.


Solutions of [Ru ACHTUNGTRENNUNG(bpy)3]
3+ and [Ru ACHTUNGTRENNUNG(Me2-phen)3]


3+ were generated photo-
chemically from the corresponding 2+ ions and an excess of [Co ACHTUNGTRENNUNG(NH3)5-
ACHTUNGTRENNUNG(H2O)]3+ (2mm) by exposing the sample to Pyrex-filtered sunlight.[51] The
kinetic experiments typically utilized small concentrations (1–10 mm) of
the metal–polypyridine complexes and a large excess of the reductant
(metal nitrosyl complexes, NO, or nitrite). Ionic strength was adjusted
with HClO4 and LiClO4.


Kinetic and UV/Vis spectral measurements were made with a Shimadzu
3101 PC spectrophotometer at 25.0�0.1 8C. For fast reactions, an Ap-
plied Photophysics stopped-flow spectrophotometer was used. Kinetic
analyses were performed with KaleidaGraph 3.6 PC software. Simula-
tions were performed with the Kinsim/Fitsim[52] software for PC.
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Introduction


The ergochromes (synonyms ergoflavin, ergochrysin, seca-
lonic acids) are an important group of biologically highly
active mycotoxins, produced by a variety of microorgan-
isms.[1] These fungal metabolites, named ergoflavins, were
first isolated in pure form from Claviceps purpurea (ergot)
in 1958,[2] although the initial investigations of ergot com-
pounds can be traced back to 130 years ago.[1] Great epi-
demics, particularly in medieval Europe, were caused by
toxic ergot alkaloids and mycotoxins such as the ergo-
chromes, due to contamination of flour by C. purpurea. At
present, at least twenty-two members of the ergochrome
family have been isolated and structurally identified.[3] They
are dimers of six different monoxanthones (hemisecalonic
acids A–F), and ergochrome diversity is attributable to dif-
ferent homo- and heterodimers of these six monomeric
units.[1] The secalonic acids usually contain a 2,2’-linkage,[1,3d]


while another class of dimers, the eumitrins,[3e,f] and isoergo-
chrysin,[3g] are coupled through the 4,2’ positions. The eumi-
trins have recently been identified as new inhibitors for
nitric oxide formation.[4] More recently, another 4,4’-cou-


Abstract: Blennolides A–G (2–8),
seven unusual chromanones, were iso-
lated together with secalonic acid B (1)
from Blennoria sp., an endophytic
fungus from Carpobrotus edulis. This is
the first reported isolation of the blen-
nolides 2 and 3 (hemisecalonic acids B
and E), the existence of which as the
monomeric units of the dimeric seca-
lonic acids had long been postulated. A
compound of the proposed structure 4
(b-diversonolic ester) will need to be
revised, as its reported data do not fit
those of the established structure of
blennolide C (4). Other monomers, the


blennolides D–F (5–7) seem to be de-
rived from blennolides A (2) and B (3)
by rearrangement of the hydroaromatic
ring. The heterodimer 8, composed of
the monomeric blennolide A (2) and
the rearranged 11-dehydroxy derivative
of blennolide E (6), extends the ergo-
chrome family with an ergoxanthin
type of skeleton. The structures of the


new compounds were elucidated by de-
tailed spectroscopic analysis and fur-
ther confirmed by an X-ray diffraction
study of a single crystal of 2. The abso-
lute configurations were determined by
TDDFT calculations of CD spectra, in-
cluding the solid-state CD/TDDFT ap-
proach. Preliminary studies showed
strong antifungal and antibacterial ac-
tivities of these compounds against Mi-
crobotryum violaceum and Bacillus
megaterium, respectively. They were
also active against the alga Chlorella
fusca and the bacterium Escherichia
coli.
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pling dimer, phomoxanthon A,
was isolated from Phomopsis s-
p.[3a,b] Surprisingly, however, in
spite of more than 130 years of
investigation,[1] none of the six
hypothetical hemisecalonic
acids A–F had previously been
isolated from natural sources.


During our ongoing screening
for biologically active secon-
dary metabolites from fungi,[5]


we investigated Blennoria sp.
(internal strain no. 7064), isolat-
ed as an endophytic fungus
from the succulent Carpobrotus
edulis, growing on Gomera, in
the Canary Islands. The fungus
was cultivated on biomalt agar
medium. The crude ethyl ace-
tate extract of the culture showed pronounced antifungal ac-
tivity against Microbotryum violaceum and moderate algici-
dal activity against Chlorella fusca. Fractionation of the
crude ethyl acetate extract led to the isolation and structural
determination of the known secalonic acid B (1), together
with a series of new monomer derivatives and a mixed
dimer, which we named blennolides A–G (2–8). The stereo-
isomeric compounds 2 and 3 are in fact the long sought-
after monomeric units of the dimeric secalonic acids, namely
hemisecalonic acids B and E. Their rearrangement products
5–7 are structurally unique new natural products, in each of
which a highly substituted g-lactone moiety is linked to a di-
hydrobenzopyranone. The isomeric monomer 4 shows a dif-
ferent carbon skeleton (Me on C-3 instead of C-6) and can
be correlated with diversonol, isolated by Turner from Peni-
cillium diversum and synthesized by Br=se.[6b,c] In blennoli-
de G (8), the usual ergochrome monomer 2 is linked to the
deoxy analogue of rearranged monomer 6, extending the se-
calonic acid family with a novel heterodimer. Here we
report on the isolation, structural elucidation (including rel-
ative and absolute configurations), and bioactivities of these
compounds.


Results and Discussion


The fungus Blennoria sp. was cultivated on biomalt agar
medium for four weeks, and was then extracted with ethyl
acetate. The crude extract was fractionated on silica gel, fol-
lowed by Sephadex LH-20 column chromatography, yielding
a crude mixture of secalonic acid B (1) and blennolides A–
G (2–8), which were purified by preparative TLC.


The structure of secalonic acid B (1), the major metabo-
lite of the title fungus, was determined by detailed spectro-
scopic analysis and comparison with reported data.[3i,7] In ad-
dition, extensive analysis of 1H and 13C NMR spectra led to
a complete assignment of all signals; the 13C and 2D NMR
data of the compound had not been previously reported.


The absolute configurations of 2,2’-secalonic acids such as
secalonic acid B (1) had been determined by their n–p* CD
bands around 330 nm, which were correlated with the con-
figurations of the C-10a and C-10a’ stereogenic centers.[8] A
positive n–p* CD band (332 nm, De=++13.5) indicated C-
10aR, C-10a’R configuration and also allowed the assign-
ment of the other stereogenic centers on the basis of the rel-
ative stereochemistry. Thus, the absolute configuration of
(+)-(5S,6S,10aR,5’S,6’S,10a’R)-secalonic acid B (1) was as-
signed in accordance with the reported data.[7a] In contrast,
the CD spectra of 4,4’-ergochromes such as phomoxantho-
ne A, which has a hindered rotation about the biaryl axis,
are characteristic of their axial—rather than the central—
chirality.[3a]


Blennolide A (2) was obtained as optically active, light
yellow crystals. The molecular formula C16H16O7, indicating
nine double bond equivalents, was established by HREIMS.
The IR spectrum of 2 showed the presence of hydroxy
groups (3593 cm�1), a carbonyl functionality (1742 cm�1),
and a typical 1,2,3-trisubstituted aromatic system (3029,
1621, 1586, 801, 716 cm�1). These observations were in
agreement with the observation of signals in the 13C NMR
and DEPT spectra (Table 1) for one secondary oxygenated
carbon (dC=71.3 ppm, d), one enolic group (dC=179.8 ppm,
s; 100.0 ppm, s), the ester carbonyl atom (dC=171.1 ppm, s)
and the conjugated ketone carbonyl atom (dC=187.5 ppm,
s), and six aromatic atoms (dC=162.1, s; 157.7, s; 137.6, d;
111.2, d; 107.9, d; 107.2 ppm, s) accounting for seven double
bond equivalents. The remaining double bond equivalents
were due to the presence of two more rings in the molecule.


A comparison of the 1H and 13C NMR spectra of 2 with
those of 1 revealed a great similarity, except that a sp2 qua-
ternary carbon (dC=118.7 ppm) in 1 was replaced by an aro-
matic methine (dC=111.2 ppm, dH=6.55 ppm) in 2. This
suggested that 2 could be a monomer of 1. The relative ste-
reochemistry of 2, deduced from the NOESY and NOE-
DIFF experiments, proved to be the same as that of the
monomeric units in 1.
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The structure and the relative stereochemistry of 2 were
further confirmed by a single-crystal X-ray analysis
(Figure 1), the atomic coordinates from which were then


used to determine the absolute configuration of 2 by the
novel solid-state CD/TDDFT approach.[9] By this method,
the single-crystal structure is directly used as input for
TDDFT[10] CD calculations,[11] and the resultant computed
CD spectrum is compared with the solid-state CD measured
as a KCl disc. The solution and solid-state CDs of 2 were
nearly identical, indicating that the solid-state structure of
the rigid molecule is also dominant in solution. In addition
to the positive low-energy n–p* CD band at 328 nm (331 nm
in dichloromethane), a more intense negative one was ob-
served at 220 nm (Figure 2).


The TDB3LYP/TZVP-computed CD spectrum of
(5S,6S,10aR)-2, with the X-ray structure as input geometry,
reproduced well both the signs and the shape of the mea-
sured solid-state CD spectrum (Figure 2). The positive band
between 260–400 nm is due to three transitions (n–p* and
p–p* types), all of which are allied to positive computed ro-
tational strengths. The absolute configuration of the three
stereogenic centers of 2 can thus be assigned as 5S, 6S, and
10aR, which was also corroborated by the reported absolute
configurations of the monomers of secalonic acid B (1) and
the positive n–p* CD transition around 330 nm.[7a,8] The pos-
itive values of optical rotation for both compounds—[a]20D =


+133.7 for 1 (literature value[3i,7] +196) and +181.8 for 2—
also support the above conclusion.


Blennolide B (3) was isolated as an optically active, light
yellow gum. Its molecular formula of C16H16O7, established
by HREIMS, was the same as that of 2. The IR and UV
spectra of 3 were nearly identical to those of 2, and the 1H
and 13C NMR spectra of 3 also resembled those of 2, sug-
gesting the same polycyclic skeleton. However, a difference
was observed in the NMR resonances of the ring C atoms,
mainly from C-5 to C-8 (Table 1). In particular, the singlet
of H-5 in 2 (dH=4.11 ppm, s) was replaced by a doublet of
doublets in 3 (dH=3.92 ppm, dd, J=11.2, 2.6 Hz), indicating
a pseudoaxial orientation of the a-orientated H-5. Obvious-
ly, the upfield shift of C-7 in 2 (dC=32.6 ppm), with respect
to the corresponding shift value in 3 (dC=36.3 ppm), was
due to a g-gauche effect of a-OH at C-5.[12] The observation
of a NOE effect between H-5 and H-7a confirmed the relat-
ed a configuration. Blennolide B (3) was thus assigned as
the C-5 epimer of 2, and is the monomeric unit of secalonic
acid D. In view of the determination of the absolute configu-
ration of blennolide A (2) described above, the chirality of
the monomeric blennolide B (3) can be assigned as 5R, 6S,
and 10aR ; this information can also be extended to the di-
meric secalonic acid D.[8]


Table 1. NMR data[a,b] for blennolides A (2) and B (3).


No. Blennolide A (2) Blennolide B (3)
dH, m, J in Hz dC, m


[c] dH, m, J in Hz dC, m
[c]


1 162.1, s 162.1, s
2 6.55, dd, 8.4, 0.7 111.2, d 6.53 dd, 8.3, 0.8 110.7, d
3 7.32, t, 8.3 137.6, d 7.36, t, 8.3 138.0, d
4 6.49, dd, 8.1, 0.7 107.9, d 6.55, dd, 8.2, 0.8 107.9, d
4a 157.7, s 158.8, s
5 4.11, s 71.3, d 3.92, dd, 11.2, 2.6 77.0, d
6 2.10, m 28.5, d 2.41, m 29.3, d
7a 2.52, dd, 18.9, 11.2 32.6, t 2.30, dd, 19.1, 10.6 36.3, t
7b 2.39, dd, 18.9, 6.1 2.74, dd, 19.1, 6.2
8 179.8, s 177.5, s
8a 100.0, s 101.7, s
9 187.5, s 187.1, s
9a 107.2, s 107.2, s
10a 84.7, s 84.7, s
11 1.17, d, 6.8 17.5, q 1.17, d, 6.5 18.0, q
12 171.1, s 170.3, s
13 3.68, s 53.4, q 3.69, s 53.1, q
1-OH 11.33, s 11.22, s
5-OH 2.54, s
8-OH 14.00, s 13.80, s


[a] Bruker Avance 500 NMR spectrometer; 1H and 13C chemical shifts
with reference to CHCl3 (dH=7.26 ppm) and CDCl3 (dC=77.0 ppm), re-
spectively. [b] Assignments made by 2D NMR (COSY, NOESY, HMQC
and HMBC) experiments. [c] By DEPT sequence.


Figure 1. Molecular structure of 2 in the crystal (ORTEP drawing show-
ing 50% ellipsoids).


Figure 2. Experimentally measured CD spectra of blennolide A
(5S,6S,10aR)-(2) in dichloromethane solution (c) and in the solid state
as a KCl disc (a), compared with the calculated TDB3LYP/TZVP CD
spectrum (g). Vertical bars are computed rotational strengths R (&, in
10�39 cgs).
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Blennolide C (4), an optical-
ly active, white powder, has
the same molecular formula as
2, as deduced from HREIMS.
The 13C NMR shifts of 4 were
closely related to those of 2,
except that two methine sig-
nals (dC=137.6, d; 28.5 ppm,
d) in 2 were replaced in 4 by a
quaternary carbon (dC=


149.9 ppm, s) and a methylene
(dC=23.1 ppm, t). In the
1H NMR spectrum of 4, two
aromatic protons showed no 3J
coupling (dH=6.38, s;
6.35 ppm, d, J=0.4 Hz). The
methyl group, however, was
markedly downfield-shifted to
dH=2.29 ppm (d, J=0.4 Hz)
with respect to that in 2 (dH=


1.17 ppm, d, J=6.8 Hz). This
evidence, in conjunction with
the modified coupling pattern
for the aromatic protons, suggested that the methyl group in
structure 4 was attached at C-3 instead of at C-6 as in 2. The
HMBC correlations from H3-11 to C-2, C-3, and C-4, as well
as the proton connectivity of H-5/H2-6/H2-7, deduced from
the 1H–1H COSY spectrum, confirmed the above conclu-
sion. Moreover, the NOE enhancement between 5-OH and
H-7a showed that these groups both have the a-configura-
tion.


A compound believed to have the structure assigned to
blennolide C (4) had previously been isolated from Penicilli-
um diversum and named b-diversonolic ester.[13] However, a
careful comparison of the relevant NMR data revealed a
marked difference between the two data sets, so the struc-
ture of b-diversonolic ester will need to be revised. In con-
trast, in recent reports the correct structure, with data that
match those for blennolide C (4), was suggested as a mono-
meric part of the dimeric neosartorin (9), a eumitrin ana-
logue isolated from the fungus Neosartorya fischeri.[3c] In ad-
dition, its C-5 epimer was isolated from Penicillium sp. as
the monomer of the homodimers rugulotrosins A and B
with 2,2’- and 4,2’-coupling.[14]


Blennolide D (5) was isolated as an optically active, color-
less oil with the molecular formula of C16H16O8, as deduced
from HREIMS. The IR and UV spectra of 5 were reminis-
cent of those of blennolides A (2) and B (3), showing func-
tional absorption bands for hydroxyl groups, carbonyl
groups, and a typical 1,2,3-trisubstituted phenyl group. The
presence of a chelated proton, resonating at dH=11.42 ppm
in the 1H NMR spectrum, indicated the unchanged rings A
and B. This was also confirmed by comparison of the
13C NMR spectra with those of 2, with similar signals related
to ring A. In contrast, the signals related to ring C were
completely different (Table 2). Analysis of the 1H–1H COSY
spectrum readily allowed us to establish the proton spin


system of H-9/H-10/ ACHTUNGTRENNUNG(H3-13)/H-11, which is cyclized to give a
b-methyl-g-lactone moiety, as deduced from significant
HMBC correlations of both H-9 and H-11 to C-12. Diagnos-
tic HMBC correlations of H2-3 with C-2, C-4, C-4a, C-9, and
C-14 led to connections being established between the chro-
mone moiety and the ester group and the g-lactone moiety
to give the planar structure of 5.


The same planar structure was also found for blennoli-
de E (6), with the same molecular formula as 5, as deter-
mined by HREIMS. Interestingly, the 13C NMR shift values
of 6 were almost identical to those of 5 (Table 2), with some
differences being observed for several proton signals in the
1H NMR spectra. Moreover, NOESY experiments suggested
the same relative stereochemistry of the two g-lactone moi-
eties in 5 and 6, through the observation of NOE effects be-
tween H-9 and H3-13 and between H-10 and H-11, as well
as by the absence of NOE enhancement between H-11 and
H-9 and H3-13. The relative configuration of the chiral cen-
ters on ring C could then be assigned either as 9S*,10S,11R
or 9R*,10R,11S. Clearly, 5 and 6 cannot be enantiomers, as
they were separated through non-enantioselective methods,
have different chemicophysical data, and non-opposite opti-
cal rotations. This leaves us with two possibilities: either 5
and 6 are epimers at C-2, retaining the same configuration
of ring C, or the configuration at C-2 is the same but that of
ring C is opposite. The different spatial arrangements of 5
and 6 are further demonstrated by the NOE network be-
tween H-3 (a and b), H-9, and H-10 (see Figure 4 below).
For 5 there is no H-10/H-3 NOE, and that for H-9/H-3a is
much larger than that for H-9/H-3b ; for 6 there is also a dis-
tinct H-10/H-3a NOE.


The overall relative and absolute stereochemistry of blen-
nolides D and E (5, 6) was ultimately established by means
of a combination of spectroscopic (NOESY, heteronuclear


Table 2. NMR data[a,b] for blennolides D–F (5–7).


No. Blennolide D (5) Blennolide E (6) Blennolide F (7)
dH, m, J in Hz dC, m


[c] dH, m, J in Hz dC, m
[c] dH, m, J in Hz dC, m


[c]


2 84.4, s 84.2, s 83.6, s
3a 3.07, d, 17.3 40.3, t 3.17, d, 17.0 39.9, t 3.25, d, 16.7 39.8, t
3b 3.45, d, 17.3 3.02, d, 17.0 3.11, d, 16.7
4 194.5, s 193.4, s 194.0, s
4a 107.3, s 107.6, s 107.6, s
5 161.9, s 162.0, s 161.9, s
6 6.56, dd, 8.4, 0.9 110.8, d 6.57, dd, 8.3, 0.6 110.8, d 6.57, dd, 8.3, 0.9 110.8, d
7 7.41, t, 8.3 138.8, d 7.42, t, 8.3 139.2, d 7.42, t, 8.3 139.0, d
8 6.48, dd, 8.3, 0.9 107.3, d 6.52, dd, 8.2, 0.6 107.5, d 6.54, dd, 8.3, 0.9 107.7, d
8a 159.0, s 159.0, s 158.8, s
9 4.41, d, 1.9 85.1, d 4.46, d, 1.8 86.4, d 4.45, d, 9.0 83.3, d
10 2.94, m 34.7, d 3.01, m 34.7, d 2.62, m 39.2, d
11 4.89, d, 8.4 68.6, d 4.80, d, 8.4 68.4, d 4.12, d, 9.7 74.2, d
12 176.2, s 176.0, s 174.2, s
13 1.16, d, 7.3 13.4, q 1.25, d, 7.3 13.6, q 1.37, d, 6.8 16.5, q
14 168.9, s 168.6, s 168.4, s
15 3.76, s 53.7, q 3.73, s 53.7, q 3.73, s 53.6, q
5-OH 11.42, s 11.40, s 11.43, s


[a] Bruker Avance 500 NMR spectrometer; 1H and 13C chemical shifts with reference to CHCl3 (dH=


7.26 ppm) and CDCl3 (dC=77.0 ppm), respectively. [b] Assignments made by 2D NMR (COSY, NOESY,
HMQC and HMBC) experiments. [c] By DEPT sequence.
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3JC,H couplings, CD) and computational (molecular mechan-
ics conformational searches, DFT geometry optimizations,
TDDFT excited-state calculations) techniques. CD spectra
of blennolides D and E recorded in acetonitrile and di-
chloromethane solutions showed a quasi-mirror image pat-
tern (Figure 3). In the case of blennolide E (6), the CD con-


sists of a small negative band at 340 nm, followed by three
moderate positive bands in the 230–330 nm region, and a
stronger negative band centered at 220 nm; for blennolide D
(5) the sequence of bands is similar but their signs are in-
verted. The CD of compounds 5 and 6 is mainly allied to
the transitions of the chromanone chromophore perturbed
by various chiral elements, the dominant one being the
chiral ring B. In fact, with respect to the aromatic chromo-
phore, ring B belongs to the so-called second chiral sphere,
the helicity of which provides the leading contribution to
the observed CD, similarly to the related situation of the tet-
ralins.[15] Higher-order spheres—to which, for example, the
remote chiral centers on ring C belong—are expected to in-
fluence the CD only to a lesser extent. In particular, the
first three bands in the CD spectra of 5–6 may be assigned,
from right to left, to the n–p*, the 1Lb-type p–p*, and the
1La-type (or K-) p–p* transitions[16] of the chromanone chro-
mophore. In the case of 5, the n–p* transition at 345 nm is
positive, while the two p–p* transitions below 330 nm are
negative; the opposite is true for 6. The signs of the 1La and
n–p* bands of chromanones are known to correlate with the
helicity of ring B (expressed for example, in terms of w8a-1-2-3


torsion).[17–19] Therefore, it may be inferred that blennoli-
des D and E differ in their configurations at C-2, because
these determine the helicity adopted by ring B. Consequent-
ly, a 2S*,9S,10S,11R relative configuration is assumed for
blennolide D (5), and 2R*,9S,10S,11R for blennolide E (6).


Molecular mechanics conformational searches (with
MMFF force field) revealed the presence, in both com-
pounds 5 and 6, of three main degrees of conformational
freedom: 1) the conformation of ring B, with the substitu-


ents at C-2 assuming either an axial or an equatorial posi-
tion, 2) the rotamerism around the C-2/C-14 bond, and
3) the rotamerism around the C-2/C-9 bond. In both cases,
MMFF predicts the more stable conformations (within
1.5 kcalmol�1) to be those with the COOMe group occupy-
ing the axial, and ring C the equatorial position at C-2. The
situation is confirmed by DFT (B3LYP/6-31G(d)) optimiza-
tion: here the energy difference between conformers with
equatorial (more stable) and axial C ring at C-2 is even
larger (2.3 kcalmol�1 for 6, >5 kcalmol�1 for 5). Calculation
results are also in line with heteronuclear 3JC,H couplings
(Table 3), measured by means of J-modulated HMBC ex-


periments.[20] In particular, for both compounds, C-9 has two
gauche-type couplings[21] (J=3.5–4.2 Hz) with both H-3a


and H-3b, while C-14 has a gauche coupling (J=3.5–5.0 Hz)
with H-3a in 5 and with H-3b in 6, and an anti coupling (J�
10.0 Hz) with H-3b in 5 and with H-3a in 6. These findings
also establish that H-3a is equatorial and H-3b axial in 5,
and, vice-versa, that H-3a is axial and H-3b equatorial in 6
(Figure 4).


As for the three possible rotamers around the C-2/C�9
bond, that with H-9 anti to O-1 is predicted to be strongly
preferred over the others in the cases both of compound 5
(DFT energy difference >3 kcalmol�1) and of compound 6
(>1.7 kcalmol�1). Finally, the COOMe group tends to
assume a position with either C�OMe or C=O eclipsed by
O-1, the first possibility being favored over the second by
0.24 kcalmol�1 (DFT energy, compound 5) or 0.53 kcalmol�1


(compound 6). Overall, the conformational situation around
C-2 seems to be the result of a complicated balance of steric
and electronic factors; the absolute DFT energy minima for
5 and 6 are shown in Figure 4. The consistency with ob-
served diagnostic NOEs between H-3a and b with H-9 and
H-10 (indicated by arrows) definitely confirmed the relative
configuration assumed above for compounds 5 and 6.


The absolute configurations of blennolides D and E were
determined by comparing experimentally measured CD
spectra with those calculated[11] by the TDDFT method.[10]


In contrast to the above situation with blennolide B, DFT-
optimized structures were employed as input, due to the
lack of solid-state structures, and the Boltzmann-weighted
averages for two minima for each compound were consid-
ered.[22] In Figure 5, the experimentally measured CD is
plotted along with the CD calculated for both the absolute
energy minimum and the weighted average for


Figure 3. CD spectra of blennolides D (5) and E (6) in acetonitrile (c)
and dichloromethane (g). Sample concentrations �7 mm, cell length
0.01 cm.


Table 3. Relevant 3JC,H couplings[a,b] for blennolides D, E, and G (5, 6, 8).


C and H[b] 5[c] 6[d] C and H[e] 8[c]


C-9/H-3a 4.2 4.2 C-9’/H-3a’ 4–5
C-9/H-3b 4.2 3.6 C-9’/H-3b’ nd
C-14/H-3a 5.0 10.0 C-14’/H-3a’ >10
C-14/H-3b 10.0 � 3.5 C-14’/H-3b’ 4.5


[a] Varian INOVA 600 NMR spectrometer; J values in Hz, measured
with J-modulated HMBC experiments. [b] See Table 2 and structure for
numbering. [c] In CDCl3. [d] In CD3CN. [e] See Table 4 and structure for
numbering.
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(2S,9S,10S,11R)-5 and (2R,9S,10S,11R)-6 ; the observed
agreement is sufficient for the absolute configuration assign-
ment. The two major CD bands between 250–330 nm are as-
sociated with the two p–p* (1La and 1Lb) transitions of the
chromanone chromophore; they are negative for the 2S con-
figuration as in 5, and positive for the 2R as in 6. These con-
figurations in turn correspond to positive and negative helic-
ity, respectively, assumed by ring B (positive or negative
w8a-1-2-3 torsion) as shown in Figure 4. The positive sign for
the 1Lb band is thus correlated to a negative helicity of ring
B, in keeping with the known trend.[18,19] It is instead regret-
table to observe that the n–p* transition is wrongly predict-
ed by TDDFT in terms of both position (calculated at
310 nm) and rotational strength. The stronger band at high


energy (below 230 nm) is due
to the superposition of several
transitions also involving the
two ester chromophores.


In conclusion, the absolute
stereochemistry of blennoli-
des D and E is established as
(�)-(2S,9S,10S,11R)-5 and (+)-
(2R,9S,10S,11R)-6. Apparently,
blennolide E (6) is biogeneti-
cally derived from blennoli-
de A (2) by a cleavage of the
enolic double bond, followed
by an esterification of C-8 with
5-OH, with the original config-
urations of all chiral atoms re-
maining intact, while for blen-
nolide D (5) the stereochemis-
try at C-2 is inverted.


Blennolide F (7) was isolat-
ed as an optically active, color-


less oil. The HREIMS displayed the same molecular formu-
la as blennolides D and E (5, 6). IR, UV, and NMR spectra
suggested that 7 was an additional analogue of 5 and 6.
13C NMR shift values in rings A and B of 7 were parallel to
those of 5 and 6. A difference was only apparent in the sig-
nals of ring C, originating from the different orientation of
H-11. In contrast to the cases of 5 and 6, diagnostic cross
peaks between H3-13 and H-9 and H-11 were observed in
the NOESY spectrum of 7, indicating that all these protons
were oriented on the same side of the five-membered ring.
These observations suggested that 7 was a C-11 epimer of 5
or 6. A definite assignment was again made possible by CD
and NMR spectroscopy and molecular modeling. The CD
spectrum of blennolide F (7, Figure 6), was clearly reminis-
cent of that of 6 and might analogously be taken as a confir-


Figure 4. Lowest-energy B3LYP/6-31G(d) structures of 5 (right) and 6 (left). Diagnostic NOEs are indicated
by arrows, with thicknesses proportional to their relative strengths. The sign of the chirality assumed by ring B
is also shown (R=g-lactone ring C).


Figure 5. Experimentally measured CD spectra of blennolides D (5, left) and E (6, right) in acetonitrile (g) compared with TDB3LYP/TZVP calculat-
ed CD spectra for the lowest-energy DFT structure (a) and Boltzmann weighted averages (c). Vertical bars are rotational strengths R (&, in
10�39 cgs) calculated for the absolute minima.
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mation of the negative helicity
assumed by ring B. H-3a/b-H-
9/H-10 NOE patterns and
MMFF conformational search
results were also similar to
those of compound 6, showing
distinct NOE effects between
H-3a and H-10 and between
H-3b and H-9, together with a
very weak NOE effect be-
tween H-3a and H-9. In addi-
tion, the similar shift values of
H-3 in 7 (dH-3a =3.25 ppm,
dH-3b =3.11 ppm) and 6 (dH-3a =


3.17 ppm, dH-3b =3.02 ppm) with
respect to those in 5 (dH-3a =


3.07 ppm, dH-3b =3.45 ppm) sup-
ported the above conclusion.
The structure of 7 was thus de-
termined as a C-11 epimer of
6, and may be assigned as
(+)-(2R,9S,10S,11S)-7.


Two structures related to
blennolides D–F—compounds
10 and 11—with unreported NMR data have been prepared
by different groups.[23] Blennolides D–F (5–7) represent the
first examples of such a skeleton from natural sources.


Blennolide G (8) was an optically active, light yellow gum
with a molecular formula of C32H30O14 as deduced from
HREIMS. The IR and UV spectra of 8 indicated a chroma-
none derivative. A careful comparison of the 1H and
13C NMR spectra of 8 (Table 4) with those of 1–7 immedi-
ately revealed 8 to be an asymmetric dimer of blennolide A
(2) and an analogue of the rearranged blennolides D–F (5–
7). Subtraction of the signals of the blennolide A (2) subunit
confirmed the similarity of the remaining NMR data with
those of blennolide E (6), though differing in the g-lactone
moiety. The replacement of a secondary alcohol group (dH=


4.80 ppm, d, J=8.4 Hz; dC=68.4 ppm, d) in 6 by a methyl-
ene group (dH=2.91 ppm, dd, J=17.5, 9.4 Hz and 2.23 ppm,
dd, J=17.5, 4.3 Hz; dC=36.1 ppm, d) in 8 showed that the
planar structure of the second monomer coincided with 11-
dehydroxy-blennolide E. This conclusion was further con-
firmed by the proton sequence from H-9’ to H2-11’, as estab-
lished by a 1H–1H COSY experiment, and the observation in
the HMBC spectrum of long-range correlations of H-9’ with
C-12’ and C-13’, and of H-3’ with C-2’ and C-9’. The mono-
mers are connected by a C-2�C-6’ linkage, as shown
(Figure 7) by the diagnostic HMBC correlations both of H-3
with C-6’ and of H-7’ with C-2. Moreover, the significant
NOE effects in the NOESY spectrum of H-9’ with H-11’b
and H3-13’ indicated that all these protons are oriented on
the same side of the five-membered ring.


The CD spectrum of blennolide G (8 ; Figure 6) may in
principle be the result of a combination of the central chiral-
ity of each of the monomers 2 and 6, plus the axial chirality


due to the C-2/C-6’ linkage, as in atropisomeric biaryls. The
existence of true atropisomerism in 8 is not attainable be-
cause, as in the case of the parent 2,2’-dihydroxybiphenyl
(2,2’-biphenol), the steric hindrance exerted by the substitu-
ents ortho to the biaryl junction (two OH and two H) is in-


Figure 6. CD spectra of blennolides F (7, c) and G (8, g) in di-
chloromethane.


Table 4. NMR data[a,b] for blennolide G (8).


No. dH, m, J in Hz dC, m
[c] No. dH, m, J in Hz dC, m


[c]


1 159.4, s 2’ 84.2, s
2 118.3, s 3’a 3.05, d, 17.0 39.7, t
3 7.43, d, 8.5 139.6, d 3’b 3.21, d, 17.0
4 6.57, d, 8.5 107.6, d 4’ 194.1, s
4a 157.3, s 4a’ 107.5, s
5 4.13, s 71.3, d 5’ 159.2, s
6 2.12, m 28.5, d 6’ 118.1, s
7a 2.40, dd, 19.0, 6.2 32.6, t 7’ 7.53, d, 8.5 141.3, s
7b 2.53, dd, 19.0, 11.3 8’ 6.62, d, 8.5 107.3, d
8 179.9, s 8a’ 158.6, s
8a 99.9, s 9’ 4.45, d, 3.9 87.6, d
9 187.6, s 10’ 2.85, m 30.0, d
9a 107.0, s 11’a 2.91, dd, 17.5, 9.4 36.1, t
10a 84.8, s 11’b 2.23, dd, 17.5, 4.3
11 1.18, d, 6.9 17.5, q 12’ 175.0, s
12 171.2, s 13’ 1.29, d, 6.8 20.8, q
13 3.72, s 53.5, q 14’ 168.8, s
1-OH 11.84, s 15’ 3.76, s 53.6, q
5-OH 2.52, s 5’-OH 11.87, s
8-OH 13.94, s


[a] Bruker Avance 500 NMR spectrometer; 1H and 13C chemical shifts with reference to CHCl3 (dH=


7.26 ppm) and CDCl3 (dC=77.0 ppm), respectively. [b] Assignments made by 2D NMR (COSY, NOESY,
HMQC and HMBC) experiments. [c] By DEPT sequence.


Figure 7. 1H–1H COSY (bold bonds) and selected HMBC correlations
(curved arrows) of 8.
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sufficient.[24] The two axial chiral isomers M and P will
therefore interconvert rapidly at room temperature. On the
other hand, for compound 8, M and P forms are not enan-
tiomers but diastereomers, with different energies and non-
mirror image CD spectra, and therefore capable of provid-
ing sizable contributions to the average CD spectrum.[25] As
a matter of fact, the CD spectrum of 8 (Figure 6) does not
amount to the sum of the CD spectra of 2 (Figure 2) and 6
(Figure 3), and is therefore not easy to interpret. For exam-
ple, the moderate positive signals above 350 nm, in associa-
tion with a shoulder on the strong 330 nm absorption band,
have no correspondence in the constituent spectra.


MMFF conformational searches for 8 led to several low-
energy minima due to the many degrees of conformational
freedom. The two lowest-energy structures with opposite
axial chirality, optimized with AM1, are shown in Figure 8.
They differed by 0.41 kcalmol�1 with MMFF and <0.1 kcal
with AM1. The interconversion barrier was estimated to be
13.3 kcalmol�1 by MMFF and 8.6 kcalmol�1 by AM1, in
keeping with recent DFT calculations on 2,2’-biphenol.[26]


These results did not give confidence for the use of TDDFT
calculations for an independent configurational assignment
of 8, in view of the large molecular size combined with the
pronounced conformational flexibility.


However, we were able to base the absolute configuration
of blennolide 8 on that of its monomeric constituents: the
secalonic moiety was assigned the same configuration as
blennolide A (2), which is preserved through the series,
while the configuration of the 11-dehydroxyblennolide
moiety was ascertained on the basis of DFT geometry opti-
mizations and NMR experiments. The 3JC,H couplings be-
tween H-3’a/b and C-9’/C-14’ (see Table 3) indicated the
high-field H-3’ proton (dH=3.05 ppm) to be axial (indicated
as H-3a’) and the low-field H-3b’ proton (dH=3.21 ppm) to
be equatorial. The NOESY spectrum showed appreciable
NOEs between H-9’ and both H-3a’ and H-3b’, in the order
3b’/9 > 3a’/9, as well as a moderate H-3a’/H-10’ NOE.
Thus, except for a reverse chemical shift order of protons H-
3’, the diagnostic NMR data for 8 strongly resembled those
for 6, and the same relative configuration of the blennolide
moiety might therefore be inferred. This was also supported
by MMFF conformational searches followed by DFT geom-
etry optimizations run on the blennolide half of compound
8, which again were in keeping with similar results on blen-
nolide E (6). As the only difference, a C-2’/C-14’ rotamer
with H-9’ gauche to O-1 becomes quite populated with re-
spect to the H-9’/O-1 anti. This has no large effect on the ex-
pected NOEs, but may help to explain the chemical shift
discrepancy with respect to blennolide E (6). Once the rela-
tive configuration had been established, and since the abso-
lute configuration of the g-lactone moiety is preserved
through the whole series, we assign the absolute structure of
blennolide G as (+)-(5S,6S,10aR,2’R,9’S,10’S)-8.


Blennolide G (8) is structurally correlated to ergoxan-
thin,[3f–i] the only secalonic acid member containing a rear-
ranged monomeric unit. Ergoxanthin was isolated from a
Portuguese ergot drug by Mayo and co-workers, with its two


monomeric subunits as planar structures being assigned sep-
arately.[3h,i] Later, Whalley et al. showed that the monomers
were connected by a C-2,C-2’ linkage (C-2,C-6’, if using our
numbering system, see above), but again no stereochemistry
was assigned to ergoxanthin.[3f,g]


Obviously, blennolide G (8) is biogenetically correlated to
blennolide A (2) and secalonic acid B (1). A cleavage of the
enolic double bond, followed by an esterification of C-8
with 5-OH on one monomer of secalonic acid B (1) should
give dimer 8, extending the secalonic acid family formed by
C-2, C-6’ coupling of hetero monomers.


Bioactivity : The isolated compounds 1, 2, 3, 5, and 6 were
tested in an agar diffusion assay for their antibacterial, anti-
fungal and algicidal properties (Table 5). Whereas com-
pound 2 inhibited all four test organisms, compound 1 was
the most inhibitory. All the metabolites were antialgal
against Chlorella fusca and antifungal against Microbotryum
violaceum. Compounds 1–3 also inhibited the Gram-positive
bacterium Bacillus megaterium, and compounds 2 and 3 also
inhibited the Gram-negative bacterium Escherichia coli.


Experimental Section


General experimental procedures : Commercial silica gel (Merck, 0.040–
0.063 mm) was used for column chromatography. Precoated silica gel
plates (Merck, G60 F-254 or G50 UV-254) were used for analytical and
preparative thin-layer chromatography (TLC), respectively. Spots were


Figure 8. Lowest-energy AM1 structures of 8 with opposite axial chirality.


Table 5. Agar diffusion assays for antibacterial, antifungal, and antialgal
activities.[a]


Compound Escherichia
coli


Bacillus
megaterium


Microbotryum
violaceum


Chlorella
fusca


1 0 15 13 gi 5
2 gi 7 gi 8 gi 9 gi 5
3 gi 8 gi 8 gi 8 gi 9
5 0 0 gi 7 gi 6
6 0 0 gi 8 gi 7


[a] Radii of the zones of inhibition are given in mm (gi=growth inhibi-
tion); that is, some growth within the zone of inhibition. Otherwise, the
inhibition zone was clear.
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detected on TLC under UV or by heating after spraying with 0.5 mL of
anisaldehyde in HOAc (50 mL) and H2SO4 (1 mL). TLC Rf values are re-
ported. The NMR spectra were recorded at 293 K on a Bruker
Avance 500 (11.7 T) and a Varian INOVA 600 (14.1 T) spectrometer.
Chemical shifts are reported in parts per million (d), with use of the re-
sidual CHCl3 signal (dH=7.26 ppm) as an internal standard for 1H NMR
and CDCl3 (dC=77.0 ppm) for 13C NMR; coupling constants (J) in Hz. 1H
and 13C NMR assignments were supported by 1H–1H COSY, HMQC,
HMBC, and NOESY experiments. 3JC,H couplings were measured by
means of pulsed field gradient HMBC spectra, recorded by varying the J-
refocusing time (t) between 0.04–0.16 s (10 ms interval), corresponding
to J=1/(2t)=3.1–12.5 Hz. 3JC,H values were estimated with least-squares
sinusoidal fits of the experimentally determined cross-peak intensities as
a function of J.[20] The following abbreviations are used to describe spin
multiplicity: s= singlet, d=doublet, t= triplet, q=quartet, dd=doublet
of doublets, ddd=doublet of doublets of doublets, m=multiplicity. Opti-
cal rotations were measured on a Perkin–Elmer 241 MC polarimeter at
the sodium d-line. Infrared spectra were recorded on a Nicolet-510P
spectrophotometer; peaks are reported in cm�1. Melting points were
measured on a Gallenkamp melting point apparatus and are uncorrected.
UV absorption spectra were recorded on a UV-2101PC spectrophotome-
ter; peak wavelengths are reported in nm. CD spectra were recorded on
a J-810 spectropolarimeter. For the solid-state CD protocol, see ref. [9]
The mass spectra and high-resolution mass spectra were performed on a
MAT 8200 mass spectrometer, resolution 7000. An isopropyl alcohol so-
lution of sodium iodide (2 mg per mL) was used as a reference com-
pound.


Culture, extraction, and isolation : The endophytic fungus Blennoria sp.,
internal strain No. 7064, was isolated after surface sterilization from Car-
pobrotus edulis, from El Cedro, Gomera, and was cultivated on biomalt
solid agar media (5% w/v, 12 L) at room temperature for 28 d.[27] The cul-
ture media were then extracted with ethyl acetate to afford a residue
(35 g) after removal of the solvent under reduced pressure. The extract
was subjected to column chromatography (CC) on silica gel, with elution
with a gradient of petroleum ether in ethyl acetate (90:10, 50:50, 0:100),
to give a mixture of the metabolites (430 mg). The mixture was recrystal-
lized from CH2Cl2/MeOH 1:1 and was then filtered to yield 1 (280 mg).
The filtrate was split by CC on Sephadex LH-20 (CH2Cl2/MeOH 5:1)
into two subfractions, which were purified by preparative TLC (CH2Cl2/
isopropanol 30:1). The first subfraction gave the two dimers 1 (32 mg)
and 8 (2.9 mg), while the second subfraction yielded all the monomers:
namely 2 (16.2 mg), 3 (1.8 mg), 4 (0.7 mg), 5 (3.6 mg), 6 (21.7 mg), and 7
(1.1 mg).


Secalonic acid B (1): Yellow crystals (CH2Cl2/CH3OH 4:1); Rf=0.42
(CH2Cl2/isopropanol 96:4); m.p. 231–232 8C; [a]20D =++133.7 (c=0.38 in
CHCl3); CD (CH2Cl2, c=2.0U10�4): l (De)=374 sh (2.9), 332 (13.5),
293 sh (2.6), 226 nm (�35.5 m


�1 cm�1); 1H NMR (500 MHz, CDCl3): d=


13.96 (s, 2H; OH-8, OH-8’), 11.85 (s, 2H; OH-1, OH-1’), 7.42 (d, J=


8.5 Hz, 2H; H-3, H-3’), 6.57 (d, J=8.5 Hz, 2H; H-4, H-4’), 4.12 (d, J=


1.4 Hz, 2H; H-5, H-5’), 3.72 (s, 6H; H3-13, H-13’), 2.57 (s, 2H; OH-5,
OH-5’), 2.52 (dd, J=19.0, 11.3 Hz, 2H; H-7a, H-7’a), 2.41 (dd, J=19.0,
6.1 Hz, 2H; H-7b, H-7’b), 2.12 (m, 2H; H-6, H-6’), 1.18 ppm (d, J=


6.8 Hz, 6H; H3-11, H3-11’);
13C NMR (125 MHz, CDCl3): d =187.7 (s; C-


9, C-9’), 179.8 (s; C-8, C-8’), 171.2 (s; C-12, C-12’), 159.4 (s; C-1, C-1’),
157.2 (s; C-4a, C-4a’), 139.7 (d; C-3, C-3’), 118.7 (s; C-2, C-2’), 107.5 (d;
C-4, C-4’), 107.0 (s; C-9a, C-9a’), 99.9 (s; C-8a, C-8a’), 84.8 (s; C-10a, C-
10a’), 71.4 (d; C-5, C-5’), 53.4 (q, C-13, C-13’), 32.6 (t, C-7, C-7’), 28.5 (t,
C-6, C-6’), 17.5 ppm (q, C-11, C-11’); IR (CHCl3): ñ=3582, 3014, 1747,
1611, 15891, 1214, 1058, 796, 726 cm�1; UV/Vis (CH2Cl2): lmax (e)=338
(32840), 260 (13136), 228 nm (21086 mol�1 m3cm�1); HRMS (EI): m/z :
calcd for C32H30O14: 638.16356; found: 638.16376 [M]+ .


Blennolide A (2): Light yellow crystal (acetone/n-hexane 1:4) Rf=0.44
(CH2Cl2/isopropanol 96:4); m.p. 159–160 8C; [a]20D =++181.8 (c=1.62 in
CHCl3); CD (CH2Cl2, c=1.6U10�4): l (De)=364 sh (1.77), 331 (9.9),
266 sh (0.74), 245 sh (�1.8), 224 nm (�21.8 m


�1 cm�1); CD (KCl): l (f)=


366 sh (5.6), 328 (17.3), 267 sh (3.5), 243 (�5.0), 220 nm (�37.8 mdeg);
1H and 13C NMR spectroscopic data see Table 1; IR (CHCl3): ñ =3593,
3029, 1742, 1621, 1586, 1234, 801, 716 cm�1; UV/Vis (CH2Cl2): lmax (e)=


329 (13422), 278 (4327), 229 nm (9747 mol�1 m3cm�1); HRMS (EI): m/z :
calcd for C16H16O7: 320.08960; found: 320.08965 [M]+ .


Blennolide B (3): Light yellow gum; Rf=0.44 (CH2Cl2/isopropanol 96:4);
[a]25D =++96.7 (c=0.18 in CH2Cl2);


1H and 13C NMR spectroscopic data
see Table 1; IR (CHCl3): ñ =3602, 3024, 1742, 1621, 1586, 1209, 796,
722 cm�1; UV/Vis (CH2Cl2): lmax (e)=330 (10629), 278 (4517), 229 nm
(10220 mol�1 m3cm�1); HRMS (EI): m/z : calcd for C16H16O7: 320.08960;
found: 320.08974 [M]+ .


Blennolide C (4): White powder; Rf=0.44 (CH2Cl2/isopropanol 96:4);
[a]25D =++181.7 (c=0.06 in CHCl3);


1H NMR (500 MHz, CDCl3): d=14.03
(s; OH-8), 11.27 (s; OH-1), 6.38 (s, 1H; H-2), 6.35 (d, J=0.4 Hz, 1H; H-
4), 4.31 (br s, 1H; H-5), 3.70 (s, 3H; H3-13), 2.82 (ddd, J=19.2, 11.7,
7.2 Hz, 1H; H-7a), 2.64 (d, J=1.1 Hz; 5-OH), 2.38 (dd, J=19.2, 6.2, 1H;
H-7b), 2.29 (d, J=0.4, 3H; H3-11), 2.14 (m, 1H; H-6a), 1.95 ppm (m,
1H; H-6b); 13C NMR (125 MHz, CDCl3): d=187.0 (s; C-9), 179.1 (s; C-
8), 171.2 (s; C-12), 161.9 (s; C-1), 157.6 (s; C-4a), 149.9 (s; C-3), 111.7 (d;
C-2), 108.7 (d; C-4), 104.9 (s; C-9a), 100.1 (s; C-8a), 83.9 (s; C-10a), 67.0
(d; C-5), 53.4 (q; C-13), 24.3 (t; C-7), 23.1 (t; C-6), 22.5 ppm (q, C-11);
IR (CHCl3): ñ =3598, 3029, 1742, 1626, 1465, 1214, 796, 712 cm�1; UV/Vis
(CH2Cl2): lmax (e)=332 (16329), 280 (4825), 229 nm
(10763 mol�1 m3cm�1); HRMS (EI): m/z : calcd for C16H16O7: 320.08960;
found: 320.08970 [M]+ .


Blennolide D (5): Colorless oil; Rf=0.43 (CH2Cl2/isopropanol 96:4);
[a]25D =�18.1 (c=0.31 in CH2Cl2); CD (CH2Cl2, c=7.0U10�3): l (De)=


345 (+0.83), 317 sh (�1.56), 306 (�1.94), 276 sh (�4.37), 270 (�4.72), 235
(�8.68), 219 (+11.1 m


�1 cm�1); 1H and 13C NMR spectroscopic data see
Table 2; IR (CHCl3): ñ=3597, 3019, 1802, 1742, 1616, 1586, 1224, 796,
721 cm�1; UV/Vis (CH2Cl2): lmax (e)=350 (2809), 271 (38537), 229 nm
(6883 mol�1 m3cm�1); HRMS (EI): m/z : calcd for C16H16O8: 336.08452;
found: 336.08461 [M]+ .


Blennolide E (6): Colorless oil; Rf=0.43 (CH2Cl2/isopropanol 96:4);
[a]20D =++69.0 (c=2.17 in CHCl3); CD (CH2Cl2, c=6.6U10�3): l (De)=345
(�0.1), 317 sh (+0.6), 307 (+0.6), 276 sh (+2.1), 270 (+2.3), 235 (+2.2),
219 (�7.3 m


�1 cm�1); 1H and 13C NMR spectroscopic data in CHCl3, see
Table 2; 1H NMR (600 MHz, CD3CN): d =11.43 (s, 1H; OH-5), 7.46 (t,
3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H; H-7), 6.57 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H; H-6), 6.52 (d,
3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H; H-8), 4.74 (d, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 1H; H-11), 4.48
(d, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; H-9), 3.67 (s, 3H; H3-15), 3.25 (d,
2J ACHTUNGTRENNUNG(H,H)=17.0 Hz, 1H; H-3a), 3.06 (d, 2J ACHTUNGTRENNUNG(H,H)=17.0 Hz, 1H; H-3b),
2.97 (dq, 3J ACHTUNGTRENNUNG(H,H)=7.6 and 2.0 Hz, 1H; H-10), 1.13 ppm (d, J=7.3 Hz,
3H; H3-13); IR (CHCl3): ñ=3578, 3024, 1797, 1742, 1656, 1576, 1224,
786, 711 cm�1; UV/Vis (CH2Cl2): lmax (e)=353 (3686), 272 (10294),
229 nm (8314 mol�1 m3cm�1); HRMS (EI): m/z : calcd for C16H16O8:
336.08452; found: 336.08456 [M]+ .


Blennolide F (7): Colorless oil; Rf=0.43 (CH2Cl2/isopropanol 96:4);
[a]25D =++12.7 (c=0.11 in CH2Cl2); CD (CH2Cl2, c�7U10�3): l (De)=345
(�0.41), 318 sh (+1.74), 307 (+1.94), 278 sh (+4.58), 271 (+5.01), 235
(+4.51), 219 (�29.4 m


�1 cm�1); 1H and 13C NMR spectroscopic data, see
Table 2; IR (CHCl3): ñ=3682, 3053, 1795, 1742, 1657, 1271, 896,
737 cm�1; UV/Vis (CH2Cl2): lmax (e)=339 (2157), 271 (5187), 229 nm
(6041 mol�1 m3cm�1); HRMS (EI): m/z : calcd for C16H16O8: 336.08452;
found: 336.08453 [M]+ .


Blennolide G (8): light yellow gum; Rf=0.42 (CH2Cl2/isopropanol 96:4);
[a]25D =++81.1 (c=0.29, CHCl3); CD (CH2Cl2, c=6.2U10�3): l (De)=


379 sh (+2.37) 361 (+3.35), 333 (+4.37), 279 (+2.33), 274 sh (+2.30), 224
(�19.4 m


�1 cm�1); 1H and 13C NMR spectroscopic data, see Table 4; IR
(CHCl3): ñ=3599, 3018, 1782, 1738, 1606, 1528, 1225, 790, 668 cm�1; UV/
Vis (CH2Cl2): lmax (e)=380 (sh, 6700), 335 (13801), 267 nm
(14041 mol�1 m3cm�1); HRMS (EI): m/z : calcd for C32H30O14: 638.16356;
found: 638.16360 [M]+ .


X-ray crystallographic studies of blennolide A (2): Light yellow block
crystals of 2 were obtained by recrystallization from acetone/n-hexane
(1:4). C16H16O7 (Mr=320.29), monoclinic, space group P21 with a=


8.9805(11) V, b=7.5036(10) V, c=11.1525(14) V, b =104.497 (3)8, V=


727.60(16) V3, Z=2, Dcalcd=1.462 gcm�3, l =0.71073 V. Intensity data
were measured on a Bruker-AXS SMART APEX CCD diffractometer.
A total of 6234 reflections were collected to a maximum 2V value of
55.78 at 120(2) K. Data reduction and semiempirical absorption correc-
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tion were from equivalents with the Bruker package.[28] The structure was
solved by direct methods and refined by full-matrix, least-squares proce-
dures. The title compound crystallizes in the non-centrosymmetric space
group P21; however, in the absence of significant anomalous scattering ef-
fects, the Flack parameter is essentially meaningless. Accordingly, Friedel
pairs were merged. All non-hydrogen atoms were given anisotropic ther-
mal parameters; hydrogen atoms were located from difference Fourier
maps and refined at idealized positions riding on their parent atoms. The
refinement converged at R1 ACHTUNGTRENNUNG(I > 2s(I))=0.036, wR2 (all data)=0.092 for
1861 independent reflections and 214 variables.


CCDC-668574 (2) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Agar diffusion test for biological activity : Compounds 1–3, 5, and 6 were
dissolved in acetone at a concentration of 1 mgmL�1. A sample of the so-
lution (50 mL, 0.05 mg) was pipetted onto a sterile filter disc (Schleicher
& Schuell, 9 mm), which was placed on an appropriate agar growth
medium for the respective test organism and subsequently sprayed with a
suspension of the test organism.[29] The test organisms were the Gram-
negative bacterium Escherichia coli, the Gram-positive bacterium Bacil-
lus megaterium (both grown on NB medium), the fungus Microbotryum
violaceum, and the alga Chlorella fusca (both grown on MPY
medium).[29] These microorganisms were chosen because a) they are non-
pathogenic, and b) they had in the past proved to be accurate initial test
organisms for antibacterial, antifungal, and antialgal/herbicidal activities.
Commencing at the outer edge of the filter disc, the radius of zone of in-
hibition was measured in mm.


Computational section : MMFF (Molecular Merck force field) and AM1
(Austin model 1) calculations were executed with Spartan’06 (Wavefunc-
tion, Inc, Irvine CA). DFT and TDDFT calculations were executed with
Gaussian’03W, Revision D.01 (Gaussian, Inc., Pittsburgh PA).


Conformational searches were run with MMFF, with standard parameters
and convergence criteria. The minima thus found for compounds 5 and 6,
and for the blennolide monomer of 8, were optimized with DFT at the
B3LYP/6-31G(d) level. The input geometries of 2 for TDDFT calcula-
tions were obtained from the solid-state structure upon re-optimization,
by use of the DFT method at the B3LYP/6-31G(d) level, of the H-atomsX
positions.


TDDFT calculations on compounds 2, 5, and 6 were executed with the
hybrid functional B3LYP with TZVP basis set.[30] All computed transi-
tions responsible for the CD bands above 190 nm had energies below the
estimated ionization potentials, and involved virtual orbitals with nega-
tive eigenvalues.[31] CD spectra were generated by use of the rotational
strengths computed with dipole-length gauge formulation, to which a
Gaussian band-shape was applied with 5800 (2) or 4200 cm�1 (5, 6) half-
height width, corresponding to 60 and 48 nm, respectively, at 340 nm. Ro-
tational strengths computed for all transitions with dipole-velocity gauge
formulation differed from dipole-length values by less than 5% for all
compounds.
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Controlled Direct Synthesis of C-Mono- and C-Disubstituted Derivatives of
[3,3’-Co(1,2-C2B9H11)2]


� with Organosilane Groups: Theoretical Calculations
Compared with ACHTUNGTRENNUNGExperimental Results


Emilio Jos3 Ju4rez-P3rez,[a] Clara ViÇas,[a] Ar4ntzazu Gonz4lez-Campo,[a]


Francesc Teixidor,[a] Reijo Sillanp<<,[b] Raikko Kivek<s,[c] and Rosario NfflÇez*[a]


Introduction


In the last four decades, interest in the functionalisation and
application of the cobaltabis(dicarbollide) ion 1� and its de-
rivatives has grown due to their extraordinary chemical,
thermal and radiation stability, and their similar properties
to the inorganic superacids.[1] In addition, these compounds
are hydrophobic[2,3] and weakly coordinating anions,[4] which
have made them appropriate to be used as solid electro-
lytes,[3] strong non-oxidizing acids,[3] doping agents in con-
ducting polymers[5] and extractants of radionuclides.[6]


Cobaltabis(dicarbollide) derivative have also been used in
diverse applications such as medical imaging and radiothera-


Abstract: Mono- and dilithium salts of
[3,3’-Co(1,2-C2B9H11)2]


� , (1�), react
with different chlorosilanes (Me2SiHCl,
Me2SiCl2, Me3SiCl and MeSiHCl2) with
an accurate control of the temperature
to give a set of novel Cc-mono- (Cc=


Ccluster) and Cc-disubstituted cobalta-
bis(dicarbollide) derivatives with silyl
functions: [1-SiMe2H-3,3’-Co(1,2-
C2B9H10)(1’,2’-C2B9H11)]


� (3�); [1,1’-m-
SiMe2-3,3’-Co(1,2-C2B9H10)2]


� (4�);
[1,1’-m-SiMeH-3,3’-Co(1,2-C2B9H10)2]


�


(5�); [1-SiMe3-3,3’-Co(1,2-C2B9H10)-
(1’,2’-C2B9H11)]


� (6�) and [1,1’-(SiMe3)2-
3,3’-Co(1,2-C2B9H10)2]


� (7�). In a simi-
lar way, the [8,8’-m-(1’’,2’’-C6H4)-1,1’-m-
SiMe2-3,3’-Co(1,2-C2B9H9)2]


� (8�);
[8,8’-m-(1’’,2’’-C6H4)-1,1’-m-SiMeH-3,3’-
Co(1,2-C2B9H9)2]


� (9�) and [8,8’-m-
(1’’,2’’-C6H4)-1-SiMe3-3,3’-Co(1,2-
C2B9H9)(1’,2’-C2B9H10)]


� (10�) ions
have been prepared from [8,8’-m-(1’’,2’’-


C6H4)-3,3’-Co(1,2-C2B9H10)2]
� (2�).


Thus, depending on the chlorosilane,
the temperature and the stoichiometry
of nBuLi used, it has been possible to
control the number of substituents on
the Cc atoms and the nature of the at-
tached silyl function. All compounds
were characterised by NMR and UV/
Vis spectroscopy and MALDI-TOF
mass spectrometry; [NMe4]-3, [NMe4]-
4 and [NMe4]-7 were successfully iso-
lated in crystalline forms suitable for
X-ray diffraction analyses. The 4� and
8� ions, which contain one bridging -m-
SiMe2 group between each of the dicar-
bollide clusters, were unexpectedly ob-


tained from the reaction of the mono-
lithium salts of 1� and 2�, respectively,
with Me2SiHCl at �78 8C in 1,2-dime-
thoxyethane. This suggests that an in-
tramolecular reaction has taken place,
in which the acidic Cc�H proton reacts
with the hydridic Si�H, with subse-
quent loss of H2. Some aspects of this
reaction have been studied by using
DFT calculations and have been com-
pared with experimental results. In ad-
dition, DFT theoretical studies at the
B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level of theory
were applied to optimise the geome-
tries of ions 1�–10� and calculate their
relative energies. Results indicate that
the racemic mixtures, rac form, are
more stable than the meso isomers. A
good concordance between theoretical
studies and experimental results has
been achieved.
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py as boron-rich carriers for boron neutron capture therapy
(BNCT).[7]


Many cobaltabis(dicarbollide) derivatives with substitu-
ents bonded to the cluster, preferably on the boron atoms,
have been described.[8,9] However, there are few examples
of Cc-substituted (Cc=cluster carbon atom) derivatives of 1�


obtained directly from the deprotonation of Cc�H and sub-
sequent attack by an electrophile. In 1997, Chamberlin et al.
published a new synthetic method to bind methyl groups to
the Cc atoms obtaining mono- and di-Cc-substituted cobalta-
bis(dicarbollide) derivatives.[10] More recently, we have re-
ported the preparation of Cc-substituted cobaltabis(dicarbol-
lide) derivatives with phosphine groups analogous to 2,2’-
bis(diphenylphosphino)-1,1’-bi-
naphthyl (BINAP) by the reac-
tion of the dilithium salts of 1�


with chlorodiarylphosphine in
1,2-dimethoxyethane (DME).[11]


Our interest in the synthesis
and functionalisation of boron-
rich dendrimeric structures con-
taining carboranyl derivatives
required us to develop new car-
boranylsilane compounds to use
as molecular precursors and
building blocks for the desired
dendrimers, peripherally at-
tached to carborane moieties.[12]


Additionally, these carboranylsilane systems have been
useful in the study of the reactivity of carborane derivatives
towards different organo ACHTUNGTRENNUNGsilanes and in testing them as hy-
drosilylating agents.[12a,b] In this work, we have extended our
study to the cobaltabis(dicarbollide) anion due to its attrac-
tive properties and possible applications.[1–7] Special empha-
sis has been placed on bonding organosilane functions to
the C atoms of the cluster to obtain previously unknown Cc-
mono- and Cc-disubstituted cobaltabis(dicarbollide) deriva-
tives with silyl groups. For this purpose, compounds have
been prepared by the direct reaction of the lithium salts of
[3,3’-Co(1,2-C2B9H11)2]


� (1�), and [8,8’-m-(1’’,2’’-C6H4)-3,3’-
Co(1,2-C2B9H10)2]


� (2�), with different chlorosilanes. Some
of these compounds have been proven to be active as hydro-
silylating agents and can be used to functionalise different
generations of dendrimers. Additionally, a theoretical study,
using B3LYP density functional methods at the 6-311G ACHTUNGTRENNUNG(d,p)
basis has provided remarkable data on conformational
habits and relative energies of the metallacarborane report-
ed here. The discussion is completed with the X-ray crystal
structures of [NMe4][1-SiMe2H-3,3’-Co(1,2-C2B9H10)(1’,2’-
C2B9H11)], [NMe4][1,1’-m-SiMe2-3,3’-Co(1,2-C2B9H10)2] and
[NMe4] ACHTUNGTRENNUNG[1,1’- ACHTUNGTRENNUNG(SiMe3)2-3,3’-Co(1,2-C2B9H10)2].


Results and Discussion


Synthesis of Cc-substituted cobaltabis(dicarbollide) deriva-
tives with silyl groups : With the goal of preparing a Cc-mon-


osubstituted cobaltabis(dicarbollide) derivatives functional-
ised with the silyl group �SiMe2H, the metallation of Cs-
ACHTUNGTRENNUNG[3,3’-Co(1,2-C2B9H11)2] (Cs-1), with one equivalent of
n-butyllitium (nBuLi) followed by the reaction with
Me2SiHCl (Me = methyl) in 1,2-dimethoxyethane at �78 8C
for 1 h was performed. The resulting orange residue was dis-
solved in MeOH to yield, after precipitation with an aque-
ous solution of [NMe4]Cl, a mixture of salts, which according
to the 1H and 11B NMR spectra correspond to unreacted
starting material 1� together with the monosubstituted [1-
SiMe2H-3,3’-Co(1,2-C2B9H10)(1’,2’-C2B9H11)]


� (3�), and [1,1’-
m-SiMe2-3,3’-Co(1,2-C2B9H10)2]


� , (4�), obtained in 51 and
18%, respectively (Scheme 1). Attempts to separate these


compounds by silica or alumina column chromatography
were unsuccessful and led to 1� in all cases. The compound
[NMe4]-3 was isolated in 11% yield after recrystallisation
from CH2Cl2. The 3� ion was uniquely obtained when the
reaction was carried out at �78 8C. At higher temperatures
(e.g. �40 or 0 8C) or by using other solvents, such as THF,
3� was not formed. Crystals of [NMe4]-3 were obtained by
slow evaporation of the compound in a mixture of acetone
and water. The anion 3� represents the first example of a
Cc-monosubstituted cobalta(bisdicarbollide) derivative that
has been fully characterised by X-ray diffraction.


The unexpected synthesis of 4� motivated us to study its
synthesis in more detail. Two different strategies were used
(Scheme 2): 1) the reaction of Cs-1 with one equivalent of
nBuLi at �40 8C in DME, followed by the reaction with an
excess of Me2SiHCl gave, after 3 h at room temperature,
[Li ACHTUNGTRENNUNG(dme)2]-4, according to the 1H NMR spectrum; and 2)
the reaction of Cs-1 with 2 equivalents of nBuLi at �78 8C
in DME, followed by the reaction with Me2SiCl2, gave the
same species [Li ACHTUNGTRENNUNG(dme)2]-4. The 4� ion could be isolated by
using cations such as [NMe4]


+ , Cs+ and [PMe(Ph)3]
+ (Ph=


phenyl) by dissolving [Li ACHTUNGTRENNUNG(dme)2]-4 in MeOH and adding
aqueous solutions of [NMe4]Cl, CsCl or a methanolic solu-
tion of [PMe(Ph)3]Br to yield the corresponding salts of 4�


in 45, 62, and 70% yield, respectively. When 4� was synthes-
ised at �40 8C, a mixture of structural isomers (as will be de-
scribed in depth in a later section) was obtained as shown
by the 11B{1H} NMR spectrum. However, at �78 8C mainly
one isomer was formed. Monocrystals of [NMe4]-4 were ob-


Scheme 1. Synthesis of ions 3� and 4�.
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tained by slow evaporation of a solution of the compound
synthesised at �40 8C in acetone.


As already mentioned, an attempt to get Cc-monosubsti-
tution on cobaltabis(dicarbollide) with a group containing
the �SiH function with SiMe2HCl led to 3� in low yield. As
we were interested in the reactivity of a Si�H-containing co-
baltabis(dicarbollide) derivative, we used MeSiHCl2 as a
chlorosilane source (Scheme 3). Cs-1 was treated with two
equivalents of nBuLi at �78 8C in DME followed by an
excess of MeSiHCl2 at the same temperature. Then, after
stirring for 6 h at room temperature, the solution was evapo-
rated and the residue treated
with MeOH. The anion 5� was
isolated as the Cs salt in 76%
yield by precipitation with an
aqueous solution of CsCl. The
temperature of �78 8C used in
this reaction was a key factor to
produce 5� in 95% isomeric
purity, according to the NMR
spectra. The use of higher tem-
peratures caused the formation
of a mixture of structural iso-
mers (see later section) along
with unreacted starting material
1�.


To learn about the reactivity
of 1� towards chlorosilanes, its
mono- and dilithium salts were
treated with an excess of
Me3SiCl at �78 8C in DME.
The monolithium salt of 1� led
to a mixture of products, from
which the Cc-monosubstituted


[NMe4]-6 was isolated in 33% yield. Conversely, the dilithi-
um salt gave the Cc-disubstituted 7�, which was isolated as
the [NMe4]-7 and Cs-7 salts in 91 and 90% yield, respective-
ly. Red crystals of [NMe4]-7 were successfully obtained from
acetone. Metallacarboranes 6� and 7� were very convenient
to interpret spectroscopic data and to get information about
the possible rotational isomers in related compounds.


Silyl-functionalised derivatives of the rigid CsACHTUNGTRENNUNG[8,8’-m-
(1’’,2’’-C6H4)-3,3’-Co(1,2-C2B9H10)2] compound (Cs-2) with
chlorosilanes were also studied. The reaction of Cs-2 with
one equivalent of nBuLi at �78 8C in DME, followed by the
reaction with chlorodimethylsilane (Me2SiHCl), led uniquely
to [8,8’-m-(1’’,2’’-C6H4)-1,1’-m-SiMe2-3,3’-Co(1,2-C2B9H9)2]


�


(8� ; Scheme 4), which was isolated as a red solid in 77%
yield by precipitation with an aqueous solution of [NMe4]Cl.
The spectroscopic study of [NMe4]-8, which will be discussed
later, indicated that 2� behaves similarly to homologous 1�


with Me2SiHCl. However, the formation of a Cc-monosubsti-
tuted species analogous to 3� was never observed, even at
very low temperatures. Likewise, Cs-2 was treated with two
equivalents of nBuLi at �78 8C in DME and subsequently
with an excess of MeSiHCl2 to give 9� (Scheme 4). After


Scheme 2. Synthesis of ion 4� using two different approaches.


Scheme 3. Synthesis of the ion 5�.


Scheme 4. Synthesis of cobaltabis(dicarbollide) ions 8� and 9�.
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their workup, the compounds [NMe4]-9 and Cs-9 were iso-
lated in 60 and 65% yield, respectively, by precipitation
with aqueous solutions of [NMe4]Cl and CsCl, respectively
(Scheme 4).


Similarly, Cs-2 was treated with two equivalents of nBuLi
at �78 8C in DME followed by an excess of Me3SiCl under
the same conditions to give mainly the monosubstituted
compound [NMe4]-10 in 69% yield by precipitation with an
aqueous solution of [NMe4]Cl.


These results show that Cc-silyl derivatives of cobaltabis-
ACHTUNGTRENNUNG(dicarbollide) can be produced in good yields. The metalla-
carboranes containing the Si�H function are potential hy-
drosilylation agents and can be used to functionalise dendri-
meric structures.


Characterisation of functionalised cobaltabis(dicarbollide)
derivatives with silyl groups : All of the compounds de-
scribed above were characterised by elemental analysis;
UV/Vis, FTIR, and 1H, 13C, 11B, and 29Si NMR spectroscopy
and matrix-assisted laser desorption ionisation time of flight
(MALDI-TOF) mass spectrometry. In addition the com-
pounds [NMe4]-3, [NMe4]-4 and [NMe4]-7 were unequivo-
cally confirmed by X-ray diffraction analysis.


Spectroscopic data : The 1H, 11B, 13C and 29Si NMR spectra of
the products reported here agree with the structures pro-
posed in the schemes. The IR spectra of all compounds pres-
ent typical n ACHTUNGTRENNUNG(B�H) strong bands for closo-clusters between
2554 and 2577 cm�1 and, additionally, intense bands in the
region of 1250–1257 cm�1 corresponding to d ACHTUNGTRENNUNG(Si�CH3).
Complexes 3�, 5� and 9� show a characteristic band near
2160 cm�1 attributed to n ACHTUNGTRENNUNG(Si�H). The 1HACHTUNGTRENNUNG{11B} NMR spectra
of compounds 3� and 5� exhibit resonances at 4.31 and
5.06 ppm, respectively, which can be assigned to the Si�H
function (Figure 1, Table 1). However, 9� shows two reso-
nances at 4.97 and 5.25 ppm with different areas. Both peaks
can be attributed to the Si�H proton, indicating the pres-
ence of structural isomers in the solution, (see later). More-
over, 3�, 5� and 9� have a 3J ACHTUNGTRENNUNG(H,H)=3.4 Hz due to Si�H
coupling with the protons on CH3 and giving a quartet for
5� and 9� and a septet for 3� (Figure 1). The corresponding


Si�CH3 protons are exhibited at a higher field in the region
0.25–0.48 ppm (Table 1). These resonances appear as a dou-
blet for 3�, 5� and 9�, a singlet for 4� (Figure 2) and two dif-


ferent singlets for its homologous 8� due to the presence of
structural isomers. Due to their symmetry, compounds 4�,
5�, 8� and 9� have only one resonance attributed to the
Cc�H protons, while 7� shows two signals in different ratios,
indicating the presence of geometrical isomers. The Cc-mon-
osubstituted 3�, 6� and 10� exhibit two resonances for Cc�H


Figure 1. A portion of the 1H NMR spectra corresponding to the Si�H protons chemical shifts in compounds: 3� (left), 5� (middle) and 9� (right) with
relative composition of 24 and 76% for the two structural isomers.


Table 1. Chemical shift values [ppm] of the selected protons in the
1H NMR spectra of Cc-substituted derivatives 3�–10� and the starting
ions 1� and 2�.


d 1H NMR
Si�H Cc�H Si�CH3 B�H


1� – 3.94 – 3.37–1.57
3� 4.31 3.85, 3.69 0.29 3.61–1.60
4� – 4.50 0.31 3.38–1.43
5� 5.06 4.59 0.44 3.40–1.44
6� – 4.02, 3.83, 3.72 0.28 3.57–1.50
7� – 4.19, 3.77 0.33, 0.30 3.98–1.58
2� – 3.58 - 3.76–1.49
8� – 3.48 0.39, 0.25 4.00–1.43
9� 5.25, 4.97 3.61 0.48, 0.38 4.11–1.43
10� – 3.52, 3.45 0.28 3.99–1.51


Figure 2. a) 1H ACHTUNGTRENNUNG{11B}-NMR spectrum of Cs-4 and b) 1H NMR spectrum of
Cs-4.
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protons, one assigned to the substituted cluster and the
second from the unsubstituted cluster (Table 1). The cluster
B�H protons appear in the region ranging from 1.43–
4.11 ppm (Table 1). In the 1HACHTUNGTRENNUNG{11B} NMR spectrum of 4�,
nine resonances attributed to the nine B�H protons of each
cluster are clearly observed (Figure 2a). The 13C{1H} NMR
spectra show low intensity peaks in a wide region between
31.88 and 55.86 ppm. These high field Cc atoms can be as-
signed to the Cc�Si atoms. Resonances for the carbon atoms
in the Si�CH3 groups are high field, from 3.20 to
�6.87 ppm. The 11B{1H} NMR spectra of ions 3�–7� display
bands in a typical range from +9.1 to �22.3 ppm, indicative
of closo species with all boron atoms in non-equivalent ver-
tices. However, the resonances for boron atoms in 8�, 9�


and 10� appear between +27.5 and �24.5 ppm with a
2:6:4:4:2 pattern. In this case, the low-field resonance does
not split in the 11B NMR spectrum, which is attributed to
the B8 atoms bonded to the phenyl group. Figure 3 shows a


schematic representation of the 11B{1H} NMR spectra for 4�


and 5� along with their precursor 1�. Bands assignment has
been done using a bidimensional COSY 11B{1H}/11B{1H}
spectrum. In general, the presence of the silyl substituent at
the Cc atoms shifts the 11B resonances downfield with re-
spect to the precursor. For 4�, the resonances due to B4, 4’,
7, 7’, 9, 9’, 12, 12’ and B5, 5’, 11, 11’, which appear as two
resonances of intensity 8 and 4 in 1�, have evolved to three
resonances of intensity 4, 2 and 2 and two resonances of in-
tensity 2 due to the lost of symmetry. For 5�, the presence of
two different groups on the Si atom (CH3 and H) causes
higher asymmetry in the molecule, and this is reflected in
the 11B NMR spectrum. In addition, the 11B{1H} NMR spec-
trum of 3� shows a 1:1:1:1:1:4:3:2:2:1:1 pattern in the range
from +9.10 to �22.26 ppm, while 6� exhibits a
1:1:1:1:1:1:2:2:2:1:1:1:1:1:1 pattern in the region of +8.20 to
�23.00 ppm. Both spectra show a large number of resonan-
ces due to the loss of any symmetry operation besides E.
Figure 4a displays the bidimensional 11B{1H}/11B{1H}2D


Figure 3. Stick representation of the chemical shifts and relative intensi-
ties in the 11B{1H} NMR spectra of some selected compounds.


Figure 4. a) 11B{1H}-11B{1H}2D COSY NMR spectrum of 3�. b) Stick rep-
resentation of the 11B{1H} NMR spectra of each dicarbollide ligand in 3�.
c) Schematic representation of the anion 3� .
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COSY NMR spectrum of 3� in which the resonances have
been assigned to the corresponding boron atoms.[13] The
spectrum has been assigned on the basis that each dicarbol-
lide moiety behaves independently of the second.[14] These
independent spectra are represented as stick diagrams in
Figure 4b with the non-substituted ligand (lower diagram)
and the substituted ligand (upper diagram). The combina-
tion of both produces a realistic image of the experimental
spectrum. The 29Si NMR spectra exhibit peaks in the range
of 13.98 to �8.28 ppm (Table 2). The 29Si chemical shifts are


dependent on the substituents
at the Si atom. The high-field
(�8.28 ppm) signal is due to the
�SiMe2H group in 3�, and the
corresponding resonances in 5�


and 9� appear at 2.94 and
2.69 ppm, respectively. The Si
atoms of the �SiMe3 and bridg-
ing �SiMe2 groups appear at a
low field, between 10.75 and
13.98 ppm. Formulas of all the
compounds were established by
using MALDI-TOF mass spec-
trometry in the negative-ion
mode without a matrix. Fig-
ure 5a displays the MALDI-TOF mass spectrum of the [1,1’-
m-SiMeH-3,3’-Co(1,2-C2B9H10)2]


� ion (5�) in which the mo-
lecular ion peak appears at m/z=366.2 with a perfect con-
cordance with the calculated pattern (Figure 5b). For all
anions, a full agreement between the experimental and cal-
culated patterns was also obtained for the molecular ion


peaks. Thus, for 3�, 6� and 10�, this technique shows the cor-
responding molecular ion peaks at m/z=382.2, 396.3 and
369.2, respectively, which agrees with the proposed struc-
tures.


UV/Vis spectra : The UV/Vis spectra of 1� and several exo-
skeletal derivatives in different solvents such as methanol,
but mostly in acetonitrile have been reported in different
publications.[9j, 15] There are some differences in the positions
and absorption coefficients of the maxima, indicating that
these values are dependent on the solvent. In this work, the
UV/Vis spectra of the studied compounds were measured in
acetonitrile. In order to perform an adequate comparison of
the parameters of the different UV/Vis spectra, a line-fitting
analysis with Gausssians was performed in a similar manner
to that reported earlier by us.[9j] The results obtained are
shown in Table 3, and the spectrum of 4� is shown in
Figure 6. Ions 1� and 3� give spectra consisting of four ab-


sorptions near 210, 280, 340, and 450 nm; the first maximum
is one order of magnitude lower than the second. It can be
observed that absorptions near 280, 340 and 450 nm are


Table 2. Chemical shift values [ppm] of the silicon nuclei in the 29Si
NMR spectrum of Cc-substituted cobaltabis(dicarbollides).


Compound d 29Si Compound d 29Si


3� �8.28 7� 10.75
4� 13.98 8� 11.74
5� 2.94 9� 2.69
6� 10.74 10� 8.63


Figure 5. a) Experimental MALDI-TOF mass spectrum obtained for the
anion 5�. b) Calculated MALDI-TOF spectrum for 5�.


Table 3. UV/Vis spectra for 1�–10� in acetonitrile. l positions [nm] and e values [Lcm�1mol�1] are reported
and were calculated following line-fitting analysis.


l (e)


1� 207 (14502) 280 (25943) 340 (2199) 449 (300)
3� 209 (15028) 283 (24531) 342 (2269) 461 (436)
4� 222 (3752) 286 (9941) 309 (12687) 360 (1241) 464 (239)
5� 213 (12343) 282 (10376) 310 (26940) 353 (2553) 465 (340)
6� 281 (22916) 342 (2528) 460 (560)
7� 293 (16583) 363 (2178) 492 (504)


2� 234 (15694) 280 (18672) 314 (5061) 398 (777) 516 (280)
8� 236 (9911) 270 (5595) 289 (9983) 316 (4779) 376 (930) 500 (290)
9� 235 (6489) 272 (2415) 291 (6068) 307 (3626) 518 (190)
10� 234 (12363) 272 (3662) 290 (10887) 324 (4150) 398 (729) 548 (310)


Figure 6. UV/Vis spectrum (solid line) of 4� and the result of line fitting
with Gaussians (dash lines). The expanded section on the right shows the
absorption near 445 nm amplified 20 times.
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present in all compounds and are attributed to the anion
[3,3-Co(1,2-C2B9H11)2]


� , as has already been reported.[9j] The
absorption with longest wavelength, near 450 nm, shows a
bathochromic shift with respect to 1� that is larger (about
40 nm) for 7�. This represents a dark red colour in solution
or in the solid state. In contrast, the metallacarboranes 1�,
3�, 4�, 5� and 6� are orange. It is important to emphasise
that the 4� and 5� ions show an additional absorbance
around 310 nm (Table 3), which could be attributed to the
presence of a silyl bridge between the ligands. Compounds
prepared from 2� exhibit a maximum around 230 nm attrib-
uted to the benzene moiety.[15c] However, the main differen-
ces in the UV/Vis spectra between the precursor and com-
pounds 8�, 9� and 10� are due to the presence of an extra
signal around 270 nm and a bathochromic shift of 10 nm in
the second maximum around 320 nm (Table 3).


X-ray crystallography : Single-crystal X-ray analyses of
[NMe4]-3, [NMe4]-4 and [NMe4]-7 confirmed the expected
sandwich structures for the three cobaltabis(dicarbollide)
anions. The 3� ion contains one non-bridging SiMe2H group,
whereas 4� has a bridging SiMe2 group between the dicar-
bollide clusters. In 7�, one non-bridging SiMe3 group is
bonded to each dicarbollide moiety through the Cc atoms.
The structures of 3�, 4� and 7� are presented in Figure 7 and
selected bond parameters are listed in Tables 4 and 5. It is
important to note that for each cobaltabis(dicarbollide) clus-
ter, the presence of the [NMe4]


+ ion is necessary for crystal-


Figure 7. Top: Drawing of the anion of [NMe4]-3 with 30% thermal dis-
placement ellipsoids. Middle: Drawing of the anion of [NMe4]-4 with
30% thermal displacement ellipsoids. The “a” refers equivalent position
x, �y+1/2, z. Bottom: Drawing of the anion of [NMe4]-7 with 30% ther-
mal displacement ellipsoids. The “b” refers equivalent position �x+2, y,
�z+1/2. In all cases the hydrogen atoms have been omitted for clarity.


Table 4. Selected bond lengths [W] and angles [8] for [NMe4]-3.


Co3�C1 2.104(6) Co3�C1’ 2.058(6)
Co3�C2 2.056(6) Co3�C2’ 2.048(6)
Co3�B8 2.110(7) Co3�B8’ 2.127(7)
Si�C1 1.907(6) C1’�C2’ 1.608(9
C1�C2 1.627(8)


Co3-C1-Si 116.8(3) C1-Co3-C1’ 101.2(2)
C1-Co3-C2’ 103.6(2)


Table 5. Selected bond lengths [W] and angles [8] for [NMe4]-4
[a] and


[NMe4]-7
[b] .


ACHTUNGTRENNUNG[NMe4]-4 ACHTUNGTRENNUNG[NMe4]-7


Co3�C1 2.0387(16) 2.139(3)
Co3�C2 2.058(2) 2.085(3)
Co3�B4 2.067(2) 2.084(3)
Co3�B7 2.112(3) 2.108(3)
Co3�B8 2.108(3) 2.117(4)
Si�C1 1.8838(16) 1.944(3)
C1�C2 1.668(2) 1.649(4)


Co3-C1-Si 90.47(7) 122.33(15)
C1-Co3-C1a 85.04(9)
C1-Co3-C1b 132.01(16)
B8-Co3-B8a 93.71(15)
B8-Co3-B8b 84.5(2)


[a] Equivalent positions: a: x, �y+1/2, z ; [b] Equivalent positions: b:
�x+2, y, �z+1/2.
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lisation of the compounds, since no crystals were obtained
with other cations.


The cobaltabis(dicarbollide) anion 3� has crystallographic
C1 symmetry. The conformation of the dicarbollide clusters
is cisoid, and the SiMe2H group is projected between the
cluster carbons of the neighbouring C2B9H11


� moiety. The
conformation can be seen in Figure 7 (top) and by the C1-c-
c’-C1’ and C1-c-c’-C2’ torsion angle values of 28.2(4) and
�41.3(4)8 (c and c’ refer to centres of pentagons
C1,C2,B4,B7,B8 and C1’,C2’,B4’,B7’,B8’, respectively). The
cobaltabis(dicarbollide) anion of [NMe4]-4 assumes s sym-
metry with metal and silicon atoms as well as with the
methyl carbons lying in the mirror plane (Figure 7, middle).
The SiMe2 group is bonded to both clusters through carbon
atoms and thus bridge the dicarbollide groups. Owing to the
symmetry, the configuration of the dicarbollide ligands is
meso (the boron cages are in an eclipsed conformation).
The anion of [NMe4]-7 assumes a two-fold symmetry with
the metal lying at the symmetry axis. One SiMe3 group is
bonded to a carbon atom of each cage and the groups are
oriented so that their disposition in 7� is cisoid, as can be
seen in Figure 7 (bottom) and from the C1-c-c[b]-C1[b] dihe-
dral angle of �97.68 (c refers to centre of pentagon
C1,C2,B4,B7,B8 and the superscripted b refers equivalent
position �x+2, y, �z+1/2) and the C1-c-c[b]-C2[b] dihedral
angle of �26.98.


A comparison of the structures of 3�, 4� and 7� reveals
marked differences because of the different silyl groups and
bonding modes. Comparing the conformation of 4� with the
ideal cobaltabis(dicarbollide) moiety with parallel coordinat-
ing C2B3 pentagons, in 4� the cages are twisted so that the
cluster carbons C1 and C1[a] are closer to each other
(C1···C1a=2.755(9) W, a=x, �y+1/2, z). On the opposite
side of the coordinating pentagon the distance between the
B7 and B7a atoms is increased to 3.10(2) W. The closing
angle on the siliconYs side between the two pentagons is
6.91(10)8. In the structures of 3� and 7�, the influence of the
bulky SiMe2H and SiMe3 groups on the orientation of the
coordinating C2B3 pentagons is the opposite. The silyl
groups repulse the neighbouring pentagons away from each
other so that the opening dihedral angle on the silicon
atomsY side between the two pentagons are 6.6(2) and
11.16(10)8 for 3� and 7�, respectively.


Theoretical studies related to the formation and conforma-
tional structures of compounds : In this section, some aspects
related to the formation and characterisation of the anions
described above are studied using density functional theory
(DFT) calculations.[16] Studies leading to geometric optimi-
sation for ions 1�–10� and relative energy calculations were
conducted at the B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level of theory.


Rotational isomers for the metallacarboranes 3�, 6� and 7�:
Three broad conformations for metallacarborane sandwich-
es exist: cisoid (C2v), gauche and transoid (C2h).


[17,18] When
relative energy calculations are applied to 1�, it has been re-
ported that the transoid conformation is 12.8 kJmol�1 more


stable than the cisoid.[19] Nevertheless, for the 3�, 6� and 7�


ions five different conformations are available due to the
substitution on the Ccluster atoms: two cisoid, two gauche and
one transoid rotamers (Figure 8). For 3�, the gauche confor-


mation (gauche-1) is the more stable than the cisoid rotamer
(cisoid-1) by 2.83 kJmol�1 (Figure 8). In both conformations
the Si�H is in proximity to Cc�H, facilitating a dihydrogen
interaction. In fact, the cisoid-1 corresponds to the rotamer
found in the crystal structure. However, in the Cc-monosub-
stituted 6� ion, the gauche conformation (gauche-2) is the
more stable, being 3.03 and 4.20 kJmol�1 more stable than
the transoid and cisoid-2 rotamers, respectively (Figure 8).
The difference on the relative energies between rotamers of
3� and 6� is most probably due to the dihydrogen interac-
tions in the case of 3�. In addition, 7�, like other Cc-disubsti-
tuted derivatives of cobaltabis(dicarbollide),[11] revealed that
the synthesised geometrical isomer shows racemic substitu-
tion according to the X-ray diffraction study, and the dicar-
bollide ligands are rotated with respect to each other along
the axis passing through B10 and B10’. Using the B8-Co3-
B10-B8 dihedral angle “q”[19] as a parameter for the dicar-
bollide ligands rotation, a rotational energy path profile was
calculated by using optimised structures of 7�. Three
minima for q=38.18 (cisoid-2), 122.38 (gauche-2) and 197.48


Figure 8. Calculated relative energies and conformational isomers for
compounds 3� (&), 6� (*) and 7� (~).
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(transoid) were obtained with relative energies 0, 6.8 and
7.0 kJmol�1, respectively (Figure 8). The minimum energy
conformer found with q=38.18 corresponds to the cisoid
rotamer and agrees well with what was found in the crystal
structure. However, for 7�, the relative energies of cisoid-1
and gauche-1 were not possible to calculate due to the steric
hindrance.


Proposed mechanism for the formation of compounds 4�


and 8�—comparison of the theoretical and experimental re-
sults : In the course of this research two questions have
arisen: 1) why is it possible to get the Cc-monosubstitution
on 1� by using one equivalent of nBuLi and Me2SiHCl to
give 3�, whereas its homologous derivative from 2� was
never detected; and 2) why is compound 4� obtained as a
byproduct in the synthesis of 3�, while its homologue 8� is
the main product in a similar reaction from 2�?. These ques-
tions may both be answered taking into account an “intra-
molecular reaction” that leads to the formation of the bridg-
ing m-SiMe2 group. A possible pathway that explains this in-
tramolecular reaction is shown in Scheme 5. After the for-
mation of the monolithium salt of 1� or 2�, a Cc-monosubsti-
tuted compound with a �SiMe2H group is generated. The
geometrical disposition of one acidic Cc�H proton and the
hydride of the Si�H function favours the elimination of H2


with the formation of the second Cc�Si bond. Theoretical
calculations were carried out to corroborate this mechanism
in the case of 8� from 2�. In the latter, the rotation around
the metallic centre is hindered by the presence of the
phenyl group bonded both to B8 and B8’, which provides a
stable eclipsed cisoid configuration (Scheme 5). Thus, the
geometry of a hypothetical Cc-monosubstituted intermediate
derivative of 2� with a SiMe2H group, which has never been


isolated (Scheme 5), was optimised. A natural population
analysis (NPA) was carried out to determine the charges of
the hydrogen atoms that may be involved in the intramolec-
ular reaction. The charge on Si�H is �0.194 (more negative
that the Si�H in SiMe2HCl, which is �0.185), and the
charge of the hydrogen in Cc�H is +0.306 (more acidic than
2�, which is +0.265). The opposite charges should then
favour the interaction between both hydrogen atoms to give
the Cc-disubstituted ion 8� (Scheme 5). Additionally, a tran-
sition state for the formation of 8� was found by using the
synchronous transit-guided quasi-newton (STQN) method.
Figure 9 shows the optimised structure of this transition


state. In addition, using the equation DG(T)=


DH(T)�TDS(T), the enthalpy for the intramolecular re-
action proposed in this mecha-
nism has also been calcu-
lated and is endothermic at
�78 8C (195 K), (DrH


195=


+37.2 kJmol�1) and not
spontaneous (DrG


195=


+13.8 kJmol�1). Plotting DrG
versus the temperature (T), it is
observed that at T=32 8C
(305 K) the Gibbs free energy
becomes negative as is shown
in Figure 10. The evolution of
DrG to negative values is a con-
sequence of the entropic termi-
nus in the state equation. It
may be concluded that due to
the required cisoid conforma-
tion for this reaction to occur,
in the case of 2�, the intramo-
lecular reaction leading to 8� is
favoured; in contrast, the corre-
sponding monosubstituted com-
pound from 2�, equivalent to
3�, is never observed.


Figure 9. The transition state found for the intramolecular reaction to
obtain 8�. This minimum has a single imaginary frequency corresponding
to the vibrational modes of the hydrogen involved in the reaction. Dash
lines represent the cleaved bonds and solid lines represent the new
bonds.


Scheme 5. Suggested pathway for the intramolecular reaction that causes a bridge between both dicarbollide
clusters in ions 4� and 8�.
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Theoretical calculations of the relative energy for the op-
timised conformation in 3� indicated that the cisoid-1 con-
formation observed in the crystal structure, in which the
Si�H group is closest to the Cc�H, is 10.96 kJmol�1 more
stable than the same rotamer, but with the Si�H rotated
and farthest from the Cc�H. The stability of this structure is
then attributed to the existence of two intramolecular dihy-
drogen interactions, Cc�H···H�Si, 2.44 and 2.16 W, according
to the DFT calculations. These match well with those found
in the crystal structure, 2.409 and 2.212 W. This provides an
explanation to the first question about the formation of 3�.
In addition, experimental results have shown that the tem-
perature is critical in the reaction leading to 3� and 4�. By
keeping the reagents and solvents at �40 8C or higher, only
4� was formed, whereas at �78 8C a mixture of 3� and 4� is
obtained (see Scheme 1). Therefore, we hypothesise that the
formation of 4� is clearly dependent on the temperature,
and the activation barrier of this process is favoured at
higher temperatures. Increasing the reaction temperature fa-
vours the intramolecular dihydrogen contacts (Scheme 5),
which is assumed to precede the formation of H2 from the
reaction of one positive and one negative hydrogen atom,
corroborating the mechanism proposed to explain the intra-
molecular process.[20] Consequently, 3� may be obtained
only if very low reaction temperatures are used.


Geometrical isomers for compounds 4�, 5� and 9� : The ions
4�, 5� and 9� may form structural isomers, which are depen-
dent on the reaction temperature. Complex 4� has three
geometrical isomers, two enantiomers and one diastereomer,
the structures of which are the racemic mixture rac-4� and
the meso isomer meso-4�, respectively (Figure 11). In the
rac-4� isomers, both methyl groups bonded to the Si atom
are equivalent. However, the meso-4� isomer has eclipsed
Cc atoms and non-equivalent methyl groups because one
CH3 faces the two non-substituted cluster carbon atoms,
whereas the other does not. Theoretical calculations have
shown that the rac-4� form is 12.7 kJmol�1 more stable than
meso-4�. Therefore, and if only thermodynamic conditions
are taken into account, it could be hypothesised that when


4� was prepared at �78 8C, the resonances observed in the
11B ACHTUNGTRENNUNG{11H} NMR spectrum were mostly due to the rac-4�, and
other signals of lower intensity were assigned to the less
stable isomer, meso-4� (Figure 12 top). This was confirmed
when 4� was synthesised at 0 8C and �40 8C, at which tem-
peratures the meso-4� isomer is more abundant according to
the 11B NMR spectrum (Figure 12 bottom). To corroborate


Figure 10. Gibbs free-energy temperature dependence calculated for the
intramolecular reaction: DG(T)=DH(T)�TDS(T).


Figure 12. 11B{1H} NMR spectra of the anion 4�. The shaded areas are at-
tributed to the boron atoms of meso-4�. Top: 4� synthesised at �78 8C.
Bottom: 4� synthesised at T>�40 8C.


Figure 11. Geometrical isomers of compound 4�. Top: Plane projections
of the pentagonal faces. Bottom: rac-4� sketching of d and l enantiomers
and isomer meso-4�.
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this interpretation, the 11B{1H} NMR absolute shielding of
meso-4�and rac-4� were calculated at the GIAO/B3LYP/
6-31++G(d) level of theory.[21] The 11B{1H} NMR theoreti-
cal chemical shifts for 4� exhibit a resonance assigned to B8
atoms and shifted 4.5 ppm to lower field in meso-4� than in
the rac-4�. In addition, calculations indicate that B6 atoms
in the meso-4� form are shifted 2 ppm to higher field than
the isomer rac-4�. The experimental values for B8 and B6
for meso-4� are 10.34 and �23.36 ppm, and for rac-4� they
are 8.07 and �22.11 ppm, respectively. Although the theo-
retical values do not fit exactly with the experimental
values, they are indicative of the patternsY tendency. This
confirms that at �78 8C the rac-4� enantiomers are mostly
obtained, whereas at higher temperatures the meso-4� can
be also isolated. Specifically, the crystal structure of [NMe4]-
4 (Figure 7, middle) corresponds to the meso-4� isomer and
was obtained from the crystallisation of a reaction carried
out at �40 8C.


Four different geometrical isomers could be expected for
5� : a pair of enantiomers and two diastereomers, which
should correspond to the racemic mixture (or rac isomers)
and two meso isomers. For the latter, we have used the nota-
tion M and m to identify the major and minor diastereo-
mers, respectively (Figure 13). Theoretical calculations indi-
cate that the rac-5� form is 10.5 and 15.4 kJmol�1 more
stable than isomers meso(M)-5� and meso(m)-5�, respective-
ly. The stability of meso(M)-5� over meso(m)-5� could be
anticipated by considering the possible coulombic interac-
tions shown in the plane projection (Figure 13). When 5�


was prepared at �78 8C, the 1H NMR spectrum shows only
one resonance due to the Si�H proton and attributed to the
racemic mixture or rac-5� (Figure 14a). Nevertheless, when
5� was prepared at higher temperatures (�40 8C), a mixture
of three compounds appeared in the 1H NMR spectrum and
were assigned to the Si�H and SiMe protons. Resonances


were assigned according to the relative energies calculated
for isomers, and an integration of signals indicated the for-
mation of rac-5�, meso(M)-5� and meso(m)-5� in the per-
centage of 65, 22 and 13, respectively (Figure 14b).


Finally, compound 9� may form two different diastereo-
mers or meso isomers, denoted as meso(M)-9� and
meso(m)9� (Figure 15), because the impossibility of rotating
the ligands prevents the formation of the rac isomer. Theo-
retical calculations indicate again that meso(M)-9� is just
5.70 kJmol�1 more stable than isomer meso(m)9�. Conse-
quently, when 9� was prepared, even at very low tempera-
tures (�78 8C), a mixture of both isomers was observed ac-
cording to the 1H NMR spectrum (see Experimental Sec-
tion).


Therefore, we can confirm that for these metallacarbor-
anes, the racemic mixture (or rac form) is the most stable


Figure 14. 1H NMR spectra of Cs-5 synthesised at different temperatures:
a) �78 8C and b) >�40 8C.


Figure 13. The rac-5� and meso-5� structures for 5�.
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and the main reaction product, followed by the meso isomer
with the CH3 groups projected on the clusters B�H,
meso(M). Finally the least stable would be the meso isomer
with the�CH3 group projected on the Cc�H, meso(m).


Conclusion


The first Cc-mono and Cc-disubstituted cobaltabis(dicarbol-
lide) derivatives containing different organosilane functions
have been successfully prepared by the direct reaction of
the mono or dilithium salts of starting anions 1� and 2� with
the appropriate chlorosilanes and under careful monitoring
of the temperature. The reaction temperature was a key
factor in the direct reaction to major isomers, since at very
low temperatures (�78 8C) Cc-monosubstituted species and
high isomeric purity were obtained, whereas increasing the
temperature (�40 8C or 0 8C) led to Cc-disubstituted anions
and structural isomeric mixtures. The ion 3� represents the
first example of a Cc-monosubstituted cobaltabis(dicarbol-
lide) derivative that has been fully characterised by X-ray
diffraction analysis. Compounds 4� and 8�, containing a
bridging (-m-SiMe2) between both dicarbollide ligands, were
obtained unexpectedly from the reaction of the respective
monolithium salt of 1� or 2� with Me2SiHCl at low tempera-
tures. A hypothetical mechanism has been proposed to ex-
plain the formation of these compounds through an intra-
molecular interaction and has been supported by theoretical
calculations compared with experimental results. Density
functional theory (DFT) at the B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level
was applied to optimise the geometries of ions 1�–10� and
calculate their relative energies. The theoretical studies per-
fectly agree with the experimental results, indicating that rac


isomers are more stable than
meso isomers. Some of the met-
allacarboranes 3�, 5� and 9�


functionalised with �SiH have
actually been used as hydrosily-
lating agents to be attached to
the periphery of dendrimeric
structures by the hydrosilylation
of alkenes.


Experimental Section


General considerations : Elemental
analyses were performed by using a
Carlo Erba EA1108 microanalyser.
FTIR spectra were recorded with KBr
pellets on a Shimadzu FTIR-8300
spectrophotometer. UV/Vis spectros-
copy was carried out with a Shimadzu
UV/Vis 1700 spectrophotometer with
1 cm cuvettes. The concentration of
the complexes was 1\10�4m. UV/Vis
spectra were measured using the fol-
lowing procedure: stock solutions of
the compounds were prepared by


making a solution of several milligrams of the solid compound in 5 mL of
acetonitrile (HPLC grade, Sigma-Aldrich). After this, a sample of this
stock solution was diluted to a concentration of 10�4m. The matrix-assist-
ed laser desorption ionisation time-of-flight mass spectra (MALDI-TOF-
MS) were recorded in the negative ion mode with a Bruker Biflex
MALDI-TOF instrument (N2 laser; lexc 337 nm (0.5 ns pulses); voltage
ion source 20.00 kV (Uis1) and 17.50 kV (Uis2)). 1H and 1HACHTUNGTRENNUNG{11B} NMR
(300.13 MHz), 13C{1H} NMR (75.47 MHz), 11B and 11B{1H} NMR
(96.29 MHz), and 29Si{1H} (59.62 MHz) spectra were recorded at room
temperature on a Bruker ARX 300 instrument equipped with the appro-
priate decoupling accessories. All NMR measurements were performed
in [D6]acetone at 22 8C. Chemical shift data for 1H, 1H ACHTUNGTRENNUNG{11B}, 13C{1H}and
29Si{1H} NMR spectra are referenced to SiMe4; those for 11B{1H} and
11B NMR spectra are referenced to external BF3·OEt2. Chemical shifts
are reported in ppm, followed by a description of the multiplet (e.g. d=


doublet), its relative intensity and observed coupling constants (in Hz).


Unless otherwise noted, all manipulations were carried out in a nitrogen
atmosphere using standard vacuum line techniques. Solvents were puri-
fied by distillation from appropriate drying agents before use. 1,2-Di-
ACHTUNGTRENNUNGmethoxyethane (DME) was distilled from sodium/benzophenone prior to
use. The metallacarboranes CsACHTUNGTRENNUNG[3,3’-Co(1,2-C2B9H11)2] (Cs-1) and Cs ACHTUNGTRENNUNG[8,8’-
m-(1’’,2’’-C6H4)-3,3’-Co(1,2-C2B9H10)2], (Cs-2) were commercially obtained
from KATCHEM. n-Butyllitium (1.6m in hexane) was purchased from
Alfa Aesar; MeSiHCl2 and Me2SiHCl were obtained from Aldrich;
Me2SiCl2 and Me3SiCl were purchased from FluoroChem, and were used
as received. The [NMe4]Cl was purchased from Panreac, and CsCl and
[PMe(Ph)3]Br were received from Fluka.


Synthesis of [NMe4][1-SiMe2H-3,3’-Co(1,2-C2B9H10)(1’,2’-C2B9H11)]
([NMe4]-3): nBuLi (0.50 mL, 0.79 mmol) was added dropwise to a
Schlenk flask containing a stirred solution of Cs-1 (360 mg, 0.79 mmol) in
DME (12 mL) at �78 8C. The low-temperature bath was removed and
the purple suspension was stirred for 45 min. The suspension was then
cooled to �78 8C and Me2SiHCl (0.10 mL, 0.88 mmol) was added drop-
wise. The suspension was stirred at room temperature for 1 h to give an
orange solution and a white solid. The solid was filtered off and the solu-
tion evaporated to dryness. The residue was dissolved in MeOH (0.5 mL)
and an aqueous solution of [NMe4]Cl (50 mg, 7 mL) was added dropwise
to give an orange solid. The solid was washed with H2O (2\15 mL) and
hexane (2\15 mL). The resultant solid was purified from a solution of
CH2Cl2 to afford [NMe4]-3 (yield: 40 mg, 11%). Alternatively, the addi-


Figure 15. The meso isomers for anion 9�.
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tion of an aqueous solution of CsCl to the residue dissolved in MeOH
(0.5 mL) gave an orange solid. The solid was washed with H2O (2\
15 mL) and hexane (2\15 mL) and subsequently purified several times
using a mixture of Et2O/CH2Cl2 (1:1) to afford Cs-3 (yield: 16 mg, 4%).
1H ACHTUNGTRENNUNG{11B} NMR: d=4.31 (sept, 3J ACHTUNGTRENNUNG(H,H)=3.4, 1H; Si-H), 3.85 (br s, 1H;
Ccluster-H), 3.69 (br s, 2H; Ccluster-H), 3.45 (s, 12H; N-CH3), 0.29 ppm (d, 3J-
ACHTUNGTRENNUNG(H,H)=3.4, 6H; Si-CH3);


13C{1H} NMR: d =57.00 (N-CH3), 55.57 (Cc-
H), 51.65 (Cc-H), 49.26 (Cc-Si), �1.34 ppm (Si-CH3);


11B NMR: d=9.10
(d, 1J ACHTUNGTRENNUNG(H,B)=163, 1B; B8’), 7.29 (d, 1J ACHTUNGTRENNUNG(H,B)=146, 1B; B8), 3.56 (d, 1J-
ACHTUNGTRENNUNG(H,B)=121, 1B; B10’), 2.50 (d, 1J ACHTUNGTRENNUNG(H,B)=123, 1B; B10), �1.70 (d, 1J-
ACHTUNGTRENNUNG(H,B)=143, 1B; B12’), �4.65 (d, 4B; B4,4’,7’,9’), �5.00 (d, 3B;
B4,7,9,12), �14.25 (d, 1J ACHTUNGTRENNUNG(H,B)=159, 2B; B5’,11’), �16.79 (d, 1J ACHTUNGTRENNUNG(H,B)=


156, 2B; B5,11), �21.15 (d, 1J ACHTUNGTRENNUNG(H,B)=106, 1B; B6’), �22.26 ppm (d, 1J-
ACHTUNGTRENNUNG(H,B)=111, 1B; B6); 29Si{1H} NMR: d =�8.28 ppm; IR: ñ =3040 (Cc�
H), 2557 (B�H), 2160 (Si�H), 1481 (C�N), 1254 cm�1 (Si�CH3);
MALDI-TOF-MS: m/z calcd for [M�NMe4]


�: 382.3; found: 382.2; ele-
mental analysis calcd (%) for C10H40B18CoNSi: C 26.34, H 8.84, N 3.07;
found: C 26.55, H 8.85, N 3.12.


Synthesis of Cs[1,1’-m-SiMe2-3,3’-Co(1,2-C2B9H10)2] (Cs-4)


Method A : The procedure was similar to that used to prepare Cs-3, with
Cs-1 (105 mg, 0.23 mmol) in DME (10 mL) at �40 8C, nBuLi (0.15 mL,
0.24 mmol) and Me2SiHCl (35 mL, 0.31 mmol). After addition of
Me2SiHCl, the suspension was stirred at room temperature for 3 h. The
suspension was filtered and the solution evaporated to dryness giving a
brown-orange residue of [Li ACHTUNGTRENNUNG(dme)2]-4, according to the 1H NMR spec-
trum. At this point, different cations were used to isolate the 4� ion. [Li-
ACHTUNGTRENNUNG(dme)2]-4 (100 mg, 0.18 mmol) was dissolved in MeOH (0.3 mL) and an
aqueous solution of CsCl was added dropwise to give an orange solid.
The solid was washed with H2O (2\15 mL) and hexane (2\15 mL) to
obtain Cs-4 (yield: 73 mg, 62%). Alternatively, the addition of an aque-
ous solution of [NMe4]Cl to the orange residue of [Li ACHTUNGTRENNUNG(dme)2]-4 (100 mg,
0.18 mmol) dissolved in MeOH led toACHTUNGTRENNUNG[NMe4]-4 (yield: 47 mg, 45%).
Orange crystals suitable for an X-ray diffraction study were grown by
slow evaporation of a solution of [NMe4]-4 in acetoneat room tempera-
ture. Furthermore, [PMe(Ph)3]-4 (yield: 83 mg, 70%) was also isolated
from the addition of a methanolic solution of [PMe(Ph)3]Br to the
orange residue of [Li ACHTUNGTRENNUNG(dme)2]-4 dissolved in MeOH.


Method B : The procedure was similar to that used to prepare Cs-3, with
Cs-1 (360 mg, 0.79 mmol) in DME (12 mL) at �78 8C, nBuLi (1 mL,
1.60 mmol) and Me2SiCl2 (0.20 mL, 1.66 mmol). After addition of
Me2SiCl2, the suspension was stirred at room temperature for 3 h. Then,
the suspension was filtered and the solution evaporated to dryness giving
a brown-orange residue of [Li ACHTUNGTRENNUNG(dme)2]-4 (426 mg). [Li ACHTUNGTRENNUNG(dme)2]-4 (100 mg,
0.18 mmol) was dissolved in MeOH (0.6 mL) and the dropwise addition
of an aqueous solution of CsCl gave an orange solid. The solid was
washed with H2O (2\15 mL) and hexane (2\15 mL) to afford Cs-4
(yield: 69 mg, 71%). 1H NMR: d=4.50 (br s, 2H; Cc-H), 0.31 ppm (s, 6H,
Si-CH3);


13C{1H} NMR: d =55.59 (Cc-H), 41.68 (Cc-Si), �4.12 ppm (Si-
CH3);


11B NMR: d =8.07 (d, 1J ACHTUNGTRENNUNG(H,B)=142 Hz; 2B), 2.70 (d, 1J ACHTUNGTRENNUNG(H,B)=


141 Hz; 2B), �1.83 (d, 1J ACHTUNGTRENNUNG(H,B)=150 Hz; 4B), �3.78 (d, 1J ACHTUNGTRENNUNG(H,B)=


138 Hz; 2B), �4.70 (d, 1J ACHTUNGTRENNUNG(H,B)=128 Hz, 2B), �14.29 (d, 1J ACHTUNGTRENNUNG(H,B)=


160 Hz, 2B), �15.61 (d, 1J ACHTUNGTRENNUNG(H,B)=157 Hz, 2B), �22.11 ppm (d, 1J ACHTUNGTRENNUNG(H,B)=


165 Hz, 2B); 29Si{1H} NMR: d=13.98 ppm; IR: ñ=3070 (Cc�H), 2554
(B�H), 1256 cm�1 (Si�CH3); MALDI-TOF-MS: m/z calcd for [M�Cs]�:
380.33; found: 380.34; elemental analysis calcd (%) for C6H26B18CoCsSi:
C 14.05, H 5.11; found: C 13.75, H 4.84.


Synthesis of Cs[1,1’-m-SiMeH-3,3’-Co(1,2-C2B9H10)2] (Cs-5): The proce-
dure was similar to that used to prepare Cs-4, with Cs-1 (500 mg,
1.10 mmol) in DME (14 mL) at �78 8C, nBuLi (1.40 mL, 2.24 mmol) and
MeSiHCl2 (0.30 mL, 2.82 mmol). After addition of MeSiHCl2, the suspen-
sion was stirred at room temperature for 6 h. The suspension was filtered
and the solution evaporated to dryness. The residue was dissolved in
MeOH (0.30 mL) and a solution of CsCl in water was added dropwise to
give an orange solid. The solid was washed with H2O (2\15 mL) and
hexane (2\15 mL) to afford of Cs-5 (yield: 417 mg, 76%). 1H NMR: d=


5.06 (q, 3J ACHTUNGTRENNUNG(H,H)=3.4 Hz, 1H; Si-H), 4.59 (br s, 2H; Cc-H), 0.44 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=3.4 Hz, 3H,; Si-CH3);


13C{1H} NMR: d=55.86 (Cc-H), 53.89
(Cc-H), 36.67 (Cc-Si), �6.76 ppm (Si-CH3);


11B NMR: d =8.20 (d, 1J-


ACHTUNGTRENNUNG(H,B)=140 Hz, 2B), 2.80 (d, 1J ACHTUNGTRENNUNG(H,B)=141 Hz, 2B), �1.72 (d, 1J ACHTUNGTRENNUNG(H,B)=


143 Hz, 4B), �3.20 (d, 1J ACHTUNGTRENNUNG(H,B)=131 Hz, 1B), �4.63 (d, 1J ACHTUNGTRENNUNG(H,B)=


131 Hz, 3B), �13.95 (d, 1J ACHTUNGTRENNUNG(H,B)=162 Hz, 1B), �14.37 (d, 1J ACHTUNGTRENNUNG(H,B)=


162 Hz, 1B), �16.13 (d, 1J ACHTUNGTRENNUNG(H,B)=162 Hz, 1B), �16.74 (d, 1J ACHTUNGTRENNUNG(H,B)=


162 Hz, 1B), �20.23 (d, 1J ACHTUNGTRENNUNG(H,B)=108�, 1B), �22.24 ppm (d, 1J ACHTUNGTRENNUNG(H,B)=


105 Hz, 1B); 29Si{1H} NMR: d=2.94 ppm; IR: ñ=3063 (Cc�H), 2554 (B�
H), 2160 (Si�H), 1257 cm�1 (Si�CH3); MALDI-TOF-MS: m/z calcd for
[M�Cs]�: 366.33; found: 366.2; elemental analysis calcd (%) for
C5H24B18CoCsSi: C 12.04, H 4.85; found: C 12.62, H 4.95.


Synthesis of Cs[1-SiMe3-3,3’-Co(1,2-C2B9H10)(1’,2’-C2B9H11)] (Cs-6): The
procedure was similar to that used to prepare Cs-3, with Cs-1 (205 mg,
0.45 mmol) in DME (8 mL) at �78 8C, nBuLi (0.30 mL, 0.48 mmol) and
Me3SiCl (0.10 mL, 0.77 mmol). After addition of Me3SiCl, the suspension
was stirred at room temperature for 5 h to give a red solution and a
white solid. The solid was filtered off and the solution evaporated to dry-
ness. The residue was dissolved in MeOH (0.20 mL) and a solution of
[NMe4]Cl (50 mg) in water (7 mL) was added dropwise to give a red
solid. The solid was washed with H2O (2\10 mL) and hexane (2\
10 mL). The resultant solid was purified from CH2Cl2 to afford [NMe4]-6
(yield: 70 mg, 33%). Alternatively, the addition of an aqueous solution
of CsCl to the residue dissolved in MeOH (0.5 mL) gave an orange solid.
The solid was washed with H2O (2\15 mL) and hexane (2\15 mL) and
subsequently purified several times using a mixture of Et2O/CH2Cl2 (1:1)
to afford Cs-6 (yield: 36 mg, 15%). 1H ACHTUNGTRENNUNG{11B} NMR: d=4.02 (br s, 1H; Cc-
H), 3.83 (br s, 1H; Cc-H), 3.72 (br s, 1H; Cc-H), 0.28 ppm (s, 9H; Si-
CH3);


13C{1H} NMR: d =59.04 (Cc-H), 52.84 (Cc-H), 50.54 (Cc-H), 48.66
(Cc-Si), 3.08 ppm (Si-CH3);


11B NMR: d=8.20 (d, 1J ACHTUNGTRENNUNG(H,B)=181 Hz, 1B),
6.10 (d, 1J ACHTUNGTRENNUNG(H,B)=180 Hz, 1B), 3.53 (d, 1J ACHTUNGTRENNUNG(H,B)=155 Hz, 1B), 1.19 (d, 1J-
ACHTUNGTRENNUNG(H,B)=143 Hz, 1B), �1.95 (d, 1J ACHTUNGTRENNUNG(H,B)=142 Hz, 1B), �4.04 (1B), �5.60
(2B), �6.32 (2B), �7.32 (2B), �14.26 (d, 1J ACHTUNGTRENNUNG(H,B)=143 Hz, 1B), �15.15
(d, 1J ACHTUNGTRENNUNG(H,B)=154 Hz, 1B), �17.58 (d, 1J ACHTUNGTRENNUNG(H,B)=154 Hz, 1B), �18.40 (d,
1J ACHTUNGTRENNUNG(H,B)=144 Hz, 1B), �21.40 (d, 1J ACHTUNGTRENNUNG(H,B)=165 Hz, 1B), �23.06 ppm (d,
1J ACHTUNGTRENNUNG(H,B)=161 Hz, 1B); 29Si{1H} NMR: d =10.74 ppm; IR: ñ=3090 (Cc�
H), 3038 (Cc�H), 2562 (B�H), 1259 cm�1 (Si�CH3); MALDI-TOF-MS:
m/z calcd for [M�Cs]�: 396.37; found: [M-Cs]� 396.3; elemental analysis
calcd (%) for C7H30B18CoCsSi: C 15.89, H 5.72; found: C 15.47, H 5.69.


Synthesis of CsACHTUNGTRENNUNG[1,1’- ACHTUNGTRENNUNG(SiMe3)2-3,3’-Co(1,2-C2B9H10)2] (Cs-7): nBuLi
(0.60 mL, 0.96 mmol) was added dropwise to a Schlenk flask containing a
stirred solution of Cs-1 (214 mg, 0.47 mmol) in DME (10 mL) at �78 8C.
The low-temperature bath was removed and the suspension was stirred
at room temperature for 45 min. Then, Me3SiCl (0.20 mL, 1.55 mmol)
was added at �78 8C. After addition of Me3SiCl, the suspension was
stirred at room temperature for 3 h and filtered and the solution evapo-
rated to dryness. The residue was dissolved in MeOH (0.5 mL) and an
aqueous solution of CsCl (200 mg, 20 mL) was added dropwise to give a
red solid. The solid was washed with H2O (2\15 mL) and hexane (2\
15 mL) to afford Cs-7 (yield: 254 mg, 90%). Alternatively, [NMe4]-7 can
be isolated in 95% yield, by the addition of an aqueous solution of
[NMe4]Cl. Red crystals suitable for an X-ray diffraction study were
grown by slow evaporation of a solution of [NMe4]-7 in acetone at room
temperature. 1H NMR: d=4.19 (br s, 0.66H; Cc-H), 3.77 (br s, 1.33H; Cc-
H), 0.33 (s, 6H; Si-CH3), 0.30 ppm (s, 12H; Si-CH3);


13C{1H} NMR: d=


55.84 (Cc-H), 54.56 (Cc-H), 51.96 (Cc-H), 46.85 (Cc-Si), 3.20 ppm (Si-
CH3);


11B NMR: d=8.25 (d, 1J ACHTUNGTRENNUNG(H,B)=140 Hz, 2B), 3.71 (d, 1J ACHTUNGTRENNUNG(H,B)=


141 Hz, 2B), �2.45 (d, 1J ACHTUNGTRENNUNG(H,B)=126 Hz, 4B), �5.44 (d, 1J ACHTUNGTRENNUNG(H,B)=


119 Hz, 2B), �6.52 (d, 1J ACHTUNGTRENNUNG(H,B)=123 Hz, 2B), �11.59 (d, 1J ACHTUNGTRENNUNG(H,B)=


172 Hz, 1B), �13.42 (d, 1J ACHTUNGTRENNUNG(H,B)=158 Hz, 2B), �15.09 (d, 1J ACHTUNGTRENNUNG(H,B)=


156 Hz, 1B), �19.66 ppm (d, 1J ACHTUNGTRENNUNG(H,B)=177 Hz, 2B); 29Si{1H} NMR: d=


10.75 ppm; IR: ñ =3055 (Cc�H), 2561 (B�H), 1250 cm�1 (Si�CH3);
MALDI-TOF-MS: m/z calcd for [M�Cs]�: 468.42; found: 467.3; elemen-
tal analysis calcd (%) for C10H38B18CoCsSi2 (601): C 19.98, H 6.37; found:
C 20.49, H 6.48.


Synthesis of [NMe4] ACHTUNGTRENNUNG[8,8’-m-(1’’,2’’-C6H4)-1,1’-m-SiMe2-3,3’-Co(1,2-
C2B9H9)2] ([NMe4]-8): The procedure was similar to that used to prepare
Cs-4, with Cs-2 (95 mg, 0.18 mmol) in DME (5 mL)at �78 8C, nBuLi
(0.12 mL, 0.19 mmol) and Me2SiHCl (40 mL, 0.35 mmol). After addition
of Me2SiHCl, the suspension was stirred at room temperature for 3 h,
and subsequently filtered and evaporated to dryness. The residue was dis-
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solved in MeOH (0.1 mL) and an
aqueous solution of [NMe4]Cl (25 mg,
5 mL) was added dropwise to give a
red solid. The solid was washed with
H2O (2\10 mL) and hexane (2\
10 mL). The resultant solid was puri-
fied from a solution of CH2Cl2 to
afford [NMe4]-8 (yield: 92 mg, 77%).
1H NMR: d =6.78 (s, 4H; C6H4), 3.48
(br s, 2H; Cc-H), 3.35 (s, 12H, N-CH3),
0.39 (s, 3H, Si-CH3), 0.25 ppm (s, 3H,
Si-CH3);


13C{1H} NMR: d=128.98
(C6H4), 124.83 (C6H4), 55.11 (N-CH3),
49.67 (Cc-H), 36.73 (Cc-Si), �4.46 (Si-
CH3), �5.84 ppm (Si-CH3);


11B NMR:
d=25.93 (s, 2B), 2.41 (d, 1J ACHTUNGTRENNUNG(H,B)=


131 Hz, 3B), 1.69 (d, 1J ACHTUNGTRENNUNG(H,B)=75 Hz,
3B), �2.98 (d, 1J ACHTUNGTRENNUNG(H,B)=131 Hz, 4B),
�11.76 (d, 1J ACHTUNGTRENNUNG(H,B)=147 Hz, 4B),
�24.51 ppm (d, 1J ACHTUNGTRENNUNG(H,B)=161 Hz, 2B);
29Si{1H} NMR: d=11.74 ppm; IR: ñ=


3034 (Cc�H), 2975 (Caryl�H), 2954,
2923, 2561 (B�H), 1481 (C�N),
1254 cm�1 (Si�CH3); MALDI-TOF-MS: m/z calcd for [M�NMe4]


�:
454.3; found: 454.3; elemental analysis calcd (%) for C16H40B18CoNSi: C
30.97, H 6.35 N 2.01; found: C 29.76, H 6.48, N 1.99.


Synthesis of Cs ACHTUNGTRENNUNG[8,8’-m-(1’’,2’’-C6H4)-1,1’-m-SiMeH-3,3’-Co(1,2-C2B9H9)2]
(Cs-9): The procedure was similar to that used to prepare Cs-5, with Cs-2
(373 mg, 0.70 mmol) in DME (9 mL) at �78 8C, nBuLi (0.90 mL,
1.44 mmol) and CH3SiHCl2 (0.15 mL, 1.42 mmol). After addition of
CH3SiHCl2, the suspension was stirred at room temperature for 3 h and
subsequentely filtered and the solution evaporated to dryness. The resul-
tant residue was dissolved in MeOH, and an aqueous solution of
[NMe4]Cl was added to give [NMe4]-9 (yield 60%). Furthermore, Cs-9
can be isolated from the addition of an aqueous solution of CsCl in a
65% yield. 1H NMR: d =6.76 (s, 4H; C6H4), 5.25 (q, 3J ACHTUNGTRENNUNG(H,H)=3.4 Hz,
0.24H; Si-H), 4.97 (q, 3J ACHTUNGTRENNUNG(H,H)=3.4 Hz, 0.76H; Si-H), 3.61 (br s, 2H; Cc-
H), 0.48 (d, 3J ACHTUNGTRENNUNG(H,H)=3.4 Hz, 2.28H,; Si-CH3), 0.38 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=


3.4 Hz, 0.72H; Si-CH3);
13C{1H} NMR: d=128.96, 124.84 (C6H4), 50.84


(Cc-H), 48.56 (Cc-H), 32.30 (Cc-Si), 31.88 (Cc-Si),-6.32 (Si-CH3),
�6.87 ppm (Si-CH3);


11B NMR: d =27.47 (s, 2B), 2.56 (d, 1J ACHTUNGTRENNUNG(H,B)=


131 Hz; 6B), �2.73 (d, 1J ACHTUNGTRENNUNG(H,B)=122 Hz; 4B), �11.55 (d, 1J ACHTUNGTRENNUNG(H,B)=


132 Hz; 4B), �24.04 ppm (d, 1J ACHTUNGTRENNUNG(H,B)=144 Hz, 2B); 29Si{1H} NMR: d=


2.69 ppm; IR: ñ =3036 (Cc�H), 2970 (Caryl�H), 2577 (B�H), 2162 (Si�H),
1257 cm�1 (Si�CH3); MALDI-TOF-MS: m/z calcd for [M�Cs]�: 440.3;
found: 440.2; elemental analysis calcd (%) for C11H26B18CoSiCs (572.8):
C 23.06, H 4.57; found: C 22.96, H 5.00.


Synthesis of [NMe4]ACHTUNGTRENNUNG[8,8’-m-(1’’,2’’-C6H4)-1-SiMe3-3,3’-Co(1,2-C2B9H9)-
ACHTUNGTRENNUNG(1’,2’-C2B9H10)] ([NMe4]-10): The procedure was similar to that used to
prepare Cs-7, with Cs-2 (100 mg, 0.19 mmol) in DME (5 mL) at �78 8C,
nBuLi (0.25 mL, 0.40 mmol) and Me3SiCl (0.10 mL, 0.77 mmol). After
addition of Me3SiCl, the suspension was stirred at room temperature for
3 h. The suspension was filtered and the solution evaporated to dryness.
The residue was dissolved in MeOH (0.1 mL) and a solution of [NMe4]Cl
(25 mg, 5 mL) in water was added dropwise to give a red solid. The solid
was washed with H2O (2\10 mL) and hexane (2\10 mL) and recrystal-
lised from acetone to afford [NMe4]-10 (yield: 72 mg, 69%). 1H NMR:
d=6.78 (s, 4H; C6H4), 3.52 (br s, 2H; Cc-H), 3.45 (br s, 1H; Cc-H), 3.28
(s, 12H; N-CH3), 0.28 ppm (s, 9H; Si-CH3);


13C{1H} NMR: d=128.86,
128.56, 125.16 (C6H4), 55.12 (N-CH3), 50.12 (Cc-H), 49.84 (Cc-H), 42.11
(Cc-H), 41.06 (Cc-Si), 0.10 ppm (Si-CH3);


11B NMR: d =26.50 (s, 1B),
24.50 (s, 1B), 1.06 (2B), �1.46 (2B), �2.58 (2B), �4.64 (2B), �5.67
(2B), �10.80 (1B), �11.96 (1B), �13.67 (2B), �23.64 (d, 1J ACHTUNGTRENNUNG(H,B)=


155 Hz; 1B), �25.00 ppm (d, 1J ACHTUNGTRENNUNG(H,B)=155 Hz; 1B); 29Si{1H} NMR: d=


8.63 ppm; IR: ñ=3036 (Cc�H), 2954 (Caryl�H), 2584 (B�H), 1481 (C�N),
1253 cm�1 (Si�CH3); MALDI-TOF-MS: m/z calcd for [M�NMe4]


�:
470.39; found: 469.17; elemental analysis calcd (%) for
C17H44B18CoNSi·Me2CO: C 39.88, H 8.37, N 2.33; found: C 39.64, H 8.28,
N 2.32.


X-ray diffraction studies—structure determinations of [NMe4]-3, [NMe4]-
4 and [NMe4]-7: Single-crystal data collections for [NMe4]-3, [NMe4]-4
and [NMe4]-7 were performed at �100 8C on an Enraf Nonius Kap-
paCCD diffractometer with graphite monochromatised MoKa radiation
(l=0.71073 W). A total of 4538, 2499 and 2976 unique reflections were
collected for [NMe4]-3, [NMe4]-4 and [NMe4]-7, respectively. Crystallo-
graphic data are presented in Table 6. The structures were solved by
direct methods and refined on F2 by the SHELX-97 program.[22] For each
structure, the carbon and boron atoms could be reliably distinguished.


For [NMe4]-3, non-hydrogen atoms were refined with anisotropic thermal
displacement parameters and hydrogen atoms were treated as riding
atoms using the SHELX-97 default parameters. R values were fairly high
because of the high mosaicity of the crystals.


For [NMe4]-4, the cobaltabis(dicarbollide) anion had a crystallographic
mirror symmetry with the cobalt, silicon and methyl carbon atoms lying
at the symmetry element. The [NMe4]


+ ion was disordered in two orien-
tations with the partially occupied nitrogen atom and the two partially
occupied methyl carbon atoms of each orientation lying in the mirror
plane. The cation was refined as a rigid group, but as refinement of the
site occupation parameters did not converge well, the parameters were
fixed to 0.6 and 0.4. Non-hydrogen atoms of the anion were refined with
anisotropic thermal displacement parameters, but those of the disordered
cation were refined with isotropic displacement parameters. All hydrogen
atoms were treated as riding atoms using the SHELX-97 default parame-
ters.


For [NMe4]-7, the cobaltabis(dicarbollide) anion had a crystallographic
twofold symmetry with the cobalt atom lying at the symmetry element.
The [NMe4]


+ ion was disordered in two orientations with the partially oc-
cupied nitrogen atom lying at the vicinity of the twofold axis. The cation
was refined as a rigid group. All non-hydrogen atoms were refined with
anisotropic thermal displacement parameters and the hydrogen atoms
were treated as riding atoms using the SHELX-97 default parameters.


CCDC-659301 ([NMe4]-3), 652272 ([NMe4]-4) and 652273 ([NMe4]-7)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Calculation details : Geometries of the compounds were optimised with
the B3LYP hybrid functional[23] and the 6-311G ACHTUNGTRENNUNG(d,p) basis for all ele-
ments. Unless otherwise noted, energies are reported at this level. Natu-
ral population analysis was performed at the same level. Transition states
were found at the B3LYP/6-31G level, characterised by a single imagina-
ry frequency, and visualisation of the corresponding vibrational modes
ensured that the desired minima are connected. Magnetic shieldings were
computed for optimised geometries by employing gauge-including atomic
orbitals (GIAOs)[21] with the B3LYP hybrid functional together with the


Table 6. Crystallographic data for [NMe4]-3, [NMe4]-4 and [NMe4]-7 at �100 8C.
ACHTUNGTRENNUNG[NMe4]-3 ACHTUNGTRENNUNG[NMe4]-4 ACHTUNGTRENNUNG[NMe4]-7


empirical formula C10H40B18CoNSi C10H38B18CoNSi C14H50B18CoNSi2
Mr 456.03 0454.01 542.24
crystal system monoclinic monoclinic monoclinic
crystal shape/colour plate/yellow plate/red plate/red
space group P21/c (no. 14) P21/m (no. 11) C2/c (no. 15)
a [W] 7.1294(5) 7.3092(3) 15.9542(6)
b [W] 30.456(2) 13.7910(11) 14.6275(6)
c [W] 11.5788(7) 13.6504(8) 13.1513(4)
b [8] 91.206(4) 104.204(3) 98.714(2)
V [W3] 2513.6(3) 1237.19(14) 3033.69(19)
Z 4 2 4
1 [g cm�3] 1.205 1.219 1.187
m [cm�1] 7.32 7.43 6.54
goodness-of-fit[a] 1.084 1.042 1.029
R[b] [I>2s(I)] 0.0949 0.0733 0.0524
Rw


[c] [I>2s(I)] 0.1646 0.1591 0.1042


[a] S= [�(w(F2
o�F2


c)]/(n�p)1/2. [b] R=� j jFo j� jFc j j /� jFo j . [c] Rw= [�w(jF2
o j� jF2


c j )2/�w j F2
o j 2]1/2.
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basis 6-31++G(d). The 11B chemical shifts were calculated relative to
B2H6 and converted to the usual BF3·OEt2. These combinations of func-
tional and basis set gave good results, for more exhaustive calculations
on cobaltacarboranes see B^hl et al.[19] All computations were performed
with the Gaussian 03 program.[24]
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Cowpea Mosaic Virus Capsid: A Promising Carrier for the Development of
Carbohydrate Based Antitumor Vaccines


Adeline Miermont,[a] Hannah Barnhill,[b] Erica Strable,[c] Xiaowei Lu,[a]


Katherine A. Wall,[d] Qian Wang,[b] M. G. Finn,*[c] and Xuefei Huang*[a]


Introduction


Tumor associated carbohydrate antigens (TACAs) are often
strongly linked with tumor progression and malignancy.[1,2]


Cancer immunotherapy targeting TACAs is an attractive ap-
proach for elimination of circulating tumor cells and eradi-
cation of micrometastases which remain after surgery or ra-
diotherapy. However, this has been a highly challenging task
as TACAs are often weak T cell-independent antigens. To
generate long lasting effective immune surveillance and pro-
tection, T cells must be activated to induce antibody isotype
switching and immune memory.[3–14]


In order to render a T cell-dependent immune response,
TACAs can be conjugated with helper T (Th) cell epitopes
such as serum albumin from different sources, keyhole
limpet hemocyanin (KLH), or tetanus toxoid (TT).[3–14] In
this manner, the Th epitope can be presented by the B cell
specific to the TACA, which is required for a Th cell stimu-
lated humoral response.[15,16] Recently, several other novel
innovative approaches have been developed towards carbo-
hydrate based cancer vaccines. Boons and co-workers re-


Abstract: Immunotherapy targeting
tumor cell surface carbohydrates is a
promising approach for cancer treat-
ment. However, the low immunogenec-
ity of carbohydrates presents a formi-
dable challenge. We describe here the
enhancement of carbohydrate immuno-
genicity by an ordered display on the
surface of the cowpea mosaic virus
(CPMV) capsid. The Tn glycan, which
is overexpressed on numerous cancer
cell surfaces, was selected as the model
antigen for our study. Previously it has
been shown that it is difficult to induce
a strong T cell-dependent immune re-
sponse against the monomeric form of
Tn presented in several ways on differ-


ent carriers. In this study, we first syn-
thesized Tn antigens derivatized with
either a maleimide or a bromoaceta-
mide moiety that was conjugated selec-
tively to a cysteine mutant of CPMV.
The glycoconjugate was then injected
into mice and pre- and post-immune
antibody levels in the mice sera were
measured by enzyme-linked immuno-
sorbant assays. High total antibody
titers and, more importantly, high IgG
titers specific for Tn were obtained in


the post-immune day 35 serum, sug-
gesting the induction of T cell-depen-
dent antibody isotype switching by the
glycoconjugate. The antibodies gener-
ated were able to recognize Tn anti-
gens presented in their native confor-
mations on the surfaces of both MCF-7
breast cancer cells and the multidrug
resistant breast cancer cell line NCI-
ADR RES. These results suggest that
the CPMV capsid can greatly enhance
the immunogenicity of weak antigens
such as Tn and this can provide a
promising tool for the development of
carbohydrate based anti-cancer vac-
cines.
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ported that a three-component covalent construct including
TACA, Th epitope and an adjuvant can significantly im-
prove the magnitude and quality of antibodies generated
against TACAs.[17,18] Danishefsky and co-workers synthe-
sized a unimolecular hexavalent construct linking six differ-
ent TACAs into one glycopeptide, which were then coupled
to KLH.[19,20] This was evaluated as a promising means to
target microheterogeneity of TACAs expressed on tumor
cell surfaces to prevent escape of tumor cells from immuno-
surveillance. The Guo group has taken advantage of the
higher metabolic rate of tumor cells to selectively modify
the TACAs on tumor cell surfaces.[21,22] Antibodies generat-
ed against modified TACAs were found to be effective in
killing glyco-engineered melanoma cells. Besides the native
O-glycosides, several groups have reported that the usage of
S-linked and C-linked glycosides confer higher stabilities to
TACAs, which can subsequently result in higher immune re-
sponses.[23–26] Another active area of research is to examine
novel carriers for TACA, which include dendrimers,[27–29]


monoclonal antibodies,[30] influenza virosome,[31] gold nano-
particles[32] as well as direct conjugation with an adjuvant.[33]


It is known that highly patterned displays of antigens can
lead to earlier B cell amplification for potent IgM responses
as well as efficient switching to IgG.[34–37] Antigen organiza-
tion has a great influence on B cell tolerance, with B cells
unresponsive to poorly organized antigens while responding
promptly to the same antigen presented in a highly organ-
ized manner.[38] With traditional protein carriers such as
KLH and TT, it is impossible to precisely control the display
patterns of antigens on the surface. Recently, viral capsids
have emerged as a promising platform for antigen presenta-
tion.[34,39–44] Viral capsids are composed of structural proteins
that self-assemble in a highly ordered manner. Peptide epi-
topes presented on the surface of viral capsids can stimulate
an adaptive immune response by effective activation of anti-
gen presenting cells as well as stimulation of B-cell mediated
response by direct cross-linking of B cell receptors.[34,45] We
became interested in examining whether patterned display
of TACAs can also enhance their immune response. Thus
we selected the cowpea mosaic virus (CPMV) capsid, which
is highly immunogenic yet non-infectious to humans.[43,44,46]


CPMV capsid is readily available, and can be isolated in
gram quantity from cowpea plants.[47] The X-ray structure of
CPMV capsid is known to near atomic resolution with sixty
copies of protein subunits arranged in a 30 nm icosahe-
dron.[48] Extensive studies have been carried out by Finn,
Johnson, and co-workers demonstrating that CPMV capsids
can be chemically modified, which allows the attachment of
sixty copies of a compound in an icosahedral symmetry to
the external surface of the CPMV capsid.[49–53] In addition,
the CPMV capsid has been used as a carrier of small pep-
tides through genetic engineering, which was shown to acti-
vate Th cells.[46, 54–57] We earlier showed that glycan display
on CPMV was effective in chickens to give highly specific
anti-carbohydrate IgY antibodies in large quantities.[58] Here
we report the results of an initial investigation in mice for


IgG generation and applications of CPMV capsids for po-
tential cancer vaccine development.


The Tn antigen (GalNAc-a-O-Ser/Thr) was chosen as the
model antigen to be conjugated to CPMV capsid. Tn anti-
gen is a TACA overexpressed on the surface of a variety of
cancer cell surfaces including breast, colon and prostate
cancer, rendering it an excellent immunotherapy target.[59, 60]


Danishefsky and co-workers have reported that the conjuga-
tion of multiple copies of monomeric Tn to KLH did not
elicit a Tn-specific antibody response.[61] Instead, Tn trimer
clusters on KLH were needed to achieve immunological rec-
ognition, primarily giving rise to IgM.[62] Similar phenomena
were also observed by Lo-Man and co-workers, who report-
ed very low antibody titers when Tn monomer was used as
the antigen while Tn trimer was much more effective in
active specific immunotherapy.[27,63] We wished to determine
if the low immunogenicity of Tn monomer could be over-
come by the highly patterned display of Tn on the CPMV
capsid, presenting a new avenue to boost immune responses
to weak immunogens such as carbohydrates.


Results and Discussion


Synthesis of Tn antigens for bioconjugation : In order to
conjugate the Tn antigen to CPMV capsids and for ELISA
assays, we designed three Tn analogues, compound 1 with a
maleimide linker, compound 2 containing bromoacetamide
and 3 terminated with biotin at the N-terminus. The carbox-


yl ends of all Tn derivatives were capped by ethanolamine.
The Tn derivatives 1–3 were synthesized from the common
intermediate amine 4 (Scheme 1).


The preparation of amine 4 started from the reaction of
thioglycosyl donor 5 with the serine acceptor 7. The amino
group in 7 was protected by Fmoc as it is known that a car-
bamate protective group enhances the nucleophilicity of the
serine hydroxyl group. The main challenge in reaction of 5
with 7 is the formation of the a anomer. Boons and co-
workers reported the exclusive formation of an a linkage
between the thioglycoside donor 6 and a threonine accept-
or[64] using the Ph2SO and triflic anhydride promoter
system.[65] However, this reaction condition caused extensive
decomposition in our case. We found instead that N-iodo-
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succinimide and silver triflate[66] in diethyl ether, a solvent
well known to favor the formation of the axial anomer,[67]


provided an a/b ratio of 3:1. Changing the solvent to a mix-
ture of toluene and 1,4-dioxane (1:3)[68] led to enhancement
of the ratio to 6:1 with 50–65% yield of the desired anomer
8.


The conversion of the azido group to acetamide can be
performed under a variety of conditions including catalytic
hydrogenolysis, thioacetic acid reduction or Zn/acetic acid
reduction followed by acetylation. Previously we encoun-
tered difficulties in simultaneously reducing azide and
benzyl groups by catalytic hydrogenolysis.[67,69] Thus, we
tested the direct conversion of azide to acetamide via treat-
ment of thioacetic acid,[62] resulting in amide 9 in 85% yield.
However, the cleavage of the benzyl ester from 9 by catalyt-
ic hydrogenolysis turned out to be very inconsistent, pre-
sumably due to the poisoning of the Pd catalyst by trace
amounts of sulfur-containing impurities in 9, despite repeat-
ed purifications. Ultimately, the one pot reduction and ace-
tylation of the azide 8 by zinc dust in acetic anhydride and
acetic acid was found to give 90–95% of amide 9, which was
hydrogenated smoothly with Pd/C under atmospheric pres-
sure of hydrogen within 30 min to yield carboxylic acid 10.
The carboxylic acid was capped first with n-butylamine, but
the corresponding amide was very poorly soluble in a varie-
ty of solvents. Replacing n-butylamine with ethanolamine


greatly enhanced the product solubility. The coupling of 10
with ethanolamine proceeded smoothly when carboxylic
acid 10 was first activated with benzotriazole-1-yl-oxy-tris-
(dimethylamino)-phosphonium hexafluorophosphate (BOP)
prior to the addition of the nucleophile, giving amide 11 in
60–80% yields in a couple of hours. When BOP was added
to a mixture of 10 and ethanolamine, the reaction was very
slow, with prolonged incubation leading to Fmoc removal
under the basic reaction condition.


Compound 11 was deprotected first with catalytic sodium
methoxide at pH 9,[70] but slow addition of the base was nec-
essary to carefully control the pH of the reaction mixture in
order to prevent base-promoted elimination of the O-glyco-
side. Instead, we found it more convenient to treat 11 with
ammonia in methanol, which cleanly removed all the ace-
tates as well as the Fmoc group in 90–95% yield. The highly
polar amino alcohol 4 was purified by a short silica gel
column. It is imperative to remove all impurities in 4 in
order to facilitate purification of the final products.


Coupling of maleimide containing N-hydroxysuccinimide
ester 12 with 4 was first carried out in N-methylpyrrolidi-
none (NMP) at room temperature. Besides the desired
product 1, a significant amount of N-hydroxysuccinimide–
maleimide adduct (compound 13) was obtained, which was


very difficult to separate from 1. Extended silica gel chro-
matography led to decomposition of 1 due to the instability
of the maleimide moiety. However, performing the reaction
at �20 8C greatly suppressed the formation of 13 in the reac-
tion mixture, from which pure 1 was obtained in 50% yield
by selective precipitation upon completion of the reaction
and addition of diethyl ether to the mixture.[71,72]


Scheme 1. a) 2.8 equiv NIS, 0.2 equiv AgOTf, toluene/dioxane 1:3, MS-
AW300; b) Zn dust, AcOH, Ac2O, THF, 0 8C; c) H2, Pd/C, MeOH; d)
BOP, DIPEA, THF, then ethanolamine; e) NH3, MeOH.
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Amidation of 4 by bromoacet-
amido containing N-hydroxy-
succinimide ester 14a[73] gener-
ated desired product 2 mixed
with N-hydroxysuccinimide sub-
stitution product 15 even at
�20 8C. Silica gel chromatogra-
phy, reversed-phase HPLC, and
size exclusion chromatography
all failed to give good separa-
tion of the desired product. Di-
cyclohexylcarbodiimide (DCC)
or BOP promoted coupling of acid 14b[73] with 4 again pro-
duced large amounts of a-carbon substitution products by
the nucleophilic dicyclohexylurea or hydroxylbenzotriazole
side products generated in the reaction. To reduce the nucle-
ophilicity of the side product, we examined pentafluorophe-
nol activated ester 14c. Coupling of amine 4 with 14c in
NMP at 0 8C produced pure 2 in 59% yield without any
pentafluorophenol substitution side product following dieth-
yl ether precipitation. The biotinated Tn analog 3 was pre-
pared in 72% yield by amidation of amine 4 with biotinated
amino caproic acid N-hydroxysuccinimide ester 16.


Bioconjugation : Previously it has been reported that native
CPMV has no exposed cysteine on the exterior surface.
Therefore, the wild type CPMV is fairly inert to thiol-reac-
tive reagents.[52,53,74] A number of mutants of CPMV bearing
reactive cysteines on the exterior surface have been pro-
duced by cassette mutagenesis or site-specific mutagenesis,
and a wide range of compounds, including biotin, fluores-
cent dyes, nanogold, and carbohydrates, can be attached to
the thiol groups of such mutant CPMV particles.[52,53, 74] In
this study, the T2102C/T228C chimera (residues 102 and 28
of the large subunits were replaced by cysteines, termed as
S-CPMV), was employed as a stable and thiol-reactive parti-
cle (Figure S1-S3).[75,76] Because two cysteine moieties are
located close to each other in space (approximately 21 N
apart), it is difficult to load more than 60 molecules on the
surface of the capsid (Figure S4, Supporting Information).[75]


Both Tn derivatives 1 and 2 were immobilized on S-CPMV
through the reported procedures (Scheme 2). Briefly, puri-
fied S-CPMV was incubated with an excess of 1 or 2 over-
night at 4 8C in potassium phosphate buffer (PBS, pH 7.0)
with the addition of DMSO (20%) to aid in the solubility of
the Tn antigens. The unconjugated Tn antigens were re-
moved by ultracentrifugation over a sucrose gradient and
the products were analyzed by transmission electron micro-
scopy (TEM) and fast protein liquid chromatography
(FPLC) verifying the presence of intact CPMV capsids
(Figure 1). Reactions performed under the same conditions
with analogous fluorescein reagents confirmed the assump-
tion that 60�10 attachments are made to the CPMV capsid
in each case (Supporting Information).


The presence of the Tn antigen on the surface of S-
CPMV was confirmed by protein-binding studies with soy-
bean agglutinin (SBA), a tetrameric plant lectin specific for


GalNAc. An increase in absorbance monitored by UV/Vis
spectroscopy at 600 nm was observed when SBA was mixed
with Tn-S-CPMV, indicating the formation of aggregates
due to crosslinking of several Tn-S-CPMV units by SBA
leading to an increase in light scattering. In contrast, a slight
decrease in absorbance resulted from mixing S-CPMV with
SBA due to the dilution effect (Figure 2). The UV-visible
spectroscopy results were confirmed by TEM, with aggre-
gates clearly observed when SBA was mixed with Tn-1-S-


Scheme 2. Synthesis of Tn-S-CPMV conjugates.


Figure 1. Size-exclusion FPLC of S-CPMV and purified Tn-1-S-CPMV
showing intact capsids eluting at 10 mL and a small amount of disassem-
bled protein eluting at 19 mL. TEM of Tn-1-S-CPMV verifying the pres-
ence of intact capsids (inset, scale bar=100 nm).


Figure 2. Binding of SBA (50 mm) and CPMV conjugates (0.2 mgmL�1).
Tn-1-S-CPMV (&), S-CPMV (^).
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CPMV, while underivatized S-CPMV remained monomeric
with SBA (Figure 3) highlighting the specificity of this inter-
action.


Immunological studies : With the Tn-S-CPMV conjugates in
hand, immunological studies were carried out on a group of
five C57BL/6 female mice. Tn-1-S-CPMV (0.5 mg corre-
sponding to approximately 40 mg of Tn) as an emulsion in
complete FreundOs adjuvant was injected subcutaneously
into each mouse (day 0). Booster immunizations were per-
formed subcutaneously on days 14 and 28 with the same
amount of Tn-1-S-CPMV in incomplete FreundOs adjuvant
emulsion. As a control, another group of five C57BL/6 mice
received identical vaccine formulations except that S-CPMV
(0.5 mg) was used to replace Tn-1-S-CPMV. Blood was col-
lected from both groups of mice on days 0, 7 and 35 and
serum was isolated, in which the Tn specific antibody levels
were analyzed by enzyme linked immunosorbent assay
(ELISA). To exclude the immune response against the mal-
eimide linker,[77] the biotinated Tn 3 devoid of maleimide
was immobilized on a microtiter plate coated with Neutravi-
din. The sera was added to the microtiter plate at increasing
dilutions and the IgG, IgM as well as total antibody titers
were determined photometrically using secondary anti-
mouse IgG+ IgM, IgG, and IgM antibodies conjugated to
horseradish peroxidase.


While day 0 and day 7 sera did not show significant anti-
body titers, the sera collected on day 35 from mice immu-
nized with Tn-1-S-CPMV showed a total titer (IgG+ IgM)
of 15,000, an IgG titer of 10,500, and IgM titer of 5000
(Figure 4). Importantly, high IgG titers were obtained indi-
cating that a T cell mediated immune response was pro-
duced (Figure 4b). Mice immunized with S-CPMV only min-
imum anti-Tn antibody titer on day 35 (Figure 4a) as expect-
ed. To further ascertain that the linker does not contribute
to the immune response much, the total IgG+ IgM titer of
day 35 serum was measured by ELISA in the presence of
0.1m free GalNAc. The total antibody titer detected under
these conditions dropped by more than two orders of magni-
tude, indicating that a significant amount of the polyclonal


antibodies generated indeed recognized the GalNAc moiety,
which is present in all Tn antigens (Figure 4a).


Finally, the immune response against the natural target,
Tn positive tumor cells, was tested. It is known that Tn anti-


gen is overexpressed on MCF-7 breast cancer cell surfa-
ces.[61] Preimmune and postimmune (day 35) sera were ana-
lyzed for binding to MCF-7 cells by Fluorescent Assisted
Cell Sorting (FACS) using a fluorescein labeled anti-IgG
secondary antibody (Figure 5a). A statistically significant in-
crease in binding to MCF-7 cells by IgG was found, which
was similar to those obtained from a trivalent vaccine con-
struct.[19] This suggests the IgG antibodies generated in our
study were able to recognize Tn in its native configurations
on the tumor cell surface. Multidrug resistant cancer cells
present a major obstacle to cancer therapy. We next evaluat-
ed the binding of our antibodies with a multidrug resistant
breast cancer cell line NCI-ADR RES. Excitingly, the day
35 postimmune serum generated in our studies showed good
affinity with NCI-ADR RES cells, suggesting that carbohy-
drate based tumor associated vaccines can be a potentially
novel therapeutic towards multidrug resistant cancer (Fig-
ure 5b). The binding of antibodies with cancer cells was
greatly reduced in the presence of free GalNAc (Figure S5,
Supporting Information). The observed differential FACS
responses of MCF-7 and NCI-ADR RES cells could be due
to different patterns of Tn displayed on these cell surfaces.


The monomeric form of Tn represents one of the weakest
forms of immunogen. Yet, through conjugation with CPMV


Figure 3. TEM images of SBA incubated with S-CPMV (left) and Tn-1-
S-CPMV (right). Conditions identical to UV-visible light scattering assay.
Scale bars=100 nm.


Figure 4. a) ELISA titers of anti-Tn IgG+ IgM antibody in mouse sera
prior to immunization (day 0), after immunization with Tn-1-S-CPMV
(day 35) in the absence and presence of 0.1m GalNAc. b) ELISA titers
of anti-Tn IgM and IgG antibody in mouse sera after immunization with
Tn-1-S-CPMV (day 35). Day 35 serum from mice immunized with the
carrier S-CPMV was used as the control. Antibody titers were defined as
the maximum folds of dilution resulting in 0.1 OD unit higher than the
average absorbance after greater than one hundred thousand folds of di-
lution.
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capsid, a strong humoral immune response with the desired
antibody subtype was obtained, indicating that patterned
display of Tn can enhance the immunogenicity of this weak
antigen. It is possible that the covalent linkage between Tn
and CPMV renders Tn epitopes on CPMV to be processed
and presented by the Tn-specific B cell, thus allowing B cell
stimulation by matched helper T cells. It may also be the
case that the spacing between neighboring Tn molecules on
the capsid surface (3.2–5 nm, depending on the sites of at-
tachment) can crosslink B cell receptors[78] leading to potent
activation of B cells.


CPMV capsids have been successfully adapted to express
foreign peptide epitopes on the surface and the resulting
chimera induced peptide specific antibodies, which have
been shown to provide protection against infections.[46,54–57]


However, the display of each peptide epitope requires clon-
ing and expression of chimera capsids individually. Our ap-
proach of post-expression modification gives us greater flex-
ibility in varying antigen structures.


Conclusion


We have demonstrated that by covalently conjugating a
weak carbohydrate antigen Tn to CPMV, strong humoral
immune responses were induced, which produced high titers
of IgG antibodies capable of recognizing Tn on breast
cancer cell surfaces. Although our current proof of principle
studies are focused on the Tn antigen, this technology can
be easily adapted towards the study of other carbohydrate
based anti-cancer vaccine constructs, thus presenting a gen-
eral approach towards carbohydrate based vaccine develop-
ment. Structurally well-characterized platforms such as
CPMV offer different reactive groups, such as the exterior
lysine side chains[50,53,58,79] in addition to the inserted cys-
teines used here, giving us orthogonal ways to introduce
multiple antigens onto the carrier surface. Work is in prog-
ress to construct these novel conjugates as well as to evalu-
ate in vivo the protective effects of these constructs on
tumor models.


Experimental Section


General procedures : All chemical re-
actions were carried out under nitro-
gen with anhydrous solvents in flame-
dried glassware, unless otherwise
noted. All glycosylation reactions were
performed in the presence of molecu-
lar sieves, which were flame-dried
right before the reaction under high
vacuum. Glycosylation solvents were
dried using an MBraun solvent purifi-
cation system and used directly with-
out further drying. Chemicals used
were reagent grade as supplied except
where noted. Analytical thin-layer
chromatography was performed using
silica gel 60 F254 glass plates (EM Sci-
ence); compound spots were visual-
ized by UV light (254 nm) and by


staining with a yellow solution containing CeACHTUNGTRENNUNG(NH4)2 ACHTUNGTRENNUNG(NO3)6 (0.5 g) and
(NH4)6Mo7O24·4H2O (24.0 g) in 6% H2SO4 (500 mL). Flash column chro-
matography was performed on silica gel 60 (230–400 Mesh, EM Science).
1H NMR, 13C NMR, 1H–1H gCOSY, 1H–13C gHMQC and 1H–13C
gHMBC spectra were recorded on a Varian VXRS-400 or Inova-600 in-
strument and were referenced using Me4Si (0 ppm), residual CHCl3 (d=
1H NMR 7.26 ppm, 13C NMR 77.0 ppm). Optical rotations were measured
at 25 C. ESI mass spectra were recorded on ESQUIRE LC-MS operated
in positive ion mode. High-resolution mass spectra were recorded on a
Micromass electrospray Tof II (Micromass, Wythenshawe, UK) mass
spectrometer equipped with an orthogonal electrospray source (Z-spray)
operated in positive ion mode, which is located at the Mass Spectrometry
and Proteomics Facility, the Ohio State University.


N-(9-Fluorenylmethyloxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-azido-2-deoxy-
a-d-galactopyranosyl)-l-serine benzylester (8): Donor 5 (1 g, 2.29 mmol)
and acceptor 7 (1.05 g, 2.51 mmol, 1.1 equiv) were first coevaporated
with anhydrous toluene and pumped under vacuum for one hour. The
mixture was then dissolved in toluene/1,4-dioxane 1:3 (40 mL) and stirred
at 0 8C in the presence of activated MS AW-300 (5 g) for 45 min. Silver
triflate (295 mg, 1.15 mmol, 0.5 equiv) was added followed by the addi-
tion of N-iodosuccinimide (1.03 g, 4.58 mmol, 2 equiv). The reaction mix-
ture was allowed to warm up to room temperature and was stirred for up
to 32 h when complete consumption of donor 5 was confirmed by TLC
analysis. The reaction was then quenched by filtration through Celite. Di-
chloromethane was added to the reaction mixture and extracted with a
saturated solution of sodium bicarbonate. The organic layer was dried
over anhydrous sodium sulfate, concentrated to dryness and the residue
was purified by flash chromatography (hexanes/EtOAc 3:1!2:1). The
desired a isomer was obtained in its pure form as an oil with a 50–65%
yield and a 6:1 a/b selectivity. Comparison with literature data[62] con-
firms its identity. 1H NMR (400 MHz, CDCl3): a anomer d=7.79–7.73
(m, 2H), 7.65–7.59 (m, 2H), 7.41–7.30 (m, 9H), 5.96 (d, 1H, 3J=8.0 Hz),
5.39 (d, 1H, 3J=2.4 Hz), 5.27–5.23 (m, 3H), 4.86 (d, 1H, 3J=3.6 Hz),
4.62–4.59 (m, 1H), 4.41 (d, 1H, 3J=7.2 Hz), 4.24 (t, 1H, 3J=7.2 Hz),
4.17–3.99 (m, 9H), 3.58 (dd, 1H, 3J=3.6, 11.2 Hz), 2.14 (s, 3H), 2.07 (s,
3H), 1.96 ppm (s, 3H).


N-(9-Fluorenylmethyloxycarbonyl)-O-(2-acetamido-3,4,6-tri-O-acetyl-2-
deoxy-a-d-galactopyranosyl)-l-serine benzylester (9): A mixture of com-
pound 8 (1 g, 1.37 mmol), zinc dust (2.6 g, 27.4 mmol, 20 equiv), acetic
acid (0.8 mL, 13.7 mmol, 10 equiv) and acetic anhydride (1.3 mL,
13.7 mmol, 10 equiv) in THF (30 mL) was stirred overnight at room tem-
perature. Complete reaction of compound 8 was confirmed by TLC anal-
ysis. The reaction was then quenched by filtration through Celite fol-
lowed by extraction with ethyl acetate and a saturated solution of sodium
bicarbonate. The organic layer was dried over anhydrous sodium sulfate,
concentrated to dryness and the residue was purified by flash chromatog-
raphy (hexanes/EtOAc 2:1). The desired product was obtained in its pure
form as an oil (0.99 g, 90–95%). Comparison with literature data[62] con-


Figure 5. FACS analysis of cell surface reactivity to a) MCF-7 cell and b) NCI-ADR RES cell by IgG antibod-
ies in day 35 mice sera generated against Tn-1-S-CPMV. The control samples are the mice serum from day 0
just prior to immunization. Day 35 serum from mice immunized with S-CPMV showed identical cell surface
reactivity to that of the day 0 serum on both cells.
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firms its identity. 1H NMR (600 MHz, CDCl3): d =7.79–7.73 (m, 2H),
7.64–7.57 (m, 2H), 7.41–7.30 (m, 9H), 5.86 (d, 1H, 3J=7.8 Hz), 5.59 (d,
1H, 3J=9.6 Hz), 5.29 (d, 1H, 3J=3.0 Hz), 5.22–5.15 (m, 2H), 5.02 (dd,
1H, 3J=2.4, 10.8 Hz), 4.75 (d, 1H, 3J=3.0 Hz), 4.59–4.57 (m, 1H), 4.54–
4.50 (m, 1H), 4.42 (d, 1H, 3J=7.2 Hz), 4.22 (t, 1H, 3J=7.2 Hz), 4.06–3.93
(m, 5H), 2.15 (s, 3H), 1.99 (s, 3H), 1.96 (s, 3H), 1.89 ppm (s, 3H).


N-(9-Fluorenylmethyloxycarbonyl)-O-(2-acetamido-3,4,6-tri-O-acetyl-2-
deoxy-a-d-galactopyranosyl)-l-serine (10): A mixture of compound 9
(1 g, 1.3 mmol) and palladium on activated carbon (1 g) in methanol was
stirred under a hydrogen atmosphere for 30 min. Completion of the reac-
tion was confirmed by TLC analysis (CH2Cl2/methanol 95:5). The reac-
tion mixture was then filtered through Celite and concentrated under
vacuum. Compound 10 was obtained in its pure form with 90–95% yield
and was used without further purification. 1H NMR (600 MHz, CDCl3):
d=7.79–7.72 (m, 2H), 7.54–7.49 (m, 2H), 7.37–7.30 (m, 4H), 5.40 (br s,
1H), 5.23 (d, 1H, 3J=11.4 Hz), 4.93 (d, 1H, 3J=3.0 Hz), 4.56 (dd, 1H,
3J=3.0, 11.4 Hz), 4.28 (t, 1H, 3J=6.0 Hz), 4.18–4.09 (m, 3H), 3.95–3.87
(m, 2H), 3.75 (t, 1H, 3J=9.0 Hz), 2.18 (s, 3H), 2.07 (s, 3H), 2.01 (s, 3H),
1.99 ppm (s, 3H).


N-(9-Fluorenylmethyloxycarbonyl)-O-(2-acetamido-3,4,6-tri-O-acetyl-2-
deoxy-a-d-galactopyranosyl)-l-serine ethanolamide (11): Compound 10
(0.75 g, 1.1 mmol), BOP (973 mg, 2.2 mmol, 2 equiv) and diisopropyl-
ethylamine (0.38 mL, 2.2 mmol, 2 equiv) were dissolved in THF/CH2Cl2
1:1 (50 mL). The mixture was stirred at room temperature for 1 h and
then ethanolamine (0.33 mL, 5.5 mmol, 5 equiv) was added. The reaction
mixture was stirred at room temperature for two hours or until comple-
tion of the reaction was confirmed by TLC analysis (CH2Cl2/methanol
90:10). The reaction mixture was diluted with CH2Cl2 and extracted with
a saturated solution of ammonium chloride. The organic layer was dried
over anhydrous sodium sulfate, concentrated to dryness and the residue
was purified via flash column chromatography (CH2Cl2/methanol 90:10).
The desired product was obtained in its pure form as a white solid with
60–80% yield. 1H NMR (600 MHz, CDCl3): d=7.79–7.78 (m, 2H), 7.67–
7.65 (m, 2H), 7.42–7.40 (m, 2H), 7.35–7.32 (m, 2H), 6.37 (d, 1H, 3J=


3.0 Hz), 5.93 (d, 1H, 3J=7.2 Hz), 5.10–5.02 (m, 1H), 4.60–4.41 (m, 3H),
4.25–4.17 (m, 2H), 4.13–4.06 (m, 2H), 3.94–3.78 (m, 2H), 3.67–3.65 (m,
2H), 3.47–3.43 (m, 2H), 2.19 (s, 3H), 2.07 (s, 3H), 2.00 (s, 3H), 1.96 ppm
(s, 3H); 13C NMR (150 MHz, CDCl3): d=171.8, 170.9, 170.6, 143.8, 141.5,
128.1, 127.3, 125.1, 120.3, 98.9, 69.4, 68.5, 67.3, 67.2, 61.9, 61.3, 47.7, 47.3,
41.9 ppm; ESI: m/z : calcd for C34H39N2NaO14: 722.2; found: 722.3
[M+Na]+ .


O-(2-Acetamido-2-deoxy-a-d-galactopyranosyl)-l-serine ethanolamide
(4): Compound 11 (0.5 g, 0.71 mmol) was dissolved in a solution of am-
monia in methanol (20 mL) and the reaction was stirred at 0 8C for 6 h.
Completion of the reaction was confirmed by TLC analysis (CH2Cl2/
methanol 80:20). The reaction mixture was concentrated to dryness and
the residue was purified via short flash column chromatography (CH2Cl2/
methanol 80:20!20:80). The desired product was obtained in its pure
form as a white solid (0.22–0.24 g, 90–95%). 1H NMR (600 MHz,
CDCl3): d=4.76 (d, 1H, 3J=3.0 Hz), 4.26 (dd, 1H, 3J=3.0, 10.8 Hz), 3.86
(br s, 1H), 3.81 (m, 2H), 3.76–3.67 (m, 3H), 3.59 (t, 1H, 3J=5.4 Hz),
3.53–3.49 (m, 2H), 3.33–3.28 (m, 4H), 1.98 ppm (s, 3H); ESI: m/z : calcd
for C13H23N2NaO9: 374.2; found: 374.2 [M+Na]+ .


N-6-Maleimido hexanoyl-O-(2-acetamido-2-deoxy-a-d-galactopyranosyl)-
l-serine ethanolamide (1): Compound 4 (30 mg, 0.085 mmol) and com-
pound 12 (29 mg, 0.094 mmol, 1.1 equiv) were dissolved in N-methylpyr-
rolidinone (5 mL). The reaction mixture was stirred at �20 8C for 40 min.
Completion of the reaction was confirmed by mass spectroscopy. The re-
action was quenched by addition of diethyl ether to the mixture in order
to precipitate the product. The solid residue was obtained by filtration. It
was then redissolved in water and lyophilized. The desired product was
obtained as a white solid (23 mg, 50%). [a]25


D = ++238 (c = 2.5, H2O);
1H NMR (600 MHz, D2O): d = 6.65 (s, 2H), 4.72 (d, 1H, 3J=3.6 Hz),
4.39 (t, 1H, 3J=5.4 Hz), 3.98 (dd, 1H, 3J=3.6, 10.8 Hz), 3.79 (d, 1H, 3J=


2.4 Hz), 3.74–3.69 (m, 3H), 3.47–4.45 (m, 2H), 3.31 (t, 2H, 3J=7.2 Hz),
3.19–3.17 (m, 2H), 3.16 (s, 1H), 2.53 (s, 1H), 2.14 (t, 2H, 3J=7.2 Hz),
1.86 (s, 3H), 1.44–1.38 (m, 4H), 1.12–1.09 ppm (m, 2H); 13C NMR
(150 MHz, D2O): d =177.2, 174.6, 173.5, 171.7, 134.4, 97.9, 71.4, 68.5,


67.8, 67.4, 61.3, 59.9, 53.9, 49.9, 41.7, 37.5, 35.3, 27.4, 25.6, 24.8, 22.1 ppm;
HRMS: m/z : calcd for C23H35N4NaO11: 567.2278; found: 567.2278
[M+Na]+ .


Pentafluorophenyl 6-N-bromoacetamido hexanoate (14c): Compound
14b (0.5 g, 1.98 mmol)[73] was dissolved in CH2Cl2 (20 mL) along with N-
(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (0.43 g,
2.78 mmol, 1.4 equiv). Pentafluorophenol (0.51 g, 2.78 mmol, 1.4 equiv)
was then added and the reaction mixture was stirred at room tempera-
ture for five hours. Completion of the reaction was confirmed by TLC
analysis (CH2Cl2/methanol 90:10). The reaction was quenched by extrac-
tion with water and CH2Cl2. The organic layer was then dried over anhy-
drous sodium sulfate, concentrated to dryness and the residue was puri-
fied by flash column chromatography (hexanes/EtOAc 3:1!1:1). The de-
sired product was obtained in its pure form as a white solid (0.59 g,
71%). 1H NMR (600 MHz, CDCl3): d= (br s, 1H), 3.85 (s, 2H), 3.31–
3.28 (m, 2H), 2.66 (t, 2H, 3J=7.2 Hz), 1.81–1.76 (m, 2H), 1.62–1.57 (m,
2H), 1.47–1.42 ppm (m, 2H); 13C NMR (150 MHz, CDCl3): d=169.5,
165.6, 142.1, 140.4, 138.8, 137.2, 40.1, 33.3, 29.5, 29.1, 26.2, 24.4 ppm; ESI-
MS: m/z : calcd for C14H13BrF5NNaO3: 440.0; found: 440.1 [M+Na]+ .


6-N-Bromoacetamido-hexanoyl-O-(2-acetamido-2-deoxy-a-d-galactopyr-
anosyl)-l-serine ethanolamide (2): Compound 4 (30 mg, 0.085 mmol) and
compound 14c (39 mg, 0.094 mmol, 1.1 equiv) were dissolved in N-meth-
ylpyrrolidinone (5 mL). The reaction mixture was stirred at �20 8C for
45 min. Completion of the reaction was confirmed by mass spectroscopy.
The reaction was quenched by addition of diethyl ether to the mixture in
order to precipitate the product. The solid residue was obtained by filtra-
tion. It was then redissolved in water and lyophilized. The desired prod-
uct was obtained as a white solid (30 mg, 59%). [a]25


D = ++254.8 (c = 2.1,
H2O); 1H NMR (600 MHz, D2O): d =4.70 (d, 1H, 3J=3.6 Hz), 4.38 (d,
1H, 3J=3.6 Hz), 3.95 (dd, 1H, 3J=3.6, 10.8 Hz), 3.77 (d, 1H, 3J=2.4 Hz),
3.73–3.69 (m, 1H), 3.61–3.58 (m, 1H), 3.55 (t, 1H, 3J=7.2 Hz), 3.46–3.43
(m, 2H), 3.05–3.00 (m, 2H), 2.14 (t, 2H, 3J=7.2 Hz), 1.84 (s, 3H), 1.45–
1.33 (m, 4H), 1.16–1.13 ppm (m, 2H);13C NMR (150 MHz, D2O): d=


177.2, 174.5, 171.7, 169.9, 97.9, 71.4, 68.5, 67.7, 67.3, 61.2, 59.9, 53.8, 49.8,
41.7, 39.7, 35.3, 28.2, 27.8, 25.5, 24.9, 22.1 ppm; HRMS: m/z : calcd for
C21H35BrN3NaO11: 607.1585; found: 607.1585 [M+Na]+ .


6-N-Biotinamido-hexanoyl-O-(2-acetamido-2-deoxy-a-d-galactopyrano-
syl)-l-serine ethanolamide (3): Compound 4 (30 mg, 0.085 mmol) and
compound 16 (42 mg, 0.094 mmol, 1.1 equiv) were dissolve in N-methyl-
pyrrolidinone (5 mL). The reaction mixture was stirred at room tempera-
ture for 30 minutes. Completion of the reaction was confirmed by mass
spectroscopy. The reaction was quenched by addition of diethyl ether to
the mixture in order to precipitate the product. The solid residue was ob-
tained by filtration. It was then redissolved in water and lyophilized. The
desired product was obtained as a white solid (42 mg, 72%). [a]25


D =


+26.2 (c = 1.3, H2O); 1H NMR (600 MHz, D2O): d=4.68 (d, 1H, 3J=


3.6 Hz), 4.40–4.36 (m, 2H), 4.21 (dd, 1H, 3J=4.2, 7.8 Hz), 3.93 (dd, 1H,
3J=4.2, 11.4 Hz), 3.76 (d, 1H, 3J=3 Hz), 3.71–3.65 (m, 2H), 3.59–3.51
(m, 3H), 3.44–3.41 (m, 2H), 3.16–3.10 (m, 4H), 2.98–2.95 (m, 2H), 2.7
(dd, 1H, 3J=4.8, 13.2 Hz), 2.56 (d, 1H, 3J=12.6 Hz), 2.13 (t, 2H, 3J=


7.8 Hz), 2.01 (t, 2H, 3J=7.2 Hz), 1.83 (s, 3H), 1.51–1.28 (m, 8H), 1.21–
1.11 ppm (m, 4H); 13C NMR (150 MHz, D2O): d=177.2, 176.7, 174.5,
171.7, 97.9, 71.4, 68.5, 67.7, 67.4, 62.2, 61.3, 60.4, 59.9, 55.5, 53.8, 49.9,
41.7, 39.8, 39.2, 35.6, 35.4, 28.2, 27.9, 27.8, 25.7, 25.3, 24.9, 22.1 ppm;
HRMS: m/z : calcd for C28H47N6NaO11S: 713.3156; found: 713.3158
[M+Na]+ .


Synthesis of Tn-S-CPMV: The cysteine mutant of CPMV (S-CPMV) was
generated by modifying the viral RNA to mutate T2102 and T228 into
cysteines as reported.[75] S-CPMV was incubated at 1 mgmL�1 with 50
molar equivalents of maleimide-Tn or 200 molar equivalents of bromo-
acetamide-Tn overnight at 4 8C in buffer with 20% DMSO. The reaction
was purified by ultracentrifugation over a sucrose gradient (0–40%) at
27000 rpm for 2 h at 4 8C using a Beckman SW28 rotor. The band corre-
sponding to intact CPMV was collected and pelleted by ultracentrifuge
at 42000 rpm using Beckman 50.2Ti rotor for 2.5 h. The pellet was resus-
pended in buffer. The conjugate was analyzed by UV-visible spectrosco-
py, TEM and FPLC.
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General procedure for handling and analysis of CPMV: The virus was
stored in buffer at a concentration of about 10 mgmL�1. Unless otherwise
indicated, “buffer” refers to 0.1m PBS (pH 7.0). Virus concentrations
were determined by measuring the UV-visible absorbance at 260 nm;
virus at 0.1 mgmL�1 gives a standard absorbance of 0.8. Ultracentrifuga-
tion was performed at the indicated rpm values using a Beckman Opti-
maTM L-90K Ultracentrifuge equipped with either SW28 or 50.2 Ti
rotors. TEM analyses were carried out by depositing 20 mL aliquots of
each sample onto 100-mesh carbon-coated copper grids for 2 min. The
grids were then stained with 20 mL of 2% uranyl acetate and viewed with
Hitachi H-8000 electron microscope.


UV-visible binding studies with soybean agglutinin (SBA): SBA was pur-
chased from Sigma-Aldrich and used without further purification. It was
stored as a lyophilized powder at �20 8C until use. Tn-S-CPMV was incu-
bated at a concentration of 0.2 mgmL�1 with 50 mm SBA in buffer. Bind-
ing was monitored over time by the absorbance caused by light scattering
at 600 nm. UV-visible spectroscopy measurements were made using an
Agilent 8400 UV-visible spectrometer. TEM analysis was performed
after incubation under these conditions for 30 minutes as described
above under the general procedure for handling and analysis of S-CPMV.


Immunization of mice : Pathogen-free C57BL/6 female mice age 6–10
weeks were obtained from Jackson Laboratory (Bar Harbor, ME, USA)
and maintained in the Animal Care Facility of the University of Toledo.
All animal care procedures and experimental protocols have been ap-
proved by the Institutional Animal Care and Use Committee (IACUC)
of the University of Toledo. Groups of five C57BL/6 mice were injected
subcutaneously under the scruff on day 0 with 0.5 mg of Tn-1-S-CPMV
(containing 40 mg of the glycoconjugate 1) or 0.5 mg of S-CPMV as emul-
sions in complete FreundOs adjuvant (0.1 mL, Fisher). Boosters were
given subcutaneously under the scruff on days 14 and 28 with 0.5 mg of
Tn-1-S-CPMV or S-CPMV as emulsions in incomplete FreundOs adjuvant
(0.1 mL). Blood (~0.2 mL per mouse) was collected from both groups of
mice on days 0, 7 and 35. Sera from each group of mice were isolated
and pooled.


Enzyme-linked immunosorbent assay (ELISA): A 96-well microtiter
plate was first coated with a solution of Neutravidin in PBS buffer
(8 mgmL�1) and then incubated overnight at 4 8C. The plate was then
washed four times with PBS/0.5% Tween-20 (PBST), followed by the ad-
dition of 1% (w/v) BSA in PBS to each well and incubation at room
temperature for one hour. The plate was washed again with PBST and a
solution of biotinylated Tn 3 (5 mgmL�1) in 0.1% BSA in PBS was
added. The plate was incubated for one hour at 37 8C. The plate was then
washed and mice sera were added in a 1:3 serial dilution in 0.1% BSA/
PBS. The plate was incubated for two hours at 37 8C and washed. A
1:2000 diluted horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG+ IgM, IgG or IgM antibody (Jackson ImmunoResearch Laboratory
IgG+ IgM catalog #115-035-068, IgM #115-035-075, IgG #115-035-071) in
0.1% BSA/PBS was added to each well respectively. The plate was incu-
bated for one hour at 37 8C, washed and a solution of 3,3’,5,5’-tetrame-
thylbenzidine (TMB) was added. Color was allowed to develop for 20 mi-
nutes and then a solution of 0.5m H2SO4 was added to quench the reac-
tion. The optical density was then measured at 450 nm. Each experiment
was repeated at least four times and the average of the quadruplicate
was used to calculate the titer. Errors of each measurement were typical-
ly within 10%. Antibody titers were defined as the maximum folds of di-
lution resulting in 0.1 OD unit higher than the average absorbance after
greater than one hundred thousand folds of dilution.


FACS : MCF-7 and NCI-ADR RES human breast cancer cells were ob-
tained from the National Cancer Institute and maintained in RPMI-1640
containing 2.0 mm l-glutamine and 20 mm HEPES supplemented with
5% FBS. Both cells were trypsinized. Single-cell suspensions of 4T106


cellsmL�1 (25 mL) were washed with FACS buffer (PBS 1% BSA 0.1%
NaN3) and incubated with 1:10 diluted test sera (75 mL) for 30 minutes at
4 8C. The cells were washed twice with FACS buffer (1 mL) and then
1:100 diluted goat antimouse IgG labeled with FITC (100 mL, Jackson
ImmunoResearch Laboratory, catalog #115-095-164) was added. The
samples were incubated for 30 minutes at 4 8C. The cells were washed
again twice with FACS buffer (1 mL) and re-suspended in FACS buffer


(0.2 mL). Samples were kept in the dark at 4 8C till time of analysis.
Analyses of the percentage positive cells and mean fluorescence intensity
of stained cells were done using FACScalibur (BD Biosciences).
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Introduction


l3-Phosphinines (also known as phosphabenzenes or phos-
phorins), the homologues of pyridines, have been known for
more than 40 years and have a rich and versatile coordina-
tion chemistry.[1–3] However, investigations into their suita-
bility as ligands in homogeneous catalysis only started a
decade ago, and reports are limited to just a few examples.[4]


To implement fully phosphinine-based ligands in homoge-
neous catalysis, the availability of functionalized hetero-
ACHTUNGTRENNUNGcycles and their facile modification is essential to fine-tune
the stereoelectronic ligand properties and incorporate chir-


ality for application in asymmetric reactions. We recently
demonstrated the synthesis of various donor-functionalized
phosphinines via a pyrylium salt intermediate, which intro-
duced specific substituents into defined positions on the
hetero ACHTUNGTRENNUNGcyclic framework.[5] This modular approach also al-
lowed us to design and synthesize the first atropisomeric
phosphinine 1 (R, S) by enforcing restricted rotation around
a Caryl–Caryl’ bond (Scheme 1).[6,7] By using density functional
theory (DFT) calculations, an energy barrier for internal ro-
tation of DG�


298 =116 kJ mol�1 for the enantiomerization of 1
was predicted, which is expected to be high enough for con-
figurational stability under ambient conditions.[8] Compound
1 was obtained as a racemic mixture, but we have already
demonstrated that both enantiomers can be detected with


Abstract: Both enantiomers of the first
atropisomeric phosphinine (1) have
been isolated by using analytical HPLC
on a chiral stationary phase. The en-
richment of one enantiomer and a sub-
sequent investigation into its racemiza-
tion kinetics revealed a barrier for in-
ternal rotation of DG�


298 = (109.5�
0.5) kJ mol�1, which is in excellent
agreement with the theoretically pre-


dicted value of DG�
298 =116 kJ mol�1.


Further analysis with UV and circular
dichroism spectroscopies and density
functional theory calculations led to


the determination and assignment of
the absolute configurations of both en-
antiomers. These results are the basis
for future investigations into this new
class of axially chiral phosphinine-
based ligands and their possible appli-
cations in asymmetric homogeneous
catalysis.
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sufficient separation by using analytical HPLC on a chiral
stationary phase.


Herein, we report the preparation, isolation, and charac-
terization of enantiopure atropisomeric phosphinines 1-R
and 1-S. Furthermore, the energy barrier for internal rota-
tion was determined experimentally and the absolute config-
urations were assigned in combination with DFT calcula-
tions.


Results and Discussion


The key intermediate for the preparation of 1 is 2,3-di-
ACHTUNGTRENNUNGmethylpropiophenone (2 ; Scheme 2).[9] The use of a propio-
phenone, rather than an acetophenone, ultimately results in


the placement of a methyl group at the 3-position of the het-
erocycle, which is necessary to maintain the axial chirality.[10]


Treatment of 2 with of trans-benzylideneacetophenone
(2 equiv) in the presence of HBF4·Et2O gave pyrylium salt 3
as a racemic mixture, which was obtained as a yellow solid
in moderate yield (Scheme 2).[6]


Slow evaporation of the solvent from a concentrated solu-
tion of 3 in methanol gave crystals that were suitable for X-
ray diffraction. The molecular structure of 3 is illustrated in
Figure 1, along with selected bond lengths and angles.


Pyrylium salt 3 crystallizes as a racemate in the centro-
symmetric space group C2/c. This result not only confirms
the expected substitution pattern, but also shows that the
plane of the xylyl substituent in the 2-position is almost per-
pendicular (torsion angle= 72.9(2)8) to the plane of the het-
erocycle as a result of the expected restricted rotation
around the C1�C6 bond. Thus, the molecular structure of 3
is similar to that of the first atropisomeric pyrylium salt we
recently reported.[6]


Pyrylium salt 3 was further converted into the correspond-
ing racemic phosphinine 1 by treatment with excess
PACHTUNGTRENNUNG(CH2OH)3


[11] in pyridine at reflux (Scheme 2). After
column chromatography, compound 1 was obtained as a
yellow powder (34 % yield) and could be isolated as yellow
needles after recrystallization from hot acetonitrile or pen-
tane. Figure 2 shows the 1H and 31P{1H} NMR spectra of 1 in
[D6]C6H6. The 31P{1H} NMR spectrum illustrates the charac-


teristic downfield shift of the phosphorus signal at d=


190.6 ppm. The 1H NMR spectrum shows a doublet at d=


7.95 ppm with a coupling constant of 3J ACHTUNGTRENNUNG(H,P)=5.6 Hz, which
is characteristic of the P-heterocyclic proton (Hb) in an
asymmetrically substituted phosphinine. The doublet at d=


2.06 ppm with a coupling constant of 4J ACHTUNGTRENNUNG(H,P)= 2.0 Hz was
assigned to the exo-heterocyclic CH3 group and the two re-
maining CH3 groups of the xylyl subsitutent were assigned
to singlets at d=2.03 and 1.98 ppm.


A very good separation of enantiomers 1-E1 (eluted first)
and 1-E2 (eluted second) was achieved by using analytical
HPLC on a chiral stationary phase with n-hexane as the
eluent (Chiralcel OD-H, t1 =17.75 min, t2 = 22.98 min, 25 8C,
flow rate 1 mL min�1). HPLC analysis of both fractions with
the same chiral column revealed that both isomers could be
obtained with an enantiopurity of 99 %. Additionally, the
successful separation of the enantiomers confirmed our orig-
inal assumption that the energy barrier for internal rotation
is reasonably high (Figure 3).


Isolation of the enantiomers also provided an opportunity
to determine the energy barrier for internal rotation experi-


Scheme 2. Synthesis of phosphinine 1. Reaction conditions: i) trans-ben-
zylideneacetophenone (2 equiv), HBF4·Et2O, 70 8C; ii) P ACHTUNGTRENNUNG(CH2OH)3,
C5H5N, 125 8C.


Figure 1. Molecular structure of 3 determined by X-ray crystallography.
Displacement ellipsoids are shown at the 50% probability level. Selected
bond lengths [N]: C1�O1 1.3509(19), O1�C5 1.3346(19), C5�C21
1.463(2), C1�C6 1.486(2), C2�C14 1.508(2); torsion angle [8]: C7-C6-C1-
C2 72.9(2).


Figure 2. 1H NMR (400 MHz, [D6]C6H6) spectrum of 1. Inset:
31P{1H} NMR (162 MHz, [D6]C6H6) spectrum of 1.
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mentally. The thermal racemization at constant temperature
of preparatively enriched 1-E1 was followed over regular
time intervals and over at least two half-lives (Figure 4).[12]


The results show that a ratio of 1-E1/1-E2 of 59:41 was
reached after 23 d at 25 8C, which corresponds to an enantio-
meric excess (ee) of 18 % for 1-E1.


The rate constant for enantiomerization (k1 =k�1) was de-
termined by using reversible first-order kinetics for the in-
terconverison of enantiomers 1-E1 and 1-E2 (see also
Scheme 1) according to Equation (1):


ln
� ½M�t�½M�eq


½M�0�½M�eq


�
¼ �2kt ð1Þ


in which [M]t is the molar concentration at time t, [M]0 is
the initial molar concentration, and [M]eq is the equilibrium
molar concentration of one enantiomer. Alternatively, we
used the corresponding percentage values of the enantio-
mers obtained from the HPLC analysis described above
(Figure 4), with [M]eq =50 %.


Plotting �ln ([M]t�[M]eq/[M]0�[M]eq) versus time for 1-E2


gave a value of k1 =k�1 = (4.2�0.8) O 10�7 s�1 at 298 K
(Figure 5). Thus, a value of DG�


298 = (109.5�0.5) kJ mol�1 for


the free activation energy and a value of t= t1=2
= (9.6�2.1) d


for the half-life were determined by using the Eyring equa-
tion [Eq. (2)] and Equation (3) to calculate the reversible
first-order kinetics for the interconversion of 1-E1 and 1-E2


(see also Table 1).[13, 14]


DG� ¼ RTln
�
kBT
kh


�
ð2Þ


t ¼ t1=2
¼ ln 2
ð2kÞ ð3Þ


The experimentally determined value of DG�
298 for the


energy barrier for internal rotation agrees well with the
value calculated by using DFT (DG�


298 =116 kJ mol�1).[6]


These results also show, however suggest that configuration-
al stability is not guaranteed at higher temperatures, and
thus, under typical catalytic reaction conditions, although
the situation in the corresponding metal complexes might be
considerably different and higher free activation energies
for the interconversion of the enantiomers are expected.
Nevertheless, it demonstrates that theoretical calculations
are powerful tools for predicting and estimating physical or-
ganic properties of such systems and can help to design suit-
able ligand systems prior to synthetic work.


Figure 3. A chromatogram of 1-E1 and 1-E2 after HPLC separation of
racemic 1.


Figure 4. HPLC chromatograms of the thermal racemization of 1-E1 in
hexane at 298 K.


Figure 5. Plot of �ln ([M]t�[M]eq/[M]0�[M]eq) versus time at 298 K for 1-
E2.


Table 1. Experimentally and theoretically determined kinetic parameters
for phosphinine 1.[14]


DG�
298 [kJ mol�1]


kO 10�7 [s�1] Exptl[a] Calcd[b] t1/2 [d]


1 4.2�0.8 109.5�0.5 116 9.6�2.1


[a] Experimentally obtained value. Conditions: hexane, T=298 K.
[b] Value obtained from DFT calculations with B3LYP/6-31G ACHTUNGTRENNUNG(d,p).
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We were also interested in the possibility of assigning the
absolute configurations of 1-E1 and 1-E2. For this purpose,
the optical properties of the separated enantiomers were in-
vestigated; the experimentally recorded circular dichroism
(CD) and UV spectra of 1-E1 and 1-E2 in hexane are shown
in Figure 6a and b. The UV absorption spectra (Figure 6b)
show a shoulder at l=300 nm, followed by an absorption
maximum at lmax�260 nm. These data are typical for 2,4,6-
substituted triarylphosphinines in methanol (2,4,6-triphenyl-
phosphinine: lmax =278 nm, l=314 nm (sh); 2,4,6-triphenyl-
pyridine: lmax =254 nm, l=312 nm (sh); 2,4,6-triphenylben-
zene: lmax =254 nm). These bands were originally assigned
to an n!p* transition (long-wave absorption shoulder) and
a p!p* 1L(a) transition (short-wave absorption).[15,16] How-
ever, note that the lone pair located on the phosphorus
atom is not the HOMO, and therefore, it is expected to be
relatively low in energy.[15] The CD spectra (Figure 6a) show
an exciton split couplet with relatively small values of �De


�15 and �25 for 1-E1 and 1-E2, respectively, and also two
Cotton effects for each enantiomer at l�275 and �210 nm.
Note that as a result of the enrichment procedure, the con-
centrations of the enantiomers are slightly different; this can


be observed in the UV spectra and may have given rise to
the slight anomaly observed in the values of �De.


To deduce the absolute configuration of both enantio-
mers, the respective CD and UV spectra were simulated by
means of a time-dependent DFT method at the TD-B3LYP/
6-31G ACHTUNGTRENNUNG(d,p) level. This technique has been shown to provide
a reasonably accurate description of the photophysical prop-
erties of various compounds, which includes quite accurate
predictions of CD spectra.[17] We optimized the geometries
of 1-R and 1-S (see Scheme 1) at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p)
level and calculated their theoretical CD and UV spectra,
which are shown in Figure 6c and d, respectively.


It can be seen that the theoretical UV spectrum (Fig-
ure 6d) has the same qualitative features as those observed
in the experimental spectrum (Figure 6b). Moreover, the po-
sitioning of the bands in both cases is very similar. Analysis
of the calculated electronic absorption bands also reveals
that the shoulder at l�300 nm should in fact be attributed
to p!p* transitions, with major contributions from
HOMO!LUMO and HOMO�1!LUMO excitations. The
absorption maximum at lmax�260 nm, on the other hand,
was attributed to a combination of p!p* and n!p* transi-


Figure 6. Experimental CD (a) and UV (b) spectra of 1-E1 (c) and 1-E2 (g) in hexane. The experimental CD spectra (gray lines) have been smooth-
ed (black lines) to reduce the high noise level. Theoretical CD (c) and UV (d) spectra of enantiomers 1-R (b) and 1-S (c).
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tions (see Figure 6d). The respective frontier molecular orbi-
tals (FMOs) are depicted in Figure 7.


The theoretical CD spectra (Figure 6c) of both enantio-
mers reproduce well the features of those obtained experi-
mentally (Figure 6a), in particular, the bisignate shape as
well as the sequence and positions of the negative/positive
Cotton effects. However, the intensity maxima of the theo-
retical spectra match less well and are, in general, larger
than those of the experimental spectra. Note that, even
though the rotation of the phenyl groups at the 4- and 6-po-
sitions on the heterocycle does have an influence on the
shape of the theoretical CD spectrum, the theoretically pre-
dicted and experimentally observed bisignate nature of the
spectra remains unchanged and is independent of the con-
formations of these phenyl substituents.


The qualitative agreement between the experimental re-
sults and the theoretical calculations allowed us to unambig-
uously assign the 1-S configuration to 1-E1 and the 1-R con-
figuration to 1-E2, as illustrated in Figure 8.


Conclusion


We have demonstrated the successful separation of enantio-
mers of the first axially chiral phosphinine 1 by means of an-
alytical HPLC on a chiral stationary phase. The atropisom-
ers were isolated with an enantiopurity of 99 % and an
energy barrier for internal rotation of DG�


298 = (109.5�
0.5) kJ mol�1 was experimentally determined by thermal rac-
emization and showed a very good agreement with the theo-
retically predicted value of DG�


298 = 116 kJ mol�1. The assign-
ment of the absolute configurations 1-R and 1-S was ach-


ieved by comparing the experimental CD spectra of both
enantiomers with theoretical spectra from optimized struc-
tures. Investigations on ligands with different substitution
patterns and higher rotational energy barriers are currently
in progress. Their separation on a preparative scale and the
influence of metal coordination on the free energy of activa-
tion for the interconversion of enantiomers are being inves-
tigated. These properties are of particular interest because
configurational stability at higher temperature, and thus
under typical catalytic reaction conditions, is a prerequisite
for the successful application of this new class of axially
chiral phosphorus-containing ligands in asymmetric homoge-
neous catalysis. The results presented herein provide the
basis for future investigations in this research area.


Experimental Section


General : The 1H and 31P{1H} NMR spectra were recorded by using a
Varian Mercury 400 spectrometer. HPLC analysis and fraction collection
was performed by using HPLC equipment that consisted of a Shimadzu
LC-20 AD pump, a Shimadzu SPD-20 A UV/Vis detector, a Spark Hol-
land Marathon autosampler, a homemade oven with a column selector,
and an LKB 2211 Superrac fraction collector. Column and analysis speci-
fications: Chiralcel OD-H (250 O 4.6 mm, particle size: 5 mm, purchased
from Daicel), eluent=n-hexane, column temperature=25 8C, flow rate=


1 mL min�1, pressure =34 bar, l =254 nm (UV detector), injection
volume=20 mL.


Enrichment and determination of racemization kinetics of 1-E1: Phosphi-
nine 1 was prepared according to a previously reported procedure[6] and
recrystallized from hot, degassed, dry acetonitrile to give 1 as bright
yellow needles. Racemate 1 (1 mg, 8.2O 10�6 mol) was dissolved in de-
gassed n-hexane (1 mL), prior to HPLC enrichment. Enantiomer 1-E1


was eluted and collected under an argon atmosphere and the solvent was
evaporated. This procedure was performed twelve times, and the com-
bined residues of 1-E1 were redissolved in degassed n-hexane (6.0 mL) to
give a final concentration of approximately 1O 10�4


m. This solution was
stirred at 25 8C and aliquots (0.7 mL) were analyzed by using HPLC at
time intervals of t= 0, 3, 6, 10, 16, and 23 d.


Figure 7. FMOs of phosphinine 1.


Figure 8. HPLC analysis of 1 and assignment of the absolute configura-
tions: 1-E1=1-S, 1-E2=1-R.
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UV and CD analysis : UV/Vis and CD spectroscopic measurements were
performed at 25 8C by using a Jasco J-815 spectropolarimeter. Appropri-
ate settings were chosen for the sensitivity, time constant, and scan rate
and 0.1 cm cuvettes were used.


Racemate 1 (3 mg, 2.7 O 10�6 mol) was dissolved in degassed n-hexane
(1 mL), prior to HPLC separation. Enantiomers 1-E1 and 1-E2 were
eluted and collected under an argon atmosphere and the solvent was
evaporated. This procedure was performed three times and the combined
residues of 1-E1 and 1-E2 were each redissolved in degassed hexane
(0.6 mL) to give final concentrations of approximately 2.7·10�4


m. The
UV and CD spectra were recorded immediately.


X-ray crystal structure determination of 3 : Crystals suitable for X-ray dif-
fraction were obtained by slow evaporation of the solvent from a concen-
trated solution of 3 in methanol.


Crystallographic data : C26H23O·BF4; Mr =438.25; yellow block; 0.37 O
0.27 O 0.22 mm3; monoclinic; C2/c (no. 15); a=35.478(3), b= 7.7312(5),
c=15.8455(11) N; b=99.877(2)8 ; V=4281.9(2) N3; Z=8; 1=


1.360 gcm�3 ; m=0.104 mm�1. 37 605 reflections were measured by using a
Nonius Kappa CCD diffractometer with a rotating anode (graphite mon-
ochromator, l =0.71073 N) up to a resolution of (sin q/l)max =0.61 N�1 at
a temperature of 150 K. The reflections were corrected for absorption
and scaled on the basis of multiple measured reflections by using the
SADABS program[18] (0.70–0.97 correction range). 3987 reflections were
unique (Rint = 0.027). The structures were solved with SHELXS-97[19] by
using direct methods and refined with SHELXL-97[19] on F2 for all reflec-
tions. Non-hydrogen atoms were refined by using anisotropic displace-
ment parameters. All hydrogen atoms were located by using difference
Fourier maps and refined with a riding model. 292 parameters were re-
fined with no restraints. R1/wR2 [I>2s(I)]: 0.0404/0.0973, R1/wR2 (all
reflns): 0.0503/0.1030, S=1.042, residual electron density was between
�0.28 and 0.55 eN�3. Geometry calculations and checks for higher sym-
metry were performed with the PLATON program.[20]


CCDC-675769 (3) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Computational details : Quantum chemical calculations were carried out
with DFT by using the Gaussian 03[21] program at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p)
level. Full geometry optimizations were performed for compounds 1-R,
1-S, and the transition state of racemization. The nature of the stationary
points was tested by analyzing the analytically calculated harmonic
normal modes. The local minimum structures did not show imaginary fre-
quencies, whereas the transition-state structure showed a single imagina-
ry frequency that corresponded to an eigenvector along the reaction
path, that is, internal rotation about the Caryl�Caryl’ bond. The theoretical
UV/Vis spectra were calculated at the same level as the geometry optimi-
zations, by using the time-dependent DFT method that is implemented in
the Gaussian 03 program package.[21] To simulate absorption spectra, the
full width at half-maximum of the gaussian curves used to generate the
spectra was set to 3000 cm�1. The CD spectra were simulated with the as-
sumption that the bandwidth at 1/e of the height of the gaussian curves
used to generate the spectrum was equal to 1 eV.
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Introduction


Multicomponent reactions (MCRs) combine at least three
different substrates in one reaction flask.[1] As such, MCRs
have emerged as useful and atom-efficient strategies for the
rapid introduction of molecular complexity and diversity
starting from rather simple building blocks.[2] Developments
are fast in this area and several
classes of interesting heterocy-
cles with potential biological ac-
tivities are now accessible
through using MCRs.[1]


MCRs are a subclass of
domino or tandem reactions
and hence are one-pot sequen-
ces of two or more reactions.[3]


Clearly, much of the success of
such processes depends on to
which extent the reactions lead-
ing to intermediate reaction


products (I1, I2, …, IN) and the final reaction product (P) are
reversible (Scheme 1).


As already suggested by Ugi et al. ,[1a] distinction can be
made between three categories of MCRs. Type I MCRs are
sequences of reversible reactions, whereas type II MCRs are
sequences of reversible reactions that are terminated by an
irreversible reaction step. Finally, type III MCRs are se-


quences of irreversible elementary reactions. Type I MCRs
are only rarely successful, because the yield of the final
product (P) strongly depends on thermodynamics. However,
with type II and III MCRs thermodynamics at least favor
the final reaction step and efficient product formation is
possible. Most of the reported MCRs to date are of type II.
It should, however, be realized that an irreversible last reac-
tion step does not exclude the formation of side products,
because all preceding reactions are equilibria and more than
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amines, either aldehydes or ketones,
and a-acidic isocyano amides or esters
is described. By selecting the appropri-
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employing a weak Brønsted acid, the


product formation can be fully con-
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Scheme 1. Type I, II, and III multicomponent reactions.[1a]
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one reactive species may be present at the same time. The
reactivity of the starting materials and in situ-generated in-
termediates may result in competitive reaction paths, and
consequently, in (uncontrolled) formation of (side) prod-
ucts.[4] Careful optimization of the reaction conditions of
type II MCRs is therefore often crucial for useful synthetic
application.


Recently, we reported a flexible and easy to perform type
II MCR for the formation of 2H-2-imidazolines[5] (4) start-
ing from a-acidic isocyanides (1), aldehydes or ketones (2),
and primary amines (3) (Scheme 2).[6] A wide variety of al-
dehydes and amines can be used in this MCR. Careful opti-
mization of the reaction conditions showed that the scope of
compatible isocyanides could be expanded considerably by
selecting MeOH as the solvent.[5] The reaction mechanism
probably involves a Mannich-type addition of deprotonated
isocyanide intermediate A to a (protonated) imine, followed
by ring closure to the heterocyclic product, and a proton
shift (Scheme 2, path I). However, a concerted [2+3] cyclo-
addition of A to the imine, followed by protonation of the
resulting anion (path II) cannot be excluded. The reaction
rates and the scope of compatible isocyanides can be in-
creased even further by employing a catalytic amount of
AgOAc.[7] The reactions can be run at high concentration
(2.0m) without special solvent/reagent handling. The re-
agents can be mixed in equimolar amounts without pre-for-
mation of the imine, which simplifies the experimental and
work-up procedure. Consequently, this MCR is easily scalea-
ble but also applicable in a combinatorial setup for the easy
generation of libraries of 2H-2-imidazolines (4).[5]


In addition to the formation of 2-imidazolines (4), a
second MCR yielding 2-substituted oxazoles[8] (5) and in-
volving essentially the same components has been report-
ed.[9] The reaction has been well studied for the use of iso-
cyano amides, in which morpholine is typically chosen as the
R1 substituent, although other dialkylamino substituents can
be used as well.[9a,d,f,j] The mechanism of this reaction pre-
sumably starts with attack of the terminal isonitrile carbon
atom to the (pre-formed) imine leading to intermediate B
followed by proton abstraction and ring closure (Scheme 2,
path III).[9c,d,g,i,k] However, initial (base-promoted) ring clo-
sure (reported for the formation of 2H-oxazoles[10i]) followed
by attack of the oxazolide anion C to the (protonated)
imine cannot be excluded (path IV). The R2 substituent of
the isocyanide can be varied to a considerable extent (Ph,
H, Me, Bn, iPr) and either aldehydes or ketones can be
used as the carbonyl input. In addition, the MCR tolerates
both primary and secondary amines, although in the case of
primary amines the isolated yields are typically somewhat
lower. Again, optimization of reaction conditions appeared
crucial for optimal performance. Toluene and MeOH were
found to be excellent solvents, and the MCR can be acceler-
ated by using weak Brønsted acids like NH4Cl, pyri ACHTUNGTRENNUNGdine·-
ACHTUNGTRENNUNGHCl, or Et3N·HCl. Also in this reaction the substrates can
be mixed in equimolar amounts to simplify the work-up pro-
cedure.[9b]


Recently, Zhu and co-workers reported that the MCR to-
wards formation of oxazoles (5) can also be performed by
using an isocyano ester with a strongly electron-withdrawing
group at the a position (Scheme 2; R1 =OMe, R2 =p-NO2�


Scheme 2. Possible reaction paths for the MCR between amines, either aldehydes or ketones, and a-acidic isocyanides, which leads to either 2-imidazo-
lines or oxazoles.
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Ph).[9k] Although isocyano esters are substrates that typically
yield 2-imidazolines (4),[5,6] a wide variety of aldehydes and
amines were used in this MCR to afford the corresponding
5-methoxyoxazoles in moderate to excellent yields.


The results reported by Zhu, as well as those reported by
us, clearly indicate that several reaction pathways are avail-
able for the same type of substrates and that the reaction
path that is followed cannot be correlated to the class of iso-
cyanide used. This observation
led us to believe that it is possi-
ble to control and direct the
outcome of the MCR between
a-acidic isocyanides, (primary)
amines, and either aldehydes or
ketones. We envisioned that by
carefully tuning the reaction
conditions, either the 2H-2-imi-
dazolines (4) or 2-substituted
oxazoles (5) could be formed
selectively and in good yields.
Here, we describe in detail our efforts to control and direct
the three-component reaction (3-CR). The tuning of condi-
tions is based on the mechanistic considerations as summar-
ized in Scheme 2, which evolves from all the available exper-
imental data for both imidazoline and oxazole formation by
means of this 3-CR. In addition, the following considera-
tions and observations are also crucial for understanding the
setup of the studies reported in this paper: 1) 2-Imidazoline
formation is stimulated by the addition of an AgI salt, such
as AgOAc, because the MCR is accelerated due to an in-
creased concentration of the (silver-coordinated) isocyanide
anion A (Scheme 2, paths I and II).[7] Furthermore, when
path III is considered, AgOAc may block oxazole formation
by coordination of the isocyanide carbon atom to AgI, thus
reducing its nucleophilicity.[11] 2) Oxazole formation is accel-
erated by addition of a weak Brønsted acid, which activates
the imine.[9b] In addition, the slight decrease in pH of the re-
action medium will probably lower the concentration of de-
protonated isocyanide anion A, which may favor reaction
path III (Scheme 2).


Results and Discussion


To obtain comparable data for
our studies to control and
direct the 3-CR towards selec-
tive formation of either the 2-
imidazoline or the 2-substituted
oxazole, test systems were se-
lected in which only the type of
isocyanide (1) was varied. The
oxo and amine components
(acetone (2a) and benzylamine
(3a), respectively) were kept
the same in all reactions.


The 3-CR employing isocyano amides : All reactions were
performed in MeOH at room temperature with the isocyano
amide (1a–c ; 0.2m concentration), compounds 2a and 3a,
and in the presence of MgSO4 (Scheme 3). The first experi-
ment, in which the glycine-derived isocyano amide 1a (R=


H) was employed, already showed formation of a nearly 1:1
mixture of 2-imidazoline 4a and oxazole 5a (Table 1,
entry 1), which indicated that oxazole and 2-imidazoline for-


mation occur simultaneously. The conversion was increased
when the reaction was run at 60 8C (entry 2), without affect-
ing the product ratio. In agreement with our concept, addi-
tion of a catalytic amount (2 mol%) of AgOAc resulted in a
significantly increased product ratio in favor of 2-imidazo-
line (97:3, entry 3). By increasing the catalyst loading to
5 mol%, 2-imidazoline 4a was formed nearly quantitatively
after 4 h (entry 4). Formation of oxazole 5a was not ob-
served at all upon slow addition of isocyanide 1a over 21 h,
thus allowing the isolation of 4a in 91% yield (entry 5).


As discussed above, running the 3-CR in the presence of
a weak Brønsted acid should favor oxazole formation.
Indeed, when the condensation between 1a, 2a, and 3a was
performed in the presence of two equivalents of NH4Cl,
quantitative conversion of isocyanide 1a was observed after
22 h (entry 6) and no traces of 2-imidazoline 4a were detect-
ed in the crude reaction mixture. Although the formation of
4a was not observed, the 1H NMR spectrum of the crude
mixture did indicate the presence of many (unidentified)


Scheme 3. Course of the MCR using AgOAc or a Brønsted acid.


Table 1. Optimization of conditions to direct the MCR of either isocyanide 1a or 1b with 2a and 3a.[a]


Entry 1 Promoter T [8C]/Time Conversion [%] ACHTUNGTRENNUNG[4/5] Isolated yield [%]


1 1a none RT/3 d 54 ACHTUNGTRENNUNG[48:52]
2 1a none 60/22 h 100 ACHTUNGTRENNUNG[46:54]
3 1a AgOAc (2 mol%) RT/22 h 100 ACHTUNGTRENNUNG[97:03]
4 1a AgOAc (5 mol%) RT/4 h 100 ACHTUNGTRENNUNG[99:01]
5[b] 1a AgOAc (2 mol%) RT/22 h 100 ACHTUNGTRENNUNG[100:0] 91 (4a)
6 1a NH4Cl (2.0 equiv) RT/22 h 100[c]


ACHTUNGTRENNUNG[0:100]
7 1a NH4Cl (2.0 equiv) 60/2 h 100[c]


ACHTUNGTRENNUNG[0:100]
8[d] 1a NH4Cl (2.0 equiv) 60/22 h 48 ACHTUNGTRENNUNG[29:71]
9 1a Et3N·HCl (2.0 equiv) 60/5 h 100[c]


ACHTUNGTRENNUNG[0:100]
10 1b none RT/2 d n.d.[c] ACHTUNGTRENNUNG[0:100]
11 1b AgOAc (2 mol%) RT/4 d 0
12 1b AgOAc (2 mol%) 60/24 h n.d.[c] ACHTUNGTRENNUNG[0:100]
13 1b Et3N·HCl (1.0 equiv) 60/5 h 100[c]


ACHTUNGTRENNUNG[0:100] 49 (5b)


[a] Reactions were performed in MeOH at RT on a 1.0 mmol scale (0.2m of 1a or 1b). Conversions and prod-
uct ratios were determined by 1H NMR spectroscopy. [b] The isocyanide was added over 21 h, followed by 1 h
additional reaction time. [c] Unidentified side products detected. [d] Reaction performed in toluene.
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side products. Performing the same reaction at 60 8C in-
creased the reaction rate (entry 7), but did not result in a
cleaner reaction. When toluene was used as the solvent in-
stead of MeOH, the side products were not detected. How-
ever, the slow conversion (48% after 22 h) and, more impor-
tantly, the detection of imidazoline 4a, indicated that we
were not tuning the conditions in the desired direction
(entry 8). In this reaction NH3 may react as the amine com-
ponent instead of 3a and in this way interfere with the
MCR.[12] To exclude this possibility we decided to follow the
conditions described earlier by Zhu, by employing Et3N·HCl
as the Brønsted acid.[9] In this case, again, the product for-
mation was found to be entirely in favor of the oxazole
(entry 9). However, the MCR suffered from another side
product, that is, oxazole 6 (11% isolated yield, Table 2). Ap-
parently, morpholine was partially liberated, most likely
through transamidation of the isocyanide,[13] and reacted in
the 3-CR instead of benzylamine (3a). The overall conver-
sion of 1a is independent of the amount of Brønsted acid
used (Table 2), but the amount of 6 relative to 5a decreases
when less of the Brønsted acid is used. However, by using
substoichiometric amounts of Et3N·HCl, 2-imidazoline 4a
can be detected in the crude reaction mixture (Table 2, en-
tries 3 and 4). Under optimized conditions, that is, heating
the substrates at 60 8C for 5 h in the presence of one equiva-
lent of Et3N·HCl, the desired oxazole 5a could be isolated
in a very respectable 73% yield (Table 2, entry 2). In con-
clusion, with this set of inputs it is possible to control and
direct the 3-CR to an acceptable extent and selectively
access either 2-imidazoline 4a or oxazole 5a.


Encouraged by these initial results we decided to investi-
gate the influence of electron-donating versus electron-with-
drawing a substituents (R) in the isocyanide input on the
outcome of the 3-CR. First, the behavior of isocyanide 1b


with an electron-donating group (R=Et) was studied. When
1b was stirred with 2a and 3a in the absence of a promoter
(AgOAc or Et3N·HCl) only the corresponding oxazole 5b
could be identified while considerable amounts of unidenti-
fied (side) products were detected as well (Table 1,
entry 10). When the same reaction was performed in the
presence of AgOAc (2 mol%), no reaction could be ob-
served at all after stirring for four days (entry 11). Only the
corresponding imine and unreacted 1b were detected, which
suggests that indeed reaction path III (Scheme 2) is fol-
lowed. Heating the reaction mixture at 60 8C immediately
resulted in the formation of a black metallic precipitate
most likely originating from AgOAc. Consequently, the
same results were obtained as those for the reaction run in
the absence of promoter (entries 12 and 10, respectively).
On the other hand, when the 3-CR between 1b, 2a, and 3a
was performed in the presence of one equivalent of
Et3N·HCl as reported above, formation of 5b was relatively
clean (entry 13, isolated yield 49%).


These results suggest that the 3-CR of isocyano amides
with an electron-donating group at the a-carbon atom, ben-
zylamine (3a), and acetone (2a) can be directed towards ox-
azoles in a straightforward procedure but not to 2-imidazo-
lines. Next, we investigated the use of isocyanide 1c, which
has an electron-withdrawing phenyl group at the a position.
Stirring the components (1c, 2a, and 3a) for two days under
the standard conditions resulted in a 10:90 product mixture
in favor of oxazole 5c (Table 3, entry 1). When this reaction
was performed under the optimized conditions as described
for the 3-CR of 1a, 2a, and 3a (1 equiv Et3N·HCl; see
above), product formation was complete within 5 h and ox-
ACHTUNGTRENNUNGazole 5c was the sole product observed, which allowed its
isolation in 56% yield (entry 2). On the other hand, when
the same reaction was performed in the presence of 2 mol%
AgOAc, formation of 2-imidazoline increased to 19%.
However, the major product formed was not 5c but rather
2H-oxazole 7 (entry 3). This product is most likely formed
by coordination of 1c to AgI followed by loss of the a


proton and intramolecular attack of the carbonyl oxygen to
the (silver-coordinated) isocyanide carbon atom
(Scheme 4).[7] This reaction path is clearly catalyst con-
trolled, since increasing the amount of AgOAc had a nega-
tive effect on the 2-imidazoline formation (4c/7 8:92,


Table 2. Influence of the amount of Et3N·HCl on the ratio of products
formed from the 3-CR between isocyanide 1a with 2a and 3a.[a]


Entry Et3N·HCl t=6.5h t=20h Isolated
ACHTUNGTRENNUNG[equiv] Conv.


[%]
[4a/5a/6] Conv.


[%]
[4a/5a/6] yield


[%]


1 2.0 66 ACHTUNGTRENNUNG[00:89:11] 100 ACHTUNGTRENNUNG[00:62:38]
2 1.0 63 ACHTUNGTRENNUNG[00:92:08] 100 ACHTUNGTRENNUNG[00:73:27] 73 (5a)


11 (6)
3 0.5 63 ACHTUNGTRENNUNG[07:89:04] 100 ACHTUNGTRENNUNG[11:73:16]
4 0.25 60 ACHTUNGTRENNUNG[15:83:02] 96 ACHTUNGTRENNUNG[16:73:11]


[a] Reactions were performed in MeOH at RT in equimolar substrate
ratios on a 1.0 mmol scale (0.2m). Conversions (Conv.) and product
ratios were determined by 1H NMR spectroscopy.


Table 3. Optimization of conditions to direct the MCR using isocyanide
1c with 2a and 3a.[a]


Entry Promoter Time Conv.
[%]


[7/4c/5c] Isolated
yield [%]


1 none 2 d 63 ACHTUNGTRENNUNG[0:10:90]
2[b] Et3N·HCl (1 equiv) 5 h 100 ACHTUNGTRENNUNG[0:0:100] 56 (5c)
3 AgOAc (2 mol%) 21 h 100 ACHTUNGTRENNUNG[81:19:0] 65 (7)
4 AgOAc (10 mol%) 21 h 100 ACHTUNGTRENNUNG[92:08:0]
5[c] AgOAc (1 mol%) 6.5 h 100 ACHTUNGTRENNUNG[64:36:0]
6[c] CuI (2 mol%) 4 d 100 ACHTUNGTRENNUNG[0:72:28] 60 (4c)


[a] Reactions were performed in MeOH at RT on a 1.0 mmol scale (0.2m


of 1c). Conversions and product ratios were determined by 1H NMR
spectroscopy. [b] Reaction performed at 60 8C. [c] Reaction performed at
2.0m concentration.
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entry 4). On the other hand, increasing the overall concen-
tration of the reaction mixture to 2.0m in combination with
decreasing the catalyst loading to 1 mol% facilitated imida-
zoline formation (entry 5), although oxazole 7 remained the
major product.


The use of counterions other than �OAc for the AgI cata-
lyst generally had only a minor influence on the product
ratio between 4c, 5c, and 7 (Figure 1). With PF6


�, Br�, Cl�,
BPh4


�, and I� as counterions for AgI, 2-imidazoline 4c (gray
bars) could be detected in higher relative amounts than that
found when using �OAc, although the overall reaction time
to reach completion increased in some cases (AgI: 64%
conversion after 21 h). The only trend that could be ob-
served is that larger anions like BPh4


� and I� tend to give
less of the undesired oxazole 7 (black bars). A possible ra-
tionalization for this observation is that larger anions in-
crease the steric bulk around the terminal isocyanide carbon
atom, thus leading to less facile intramolecular ring closure
through attack of the carbonyl oxygen atom. Consequently,
oxazole formation is less favored. When other Group 14
metal salts were used in the 3-CR, 2H-oxazole 7 was not


formed at all. For example, performing the reaction in the
presence of 2 mol% AuCl·THT (THT: tetrahydrothio-
phene) or AuCl·SMe2 resulted in the rather slow formation
of a 1:1 mixture of 4c and 5c (Figure 1, 63 and 74% after
3 d, respectively). When the amount of AuI catalyst was in-
creased to 10 mol%, quantitative conversion of 1c was ob-
served in 21 h. However, oxazole 5c was the major product
(4c/5c 30:70), which indicated that the MCR towards for-
mation of oxazoles might also be facilitated by this AuI


salt.[14a] On the other hand, the relative amount of 2-imida-
zoline 4c increased when CuI salts were used as the cata-
lyst.[14b] Again, the size of the anion is important for the
ratio in which 4c is formed. On the basis of these conditions
we were able to isolate 4c in 60% yield by increasing the
overall reaction concentration to 2.0m and stirring the reac-
tion mixture for four days in the presence of 2 mol% CuI
(Table 3, entry 6).


The 3-CR employing a-aryl isocyano esters : Although the
above results demonstrate that careful tuning of the reaction
conditions allows control over the course of the 3-CR when
isocyano amides 1a–c are used, the frequent formation of
side products hampers straightforward application towards
selective formation of either 2-imidazolines (4) or 2-substi-
tuted oxazoles (5). We turned our attention to the use of a-
aryl-substituted isocyano esters 1d–j in the 3-CR
(Scheme 5). As mentioned in the introduction, so far isocya-
no esters have been reported to selectively produce 2-imida-
zolines (4),[5,6] the only notable exception being a-(p-nitro-
phenyl)-a-isocyanoacetate (1e), which was found to undergo
the MCR leading to the corresponding 5-methoxyoxazo-
les.[9k] Stirring isocyanide 1d (R=H) with acetone (2a) and
benzylamine (3a) in the absence of promoter and under the
same general conditions as described for 1a–c resulted in
the formation of a 14:86 mixture of 2-imidazoline 4d and
oxazole 5d, respectively (Table 4, entry 1). Encouraged by
this initial result, which indicates that the scope for the
3-CR towards 5-methoxyoxazole formation can be expanded
with respect to the isocyanide and carbonyl inputs,[15] we fur-
ther optimized the conditions towards selective formation of
the oxazoles. However, no major influence on either the
product ratio or the reaction rate could be observed in the
presence of one equivalent of Et3N·HCl (Table 4, entry 2).


Scheme 4. AgI-catalyzed formation of 2H-oxazole 7 in an MCR between
1c, 2a, and 3a.


Figure 1. Metal salt versus product ratio and conversion (after 21 h, num-
bers in italics [%]) for the MCR between acetone (2a), benzylamine
(3a), and isocyanide 1c. The white bars show data for oxazole 5c, gray
bars show data for imidazole 4c, and black bars show data for oxazole 7. Scheme 5. MCRs using a-phenyl isocyano esters 1d–j.
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From our earlier work it became clear that the 2-imidazo-
line 3-CR is relatively fast in protic polar solvents.[5] Thus,
changing the reaction medium from MeOH to any aprotic
solvent would retard the 2-imidazoline formation, and may
favor formation of 5-methoxyoxazoles. This approach
indeed proved successful. When the reaction between 1d,
2a, and 3a was run in either polar (MeCN and DMF) or
apolar (CH2Cl2 and toluene) aprotic solvents instead of
MeOH, the corresponding oxazole 5d was the sole product
detected (Table 4, entries 3–6). The reaction rate was strong-
ly dependent on the solvent used. For example, when
CH2Cl2 or toluene was used, the isocyanide substrate 1d
could still be detected in the reaction mixture after 20 h (60
and 83% conversion, respectively, entries 3 and 4), whereas
in MeCN full conversion was observed (entry 5). DMF
proved to be the solvent of choice, and led to the complete
conversion of 1d to oxazole 5d within four hours (entry 6,
59% isolated yield). As reported by us earlier,[6b] 2-imidazo-
line 4d is formed selectively by performing the reaction in
the presence of AgOAc (Table 4, entry 7, 65% isolated
yield). In conclusion, the course of the 3-CR depends criti-
cally on the solvent used. By carefully selecting the right sol-
vent and promoter, complete control towards either 2-imida-
zoline or 5-methoxyoxazole formation can be achieved.


The pKa of the a proton in the isocyanide inputs is be-
lieved to be of critical importance[6b] and, most likely, gov-
erns the reaction path of the 3-CR and, consequently, the
ratio in which the products are formed. To investigate the
extent to which the electronic properties of the R group in
the a-aryl isocyano esters determines the course of the 3-
CR, six additional a-aryl isocyano esters (1e–j, Scheme 5)
were studied. For each isocyanide the 3-CR was performed
under three different reaction conditions. First, the standard
conditions in the absence of promoter (method A, Figure 2)
were employed, which usually give mixtures of the corre-
sponding 2-imidazolines (4d–j) and oxazoles (5d–j). Then,
conditions for each isocyanide were selected that should se-
lectively produce either the 2-imidazoline or the oxazole
(methods B and C, respectively, Table 5).


As expected, the ratio in which 4d–j (Figure 2, black
bars) and 5d–j (Figure 2, white bars) are formed in the ab-
sence of promoter (method A) is clearly governed by the


electronic nature of the R substituent(s) present on the a-
aryl group of 1. When 1e (R=p-NO2) was combined with
2a and 3a the product ratio was found to be entirely in
favor of oxazole 5e (Figure 2, [0:100]). The same conditions
but now using an isocyano ester with a chloro substituent at
the ortho, meta, or para position (1 f–h) still predominantly
gave the corresponding oxazoles (5 f–h), but minor amounts
of the 2-imidazolines (4 f–h) could be detected in the reac-
tion mixture as well (2–3%, black bars). As discussed
above, when 1d (R=H) was employed under identical con-
ditions, the corresponding oxazole was still the major prod-
uct formed (4d/5d 14:86). However, when the a-aryl group
was equipped with electron-donating R groups (1 i, 1 j) the
3-CR (in the absence of promoter) favored formation of 2-
imidazoline (Figure 2). Thus, one-pot reaction of 1 i (R=p-
OMe), 2a, and 3a in MeOH gave a 52:48 mixture of 4 i and
5 i, respectively. This ratio completely turned in favor of the
corresponding 2-imidazoline (4 j) when 1 j (R=o,p-(OMe)2)
was employed as the isocyanide input. The electronic nature


Table 4. Screening for optimal solvents for the MCR of isocyanide 1d
(R=H) with 2a and 3a.[a]


Entry Solvent t [h] Conv. [%] ACHTUNGTRENNUNG[4d/5d] Isolated yield [%]


1 MeOH 24 100 ACHTUNGTRENNUNG[14:86]
2[b] MeOH 24 100 ACHTUNGTRENNUNG[11:89]
3 CH2Cl2 20 60 ACHTUNGTRENNUNG[0:100]
4 toluene 20 83 ACHTUNGTRENNUNG[0:100]
5 MeCN 20 100 ACHTUNGTRENNUNG[0:100]
6 DMF 4 100 ACHTUNGTRENNUNG[0:100] 59 (5d)
7[c] MeOH 22 100 ACHTUNGTRENNUNG[100:0] 65 (4d)


[a] Reactions were performed at RT on 1.0 mmol scale (0.2m of 1d).
Conversions and product ratios were determined by 1H NMR spectrosco-
py. [b] 1 equiv Et3N·HCl added. [c] 2 mol% AgOAc used as catalyst ; iso-
cyanide 1d added as a 1m solution over 21 h, followed by 1 h additional
reaction time.


Figure 2. Reaction time and product ratio 4d–j/5d–j (black and white
bars, respectively), influenced by the pKa of the a proton in the a-phenyl
isocyano esters (1d–j) using reaction method A (MeOH, in the absence
of a promoter).


Table 5. Applying optimal conditions for directing the 3-CR to either 2-
imidazoline (method B) or oxazole (method C) formation using a-aryl
isocyano esters 1e–j.[a]


Entry 1 Method B[b] Method C[c]


ACHTUNGTRENNUNG[4/5] Isolated Time ACHTUNGTRENNUNG[4/5] Isolated
yield [%] yield [%]


1[d] 1e ACHTUNGTRENNUNG[81:19] 0.5 h ACHTUNGTRENNUNG[0:100] 62 (5e)
2[d,e] 1e ACHTUNGTRENNUNG[100:0] 72 (4e)
3 1 f ACHTUNGTRENNUNG[40:60][f] 11 h ACHTUNGTRENNUNG[0:100] 59 (5 f)
4[e] 1 f ACHTUNGTRENNUNG[45:55][g] 25 (4 f)
5 1g ACHTUNGTRENNUNG[100:0] n.d. 2 h ACHTUNGTRENNUNG[0:100] 48 (5g)
6 1h ACHTUNGTRENNUNG[100:0] 67 (4h) 2 h ACHTUNGTRENNUNG[0:100] 57 (5h)
7 1 i ACHTUNGTRENNUNG[100:0] 75 (4 i) 8 h ACHTUNGTRENNUNG[0:100] 64 (5 i)
8 1j ACHTUNGTRENNUNG[100:0][h] 87 (4 j) 7 d no reaction observed


[a] Reactions were performed on a 1.0 mmol scale (0.2m of 1e–j). Con-
versions and product ratios were determined by 1H NMR spectroscopy.
[b] MeOH used as solvent; 2 mol% AgOAc added as catalyst; isocya-
nides were added as a 1m solution in MeOH over 21 h, followed by 1 h
additional reaction time. [c] DMF used as solvent. [d] 1e was added as a
1m solution in CH2Cl2 due to its poor solubility in MeOH. [e] 5 mol%
AgOAc. [f] 55% conversion. [g] 79% conversion. [h] 52% conversion
after 22 h; 48 h total reaction time.
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of the R substituent in 1d–j not only has a profound influ-
ence on the observed product ratios, but also has a clear
effect on the reaction rates. By using method A, the MCR
with 1e (R=p-NO2) was complete within one hour, whereas
with 1 j (R=o,p-(OMe)2) only 45% conversion was reached
after seven days (all other reactions reached completion
within the time shown). It should, however, be noted that
besides the pKa of the a proton, the extended reaction times
may also be attributed to steric congestion due to ortho sub-
stitution at the a-phenyl ring of some of the isocyanides
used. This is supported by the observation that the 3-CR of
1 f, 2a, and 3a proceeds much slower under the standard
conditions than the same reaction using 1g or 1h (Figure 2).


In most cases the course of the 3-CR could be directed
completely to 2-imidazoline (4e–j) by slow addition of the
a-aryl isocyano ester (1e–j) to a mixture of 2a and 3a in
MeOH in the presence of 2 mol% AgOAc (Table 5, method
B).[16] In some cases 5 mol% AgOAc was required to selec-
tively produce the 2-imidazoline (entry 2). A notable excep-
tion is the selective formation of 4 f, which could not be ach-
ieved. It appears that the relatively large o-Cl substituent in
1 f makes the nucleophilic attack of the deprotonated a-
carbon atom in 1 f more difficult (Scheme 2, paths I and II),
which hampers selective formation of 4 f. Even with the use
of 5 mol% AgOAc, imidazoline 4 f was only formed as the
minor product (entry 4). In most cases, however, the isolated
yields are typical for 2-imidazolines (67–87%).[5,6]


When the reactions of 1e–i with 2a and 3a were per-
formed in DMF (Table 5,
method C) the corresponding
oxazoles 5e–i were formed
quantitatively. Typically, the
conversion of the isocyanides
proceeds twice as fast in this
polar aprotic solvent than the
reactions performed in MeOH
(method A, Figure 2). The iso-
lated yields reported for 5e–i
(entries 1, 3, 5, 6 and 7) are typ-
ical and comparable to yields
reported by Zhu et al. for simi-
lar reactions employing primary
amines (48–62%).[9] It should
be noted that reaction of isocy-
anide 1 j with 2a and 3a in
DMF did not take place at all.
Because formation of inter-
mediate B (Scheme 2, path III)
through nucleophilic attack of
the terminal NC carbon atom
on the imine should be easy in
the case of isocyanide 1 j, this
result might indicate that
MeOH and/or AgI catalysis is
essential for abstraction of the
a proton.


Influence of the imine on the course of the 3-CR : From the
experimental data presented in the previous sections, it is
clear that judicious selection of the reaction conditions
offers full control over the course of the 3-CR towards
either 2-imidazoline or oxazole products from the same
starting materials. For full control, the steric and electronic
properties of the isocyanide used are of major importance.
However a clear influence of the in situ-generated imine is
observed as well. For a number of different imines (gener-
ated from 2a–f and 3a–e, Table 6) in combination with iso-
cyano ester 1d we studied the outcome of the 3-CR under
optimal conditions as described above for 2-imidazoline for-
mation (method B) and for 5-methoxyoxazole formation
(method C). When 1d, benzylamine, and a series of carbon-
yl components with increasingly sterically demanding sub-
stituents R1 and R2 were allowed to react under the condi-
tions of method B (AgOAc, MeOH), formation of the cor-
responding 2-imidazolines (4d,k,l,m) decreased gradually
(Table 6, entries 1–4). However, when the same reactions
were performed in DMF (method C), 5-methoxyoxazole
(5d,k,l,m) formation increased with larger R1 and R2 sub-
stituents in the oxo component (Table 6, entries 1–4). The
same trend was observed when the steric constraints of the
amine component 3 were increased (entries 5–8). The reac-
tion of 1d, cyclohexanone (2e), and the smallest possible
amine, ammonia (3b), could be fully directed to either the
formation of 2-imidazoline 4n or oxazole 5n (using method
B and C, respectively; entry 5). However, under the condi-


Table 6. Influence of the carbonyl and amine components on the 3-CR with isocyano ester 1d.[a]


Entry R1 R2 R3 R4 Method B[b] Method C[c]


ACHTUNGTRENNUNG[4/5] Isolated yield [%] ACHTUNGTRENNUNG[4/5] Isolated yield [%]


1[d] Me H Bn H ACHTUNGTRENNUNG[100:0] 89 (4k) ACHTUNGTRENNUNG[100:0] 0 (5k)
2 Me Me Bn H ACHTUNGTRENNUNG[100:0] 65 (4d) ACHTUNGTRENNUNG[0:100] 59 (5d)
3 Me Et Bn H ACHTUNGTRENNUNG[31:69] 16 (4 l) ACHTUNGTRENNUNG[0:100] 53 (5 l)
4 Et Et Bn H ACHTUNGTRENNUNG[0:100] 0 (4m) ACHTUNGTRENNUNG[0:100] 49 (5m)
5[e] �


ACHTUNGTRENNUNG(CH2)5� H H ACHTUNGTRENNUNG[100:0] 63 (4n) ACHTUNGTRENNUNG[0:100] 69 (5n)
6 �


ACHTUNGTRENNUNG(CH2)5� nPr H ACHTUNGTRENNUNG[0:100] 0 (4o) ACHTUNGTRENNUNG[0:100] 63 (5o)
7 �


ACHTUNGTRENNUNG(CH2)5� morpholino ACHTUNGTRENNUNG[0:100] 0 (4p) ACHTUNGTRENNUNG[0:100] 61 (5p)


8 �
ACHTUNGTRENNUNG(CH2)5� tBu H ACHTUNGTRENNUNG[00:00][f] ACHTUNGTRENNUNG[00:00]


9 iPr H tBu H ACHTUNGTRENNUNG[46:54] 26 (4q) ACHTUNGTRENNUNG[0:100] 59 (5q)


[a] Reactions were performed on a 1.0 mmol scale (0.5m of 1d). Product ratios were determined by 1H NMR
spectroscopy. [b] MeOH used as solvent, 2 mol% AgOAc added as catalyst, and isocyanide added as a 1m so-
lution in MeOH over 21 h (0.33m), followed by 1 h additional reaction time. [c] DMF used as solvent.
[d] 2.0 equiv acetaldehyde used. [e] NH4Cl (2 mmol) used as amine component in combination with Et3N
(2.0 mmol). [f] 50% conversion.
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tions optimized for initial attack of the a-carbon atom of
the isocyanide to the imine (Scheme 2, paths I and II), only
oxazole formation was observed by using amine inputs that
were more sterically demanding. Thus, combination of 1d,
cyclohexanone (2e), and either n-propylamine (3c) or ben-
zylamine (3a) led to the sole formation of 5o and 5p (en-
tries 6 and 7, respectively). When the steric constraints were
further increased (t-butylamine, entry 8) even the corre-
sponding 5-methoxyoxazole product was not formed. In-
stead, as reported by Zhu et al.,[9k,17] 2-(hydroxyalkyl)-5-me-
thoxyoxazole (8) was obtained as the major product. Even
prolonged stirring of cyclohexanone and t-butylamine in the
presence of 3 L molecular sieves before addition of the iso-
cyanide only resulted in the formation of 8 as judged by
1H NMR spectroscopic analysis of the crude reaction mix-
ture. However, application of t-butylamine as a bulky amine
input is tolerated in the 3-CR for both 2-imidazoline and ox-
azole formation when a less sterically demanding carbonyl
component is used (entry 9).[6b]


Clearly, imines with relatively small substituents give the
corresponding 2-imidazolines under the conditions of
method B, whereas imines that are more sterically demand-
ing tend to give the corresponding oxazoles under the condi-
tions of method C. This is in agreement with the reaction
pathways shown in Scheme 2. For 2-imidazoline formation,
the a-carbon atom of the isocyanide is most likely involved
in the initial reaction step (paths I and II), whereas for ox-
ACHTUNGTRENNUNGazole formation the terminal isocyanide carbon atom is be-
lieved to react first (path III). With imines that are more
sterically demanding the a-carbon atom of the isocyanide,
which is sterically less accessible, cannot effectively ap-
proach the imine sp2-carbon atom, which results in de-
creased formation of the imidazoline and favors oxazole for-
mation by means of direct attack of the terminal isocyanide
carbon atom.


Conclusion


Judicious selection of the reaction conditions for the 3-CR
between amines, either a-isocyano esters or amides, and
either aldehydes or ketones results in selective formation of
either 2-imidazolines or oxazoles. The range of compatible
isocyanides for the MCR that leads to imidazolines has been
expanded to include the use of isocyano amides, whereas
the range of compatible isocyanides for 5-methoxyoxazole
formation has been expanded to include a wider range of a-
aryl isocyano esters. Under standard reaction conditions
using MeOH (method A), competitive formation of 2-imida-
zolines and oxazoles is often observed. The reaction path
followed seems to be mainly governed by two factors: 1) the
relative ease of a-proton abstraction in the isocyanide input
and 2) the steric constraints of both the isocyanide and the
in situ-generated imine. a-Aryl isocyano esters bearing elec-
tron-withdrawing substituents favor oxazole formation due
to stabilization of the a-anionic species (A). On the other
hand, electron-donating substituents favor imidazoline for-


mation because of the higher nucleophilicity of the a anion
in the deprotonated isocyanide. Obviously, the C�C bond
formation between two quaternary carbon atoms is strongly
influenced by steric bulk around the isocyanide and imine.
Consequently, preference for oxazole formation increases
with the application of inputs that are more sterically de-
manding. However, for a synthetically useful range of reac-
tant combinations, the 3-CR can be completely directed to-
wards either imidazoline or oxazole formation by selecting
the appropriate conditions. Thus, AgI (or CuI) catalysis pro-
duces 2-imidazolines, and application of a Brønsted acid
and/or use of an aprotic solvent selectively provides the cor-
responding oxazoles. The described experimental proce-
dures not only significantly increase the scope of compatible
inputs for this complexity-generating 3-CR, but also allows
considerable chemical diversity to be addressed: At least
four diversity points in two distinct scaffolds can be
exploited.


Experimental Section


General : Unless stated otherwise, all solvents and commercially available
reagents were used as purchased (without any further purification). Slow
additions were performed by using a New Era NE-1800 multisyringe
pump. Melting points were measured by using a Stuart Scientific SMP3
melting point apparatus and are uncorrected. Infrared (IR) spectra were
recorded with neat samples on KBr tablets by using a Matteson Instru-
ment 6030 Galaxy Series FTIR spectrophotometer. 1H and 13C (attached
proton test) NMR spectra were recorded on a Bruker Avance 400
(400.13 MHz for 1H and 100.62 MHz for 13C) or a Bruker Avance 250
(250.13 MHz for 1H and 62.90 MHz for 13C) spectrometer using CHCl3 as
the internal standard (1H: d=7.26 ppm; 13C{1H}: d=77.0 ppm). Fast atom
bombardment (FAB) mass spectrometry was carried out using a JEOL
JMS SX/SX 102A four-sector mass spectrometer, coupled to a JEOL
MS-MP9021D/UPD system program (samples were loaded in a matrix
solution (3-nitrobenzyl alcohol) onto a stainless-steel probe and bom-
barded with xenon atoms (3 KeV)). Electron impact (EI) mass spectrom-
etry was carried out using a Finnigan MAT900 spectrometer (electron
ionization voltage 70 eV). Chromatographic purification refers to flash
chromatography using the indicated solvent (mixture) and Merck 90
standardized Al2O3 (activity II–III, particle size 0.063–0.200 mm, 70–230
mesh ASTM) or Silicycle Silia-P flash silica gel (particle size 40–63 mm,
pore diameter 60 L). Thin-layer chromatography was performed using
TLC plates from Merck (Al2O3, 60 F254 on aluminum with fluorescence
indicator or silica gel, Kieselgel 60 F254 neutral, on aluminum with fluo-
rescence indicator). Compounds on TLC were visualized by using UV
light. Isocyanides 1a,[18] 1b,[18b] 1c,[19] 1d,[6a] and 1e[9k] were synthesized
according to literature procedures.


General procedure 1—Screening of reaction conditions : Unless stated
otherwise, a 10 mL reaction vial was charged with isocyanide 1a–d
(1.0 mmol), the appropriate solvent (5.0 mL), MgSO4 (100 mg), benzyl-
ACHTUNGTRENNUNGamine (3a ; 162 mL, 160 mg, 1.5 mmol), acetone (2a ; 150 mL, 118 mg,
2.0 mmol), and reported promoter. Reactions were performed at RT and
aliquots (100 mL) were taken, until the given time or full conversion of
the isocyanide. Samples were analyzed by using 1H NMR (CDCl3) spec-
troscopy after filtration and evaporation of the sample to dryness.


General procedure 2—Synthesis of the a-phenyl isocyano esters : Isocya-
no esters 1 f–j were synthesized from their corresponding amino acids in
three steps following our previously reported procedure.[5]


Methyl 2-(o-chlorophenyl)-2-isocyanoacetate (1 f): General procedure 2
was followed using (� )-2-chlorophenylglycine (10.0 g, 53.8 mmol) to give
1 f as a clear red oil (6.99 g, 33.4 mmol, 62%). Purification was per-
formed by means of column chromatography (silica gel, EtOAc/cyclohex-
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ane 1:2, Rf =0.59). 1H NMR (400.13 MHz, CDCl3): d=7.59–7.57 (m, 1H),
7.46–7.44 (m, 1H), 7.39–7.36 (m, 2H), 5.85 (s, 1H), 3.82 ppm (s, 3H);
13C{1H} NMR (100.62 MHz, CDCl3): d =165.4 (C), 161.6 (C), 133.1 (C),
130.9 (CH), 130.3 (C), 130.1 (CH), 128.6 (CH), 127.8 (CH), 57.1 (CH),
53.9 ppm (CH3); IR (KBr): ñ =2146 (s), 1759 (s), 1477 (m), 1437 (m),
1433 (m), 1223 (s), 1033 cm�1 (m); MS (FAB, 3 KeV): m/z (%): 210 (18)
[M+H]+ , 183 (100) [M�NC]+ ; HRMS (FAB, 3 KeV): m/z calcd for
C10H9ClNO2 [M+H]+ : 210.0322; found: 210.0318.


Methyl 2-(m-chlorophenyl)-2-isocyanoacetate (1g): General procedure 2
was followed using (� )-3-chlorophenylglycine[20] (4.85 g, 21.2 mmol) to
give 1g, after 1 h of stirring at 0 8C, as a dark red oil (0.76 g, 3.6 mmol,
17%). Purification was performed by means of two column chromatogra-
phy steps (silica gel, EtOAc/cyclohexane 1:1, Rf =0.80; silica gel, EtOAc/
cyclohexane 1:2, Rf =0.59). The isolated product was sufficiently pure for
follow-up reactions. 1H NMR (250.13 MHz, CDCl3): d =7.49–7.31 (m,
4H), 5.34 (s, 1H), 3.81 ppm (s, 3H); 13C{1H} NMR (62.90 MHz,
CDCl3):


[21] d =165.5 (C), 135.2 (C), 133.4 (C), 130.5 (CH), 129.9 (CH),
126.9 (CH), 124.9 (CH), 59.6 (CH), 54.0 ppm (CH3); IR (KBr): ñ=2149
(s), 1859 (w), 1758 (s), 1637 (m), 1597 (m), 1433 (m), 1251 (s), 1031 cm�1


(m); MS (EI, 70 eV): m/z (%): 209 (88) [M]+ , 150 (100) [M�C2H3O2]
+ ;


HRMS (EI, 70 eV): m/z calcd for C10H8ClNO2 [M]+ : 209.02436; found:
209.02520.


Methyl 2-(p-chlorophenyl)-2-isocyanoacetate (1h): General procedure 2
was followed using (� )-4-chlorophenylglycine (15.4 g, 67.4 mmol) to give
1h, after 1 h of stirring at 0 8C, as a dark red oil (5.65 g, 26.8 mmol,
40%). Purification was performed by means of column chromatography
(silica gel, EtOAc/cyclohexane 1:4, Rf =0.25). 1H NMR (250.13 MHz,
CDCl3): d=7.42 (s, 4H), 5.35 (s, 1H), 3.80 ppm (s, 3H); 13C{1H} NMR
(100.62 MHz, CDCl3): d=165.6 (C), 162.2 (C), 135.8 (C), 130.2 (C), 129.4
(2CH), 128.0 (2CH), 59.6 (CH), 53.9 ppm (CH3); IR (KBr): ñ=2149 (s),
1758 (s), 1637 (m), 1495 (m), 1436 (w), 1252 (s), 1093 cm�1 (m); MS (EI,
70 eV): m/z (%): 209 (54) [M]+ , 177 (54) [M�CH4O]+ , 150 (100)
[M�C2H3O2]


+ , 124 (37) [C7H5Cl]+ , 111 (10) [C6H4Cl]+ ; HRMS (EI,
70 eV): m/z calcd for C10H8ClNO2 [M]+ : 209.02436; found: 209.02431.


Methyl 2-(p-methoxyphenyl)-2-isocyanoacetate (1i): General procedure 2
was followed using (� )-4-methoxyphenylglycine[20] (3.86 g, 17.3 mmol) to
give 1 i as a dark red oil (1.76 g, 8.58 mmol, 50%). Purification was per-
formed by means of column chromatography (silica gel, EtOAc/cyclohex-
ane 1:1, Rf =0.66). 1H NMR (250.13 MHz, CDCl3): d=7.38 (m, 2H), 6.93
(m, 2H), 5.31 (s, 1H), 3.82 (s, 3H), 3.78 ppm (s, 3H); 13C{1H} NMR
(100.62 MHz, CDCl3): d =166.3 (C), 161.0 (C), 160.5 (C), 128.0 (2CH),
123.9 (C), 114.5 (2CH), 59.7 (CH), 55.4 (CH3), 53.6 ppm (CH3); IR
(KBr): ñ =2957 (w), 2149 (s), 1757 (s), 1611 (m), 1512 (s), 1438 (m), 1254
(s), 1178 (m), 1031 cm�1 (s); MS (EI, 70 eV): m/z (%): 205 (23) [M]+ ,
173 (3) [M�CH4O]+ , 146 (100) [M�C2H3O2]


+ ; HRMS (EI, 70 eV): m/z
calcd for C11H11NO3 [M]+ : 205.07389; found: 205.07333.


Methyl 2-(o,p-dimethoxyphenyl)-2-isocyanoacetate (1j): General proce-
dure 2 was followed using (� )-2,4-dimethoxyphenylglycine[20] (2.87 g,
11.3 mmol) to give 1j as an orange oil (1.34 g, 5.70 mmol, 50%). Purifica-
tion was performed by means of column chromatography (silica gel,
EtOAc/cyclohexane 1:1, Rf =0.66). 1H NMR (400.13 MHz, CDCl3): d=


7.31 (d, 3J=8.4 Hz, 1H), 6.53 (dd, 3J=8.4 Hz, 4J=2.4 Hz, 1H), 6.48 (d,
4J=2.4 Hz, 1H), 5.65 (s, 1H), 3.85 (s, 3H), 3.82 (s, 3H), 3.78 ppm (s,
3H); 13C{1H} NMR (62.90 MHz, CDCl3): d=166.6 (C), 162.0 (C), 159.3
(C), 157.3 (C), 129.0 (CH), 113.7 (C), 105.0 (CH), 98.8 (CH), 55.8 (CH3),
55.4 (CH3), 54.3 (CH), 53.4 ppm (CH3); IR (KBr): ñ =2961 (w), 2840
(w), 2148 (s), 1757 (s), 1614 (s), 1590 (m), 1509 (m), 1212 (s), 1031 cm�1


(s); MS (EI, 70 eV): m/z (%): 235 (19) [M]+ , 176 (100) [M�C2H3O2]
+ ;


HRMS (EI, 70 eV): m/z calcd for C12H13NO4 [M]+ : 235.08446; found:
235.08525.


General procedure 3—Synthesis of 2-imidazolines 4a,c–j : Isocyanide
(4a,c–j ; 1 mL of a 1m solution, 1.0 mmol) in MeOH was added over 21 h
to a stirred solution of 3a (162 mL, 160 mg, 1.5 mmol), 2a (150 mL,
118 mg, 2.0 mmol), MgSO4 (100 mg), and 2.0 mol% AgOAc (3.3 mg,
0.020 mmol) in MeOH (4 mL). After 1 h of additional stirring, water
(15 mL) was added, and the resulting mixture was extracted with CH2Cl2
(3Q10 mL). The organic layers were combined, dried (MgSO4), filtered,


and concentrated, and the resulting 2-imidazoline was purified by means
of column chromatography.


(1-Benzyl-5,5-dimethyl-4,5-dihydro-1H-imidazol-4-yl)(morpholino)meth-
ACHTUNGTRENNUNGanone (4a): General procedure 3 was followed using 1a (154 mg,
1.0 mmol) to give 4a as a pale brown oil (274 mg, 0.91 mmol, 91%). Rf =


0.33 (Al2O3, EtOAc/MeOH (10%)); 1H NMR (250.13 MHz, CDCl3): d=


7.38–7.27 (m, 5H), 6.90 (d, 4J=1.4 Hz, 1H), 4.70 (d, 4J=1.4 Hz, 1H),
4.24 (d, 2J=15.2 Hz, 1H), 4.21 (d, 2J=15.2 Hz, 1H), 3.72–3.69 (m, 8H),
1.33 (s, 3H), 1.18 ppm (s, 3H); 13C{1H} NMR (62.90 MHz, CDCl3): d=


168.8 (C), 156.2 (CH), 138.0 (C), 128.7 (2CH), 127.7 (2CH), 127.7 (CH),
76.3 (CH), 67.1 (CH2), 66.8 (CH2), 64.5 (C), 46.4 (CH2), 45.9 (CH2), 42.5
(CH2), 27.4 (CH3), 20.9 ppm (CH3); IR (KBr): ñ =2860 (w), 1648 (s),
1602 (s), 1454 (m), 1229 (m), 1003 cm�1 (w); MS (EI, 70 eV): m/z (%):
301 (8) [M]+ , 286 (6) [M�CH3]


+ , 187 (100) [M�C5H8NO2]
+ , 91 (91)


[C7H7]
+ ; HRMS (EI, 70 eV): m/z calcd for C17H23N3O2 [M]+ : 301.17903;


found: 301.17772.


(1-Benzyl-5,5-dimethyl-4-phenyl-4,5-dihydro-1H-imidazol-4-yl)(morpholi-
no)methanone (4c): General procedure 3 was followed using 1c (230 mg,
1.0 mmol) to give 4c as a yellow oil (266 mg, 0.60 mmol, 60%). Rf =0.50
(silica gel, EtOAc); 1H NMR (250.13 MHz, CDCl3): d=7.35–7.15 (m,
10H), 7.11 (s, 1H), 4.19 (d, 2J=15.0 Hz, 1H), 4.03 (d, 2J=15.0 Hz, 1H),
3.85–3.65 (m, 5H), 3.58–3.50 (m, 2H), 2.81–2.75 (m, 1H), 1.52 (s, 3H),
0.89 ppm (s, 3H); 13C{1H} NMR (100.62 MHz, CDCl3): d=170.2 (C),
156.4 (CH), 138.0 (C), 136.9 (C), 128.6 (2CH), 128.1 (2CH), 127.6
(2CH), 127.6 (CH), 127.5 (CH), 126.9 (2CH), 83.9 (C), 71.4, 66.6 and
66.2 (2CH2 and C), 47.8 (CH2), 45.5 (CH2), 43.2 (CH2), 22.5 (CH3),
21.2 ppm (CH3); IR (KBr): ñ =3026 (w), 2963 (w), 2854 (w), 1951 (w),
1634 (s), 1598 (s), 1456 (m), 1251 (s), 1113 cm�1 (s); MS (EI, 70 eV): m/z
(%): 377 (10) [M]+ , 376 (20) [M�H]+ , 362 (100) [M�CH3]


+ , 286 (25)
[M�C7H7]


+ ; HRMS (EI, 70 eV): m/z calcd for C23H27N3O2 [M]+ :
377.21033; found: 377.20942.


Methyl 1-benzyl-5,5-dimethyl-4-(4-nitrophenyl)-4,5-dihydro-1H-imidazole-
4-carboxylate (4e): General procedure 3 was followed using 1e (220 mg,
1.0 mmol) to give 4e as a red oil (264 mg, 0.72 mmol, 72%). Due to poor
solubility of the isocyanide in MeOH, 1e was added as a 1m solution in
CH2Cl2, with 5 mol% AgOAc used as catalyst. Rf =0.40 (silica gel,
EtOAc); 1H NMR (250.13 MHz, CDCl3): d=8.19 (d, 3J=9.3 Hz, 2H),
7.88 (d, 3J=9.3 Hz, 2H), 7.39–7.24 (m, 5H), 7.15 (s, 1H), 4.22 (s, 2H),
3.77 (s, 3H), 1.41 (s, 3H), 0.80 ppm (s, 3H); 13C{1H} NMR (62.90 MHz,
CDCl3): d=171.3 (C), 156.8 (CH), 147.4 (C), 145.0 (C), 137.5 (C), 129.1
(2CH), 128.8 (2CH), 127.8 (CH), 127.5 (2CH), 122.7 (2CH), 84.4 (C),
69.2 (C), 52.6 (CH3), 46.1 (CH2), 23.0 (CH3), 22.5 ppm (CH3); IR (KBr):
ñ=2989 (w), 2947 (w), 1728 (s), 1607 (m), 1592 (s), 1517 (s), 1348 (s),
1227 (m), 1042 cm�1 (m); MS (EI, 70 eV): m/z (%): 308 (51)
[M�C2H3O2]


+ , 91 (100) [C7H7]
+ ; MS (FAB, 3 KeV): m/z (%): 368 (100)


[M+H]+ , 308 (20) [M�C2H3O2]
+, 91 (100) [C7H7]


+ ; HRMS (FAB,
3 KeV): m/z calcd for C20H22N3O4 [M+H]+ : 368.1610; found: 368.1614.


Methyl 1-benzyl-4-(2-chlorophenyl)-5,5-dimethyl-4,5-dihydro-1H-imida-
zole-4-carboxylate (4 f): General procedure 3 was followed using 1 f
(210 mg, 1.0 mmol) to give 4 f as an orange oil (89 mg, 0.25 mmol, 25%).
AgOAc (5 mol%) was used as catalyst. Rf =0.32 (silica gel, EtOAc/cyclo-
hexane 1:1); 1H NMR (250.13 MHz, CDCl3): d =7.90 (dd, 3J=7.5 Hz,
4J=2.0 Hz, 1H), 7.42–7.19 (m, 8H), 6.99 (s, 1H), 4.29 (s, 2H), 3.65 (s,
3H), 1.94 (s, 3H), 0.66 ppm (s, 3H); 13C{1H} NMR (62.90 MHz, CDCl3):
d=170.4 (C), 156.3 (CH), 138.1 (C), 137.9 (C), 132.9 (C), 131.1 (CH),
129.6 (CH), 128.8 (2CH), 128.6 (CH), 127.6 (CH), 127.5 (2CH), 126.4
(CH), 84.2 (C), 68.4 (C), 52.2 (CH3), 45.9 (CH2), 25.6 (CH3), 21.6 ppm
(CH3); IR (KBr): ñ =3031 (w), 2943 (w), 1733 (s), 1597 (s), 1467 (m),
1225 (s), 1167 (m), 1051 cm�1 (s); MS (EI, 70 eV): m/z (%): 356 (6)
[M]+ , 297 (100) [M�C2H3O2]


+ , 265 (10) [M�C7H7]
+ , 91 (64) [C7H7]


+ ;
HRMS (EI, 70 eV): m/z calcd for C20H21ClN2O2 [M+]: 356.12916; found:
356.12879.


Methyl 1-benzyl-4-(3-chlorophenyl)-5,5-dimethyl-4,5-dihydro-1H-imida-
zole-4-carboxylate (4g): General procedure 3 was followed using 1g
(210 mg, 1.0 mmol) to give 4g as a yellow oil (46 mg, 0.13 mmol, 13%).
Rf =0.13 (silica gel, EtOAc); 1H NMR (400.13 MHz, CDCl3): d=7.66 (m,
1H), 7.54–7.51 (m, 1H), 7.36–7.23 (m, 7H), 7.12 (s, 1H), 4.20 (d, 2J=


16.0 Hz, 1H), 4.18 (d, 2J=16.0 Hz, 1H), 3.76 (s, 3H), 1.37 (s, 3H),
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0.82 ppm (s, 3H); 13C{1H} NMR (62.90 MHz, CDCl3): d=171.6 (C), 156.5
(CH), 139.3 (C), 137.8 (C), 134.0 (C), 128.9 (CH), 128.8 (2CH), 128.0
(CH), 127.8 (CH), 127.7 (CH), 127.5 (2CH), 126.0 (CH), 84.2 (C), 69.1
(C), 52.4 (CH3), 46.0 (CH2), 22.9 (CH3), 22.3 ppm (CH3); IR (KBr): ñ=


2971 (w), 1727 (s), 1602 (s), 1458 (w), 1397 (w), 1230 (s), 1164 (m),
1037 cm�1 (m); MS (EI, 70 eV): m/z (%): 356 (1) [M]+ , 297 (100)
[M�C2H3O2]


+ , 91 (100) [C7H7]
+ ; HRMS (EI, 70 eV): m/z calcd for


C20H21ClN2O2 [M+]: 356.12916; found: 356.12875.


Methyl 1-benzyl-4-(4-chlorophenyl)-5,5-dimethyl-4,5-dihydro-1H-imida-
zole-4-carboxylate (4h): General procedure 3 was followed using 1h
(210 mg, 1.0 mmol) to give 4h as an orange oil (239 mg, 0.67 mmol,
67%). Rf =0.43 (Al2O3, EtOAc/cyclohexane 1:2); 1H NMR (250.13 MHz,
CDCl3): d=7.62–7.56 (m, 2H), 7.38–7.23 (m, 7H), 7.11 (s, 1H), 4.18 (s,
2H), 3.75 (s, 3H), 1.36 (s, 3H), 0.82 ppm (s, 3H); 13C{1H} NMR
(100.62 MHz, CDCl3): d =171.9 (C), 156.4 (CH), 137.9 (C), 135.8 (C),
133.6 (C), 129.3 (2CH), 128.8 (2CH), 127.9 (2CH), 127.7 (CH), 127.5
(2CH), 84.1 (C), 69.0 (C), 52.4 (CH3), 46.0 (CH2), 22.9 (CH3), 22.3 ppm
(CH3); IR (KBr): ñ =2972 (w), 1901 (w), 1727 (s), 1603 (s), 1490 (m),
1230 (s), 1165 cm�1 (m); MS (EI, 70 eV): m/z (%): 356 (1) [M]+, 297 (86)
[M�C2H3O2]


+ , 265 (6) [M�C7H7]
+ , 168 (7) [M�C12H9Cl]+ , 91 (100)


[C7H7]
+ ; HRMS (EI, 70 eV): m/z calcd for C20H21ClN2O2 [M+]:


356.12916; found: 356.13038.


Methyl 1-benzyl-4-(4-methoxyphenyl)-5,5-dimethyl-4,5-dihydro-1H-imida-
zole-4-carboxylate (4i): General procedure 3 was followed using 1 i
(205 mg, 1.0 mmol) to give 4 i as a yellow oil (264 mg, 0.75 mmol, 75%).
Rf =0.29 (silica gel, EtOAc/MeOH (5%)); 1H NMR (250.13 MHz,
CDCl3): d =7.54 (d, 3J=8.8 Hz, 2H), 7.36–7.23 (m, 5H), 7.11 (s, 1H),
6.86 (d, 3J=8.8 Hz, 2H), 4.19 (d, 2J=15.8 Hz, 1H), 4.16 (d, 2J=15.8 Hz,
1H), 3.81 (s, 3H), 3.75 (s, 3H), 1.36 (s, 3H), 0.84 ppm (s, 3H); 13C{1H}
NMR (100.62 MHz, CDCl3): d=172.2 (C), 159.0 (C), 156.1 (CH), 138.1
(C), 129.1 (C), 128.8 (2CH), 128.7 (2CH), 127.6 (2CH), 127.5 (2CH),
113.1 (2CH), 84.0 (C), 69.0 (C), 55.2 (CH3), 52.3 (CH3), 46.0 (CH2), 22.8
(CH3), 22.2 ppm (CH3); IR (KBr): ñ =2945 (m), 2835 (w), 1725 (s), 1605
(s), 1510 (m), 1454 (m), 1248 (s), 1175 (m), 1038 cm�1 (m); MS (EI,
70 eV): m/z (%): 352 (6) [M]+ , 293 (100) [M�C2H3O2]


+ , 261 (6)
[M�C7H7]


+ , 91 (80) [C7H7]
+ ; HRMS (EI, 70 eV): m/z calcd for


C21H24N2O3 [M+]: 352.17869; found: 352.17799.


Methyl 1-benzyl-4-(2,4-dimethoxyphenyl)-5,5-dimethyl-4,5-dihydro-1H-
imidazole-4-carboxylate (4j): General procedure 3 was followed using 1j
(235 mg, 1.0 mmol) to give 4j as a pale orange oil (333 mg, 0.87 mmol,
87%). The total reaction time was 48 h. Rf =0.40 (silica gel, EtOAc);
1H NMR (250.13 MHz, CDCl3): d=7.65 (d, 3J=8.5 Hz, 1H), 7.44–7.28
(m, 5H), 6.50 (dd, 3J=8.5 Hz, 4J=2.3 Hz, 1H), 6.43 (d, 4J=2.3 Hz, 1H),
4.31 (d, 2J=15.8 Hz, 1H), 4.26 (d, 2J=15.8 Hz, 1H), 3.82 (s, 3H), 3.74 (s,
3H), 3.60 (s, 3H), 1.74 (s, 3H), 0.62 ppm (s, 3H); 13C{1H} NMR
(62.90 MHz, CDCl3): d =171.4 (C), 159.9 (C), 157.6 (C), 156.1 (CH),
138.2 (C), 129.8 (CH), 128.5 (2CH), 127.3 (2CH), 127.2 (CH), 121.4 (C),
103.5 (CH), 98.7 (CH), 82.7 (C), 68.1 (C), 55.0 (CH3), 54.7 (CH3), 51.6
(CH3), 45.8 (CH2), 24.7 (CH3), 20.7 ppm (CH3); IR (KBr): ñ=2940 (m),
2837 (w), 1731 (s), 1614 (s), 1579 (s), 1505 (m), 1456 (m), 1244 (w), 1207
(s), 1048 cm�1 (s); MS (EI, 70 eV): m/z (%): 382 (2) [M]+ , 323 (42)
[M�C2H3O2]


+ , 106 (34) [C7H6O]+ ; HRMS (EI, 70 eV): m/z calcd for
C22H26N2O4 [M+]: 382.18926; found: 382.18875.


General procedure 6—Synthesis of 2-imidazolines 4k,l,n : Unless stated
otherwise: A 1m solution of isocyanide 1d (1 mL, 175 mg, 1.0 mmol) in
MeOH was added over 21 h to a stirred solution of either aldehyde or
ketone (1.2 mmol), amine (1.2 mmol), MgSO4 (100 mg), and AgOAc
(3.3 mg, 0.020 mmol, 2.0 mol%) in MeOH (2 mL). After 1 h of additional
stirring, water (15 mL) was added, and the resulting mixture was extract-
ed with CH2Cl2 (3Q10 mL). The organic layers were combined, dried
(MgSO4), filtered, and concentrated, and the resulting 2-imidazoline was
purified by means of column chromatography.


Methyl 1-benzyl-5-methyl-4-phenyl-4,5-dihydro-1H-imidazole-4-carboxyl-
ate (4k): General procedure 6 was followed using 1d (175 mg, 1.0 mmol),
acetaldehyde (2b ; 112 mL, 88 mg, 2.0 mmol), and benzylamine (3a ;
131 mL, 128 mg, 1.2 mmol) to give 4k as an orange oil (274 mg,
0.89 mmol, 89%). Rf =0.27 (silica gel, EtOAc); isolated as a 38:62 mix-
ture of diastereomers; 1H NMR (250.13 MHz, CDCl3): major isomer: d=


7.40–7.11 (m, 10H), 7.17 (s, 1H), 4.45 (d, 2J=15.4 Hz, 1H), 4.36 (q, 3J=


6.5 Hz, 1H), 4.19 (d, 2J=15.4 Hz, 1H), 3.74 (s, 3H), 0.66 ppm (d, 3J=


6.5 Hz, 3H); minor isomer: d=7.56–7.52 (m, 2H), 7.40–7.11 (m, 8H),
7.14 (s, 1H), 4.42 (d, 2J=15.4 Hz, 1H), 4.21 (d, 2J=15.4 Hz, 1H), 3.85 (q,
3J=6.6 Hz, 1H), 3.71 (s, 3H), 1.34 ppm (d, 3J=6.6 Hz, 3H); 13C{1H}
NMR (100.62 MHz, CDCl3): major isomer: d=174.0 (C), 156.3 (CH),
137.3 (C), 136.2 (C), 128.8 (2CH), 128.1 (2CH), 127.8 (CH), 127.6
(2CH), 127.4 (CH), 126.7 (2CH), 83.0 (C), 59.7 (CH), 52.7 (CH3), 48.7
(CH2), 14.5 ppm (CH3); minor isomer: d=171.9 (C), 156.2 (CH), 143.0
(C), 136.2 (C), 128.7 (2CH), 128.1 (2CH), 127.7 (CH), 127.5 (2CH),
127.4 (CH), 126.2 (2CH), 82.5 (C), 63.9 (CH), 52.2 (CH3), 48.6 (CH2),
14.7 ppm (CH3); IR (KBr): ñ =3027 (w), 2948 (w), 1726 (s), 1595 (s),
1493 (w), 1454 (m), 1240 (s), 1178 (m), 731 (m), 700 cm�1 (m); MS (FAB,
3 KeV): m/z (%): 309 (100) [M+H]+ , 249 (33) [M�C2H3O2]


+ , 91 (60)
[C7H7]


+ ; HRMS (FAB, 3 KeV): m/z calcd for C19H21N2O2 [M+H]+ :
309.1603; found: 309.1606.


Methyl 1-benzyl-5-ethyl-5-methyl-4-phenyl-4,5-dihydro-1H-imidazole-4-
carboxylate (4l): General procedure 6 was followed using 1d (175 mg,
1.0 mmol), 2-butanone (2c ; 107 mL, 87 mg, 1.2 mmol), and 3a (131 mL,
128 mg, 1.2 mmol) to give 4 l as a colorless oil (54 mg, 0.16 mmol, 16%).
Rf =0.20 (silica gel, EtOAc/cyclohexane 1:3); isolated as a 53:47 mixture
of diastereomers; 1H NMR (250.13 MHz, CDCl3): d =7.69 (dd, 3J=


7.7 Hz, 4J=2.0 Hz, 2H), 7.49 (dd, 3J=8.3 Hz, 4J=1.5 Hz, 2H), 7.39–7.19
(m, 16H), 7.17 (s, 1H), 7.16 (s, 1H), 4.29 (d, 2J=15.5 Hz, 1H), 4.22 (d,
2J=15.3 Hz, 1H), 4.17 (d, 2J=15.5, 1H), 4.05 (d, 2J=15.3 Hz, 1H), 3.77
(s, 3H), 3.72 (s, 3H), 2.30–2.15 (m, 1H), 1.74–1.59 (m, 1H), 1.54–1.26 (m,
2H), 1.37 (s, 3H), 0.86 (t, 3J=7.5 Hz, 3H), 0.83 (s, 3H), 0.50 ppm (t, 3J=


7.3 Hz, 3H); 13C{1H} NMR (100.62 MHz, CDCl3): d =172.0 (C), 171.9
(C), 156.5 (CH), 155.9 (CH), 138.1 (C), 137.8 (C), 137.1 (C), 136.9 (C),
128.6 (4CH), 128.1 (2CH), 127.8 (2CH), 127.50 (4CH), 127.47 (2CH),
127.31 (2CH), 127.28 (2CH), 127.2 (2CH), 84.8 (C), 83.2 (C), 71.7 (C),
71.6 (C), 52.2 (2CH3), 46.3 (CH2), 45.9 (CH2), 29.4 (CH2), 29.2 (CH2),
23.4 (CH3), 22.0 (CH3), 9.4 (CH3), 8.5 ppm (CH3); IR (KBr): ñ =2947
(m), 2837 (w), 1725 (s), 1606 (s), 1455 (m), 1261 (s), 1052 cm�1 (m); MS
(FAB, 3 KeV): m/z (%): 337 (100) [M+H]+ , 277 (27) [M�C2H3O2]


+ , 91
(66) [C7H7]


+ ; HRMS (FAB, 3 KeV): m/z calcd for C21H25N2O2 [M+H]+ :
337.1916; found: 337.1920.


Methyl 4-phenyl-1,3-diazaspiro ACHTUNGTRENNUNG[4.5]dec-2-ene-4-carboxylate (4n): General
procedure 6 was followed using 1d (175 mg, 1.0 mmol), cyclohexanone
(2e ; 124 mL, 118 mg, 1.2 mmol), NH4Cl (107 mg, 2.0 mmol), and Et3N
(278 mL, 202 mg, 2.0 mmol) to give 4n (171 mg, 0.63 mmol, 63%) as a
sticky brown solid. (Chromatography: silica gel, EtOAc/methanol gradi-
ent.) 1H NMR (250.13 MHz, CDCl3): d=7.67 (dd, 3J=8.5 Hz, 4J=2.0 Hz,
2H), 7.36–7.27 (m, 4H), 4.65 (br s, 1H), 3.71 (s, 3H), 1.90–0.91 ppm (m,
10H); 13C{1H} NMR (100.62 MHz, CDCl3): d=172.2 (C), 152.4 (CH),
136.6 (C), 127.5 (2CH), 127.44 (2CH), 127.36 (CH), 80.3 (C), 72.9 (C),
52.1 (CH3), 34.5 (CH2), 34.3 (CH2), 25.2 (CH2), 23.3 (CH2), 22.7 ppm
(CH2); IR (KBr): ñ =3432 (br s), 2929 (m), 2848 (w), 1731 (s), 1615 (s),
1445 (s), 1208 (s), 1016 cm�1 (w); MS (FAB, 3 KeV): m/z (%): 273 (100)
[M+H]+ , 213 (33) [M�C2H3O2]


+ ; HRMS (FAB, 3 KeV): m/z calcd for
C16H21N2O2 [M+H]+: 273.1603; found: 273.1602.


General procedure 4—Synthesis of oxazoles 5a–c : An isocyanide (1a–c ;
1.0 mmol), 3a (162 mL, 160 mg, 1.5 mmol), 2a (150 mL, 118 mg,
2.0 mmol), Et3N·HCl (138 mg, 1.0 mmol), and MgSO4 (100 mg) were
stirred in MeOH (5 mL) for 5 h at 60 8C. Water (15 mL) was added, and
the resulting mixture was extracted with CH2Cl2 (3Q10 mL). The organic
layers were combined, dried (MgSO4), filtered, and concentrated, and
the resulting 2-imidazoline was purified by means of column chromatog-
raphy (Al2O3, EtOAc/cyclohexane 1:4).


N-Benzyl-2-(5-morpholinooxazol-2-yl)propan-2-amine (5a): General pro-
cedure 4 was followed using 1a (154 mg, 1.0 mmol) to give 5a as a yellow
oil (220 mg, 0.73 mmol, 73%). Rf =0.43; 1H NMR (250.13 MHz, CDCl3):
d=7.30–7.20 (m, 5H), 6.00 (s, 1H), 3.85–3.81 (m, 4H), 3.57 (s, 2H), 3.10–
3.07 (m, 4H), 1.66 (br s, 1H), 1.53 ppm (s, 6H); 13C{1H} NMR
(62.90 MHz, CDCl3): d=161.5 (C), 157.0 (C), 140.6 (C), 128.4 (2CH),
128.2 (2CH), 126.9 (CH), 102.7 (CH), 66.0 (2CH2), 54.5 (C), 48.5
(2CH2), 48.4 (CH2), 26.6 ppm (2CH3); IR (KBr): ñ=2976 (m), 2857 (m),
1611 (s), 1567 (w), 1453 (m), 1378 (m), 1243 (m), 1119 (s), 898 cm�1 (s);
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MS (EI, 70 eV): m/z (%): 301 (10) [M]+, 286 (507) [M�CH3]
+ , 196 (60)


[M�C7H7N]+ , 195 (26) [M�C7H8N]+ , 148 (100) [C10H14N]+ , 91 (75)
[C7H7]


+ ; HRMS (EI, 70 eV): m/z calcd for C17H23N3O2 [M]+ : 301.17903;
found: 301.17807.


N-Benzyl-2-(4-ethyl-5-morpholinooxazol-2-yl)propan-2-amine (5b): Gen-
eral procedure 4 was followed using 1b (182 mg, 1.0 mmol) to give 5b as
a colorless oil (161 mg, 0.49 mmol, 49%). Rf =0.55; 1H NMR
(250.13 MHz, CDCl3): d=7.35–7.18 (m, 5H), 3.81–3.78 (m, 4H), 3.54 (s,
2H), 3.04–3.00 (m, 4H), 2.48 (q, 3J=7.5 Hz, 2H), 1.80 (br s, 1H), 1.53 (s,
6H), 1.20 ppm (t, 3J=7.5 Hz, 3H); 13C{1H} NMR (62.90 MHz, CDCl3):
d=163.2 (C), 150.4 (C), 140.6 (C), 128.4 (2CH), 128.3 (2CH), 127.3 (C),
126.9 (CH), 67.0 (2CH2), 54.8 (C), 51.4 (2CH2), 48.6 (CH2), 26.5 (2CH3),
19.1 (CH2), 13.9 ppm (CH3); IR (KBr): ñ=3393 (s), 2967 (s), 2856 (m),
1679 (s), 1496 (m), 1453 (s), 1378 (m), 1260 (s), 1201 (s), 1116 cm�1 (s);
MS (EI, 70 eV): m/z (%): 329 (12) [M]+ , 314 (27) [M�CH3]


+ , 224 (32)
[M�C7H7N]+ , 148 (100) [C10H14N]+ , 91 (100) [C7H7]


+ 70 (60) [C4H8N]+ ;
HRMS (EI, 70 eV): m/z calcd for C19H27N3O2 [M]+ : 329.21033; found:
329.21115.


N-Benzyl-2-(5-morpholino-4-phenyloxazol-2-yl)propan-2-amine (5c):
General procedure 4 was followed using 1c (230 mg, 1.0 mmol) to give
5c as a colorless solid (211 mg, 0.56 mmol, 56%). Rf =0.73; m.p. 93–
96 8C; 1H NMR (400.13 MHz, CDCl3): d=8.00 (d, 3J=8.0 Hz, 2H), 7.42
(t, 3J=8.0 Hz, 2H), 7.33–7.23 (m, 6H), 3.89–3.86 (m, 4H), 3.65 (s, 2H),
3.14–3.12 (m, 4H), 1.88 (br s, 1H), 1.60 ppm (s, 6H); 13C{1H} NMR
(62.90 MHz, CDCl3): d=163.2 (C), 150.5 (C), 140.5 (C), 132.1 (C), 128.44
(2CH), 128.39 (2CH), 128.3 (2CH), 126.9 (CH), 126.8 (CH), 126.0
(2CH), 123.6 (C), 66.9 (2CH2), 54.9 (C), 50.4 (2CH2), 48.6 (CH2),
26.5 ppm (2CH3); IR (KBr): ñ =3317 (s), 2977 (s), 2846 (s), 2830 (m),
1649 (s), 1494 (m), 1446 (m), 1376 (s), 1193 (s), 1112 cm�1 (s); MS (EI,
70 eV): m/z (%): 377 (1) [M]+ , 195 (43) [M�C13H12N]+ , 194 (30)
[M�C13H13N]+ , 148 (52) [C13H13N2O2]


+ ; HRMS (EI, 70 eV): m/z calcd
for C23H27N3O2 [M]+ : 377.21033; found: 377.20861.


General procedure 5—Synthesis of oxazoles 5d–i : An isocyanide (1d–i ;
1.0 mmol), 3a (162 mL, 160 mg, 1.5 mmol), 2a (150 mL, 118 mg,
2.0 mmol), and MgSO4 (100 mg) were stirred in DMF (5 mL) until com-
plete consumption of the isocyanide (monitored by 1H NMR). Water
(15 mL) was added, and the resulting mixture was extracted with CH2Cl2
(3Q10 mL). The organic layers were combined, dried (MgSO4), filtered,
and concentrated, and the resulting oxazoles were purified by means of
column chromatography (silica gel, EtOAc/cyclohexane 1:4, unless stated
otherwise).


N-Benzyl-2-(5-methoxy-4-phenyloxazol-2-yl)propan-2-amine (5d): Gener-
al procedure 5 was followed using 1d (175 mg, 1.0 mmol). A 4 h reaction
time followed by column chromatography (Al2O3, EtOAc/pentane 2:1,
Rf =0.85) furnished 5d as an orange oil (190 mg, 0.59 mmol, 59%).
1H NMR (250.13 MHz, CDCl3): d =7.85–7.81 (m, 2H), 7.39–7.22 (m,
8H), 4.04 (s, 3H), 3.65 (s, 2H), 1.83 (br s, 1H), 1.59 ppm (s, 6H); 13C{1H}
NMR (100.62 MHz, CDCl3): d =158.9 (C), 154.2 (C), 140.5 (C), 131.5
(C), 128.5 (2CH), 128.4 (2CH), 128.3 (2CH), 126.8 (CH), 126.2 (CH),
124.9 (2CH), 114.3 (C), 60.0 (CH3), 54.8 (C), 48.6 (CH2), 26.5 ppm
(2CH3); IR (KBr): ñ =3426 (br s), 2985 (w), 2940 (w), 1958 (w), 1644
(m), 1369 (m), 1110 (m), 696 cm�1 (m); MS (EI, 70 eV): m/z (%): 322 (1)
[M]+ , 307 (1) [M�CH3]


+ , 148 (100) [C10H14N]+ , 91 (44) [C7H7]
+ ; HRMS


(EI, 70 eV): m/z calcd for C20H22O2N2 [M]+ : 322.16813; found: 322.16848.


N-Benzyl-2-[5-methoxy-4-(4-nitrophenyl)oxazol-2-yl]propan-2-amine
(5e): General procedure 5 was followed using 1e (220 mg, 1.0 mmol). A
30 min reaction time followed by column chromatography (silica gel,
EtOAc/cyclohexane 1:2, Rf =0.26) furnished 5e as a red oil (228 mg,
0.62 mmol, 62%). 1H NMR (250.13 MHz, CDCl3): d=8.23 (d, 3J=9.0 Hz,
2H), 7.94 (d, 3J=9.0 Hz, 2H), 7.35–7.23 (m, 5H), 4.13 (s, 3H), 3.67 (s,
2H), 1.90 (br s, 1H), 1.60 ppm (s, 6H); 13C{1H} NMR (62.90 MHz,
CDCl3): d=159.0 (C), 155.9 (C), 145.4 (C), 140.3 (C), 138.4 (C), 128.4
(2CH), 128.2 (2CH), 127.0 (CH), 124.9 (2CH), 124.0 (2CH), 111.7 (C),
59.5 (CH3), 54.8 (C), 48.5 (CH2), 26.5 ppm (2CH3); IR (KBr): ñ =3401
(w), 2985 (w), 2940 (w), 1635 (s), 1600 (m), 1508 (s), 1337 (s), 1108 (m),
1024 cm�1 (m); MS (FAB, 3 KeV): m/z (%): 368 (5) [M+H]+ , 352 (11)
[M�CH3]


+ , 261 (93) [M�C7H8N]+ , 148 (100) [C10H14N]+ , 91 (82)


[C7H7]
+ ; HRMS (FAB, 3 KeV): m/z calcd for C20H22N3O4 [M+H]+ :


368.1610; found: 368.1614.


N-Benzyl-2-[4-(2-chlorophenyl)-5-methoxyoxazol-2-yl]propan-2-amine
(5 f): General procedure 5 was followed using 1 f (210 mg, 1.0 mmol) to
give 5 f, after 11 h reaction time, as a yellow oil (210 mg, 0.59 mmol,
59%). Rf =0.23; 1H NMR (400.13 MHz, CDCl3): d =7.53 (dd, 3J=7.2 Hz,
4J=1.6 Hz, 1H), 7.44 (dd, 3J=7.6 Hz, 4J=1.2 Hz, 1H), 7.34–7.22 (m,
7H), 3.94 (s, 3H), 3.68 (s, 2H), 1.81 (br s, 1H), 1.59 ppm (s, 6H); 13C{1H}
NMR (62.90 MHz, CDCl3): d=159.0 (C), 154.6 (C), 140.5 (C), 133.4 (C),
131.5 (CH), 130.4 (C), 129.9 (CH), 128.9 (CH), 128.4 (2CH), 128.3
(2CH), 126.9 (CH), 126.6 (CH), 112.0 (C), 59.9 (CH3), 54.7 (C), 48.5
(CH2), 26.5 ppm (2CH3); IR (KBr): ñ =3405 (w), 2984 (m), 2136 (w),
1650 (s), 1463 (m), 1444 (m), 1362 (s), 1199 (m), 1112 (m), 1014 cm�1


(m); MS (EI, 70 eV): m/z (%): 356 (1) [M]+ , 341 (1) [M�CH3]
+ , 297 (1)


[M�C6H5]
+ , 148 (100) [C10H14N]+ , 91 (48) [C7H7]


+ ; HRMS (EI, 70 eV):
m/z calcd for C20H21ClN2O2 [M]+ : 356.12916; found: 356.12804.


N-Benzyl-2-[4-(3-chlorophenyl)-5-methoxyoxazol-2-yl]propan-2-amine
(5g): General procedure 5 was followed using 1g (210 mg, 1.0 mmol) to
give 5g, after 2 h reaction time, as an orange oil (171 mg, 0.48 mmol,
48%). Rf =0.15; 1H NMR (400.13 MHz, CDCl3): d=7.83–7.82 (m, 1H),
7.71–7.69 (m, 1H), 7.32–7.17 (m, 7H), 4.06 (s, 3H), 3.65 (s, 2H), 1.83
(br s, 1H), 1.58 ppm (s, 6H); 13C{1H} NMR (100.62 MHz, CDCl3): d=


158.9 (C), 154.5 (C), 140.4 (C), 134.5 (C), 133.5 (C), 129.7 (CH), 128.4
(2CH), 128.3 (2CH), 127.0 (CH), 126.1 (CH), 124.9 (CH), 123.0 (CH),
112.8 (C), 59.8 (CH3), 54.8 (C), 48.8 (CH2), 26.5 ppm (2CH3); IR (KBr):
ñ=3411 (w), 2984 (m), 1724 (w), 1642 (s), 1599 (m), 1368 (m), 1113 (m),
1033 cm�1 (m); MS (EI, 70 eV): m/z (%): 356 (1) [M]+ , 148 (100)
[C10H14N]+ , 91 (56) [C7H7]


+ ; HRMS (EI, 70 eV): m/z calcd for
C20H21ClN2O2 [M]+ : 356.12916; found: 356.12864.


N-Benzyl-2-[4-(3-chlorophenyl)-5-methoxyoxazol-2-yl]propan-2-amine
(5h): General procedure 5 was followed using 1h (210 mg, 1.0 mmol) to
give 5h, after 2 h reaction time, as a red oil (203 mg, 0.57 mmol, 57%).
Rf =0.15; 1H NMR (250.13 MHz, CDCl3): d=7.79–7.76 (m, 2H), 7.38–
7.27 (m, 7H), 4.05 (s, 3H), 3.67 (s, 2H), 1.90 (br s, 1H), 1.60 ppm (s, 6H);
13C{1H} NMR (62.90 MHz, CDCl3): d=158.8 (C), 154.2 (C), 140.4 (C),
131.6 (C), 130.2 (C), 128.5 (2CH), 128.4 (2CH), 128.2 (2CH), 126.9
(CH), 126.2 (2CH), 113.1 (C), 59.8 (CH3), 54.8 (C), 48.5 (CH2), 26.5 ppm
(2CH3); IR (KBr): ñ=2967 (w), 2857 (w), 1901 (w), 1719 (s), 1644 (s),
1495 (m), 1371 (s), 1211 cm�1 (m); MS (EI, 70 eV): m/z (%): 356 (1)
[M]+ , 148 (100) [C10H14N]+ , 91 (74) [C7H7]


+ ; HRMS (EI, 70 eV): m/z
calcd for C20H21ClN2O2 [M]+ : 356.12916; found: 356.13017.


N-Benzyl-2-[4-(3-chlorophenyl)-5-methoxyoxazol-2-yl]propan-2-amine
(5i): General procedure 5 was followed using 1 i (205 mg, 1.0 mmol) to
give 5 i, after 8 h reaction time, as a yellow oil (226 mg, 0.64 mmol, 64%).
Rf =0.18; 1H NMR (400.13 MHz, CDCl3): d=7.75 (d, 3J=9.2 Hz, 2H),
7.34–7.21 (m, 5H), 6.94 (d, 3J=9.2 Hz, 2H), 4.02 (s, 3H), 3.84 (s, 3H),
3.65 (s, 2H), 1.84 (br s, 1H), 1.58 ppm (s, 6H); 13C{1H} NMR
(100.62 MHz, CDCl3): d=158.9 (C), 158.2 (C), 153.4 (C), 140.5 (C), 128.4
(2CH), 128.3 (2CH), 126.9 (CH), 126.4 (2CH), 124.3 (C), 114.4 (C),
114.0 (2CH), 60.2 (CH3), 55.3 (CH3), 54.9 (C), 48.6 (CH2), 26.5 ppm
(2CH3); IR (KBr): ñ =3465 (w), 2987 (m), 2834 (m), 1649 (s), 1610 (m),
1515 (s), 1368 (m), 1247 (s), 1112 (m), 1019 cm�1 (m); MS (EI, 70 eV):
m/z (%): 352 (1) [M]+ , 148 (100) [C10H14N]+ , 91 (49) [C7H7]


+ ; HRMS
(EI, 70 eV): m/z calcd for C21H24N2O3 [M]+ : 352.17869; found: 352.17832.


General procedure 7—Synthesis of oxazoles 5 l–q : Unless stated other-
wise: Isocyanide 1d (175 mg, 1.0 mmol), either aldehyde or ketone
(1.2 mmol), an amine (1.2 mmol), and MgSO4 (100 mg) were stirred in
DMF (2 mL) for 17 h. Water (15 mL) was added, and the resulting mix-
ture was extracted with CH2Cl2 (3Q10 mL). The organic layers were
combined, dried (MgSO4), filtered, and concentrated, and the resulting
oxazoles were purified by means of column chromatography (silica gel).


N-Benzyl-2-(5-methoxy-4-phenyloxazol-2-yl)butan-2-amine (5l): General
procedure 7 was followed using 1d (175 mg, 1.0 mmol), 2-butanone (2c ;
107 mL, 87 mg, 1.2 mmol), and 3a (131 mL, 128 mg, 1.2 mmol) to give 5 l
as a pale orange oil (179 mg, 0.53 mmol, 53%). Rf =0.44 (EtOAc/cyclo-
hexane 1:3); 1H NMR (250.13 MHz, CDCl3): d =7.87 (dd, 3J=8.5 Hz,
4J=1.5 Hz, 2H), 7.45–7.21 (m, 8H), 4.05 (s, 3H), 3.71 (d, 2J=12.0 Hz,
1H), 3.62 (d, 2J=12.0 Hz, 1H), 1.94 (q, 3J=7.5 Hz, 2H), 1.82 (br s, 1H),
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1.58 (s, 3H), 0.95 ppm (t, 3J=7.5 Hz, 1H); 13C{1H} NMR (62.90 MHz,
CDCl3): d =158.4 (C), 154.2 (C), 140.6 (C), 131.6 (C), 128.34 (2CH),
128.28 (2CH), 128.2 (2CH), 126.8 (CH), 126.1 (CH), 124.9 (2CH), 114.1
(C), 59.8 (CH3), 58.1 (C), 48.1 (CH2), 32.7 (CH2), 22.0 (CH3), 8.1 ppm
(CH3); IR (KBr): ñ =2974 (s), 2878 (w), 1644 (s), 1602 (w), 1498 (m),
1450 (s), 1372 (s), 1168 (m), 1017 cm�1 (s); MS (FAB, 3 KeV): m/z (%):
337 (6) [M+H]+ , 321 (5) [M�CH3]


+ , 307 (9) [M�C2H5]
+ , 230 (100)


[M�C8H10]
+ , 162 (100) [C11H16N]+ , 91 (82) [C7H7]


+ ; HRMS (FAB,
3 KeV): m/z calcd for C21H25N2O2 [M+H]+ : 337.1916; found: 337.1918.


N-Benzyl-3-(5-methoxy-4-phenyloxazol-2-yl)pentan-3-amine (5m): Gen-
eral procedure 7 was followed using 1d (175 mg, 1.0 mmol), 3-pentanone
(2d ; 127 mL, 104 mg, 1.2 mmol), and 3a (131 mL, 128 mg, 1.2 mmol) to
give 5m as a yellow oil (170 mg, 0.49 mmol, 49%). Rf =0.50 (EtOAc/cy-
clohexane 1:3); 1H NMR (250.13 MHz, CDCl3): d=7.90–7.86 (m, 2H),
7.45–7.21 (m, 8H), 4.06 (s, 3H), 3.61 (s, 2H), 2.03–1.90 (m, 4H), 1.73
(br s, 1H), 0.93 ppm (t, 3J=7.5 Hz, 1H); 13C{1H} NMR (62.90 MHz,
CDCl3): d=158.1 (C), 154.2 (C), 140.6 (C), 131.6 (C), 128.3 (2CH),
128.24 (2CH), 128.22 (2CH), 126.8 (CH), 126.1 (CH), 124.9 (2CH),
114.0 (C), 60.9 (C), 59.8 (CH3), 47.4 (CH2), 26.9 (2CH2), 7.4 ppm
(2CH3); IR (KBr): ñ =2966 (m), 2579 (m), 2496 (m), 1644 (s), 1602 (w),
1454 (s), 1368 (s), 1017 (s), 697 cm�1 (s); MS (FAB, 3 KeV): m/z (%): 351
(8) [M+H]+ , 321 (42) [M�C2H5]


+ , 244 (98) [M�C8H10]
+ , 176 (100)


[C12H18N]+ , 91 (80) [C7H7]
+ ; HRMS (FAB, 3 KeV): m/z calcd for


C22H27N2O2 [M+H]+: 351.2073; found: 351.2072.


1-(5-Methoxy-4-phenyloxazol-2-yl)cyclohexanamine (5n): General proce-
dure 7 was followed using 1d (175 mg, 1.0 mmol), cyclohexanone (2e ;
124 mL, 118 mg, 1.2 mmol), NH3·HCl (107 mg, 2.0 mmol), and Et3N
(278 mL, 202 mg, 2.0 mmol) to give 5n as a red-brown oil (189 mg,
0.69 mmol, 69%). Rf =0.14 (EtOAc/cyclohexane 1:1); 1H NMR
(250.13 MHz, CDCl3): d =7.80 (dd, 3J=8.3 Hz, 4J=1.3 Hz, 2H), 7.40–
7.34 (m, 2H), 7.23–7.16 (m, 1H), 4.04 (s, 3H), 2.20–2.12 (m, 2H), 1.80
(br s, 2H), 1.77–1.46 ppm (m, 8H); 13C{1H} NMR (62.90 MHz, CDCl3):
d=159.9 (C), 153.9 (C), 131.5 (C), 128.4 (2CH), 126.2 (CH), 124.9
(2CH), 114.2 (C), 59.9 (CH3), 53.0 (C), 36.8 (2CH2), 25.4 (CH2),
22.1 ppm (2CH2); IR (KBr): ñ =3359 (m), 2932 (s), 2855 (s), 1644 (s),
1603 (w), 1448 (m), 1369 (m), 1209 (m), 1017 cm�1 (s); MS (FAB,
3 KeV): m/z (%): 273 (66) [M+H]+, 256 (100) [M�NH2]


+ , 98 (87)
[C6H12N]+ ; HRMS (FAB, 3 KeV): m/z calcd for C16H21N2O2 [M+H]+ :
273.1603; found: 273.1603.


1-(5-Methoxy-4-phenyloxazol-2-yl)-N-propylcyclohexanamine (5o): Gen-
eral procedure 7 was followed using 1d (175 mg, 1.0 mmol), cyclohexa-
none (2e ; 124 mL, 118 mg, 1.2 mmol), and n-propylamine (3c ; 99 mL,
71 mg, 1.2 mmol) to give 5o as a yellow oil (199 mg, 0.63 mmol, 63%).
Rf =0.20 (EtOAc/cyclohexane 1:3); 1H NMR (250.13 MHz, CDCl3): d=


7.82 (d, 3J=7.3 Hz, 2H), 7.38 (t, 3J=7.3 Hz, 2H), 7.20 (t, 3J=7.3 Hz,
1H), 4.04 (s, 3H), 2.37 (t, 3J=7.3 Hz, 2H), 2.23–2.15 (m, 2H), 1.73–1.34
(m, 11H), 0.87 ppm (t, 3J=7.3 Hz, 3H); 13C{1H} NMR (62.90 MHz,
CDCl3): d=158.3 (C), 154.0 (C), 131.7 (C), 128.3 (2CH), 126.1 (CH),
124.9 (2CH), 114.0 (C), 59.9 (CH3), 57.1 (C), 44.6 (CH2), 34.6 (2CH2),
25.7 (CH2), 23.7 (CH2), 22.1 (2CH2), 11.8 ppm (CH3); IR (KBr): ñ =2939
(s), 2858 (m), 2563 (m), 1644 (s), 1498 (w), 1448 (s), 1369 (s), 1018 (s),
696 cm�1 (s); MS (FAB, 3 KeV): m/z (%): 315 (16) [M+H]+ , 256 (100)
[M�C3H8N]+ , 140 (98) [C9H18N]+ , 125 (45) [C8H15N]+ ; HRMS (FAB,
3 KeV): m/z calcd for C19H27N2O2 [M+H]+ : 315.2073; found: 315.2068.


4-[1-(5-Methoxy-4-phenyloxazol-2-yl)cyclohexyl]morpholine (5p): Gener-
al procedure 7 was followed using 1d (175 mg, 1.0 mmol), cyclohexanone
(2e ; 124 mL, 118 mg, 1.2 mmol), and morpholine (3d ; 105 mL, 105 mg,
1.2 mmol) to give 5p as an orange oil (210 mg, 0.61 mmol, 61%). Rf =


0.13 (EtOAc/cyclohexane 1:5); 1H NMR (250.13 MHz, CDCl3): d =7.82
(dd, 3J=7.5 Hz, 4J=1.3 Hz, 2H), 7.38 (t, 3J=7.5 Hz, 2H), 7.21 (tt, 3J=


7.5 Hz, 4J=1.3 Hz, 1H), 4.05 (s, 3H), 3.71–3.67 (m, 4H), 2.60–2.57 (m,
4H), 2.30–2.21 (m, 2H), 1.89–1.36 ppm (m, 8H); 13C{1H} NMR
(62.90 MHz, CDCl3): d=155.1 (C), 154.0 (C), 131.6 (C), 128.3 (2CH),
126.1 (CH), 125.0 (2CH), 113.9 (C), 67.7 (2CH2), 60.0 (C), 59.9 (CH3),
46.6 (2CH2), 32.2 (2CH2), 25.6 (CH2), 22.0 ppm (2CH2); IR (KBr): ñ=


2636 (s), 2815 (s), 1643 (s), 1448 (m), 1364 (m), 1116 (s), 1008 (m),
702 cm�1 (m); MS (FAB, 3 KeV): m/z (%): 343 (2) [M+H]+ , 256 (55)


[M�C4H8NO]+ , 168 (100) [C10H18NO]+ ; HRMS (FAB, 3 KeV): m/z
calcd for C20H27N2O3 [M+H]+ : 343.2022; found: 343.2017.


N-tert-Butyl-1-(5-methoxy-4-phenyloxazol-2-yl)-2-methylpropan-1-amine
(5q): General procedure 7 was followed using 1d (175 mg, 1.0 mmol),
isobutyraldehyde (2 f ; 110 mL, 87 mg, 1.2 mmol), and t-butylamine (3e ;
126 mL, 88 mg, 1.2 mmol) to give 5q as a yellow oil (177 mg, 0.59 mmol,
59%). Rf =0.32 (EtOAc/cyclohexane 1:5); 1H NMR (250.13 MHz,
CDCl3): d=7.81 (dd, 3J=7.5 Hz, 4J=1.3 Hz, 2H), 7.38 (t, 3J=7.5 Hz,
2H), 7.21 (tt, 3J=7.5 Hz, 4J=1.3 Hz, 1H), 4.03 (s, 3H), 3.56 (d, 3J=


6.8 Hz, 1H), 1.98–1.84 (m, 1H), 1.48 (br s, 1H), 1.04 (s, 9H), 1.00 (d, 3J=


6.8 Hz, 3H), 0.89 ppm (d, 3J=6.8 Hz, 3H); 13C{1H} NMR (62.90 MHz,
CDCl3): d=158.0 (C), 153.9 (C), 131.5 (C), 128.3 (2CH), 126.1 (CH),
125.0 (2CH), 114.3 (C), 60.1 (CH), 56.9 (CH3), 50.6 (C), 34.0 (CH), 29.5
(3CH3), 19.1 (CH3), 19.0 ppm (CH3); IR (KBr): ñ=2960 (s), 1644 (s),
1448 (m), 1365 (s), 1229 (s), 1016 cm�1 (s); MS (FAB, 3 KeV): m/z (%):
303 (37) [M+H]+ , 259 (19) [M�C3H7]


+ , 230 (100) [M�C4H10N]+ , 128
(99) [C8H18N]+ , 72 (77) [C4H10N]+ ; HRMS (FAB, 3 KeV): m/z calcd for
C18H27N2O2 [M+H]+: 303.2073; found: 303.2074.


4-(2-(5-Morpholinooxazol-2-yl)propan-2-yl)morpholine (6): General pro-
cedure 4 was followed using 1a (154 mg, 1.0 mmol) to give 6 (31 mg,
0.11 mmol, 11%) as a pale yellow solid. Product eluted from column by
flushing with EtOAc (silica gel, EtOAc, Rf =0.16). M.p. 74–78 8C;
1H NMR (250.13 MHz, CDCl3): d =5.98 (s, 1H), 3.82 (m, 4H), 3.69 (m,
4H), 3.08 (m, 4H), 2.51 (m, 4H), 1.49 ppm (s, 6H); 13C{1H} NMR
(62.90 MHz, CDCl3): d=159.4 (C), 157.1 (C), 102.4 (CH), 67.6 (2CH2),
66.0 (2CH2), 57.8 (C), 48.5 (2CH2), 47.3 (2CH2), 23.6 ppm (2CH3); IR
(KBr): ñ =2968 (s), 2856 (s), 1655 (m), 1610 (s), 1452 (m), 1243 (m),
1117 cm�1 (s); MS (EI, 70 eV): m/z (%): 281 (4) [M]+ , 266 (7)
[M�CH3]


+ , 195 (100) [C4H8NO]+ , 128 (54) [C7H14NO]+ ; HRMS (EI,
70 eV): m/z calcd for C14H23N3O3 [M]+ 281.17394; found: 281.17272.


4-(4-Phenyloxazol-5-yl)morpholine (7): Isocyanide 4c (1.0 mmol), 3a
(162 mL, 160 mg, 1.5 mmol), 2a (150 mL, 118 mg, 2.0 mmol), MgSO4


(100 mg), and AgOAc (3.3 mg, 0.020 mmol, 2.0 mol%) were stirred in
MeOH (5 mL) for 21 h. Water (15 mL) was added, and the resulting mix-
ture was extracted with CH2Cl2 (3Q10 mL). The organic layers were
combined, dried (MgSO4), filtered, and concentrated, and the resulting
mixture was purified by means of column chromatography (silica gel,
EtOAc/cyclohexane 1:3, Rf =0.31) to furnish 7 as a pale yellow solid
(150 mg, 0.65 mmol, 65%). M.p. 67–70 8C; 1H NMR (250.13 MHz,
CDCl3): d=7.97–7.94 (m, 2H), 7.66 (s, 1H), 7.44–7.24 (m, 3H), 3.88–3.85
(m, 4H), 3.15–3.11 ppm (m, 4H); 13C{1H} NMR (62.90 MHz, CDCl3): d=


151.2 (CH), 146.0 (C), 131.6 (C), 128.5 (2CH), 127.1 (CH), 125.9 (2CH),
123.3 (C), 66.9 (2CH2), 50.3 ppm (2CH2); IR (KBr): ñ=3116 (w), 2852
(s), 1645 (s), 1515 (s), 1110 cm�1 (s); MS (EI, 70 eV): m/z (%): 230 (100)
[M]+ , 144 (3) [M�C4H8NO]+ , 77 (10) [C6H5]


+ ; HRMS (EI, 70 eV): m/z
calcd for C13H14N2O2 [M]+ : 230.10608; found: 230.10564.


1-(5-Methoxy-4-phenyloxazol-2-yl)cyclohexanol (8): General procedure 7
was followed using 1d (175 mg, 1.0 mmol), cyclohexanone (2e ; 124 mL,
118 mg, 1.2 mmol), and t-butylamine (3e ; 126 mL, 88 mg, 1.2 mmol) to
give 8 as a yellow oil (85 mg, 0.31 mmol, 31%). Rf =0.33 (EtOAc/cyclo-
hexane 1:3); 1H NMR (250.13 MHz, CDCl3): d =7.80 (d, 3J=7.8 Hz, 2H),
7.37 (t, 3J=7.8 Hz, 2H), 7.21 (t, 3J=7.8 Hz, 1H), 4.05 (s, 3H), 2.57 (s,
1H), 2.13–1.39 ppm (m, 10H); 13C{1H} NMR (62.90 MHz, CDCl3): d=


158.1 (C), 154.2 (C), 131.2 (C), 128.4 (2CH), 126.3 (CH), 125.0 (2CH),
114.3 (C), 70.7 (C), 59.9 (CH3), 36.2 (2CH2), 25.1 (CH2), 21.8 ppm
(2CH2); IR (KBr): ñ =3406 (s), 2938 (s), 2859 (m), 1643 (s), 1448 (m),
1370 (m), 1213 (m), 1017 (m), 696 cm�1 (m); MS (FAB, 3 KeV): m/z (%):
274 (79) [M+H]+ , 256 (75) [M�HO]+ , 175 (100) [M�C6H10O]+ , 77 (75)
[C6H5]


+ ; HRMS (FAB, 3 KeV): m/z calcd for C16H20NO3 [M+H]+ :
274.1443; found: 274.1454.
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Fullerene C60–Perylene-3,4:9,10-bis(dicarboximide) Light-Harvesting Dyads:
Spacer-Length and Bay-Substituent Effects on Intramolecular Singlet and
Triplet Energy Transfer
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Introduction


Photoinduced energy- and electron-transfer processes are
crucial phenomena occurring in natural photosynthesis,[1]


and the development of artificial photosynthetic systems is
still of considerable interest for the elucidation of the mech-
anisms that convert sunlight into chemical energy.[2] Several
strategies have been employed to mimic this natural photo-
synthetic system.[3] Among these, artificial light-harvesting
antennas incorporated into molecular electron-donor–ac-
ceptor systems are prone to convert excitation energy into
an electrochemical potential or chemical energy in the form
of a long-lived charge-separation state. Fullerene C60 is now
recognized to be a superior electron acceptor with regard to
its inherent redox properties, low reorganization energy,[4]


and highly symmetrical 3D structure,[5] and the porphyrins
are the most frequently used electron donors in photosyn-
thetic model systems.[6] In these molecular donor–acceptor
dyads, intramolecular electronic interactions almost always


Abstract: Novel covalent fullerene C60–
perylene-3,4:9,10-bis(dicarboximide)
(C60–PDI) dyads (1–4) were synthe-
sized and characterized. Their electro-
chemical and photophysical properties
were investigated. Electrochemical
studies show that the reduction poten-
tial of PDI can be tuned relative to C60


by molecular engineering through al-
tering the substituents on the PDI bay
region. It was demonstrated using
steady-state and time-resolved spec-
troscopy that a quantitative, photoin-
duced energy transfer takes place from
the PDI moiety, acting as a light-har-
vesting antenna, to the C60 unit, playing
the role of energy acceptor. The bay-
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tetra-tert-butylphenoxy [3 and 4]) of
the PDI antenna and the linkage
length (C2 [1 and 3] or C5 [2 and 4]) to
the C60 acceptor are important parame-
ters in the kinetics of energy transfer.
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spectroscopy indicates singlet–singlet
energy-transfer times (from the PDI to
the C60 unit) of 0.4 and 5 ps (1), 4.5 and
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triplet energy-transfer times (from the
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tetra-tert-butylphenoxy), and triplet-
state lifetimes (10–20 ms) and the PDI
triplet quantum yields (0.75–0.52) were
estimated. The spectroscopy showed no
substantial solvent effect upon compar-
ing toluene (non-polar) to benzonitrile
(polar), indicating that no electron
transfer is occurring in these systems.
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dominate, generating (long- or short-lived) charge-separated
states. Moreover, porphyrins have the advantage of being
excellent light-harvesting antennas.[7] It was recently shown
that such architectures can be tailored to construct molecu-
lar photonic devices as well as artificial photosynthetic sys-
tems. This kind of photoinduced electron transfer was re-
cently extended to the production of photovoltaic cells that
convert light into electric energy.[8] Attractive systems are
now developed for the construction of organic solar cells, es-
pecially incorporating fullerene C60 in the photoactive
layer.[9] In this area, the direct covalent bonding of various p


donors to C60 has emerged as an active field of research.[10]


However, for such application, back electron transfer and
energy transfer from the donor to C60 are events to be mini-
mized to increase the quantum yield and lifetime of charge
separation.[11] Consequently, competition between energy-
and electron-transfer in a functionalized electron-donor–
fullerene dyad has to be carefully considered in designing
new systems for photovoltaic applications. In many exam-
ples it was shown that efficient photoinduced electron trans-
fer from a donor such as oligophenylenevinylene,[12] oligo-
thiophene[13] or perylene[14] to fullerene C60 was the main


pathway, whereas energy transfer could appear as a compet-
itive process.[15]


Following the observation of the very fast photoinduced
electron transfer occurring on the subpicosecond timescale
from conducting polymers to C60,


[16] a major breakthrough
towards efficient organic photovoltaic devices was realized
with the development of the bulk-heterojunction concept.[17]


This approach consists of generating an interpenetrating net-
work by blending the p-type electron-donating conjugated
polymer and C60 or another fullerene derivative as n-type
acceptor material.[18] In this field, intensive efforts on organ-
ic solar cells are still focused on interpenetrating networks
using the soluble acceptor [60]PCBM.[19] However, the dis-
advantage of this fullerene derivative is its small molar ab-
sorption coefficient in the visible region. Consequently, one
of the biggest challenges is now the access to materials that
present the optimal absorption range, matching as well as
possible the solar irradiation spectrum. This can be achieved
with the development of p-type low band-gap polymers[20]


that should increase the absorption in the visible and near-
infrared (NIR) region of the solar spectrum. Another strat-
egy concerns dendrimer-based light-harvesting structures
that have attracted attention in the past decade.[21] The func-
tionalization of C60 with oligomeric dendrons has given in-
teresting light-harvesting systems in which peripheral chro-
mophores are able to transfer the collected energy to the
central core of the dendrimer.[22] Considering the n-type ma-
terial incorporated in the blend, the improvement of the
light absorption of fullerene derivatives and its relationship
with the efficiency of photovoltaic cells was demonstrated
with the replacement of the C60 derivative by the C70 ana-
logue.[23]


We are interested in the concept of linking a dye molecule
to fullerene C60 as a potential system presenting efficient
light-harvesting properties. The idea behind this is that the
dye could act as an antenna by absorbing sunlight, thereby
inducing an intramolecular energy transfer towards the full-
erene. Perylene-3,4:9,10-bis(dicarboximide) (PDI) dyes were
chosen as potential antennas because of their high chemical
stability, high photoluminescence quantum yield, and the
possibility for tuning the absorption range by variation of
the substitution pattern on the perylene core. During the
last few years, PDI derivatives have been developed as one
of the most useful classes of chromophores.[24] One of the
most active areas of research involving PDI systems is relat-
ed to their utilization in photoinduced electron- and/or
energy-transfer processes. In this regard, electroactive units
such as fluorenone and anthraquinone,[25] tetrathiafulva-
lene,[26] pyrene,[27] oligothiophene,[28] zinc phthalocyanine,[29]


3,4-ethylenedioxythiophene,[30] zinc porphyrin,[31] hexaazatri-
phenylenes,[32] anthracene dendrimers,[33] perylenemonoi-
mide,[34] tetraboron-dipyrrin,[35] and poly(fluorene-alt-phen-
ylene)[36] were connected to the PDI dye to reach molecular
ensembles in which an electron- and/or energy-transfer
event occurs. In the search for such electronic interaction in-
volving PDI, supramolecular architectures were also recent-
ly described involving an oligo(p-phenylenevinylene),[37] a


Abstract in French: De nouveaux assemblages covalents ful-
ler�ne C60–p�ryl�ne-3,4:9,10-bis(dicarboximide) (C60–PDI)
(1–4) ont �t� synth�tis�s et caract�ris�s. Les propri�t�s �lec-
trochimiques et photophysiques ont �galement �t� �tablies.
Par ing�nierie mol�culaire et en jouant sur la nature des sub-
stituants pr�sents sur le noyau PDI, le premier potentiel de
r�duction du PDI peut Þtre modul� par rapport / celui de
C60. Les �tudes spectroscopiques / l0�tat stationnaire et en
temps r�solu ont permis de mettre en �vidence un transfert
d0�nergie photoinduit quantitatif intervenant de la partie PDI
jouant le r1le d0antenne vers l0accepteur C60. Par ailleurs, la
nature des substituants (t�trachloro pour 1 et 2, ou t�tra-tert-
butylph�noxy pour 3 et 4) sur l0unit� PDI et la longueur de
l0espaceur (C2 pour 1 et 3 ou C5 pour 2 et 4) entre le PDI et
le fuller�ne C60 sont des param�tres importants sur les cin�ti-
ques de transfert d0�nergie. La spectroscopie d0absorption
transitoire femtoseconde indique des temps de transfert d0�-
nergie singulet–singulet du PDI vers le C60 de 0.4 et 5 ps
(pour 1), 4.5 et 27 ps (pour 2), 0.8 et 12 ps (pour 3), 7 et
50 ps (pour 4), attribu�s / la pr�sence de deux conformations
privil�gi�es pour chaque syst�me C60–PDI. Par ailleurs, les
temps de transfert d0�nergie triplet–triplet de C60 vers le PDI
sont plus lents et de l0ordre de 0.8 ns (pour 1), 6.2 ns (pour
2), 2.7 ns (pour 3) et 9 ns (pour 4). La spectroscopie d0ab-
sorption transitoire nanoseconde montre que l0�tat triplet
final du PDI d�pend de la nature de la substitution. Des
dur�es de vie de l0�tat triplet de 10–20 ms et des rendements
quantiques de 0.75–0.52 ont �t� d�termin�s. Aucun effet signi-
ficatif en fonction de la nature non-polaire (tolu�ne) ou po-
laire (benzonitrile) du solvant n0a �t� mis en �vidence, indi-
quant qu0aucun transfert d0�lectron ne semble intervenir au
sein de ces syst�mes.
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bis(ruthenium phthalocyanine)
moiety,[38] or zeolite crystals.[39]


In the last three years, and in
parallel to our first investiga-
tion,[40] new electroactive PDI-
based systems involving the at-
tractive fullerene C60 electron
acceptor were considered and
the synthesis of many C60–PDI
dyad or triad systems have now
been reported.[41] Nevertheless,
the spectral and kinetic charac-
terization of the photoinduced
processes that are inherent to
the combination of these elec-
troactive units have received
little attention. It was only re-
cently shown that an efficient
photoinduced electron transfer
occurs in the C60–PDI dyad in
which electron-donating pyrro-
lidino groups are introduced on the bay region of the PDI
moiety.[41g,h] The consequence of such substitution is the cor-
responding low oxidation potential of the PDI moiety, thus
facilitating the electron transfer from PDI to C60.


In this paper we describe the synthesis as well as the elec-
trochemical and photophysical properties of C60–PDI dyads
1–4 in the search for an efficient energy transfer from PDI
to C60. In designing these systems it was assumed that the
distance between PDI and C60 moieties and their mutual ori-
entation could be crucial parameters for the rate of energy
transfer and could play an important role in the electronic
interaction between both partners. Another objective was to
demonstrate that the nature of the substituents on the PDI
bay region strongly influence the electronic properties of
these dyads for their further utilization in photovoltaic devi-
ces. In designing these solar cells it is considered that inside
the photoactive layer the following events occur: 1) self-as-
sembly into an interpenetrating nanoscopic network, 2) an
energy transfer from PDI towards fullerene C60 with the dye
acting exclusively as a light-harvesting antenna, and 3) a se-
lective electron transfer between the p-type polymer donor
such as poly3-hexylthiophene (P3HT) to the C60 unit
(Scheme 1). We report here on the second point, that is,
energy-transfer phenomena occurring from the PDI unit to-
wards fullerene C60 and on the influence of the spacer
length and bay substitution of the PDI on the kinetics and
spectral features.


Results and Discussion


Synthesis : The strategy employed for the preparation of
C60–PDI dyads 1–4 is based upon the cyclopropanation reac-
tion, which has proven to be very efficient for the function-
alization of C60. Consequently, initial efforts were focused
on the synthesis of unsymmetrical PDI precursors. Methods


to reach unsymmetrical 3,4:9,10-perylenetetracarboxylic
monoanhydride monoimide derivatives non-substituted at
the bay region have been reported previously.[42] Application
of these strategies on 1,6,7,12-tetrachloro-3,4:9,10-perylene
tetracarboxylic dianhydride 5 as starting material proved to
be fastidious. As an alternative method, we achieved the
direct condensation of PDI 5 with pentan-1-amine and 2-
aminoethanol or 5-aminopentan-1-ol in stoichiometric ratio
(Scheme 2). Unsymmetrical (6a or 6b) and symmetrical (7
and 8a or 8b) PDI compounds were efficiently separated by
silica-gel column chromatography thanks to the difference
in their respective polarity. This method constitutes an effi-
cient synthesis of unsymmetrical PDI 6a or 6b bearing the
alcohol functionality after its separation from N,N’-dipen-
tylPDI derivative 7 and symmetrical PDI dialcohols 8a or
8b.


The introduction of tert-butylphenoxy groups at the bay
region to achieve tert-butylphenoxyPDI 9a and 9b was car-
ried out using a nucleophilic substitution of chlorine atoms
with 4-tert-butylphenol in the presence of potassium carbon-
ate according to a well-known strategy.[43] Another route
was attempted to synthesize compound 9a starting from
N,N’-dipentylPDI derivative 7 previously obtained as a by-
product. The latter was firstly transformed into the corre-
sponding tert-butylphenoxyPDI 10 in 69% yield following a
similar nucleophilic-substitution reaction. Subsequent treat-
ment with potassium hydroxide in tert-butyl alcohol[42c,44]


gave the corresponding dianhydride 11 in 93% yield. Un-
symmetrical PDI 9a was obtained in 34% yield by conden-
sation of pentan-1-amine and 2-aminoethanol in stoichio-
metric ratio followed by separation from both symmetrical
PDI derivatives (Scheme 3).


Subsequent transformation of the alcohol into the malo-
nate functionality was performed using ethyl malonyl chlo-
ride in the presence of pyridine and corresponding deriva-
tives 12 and 13 were isolated in satisfactory yields
(Scheme 4). Reaction of cyclopropanation was carried out


Scheme 1. Representation of the photoactive layer of an organic solar cell incorporating the p-type P3HT
polymer donor and the C60–PDI dyad.
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by reaction with C60 in the presence of iodine and 1,8-
diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU).[45] Methano[60]fuller-
ene dyads 1–4 were purified by silica-gel column chromatog-
raphy.


With the aim of simplifying the synthetic scheme of dyads
3 and 4, we considered the straightforward post-functionali-
zation of dyads 1 and 2, respectively. Attempts to replace


chlorine atoms of dyad 1 by tert-butylphenoxy groups to
yield dyad 3 according to the reaction as described above
were unsuccessful. Using such experimental conditions on
dyad 1, the nucleophilic substitution of chlorine atoms by
tert-butylphenoxy groups was accompanied by the concomi-
tant cleavage of the malonate functionality and the unique
alcohol 9a was isolated in 66% yield.


Scheme 2. i) C5H11NH2/HO ACHTUNGTRENNUNG(CH2)nNH2 1:1, toluene, reflux, then column chromatography (6a : 28%, 6b : 17%).


Scheme 3. i) p-tert-Butylphenol, K2CO3, N-methylpyrrolidone, 130 8C, (9a : 60%, 9b : 58%; 10 : 69%); ii) KOH, tBuOH, reflux, then 1n HCl, 93%;
iii) C5H11NH2/HO ACHTUNGTRENNUNG(CH2)2NH2 1:1, toluene, reflux, then column chromatography, 34%.
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1H NMR spectroscopy: To evaluate the extent of the inter-
action between C60 and PDI units in solution, 1H NMR spec-
tra of dyads 1 and 3 were compared with those of their mal-
onate precursors 12a and 13a, respectively. 1H NMR spectra
of compounds 12a and 13a (CDCl3, 293 K) show that the
four protons of the -NCH2-CH2O- linkage fortuitously pres-
ent a single signal at 4.55 ppm for PDI 12a and at 4.45 ppm
for PDI 13a. This observation was confirmed by HMBC and
HMQC 2D NMR correlated spectra carried out on com-
pound 12a (Supporting Information). It is worth noting that
the case of dyad 1 appears very different from its precursor
12a. In the 1H NMR spectrum of dyad 1 recorded in CDCl3
at 293 K, the ethylene linkage appears as a four-proton spin
system, demonstrating the non-equivalence of the four pro-
tons (Figure 1a). At this stage it is important to note that
the C60 unit in dyad 1 is also responsible for an important
deshielding effect on these four -NCH2-CH2O- protons (up
to Dd=0.54 ppm) compared to 12a, as well as for the -CH2-
protons of the ethyl ester functionality (Dd=0.44 ppm). In
agreement with HMQC correlation technique, both signals
centered at 5.09 and 4.78 ppm were assigned to the -OCH2


group (noted HA and HA’, respectively), and signals at 4.92
and 4.62 ppm to the -NCH2 group (noted HB and HB’, re-
spectively) (Figure 1a). The corresponding coupling con-
stants are of 2J=14 Hz (geminal protons), 3J=3.5 and
8.5 Hz. According to the Karplus equation[46] and its applica-
tion in determining the conformations of ethane deriva-
tives,[47] dihedral torsion angles of approximately 458 and
1658 were estimated for dyad 1 using these 3J coupling con-
stants. Consequently, two preferential conformations of the
-NCH2-CH2O- linkage can be considered from these param-
eters (Figure 1b), as was also predicted by theoretical calcu-
lations.[48] Variable-temperature NMR experiments were
conducted at 313 K and 343 K, but no evolution in the dif-
ferent coupling constants was observed (Figure 1c). Interest-
ingly, a significant linear dependence of the chemical shift


on temperature was noted for
each proton, with a shielding
effect for A and B protons, and
on the contrary a deshielding
effect for A’ and B’ protons
(Figure 1d).


The 1H NMR spectrum of
dyad 3 recorded in CDCl3 at
293 K presents a similar behav-
ior, but the signals correspond-
ing to the -NCH2-CH2O- link-
age appear broader than in the
case of dyad 1. We assign this
difference to spin relaxation re-
sulting from the strong steric
hindrance between the fuller-
ene and the tert-butylphenoxy
groups on the bay region of the
PDI. Here again, the -NCH2-
CH2O- linkage appears as a
series of four signals (4.90, 4.82,
4.72, and 4.64 ppm) that are de-


shielded relative to precursor 13a (up to Dd=0.45 ppm). A
variable-temperature NMR study showed a clear narrowing
of all the peaks with a coalescence phenomenon arising at
313 K for both -NCH2 and -OCH2 groups (Figure 1e).


These 1H NMR studies clearly demonstrate the presence
of a restricted rotation inducing conformational effects
around the -NCH2CH2O- linkage in dyads 1 and 3. This phe-
nomenon as well as the temperature-dependent dynamic
effect observed for dyad 3 can be unambiguously attributed
to the presence of C60.


[49]


As a high purity of the compounds is crucial for further
photophysical studies, an efficient way to purify dyads 1–4
and reference compounds was needed. For this purpose, an-
alytical and semi-preparative HPLC were carried out on a
silica column using toluene/CH2Cl2 3:1 for dyad 1–4 and tet-
rachloro-substituted PDI 7. For tetraphenoxy-substituted
PDI 10 and 1,1-di(ethoxycarbonyl)-[6,6]-methanofullerene
14, the latter being prepared starting from a-bromoethyl
malonate as reported in the literature (Scheme 5),[50] toluene
was used as the eluent for analytical and semipreparative
HPLC. The purity of dyads 1–4 was estimated to be superior
to 99.9%.


Electrochemical properties : Cyclic voltammetry was used to
electrochemically characterize dyads 1–4 (Table 1). Com-
pounds 7, 10, and 14 were used as references allowing the
determination of the nature of reduced species. Dyad 1
showed three reversible reduction waves and the first one-
electron process at E0


red1=�0.84 V (vs Fc+/Fc) was assigned
to the formation of the anion radical of the PDI moiety
(C60–PDI�C). The following two one-electron reduction pro-
cess at E0


red2=�1.08 V corresponding to the generation of
the C60


�C–PDI2� species suggested that the first reduction
wave of fullerene and the second reduction wave of PDI
were overlapping. The third one-electron wave appearing at


Scheme 4. i) ClCOCH2CO2Et, pyridine, CH2Cl2, (12a : 93%, 12b : 94%, 13a : 91%, 13b : 88%); ii) C60, DBU,
I2, toluene, (1: 53%, 2 : 42%, 3 : 47%, 4 : 51%).
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Figure 1. a) 1H NMR spectra of the -NCH2-CH2O- linkage in dyad 1 at 293 K; b) folded (left) and extended (right) conformations in dyad 1 derived from
the coupling constants using the Karplus equation; c) 1H NMR spectra of dyad 1 at 293 K (left), 313 K (center), and 343 K (right); d) linear temperature
dependence of protons A (&), B (*), A’ (~), and B’ (!) chemical shifts in dyad 1; e) 1H NMR spectra of dyad 3 at 293 K (left), 313 K (center), and
343 K (right).
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E0
red3=�1.47 V resulted from the formation of C60


2�–PDI2�


species. One irreversible oxidation process was observed at
E0


ox1=++1.24 V.
Cyclic voltammogram of dyad 3 showed four reversible


one-electron reduction waves. The first process arising at
E0


red1=�1.10 V (vs Fc+/Fc) was assigned to the formation
of the anion radical of the C60 moiety (C60


�C–PDI). This was
followed by both one-electron reduction processes of the
PDI moiety leading successively to C60


�C–PDI�C (E0
red2=


�1.24 V) then C60
�C–PDI2� species (E0


red3=�1.35 V). The
fourth one-electron reduction wave was corresponding to
the generation of the C60


2�–PDI2� species at E0
red4=�1.46 V.


A first reversible one-electron oxidation process arising at
E0


ox1=++0.83 V was followed by an irreversible wave ap-
pearing at E0


ox2=++1.23 V.
Considering the cyclic voltammogram of dyads 2 and 4, it


should be noted that the influence of the length of the alkyl
chain on the imide position is not characteristic. The reason
is that the imide nitrogen atoms correspond to nodes in the
LUMO of PDI derivatives, thus indicating that substituents
at those positions do not really influence the corresponding
energy levels.[51]


It was reported in the case of C60–PDI dyads with PDI
bearing only hydrogen atoms at the bay region[41d] that the
first reduction potential corresponds to a reversible two
one-electron process leading directly to the C60


�C–PDI�C spe-
cies. In the case of dyads 1 and 2 with the PDI substituted
by four chlorine atoms at the bay region, the first reduction
occurs on the PDI moiety. The enhancement of the electron
affinity is explained by the electron-withdrawing inductive
effect of the chlorine atoms stabilizing the anion radical
PDI�C, this minimizing their possible electron-donating
mesomeric effect. For dyads 3 and 4 with the PDI bearing


tert-butylphenoxy groups at the bay region, the C60 moiety
appears to be the favored electron acceptor. In the latter
case, the electron-donating mesomeric effect of phenoxy
groups appeared predominant with less consideration for
their possible electron-withdrawing inductive effect. This
demonstrates that electronic properties of C60–PDI dyads
can be perfectly tuned thanks to a well-defined substitution
of the PDI bay region.


Electronic absorption : Elec-
tronic absorption spectra of
dyads 1–4 and reference com-
pounds 7, 10, 14 were recorded
in toluene and dichloromethane
at room temperature (Figure 2
and Table 2). No significant sol-
vent effect was observed, but
further insight into solvato-
chromism was prevented by the
lack of solubility of the dyads.
All compounds containing the
PDI unit exhibit the three typi-
cal absorption peaks at approxi-
mately 430, 485, and 520 nm for


1, 2, and 7 or 450, 540, and 580 nm for 3, 4, and 10. The
values reported for a PDI derivative bearing hydrogen
atoms at the bay region are intermediate (434, 460, 491, and
528 nm).[52,53] In agreement with information issued from
electrochemical analyses, the hypsochromic effect observed
for 1, 2, and 7 could be ascribed to the bay-substitution pat-
tern of the PDI moiety and, more precisely, of the electron-
withdrawing inductive effect of chlorine atoms. On the
other hand, the bathochromic effect for 3, 4, and 10 could
be related to the electron-donating mesomeric effect of
phenoxy groups. It appears that electronic effects are pre-
dominant.[24] The expected hypsochromic effect due to the
decrease of conjugation because of the torsion induced by
the bay substitution is negligible. According to litera-
ture,[52, 53] these bands could be attributed to the transitions
3–0, 1–0, 0–0, with a weak transition 2–0 that could be only


Scheme 5. i) EtO2C-CHBr-CO2Et, NaH, toluene, 57%.


Table 1. Redox-potential values (vs Fc+/Fc) of dyads 1–4 and reference compounds 7, 10, and 14 recorded in
a CH2Cl2 solution using Bu4NPF6 0.1m as the supporting electrolyte, Ag wire as the reference, platinum wires
as counter and working electrodes. Scan rate: 100 mVs�1.


Compound E0
red4 [V] E0


red3 [V] E0
red2 [V] E0


red1 [V] E0
ox1 [V] E0


ox2 [V]


1 – �1.47 �1.08[a] �0.84 +1.24[b]


2 �1.87[b] �1.45 �1.07[a] �0.86 –
3 �1.46 �1.35 �1.24 �1.10 +0.83 +1.23[b]


4 �1.44 �1.37 �1.23 �1.09 +0.82 –
7 �1.06 �0.87 – –
10 �1.37 �1.21 +0.80 +1.14
14 �1.47 �1.08 +1.22[b] –


[a] Two one-electron process. [b] Irreversible process.


Figure 2. Absorption spectra of dyads 1 (c) and 3 (c) and reference
compounds 7 (g), 10 (a), and 14 (b) in toluene at 298 K
(c<10�6m).
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barely distinguished around 460 nm for 7 and 500 nm for 10.
The extinction coefficient values found are in agreement
with those reported in literature and are within the range
30000–40000 cm�1 for these compounds.[26b,54] The strong
absorption band at 330 nm observed for 1–4 and 14 was as-
cribed to fullerene C60 absorption. The sharp peak at 430 nm
observed for 14 is characteristic of [6,6]-methanofullerene
derivatives, as well as the peak at approximately 690 nm
that corresponds to the S1


!S0 transition.[55] Rather similar
spectral features are also observed for pyrrolidine C60 deriv-
atives[55b] and for C60 Diels–Alder adducts.[55c] Moreover, the
UV-visible absorption spectra of dyads 1–4 match the profile
obtained by superposition of the spectra of corresponding
reference compounds 7 or 10 and 14. Independently of the
bay-substitution pattern or spacer length between PDI and
C60 moieties, this characterizes the absence of significant in-
teraction in the ground state between these two partners.


Fluorescence emission : Fluorescence emission spectra of
reference compounds 7, 10, and 14 were recorded in toluene
and dichloromethane and were found to be independent of
the excitation wavelength (Figure 3A and Table 3).


Fluorescence excitation spectra matched the absorption
profile over the entire wavelength range. As expected, PDI-
based compounds 7 and 10 are strongly emissive in the visi-
ble range with fluorescence quantum yields being close to
unity at room temperature. On the other hand, compound
14 presented a typical weak emission centered at 697 nm
with a fluorescence quantum yield of approximately 5N10�4


at room temperature, characteristic of [6,6]-methanofuller-
ene derivatives.[55–57] All the fluorescence emission spectra of
dyads 1–4 are composed of two bands, one characteristic of
the PDI moiety in the 500–650 nm range, the second corre-
sponding to the methanofuller-
ene in the 670–750 nm region
(Figure 3B and Table 3). The
very weak importance of C60


emission in dyad 2 relative to
dyad 1 should be noticed. The
spacer length between PDI and
C60 seems to have an influence
on the relative intensity of
these two bands. For dyads 3
and 4 bearing tert-butylphenoxy
groups at the bay area, a batho-


chromic shift of the emission
maxima was noticed in agree-
ment with the absorption spec-
trum. The consequence is an
overlapping of emissions cen-
tered on the PDI and C60 moi-
eties.


The Stokes> shift values in
both toluene and dichlorome-
thane are in the 700–900 cm�1


range, except for 14 for which
the Stokes> shift value is smaller


(Table 3), all these values being coherent with a weak geo-
metrical reorganization of the considered fluorophore at the
excited state (PDI for 1–4, 7, 10 and C60 for 14). Moreover,


Table 2. Electronic absorption data for dyads 1–4 and reference compounds 7, 10, 14.[a]


Toluene Dichloromethane
lmax [nm] emax [m


�1 cm�1] lmax [nm] emax [m
�1 cm�1]


1 524 29800 522 32800
2 522 31350 520 32800
3 579 36800 586 38500
4 576 37300 582 38500
7 522 33900 518 40300
10 575 42000 582 42700
14 689 (490, 428) 250 (1700, 3000) 693 (496, 431) 105 (1400, 2500)


[a] Other absorption bands of compound 14 and their respective molar absorption coefficients.


Figure 3. Emission spectra of A) reference compounds 7 (c, lexc=


485 nm), 10 (a, lexc=550 nm), and 14 (c, lexc=450 nm) and
B) dyads 1 (c, lexc=520 nm) and 3 (c, lexc=550 nm) in toluene at
298 K (c<10�6m).


Table 3. Photophysical properties (emission) of dyads 1–4 and reference compounds 7, 10, 14 at 298 K.


Toluene Dichloromethane
lmax [nm] Dñ [cm�1] Ff t [ps] kenN10


10 [s�1] lmax [nm] Dñ [cm�1] Ff


1 549 (696) 909 3.3N10�3 9 11.1 545 (694) 808 2.3N10�3


2 548 (696) 923 3.8N10�3 30 3.3 545 (696) 882 3.1N10�3


3 602 (698) 808 3.4N10�3 25 3.9 609 (694) 808 2.5N10�3


4 600 (697) 694 4.6N10�3 54 1.8 608 (694) 923 3.2N10�3


7 548 923 1 5580 – 544 923 1
10 601 923 1 5950 – 607 882 1
14 697 167 5.0N10�4 1500[a] – 696 62 5.0N10�4


[a] In good agreement with ref. [55a].
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there is a dramatic quenching of the PDI fluorescence emis-
sion for all the dyads. At room temperature, the fluores-
cence quantum yields are in the range 2–3N10�3, this being
also dependent on the spacer length. Considering identical
bay substitution, the shorter the alkyl chain between PDI
and C60 units, the stronger the fluorescence quenching.


This strong quenching (up to 99.8%, depending on the
dyad) should result from an intramolecular interaction be-
tween PDI and C60 in the excited state as the quantum yield
of neither 7 nor 10 was affected by the addition of up to ten
equimolecular amounts of 14 in solution. To get further in-
sights into the nature of this new process, the fluorescence
emission spectrum of 1 was recorded by selectively exciting
the PDI unit in the dyad (Figure 3B). The C60 emission fea-
tures are still observed, evidencing a singlet–singlet energy
transfer between PDI and C60. This process is in agreement
with the energy levels of both PDI and C60 units, 2.32 eV for
7 and 1.79 eV for 14 in toluene. This was confirmed by the
excitation spectrum recorded at 695 nm in dichloromethane.
Indeed, the characteristic absorption bands of PDI are still
present in this spectrum (Figure 4).


Similar experiments could not be conducted for dyads 3
or 4 as fluorescence emissions of PDI and C60 are overlap-
ping. Nevertheless, by subtracting the contribution of PDI
from the emission spectrum of 3 or 4, the fullerene emission
is still observed, even when the PDI is selectively excited at
wavelengths above 550 nm.[40] This result associated with the
strong fluorescence quenching of PDI emission corroborates
the hypothesis of an energy transfer from PDI to C60 for
these dyads. Energy levels are still in agreement as the first
excited state of 10 is lying at 2.11 eV, that is, 0.32 eV above
the first excited state of com-
pound 14 in toluene (Table 4).


Altogether these results un-
derline the efficiency of this
process as a function of bay-
area substitution and spacer
length. Indeed, the quenching
of fluorescence appears higher
for chlorine-substituted dyad 1


than with tert-butylphenoxy-substituted dyad 3 (Table 3).
This phenomenon is confirmed by the emission spectra of
dyads 1–4 recorded in rigid solvent glass (methylcyclohex-
ane/toluene 7:3) at low temperature (77 K) (Figure 5A and
B). A slight bathochromic shift with decreasing temperature
for fluorescence emission of dyads 1 and 2 was noticed
(Dlmax=11 nm between 77 K and room temperature). These
spectra showed well-structured vibronic bands in agreement
with the lack of solvent relaxation in rigid medium. Conse-
quently, at 77 K a better comparison of the intensity ratio
between the PDI emission band (550 nm for dyads 1 and 2
and 600 nm for dyads 3 and 4) and the C60 emission band
(ca. 700 nm) could be performed. Considering the same bay
substitution and PDI fluorescence-emission intensity being
normalized, it was clearly displayed from these spectra that
C60-centered emission is more important for dyads present-
ing the shortest spacer, thus confirming the real influence of
the spacer length on the efficiency of energy transfer be-
tween PDI and C60. Furthermore, no phosphorescence emis-
sion was detected under these experimental conditions.


Figure 4. Excitation spectra of dyad 1 at lobs=570 nm (g) and at lobs=


695 nm (a) in dichloromethane at 298 K (c<10�6m).


Figure 5. Normalized fluorescence emission spectra at 77 K in methylcy-
clohexane/toluene 7:3 matrix: A) for dyads 1 (c) and 2 (a, lexc=


490 nm); B) for dyads 3 (c) and 4 (a, lexc=450 nm).


Table 4. Energy level of the charge-separated state for dyads 1–4 and parameters used for the calculation.


Dyad Eox
[a] [eV] Ered


[a] [eV] E0�0 [eV] DG [eV]
Energy level [eV]


EPDI ECS EC60


1 +1.24 �0.84 2.32 �0.24 2.33 2.09 1.79
2 +1.24 �0.84 2.32 �0.24 2.33 2.09 1.79
3 +0.83 �1.10 2.11 �0.18 2.11 1.93 1.79
4 +0.83 �1.10 2.11 �0.18 2.11 1.93 1.79


[a] vs Fc+/Fc in CH2Cl2.
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The intramolecular energy transfer from PDI to C60 could
be discussed in terms of Coulombic interactions (Fçrster)[58]


or exchange interactions (Dexter).[59]


In order to know if this energy transfer could be due to
Coulombic interaction, Fçrster radii R0 were calculated for
each dyad (Table 5), according to Equation (1):[58]


R0 ¼ 0:2108½k2�0
Dn
�4
Z1


0


IDðlÞeAðlÞl4dl�1=6 ð1Þ


where k is the orientation factor, �0
D is the emission quan-


tum yield of the reference donor chromophore, ID(l) is the
corrected fluorescence intensity of the donor with the total
intensity normalized to unity and n is the refractive index of
the solvent. For dyads 1–4, �0


D is equal to one and k2 to 2=3
because of the random orientation of the dipole between
molecules. All the values obtained for R0 in both toluene
and dichloromethane are superior to the distance calculated
by molecular optimization between PDI and C60 for each
dyad.[48] According to this result, the nature of the energy
transfer to dyads 1–4 should be of Fçrster type. Using these
R0 values and the experimental rates, center-to-center dis-
tances could be estimated (Supporting Information).


To study the possibility of a competitive reductive (for
dyads 1 and 2) or oxidative (for dyads 3 and 4) electron-
transfer process, the “Gibbs energy of photoinduced elec-
tron transfer” was estimated for each dyad.[60] For all the
dyads, the corresponding charge-separated state lies at an
intermediate energy level between the fullerene and PDI
singlet-excited states (Table 4). If the Coulomb and solvent-
correction terms are taken into account, the energy level
will be lowered, making it energetically more accessible in
dichloromethane and benzonitrile. In toluene, however,
charge separation would be an endergonic process (using
“average” center-to-center distances, listed in Supporting In-
formation, and average ionic radii of 4 R). Apparently the
excited-state processes in polar solvents are governed by ki-
netic factors: charge separation is energetically possible, but
it is not observed (see below).


Time-resolved spectroscopy: To get more information on
the effects of the bay substitution and the spacer length on
the interaction between the fullerene unit and the PDI chro-
mophore, various types of time-resolved spectroscopy were
applied. The photophysical properties of the systems (1–4)
containing fullerene C60 covalently linked to the perylenedi-
imide as well as those of the reference compounds 7, 10,
and 14 in toluene were investigated. Benzonitrile as a sol-


vent was also used to check the presence of electron transfer
in polar solvents in some femto- and nanosecond transient
absorption experiments.


Single photon counting (SPC): SPC was used to determine
the emission decays of the dyads 1–4 and the reference sys-
tems 7, 10, and 14 in toluene. The decay curves recorded for
dyads 1 and 2 (at 550 nm) and dyads 3 and 4 (at 610 nm)
monitoring the PDI emission gave bi-exponential decays.
The major (95–99%) short components (9–54 ps) as well as
the energy-transfer rates (ken) derived are given in Table 3.


Figure 6 shows the decay traces of the four C60–PDI sys-
tems. Interestingly, a minor long component (0.2–4%, 3–
5 ns) is observed in the time-resolved emission.[61] Table 3
shows the mono-exponential fluorescence lifetimes of the
reference compounds 7, 10, and 14. The lifetimes are virtual-
ly independent of deaerating and are in accordance with re-
ported lifetimes for similar systems.[27,53,55–57,62]


By using the quenched lifetimes and applying ken=1/t�
1/t0, singlet energy-transfer rates of 11.1N1010 s�1 (for 1),
3.3N1010 s�1 (for 2), 3.9N1010 s�1 (for 3), and 1.8N1010 s�1


(for 4) were obtained (Table 3). This correlates reasonably
well with the rates that can be deduced from the steady-
state data (Table 3). From these data it is already clear that
the rate of energy transfer is modulated both by the bay
substituent and by the spacer length. The shortest spacers
display the faster rates. Considering the same spacer length,
energy transfer is more efficient for the chlorinated than for
the tert-butylphenoxy-substituted dyads. It can be noted that
the energy-transfer rates obtained for dyads 1–4 are higher
than those reported in the literature for other C60 fullerene-
based dyads.[14,15,41, 63]


Femtosecond transient absorption :[64] Femtosecond transient
absorption was used to get more accurate information on


Table 5. Calculated Fçrster radii R0 [R] for dyads 1–4.


Toluene Dichloromethane


1 32.3 31.5
2 32.3 31.5
3 28.1 30.0
4 28.1 30.0


Figure 6. Emission decay traces obtained with SPC of compounds 1–4 in
toluene. Pulse is also shown (lex=324 nm, 17 ps FWHM, detection wave-
length is indicated).
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the singlet and triplet energy-transfer processes in the dyads.
The spectral data obtained for 2 in toluene are shown in
Figure 7. The typical bands of the PDI moiety, such as the
ground-state bleaching (at 500 and 525 nm), the singlet-state
emission (at ca. 600 nm), the singlet-excited-state absorption
(at ca. 800 nm), and the triplet-excited-state absorption (at
ca. 560 nm) are observed, similar to those reported before
for 1.[65] The kinetics of 2, however, are different, showing a
slower decay of the PDI excited-singlet state and a slower
rise of the 560 nm band. For all dyads (1–4) the singlet excit-
ed state of the fullerene adduct is observed as an intermedi-
ate state (at 80 ps for 2, see Figure 7A). Its absorption is
rather weak and covers the whole visible range, with a mini-
mum at around 600 nm.[65,66]


Overall, the phenoxy-substituted compounds 3 and 4 dis-
play similar behavior to 1 and 2, but the spectral features of
the PDI singlet and triplet excited states are different
(Figure 8), especially the modulation by the strong ground-
state bleaching at 580 nm for 3 and 4. The phenoxy-substi-
tuted PDI moiety shows ground-state bleaching (at 540 and
580 nm), the singlet-state emission (at ca. 600 and 650 nm),
and a weak singlet excited-state absorption (at ca. 700 nm).
The final state populated (the triplet of PDI) is character-
ized by maxima at 510, 550 and by the strong bleach at
580 nm and an almost flat absorption band between 600 and
800 nm. Again, the dyad with the longer spacer (4) shows


slower singlet and triplet energy transfer. Table 6 summariz-
es the characteristic times observed with femtosecond transi-
ent absorption for the dyads 1 to 4 in toluene. See Support-
ing Information for corresponding rates.


Interestingly, the ultrafast component observed in the
femtosecond transient absorption spectroscopy is not detect-
ed with SPC, due to its lower time resolution. The slower
components (t2) are in reasonable agreement with the fluo-
rescence emission lifetimes (Table 3).


Femtosecond transient absorption spectroscopy was also
performed in benzonitrile for compounds 1 and 3 to assess
solvent-dependent photophysical behavior (i.e. , the occur-
rence of electron transfer). Very similar spectral features
were observed as well, as slightly different kinetics (see Sup-
porting Information), the latter being attributed to small dif-


ferences in solvent-dependent
conformations resulting in
slightly altered interchromo-
phoric distances in the two sol-
vents for the extended and
folded forms. This clearly indi-
cates that a charge-transfer
state is not formed (or has no
population build-up). Further-
more, the singlet energy trans-
fer from the PDI to the C60 unit
and subsequent triplet energy
transfer from the fullerene trip-
let state to the perylene-based
triplet are relatively insensitive
to the solvent polarity.


The femtosecond spectrosco-
py confirms that light energy
harvested by the PDI antenna
is transferred very efficiently to
the C60 moiety on a (sub)pico-
second (for 1) to tens-of-pico-
second timescale and that no
electron transfer occurred be-
tween PDI and C60 moieties.
No spectral features attributa-
ble to either the PDI radical
anion or cation,[67] or the C60


radical cation[68] or anion[69]


were observed. Using NIR de-
tection, compounds 1 and 3


Figure 7. A) Femtosecond transient absorption spectra of compound 2 in toluene (lex=530 nm, 150 fs
FWHM); kinetic traces B) at 600 nm on a 100-ps timescale and C) at 560 nm on the full timescale with tri-ex-
ponential fit (t1=4.5 ps, t2=27 ps, and t3=6.2 ns). Incremental time delays are indicated in A).


Table 6. Decay and rise times observed for dyads 1–4 in toluene with
femtosecond transient absorption spectroscopy, corresponding to singlet–
singlet energy transfer (t1, t2) and triplet–triplet energy transfer (t3).


t1 [ps] t2 [ps] t3 [ns]


1 0.4 5 0.8
2 4.5 27 6.2
3 0.8 12 2.7
4 7 50 9
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show only singlet–singlet absorption in toluene[41h] at 990 nm
for 1 and at 960 and 1040 nm for 3 (see Supporting Informa-
tion) with kinetics similar to the singlet excited-state kinetics
observed with the femtosecond transient absorption data
using visible-light detection. Moreover, the final excited


state is a low-energy (1.2 eV) triplet state localized on the
PDI,[53] normally rarely observed in perylene dyes. Two rates
of fast singlet energy transfer are observed, which were at-
tributed to the co-existence of a folded and an extended
conformer. The two faster rates observed with transient ab-


Figure 8. A) 3D surface plot of the femtosecond transient absorption data obtained for 3 in toluene (lex=530 nm, 150 fs FWHM). Signal intensity is also
projected on the x-y plane. The incremental time delay is short (0.04 ps) at the start and longer (50 ps) at later times (total timescale �10 to 3600 ps).
Note that the time increases to the front and the wavelength increases to the left. B) Femtosecond transient absorption spectra of compound 3. Incre-
mental time delays are indicated in the legend of (B). Kinetic traces at 600 nm (C) and at 500 nm (D) together with tri-exponential fit (t1=0.8 ps, t2=


12 ps, and t3=2.7 ns).
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sorption show that the interchromophoric distance in the
folded conformer of 2 and 4 is longer than for 1 and 3, in
agreement with DFT and Hartree–Fock calculations.[48]


Nanosecond transient absorption : The ultrafast spectroscopy
described in the previous section clearly shows the forma-
tion of a longer-lived triplet state that is localized on the
PDI unit in all four dyads. The triplet–triplet absorption
spectra of the PDI chromophores observed with nanosecond
transient absorption spectroscopy are given in Figure 9. The
similarity to the final femtosecond transients (at 3.6 ns) is


perfect. Tetrachloro-substituted PDI (1 and 2) are character-
ized by a very strong triplet-excited state absorption at
560 nm. Ground-state bleaching features are observed at
490 and 525 nm. Tetra-tert-butylphenoxy-substituted PDI (3
and 4) show a markedly different spectrum, due to the
strong ground-state bleaching at 580 nm, characterized by
maxima at 510 and 550 nm (for the spectra in benzonitrile,
see Supporting Information). The observed triplet-state life-
times in air and under deaerated conductions are given in
Table 7. Notably, the lifetimes under degassed conditions


are very sensitive to traces of oxygen left in solution and are
influenced by triplet–triplet annihilation (and can thus be
considered lower limits). The effects of de-oxygenation and
comparison of the spectral shape with literature data[53,70]


clearly show the nature of the PDI-localized triple state.[71]


The spectroscopy of compound 1 does not reveal any indi-
cation of C60 triplet-state formation in the femtosecond and
nanosecond transient absorption, and its intermediacy is in-
ferred from the intrinsic fullerene properties. This is differ-
ent, however, for compound 4. Figure 9C shows the clear ki-
netic difference for the 500 and 710 nm bands in the first
50 ns (Supporting Information Figure S6 for spectra of 1
and 2). From these data an initial rise time of 9 ns is de-
duced (at 500 nm), which corresponds to the triplet energy
transfer from C60 to the PDI. Now, a second, slower triplet
energy transfer (in 33 ns) is inferred from the decay at
710 nm. A rise time at 500 nm is not observed due to over-
lapping bands and the small yield of this slower process.
However, in a large part of the population of excited-state
molecules, the fullerene triplet does not transfer its energy
and decays with a lifetime very similar to that of the PDI
triplet (Table 7). Clearly, the two conformations deduced
from two singlet energy-transfer rates in the femtosecond
transient now also give two different triplet energy-transfer
rates.


Similar observations were made for compound 3, for
which the 710 nm band is clear in the nanosecond transient.
Closer inspection of Figure 7 also reveals a spectroscopic
sign for 3C60 formation in compound 2, by the small hump
at 710 nm in the last trace (at 2988 ps). In the nanosecond
transient, however, this appears to be masked by the strong
and more red-shifted 3PDI absorption (Figure 9). The fea-
ture at 710 nm is also not observed for compound 1.[65]


For comparison and completeness the triplet–triplet ab-
sorption spectra[72] of the methanofullerene adduct 14 and


Figure 9. Nanosecond transient absorption spectra of the triplet state in
toluene of A) compound 2, incremental time delay is 2500 ns (argon de-
gassed); B) compound 3, incremental time delay is 120 ns non-degassed;
C) compound 4, incremental time delays is 1 ns. The first spectrum is
dotted in A) and B) (time increases from grey to black). A) and B) pres-
ent the decay of the PDI triplets. In B) some triplet C60 is observed at
710 nm. This 710 nm band shows a different decay behavior in (C), in
which also the rise of the PDI triplet can be observed. For C) the time
zero was chosen slightly before the laser pulse.


Table 7. Triple-state lifetimes of compounds 1–4 in toluene (tol) and ben-
zonitrile (PhCN) under aerated (air) and de-aerated (Ar) conditions as
observed by using nanosecond transient absorption spectroscopy.


t [ns, tol, air] t [ns, tol, Ar] t [ns PhCN, air] t [ns, PhCN, Ar]


1 440 12000 640 15000
2 400 10000 590 14000
3 330 14000 680 14000
4 310 15000 590 20000
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pristine C60 are given in the Supporting Information. The
singlet–singlet absorption of 7 was reported previously.[65]


Quantum yields of triplet PDI formation were estimated
by using the comparative method[73] and molar-absorption
coefficients.[53,66] From this analysis we estimate that FT


(1)=0.75, FT (2)=0.70 and FT (3)=0.60, FT (4)=0.52. The
molar-absorption coefficients of the transient triplet species
were estimated by using the iso-absorptive points[53] (Sup-
porting Information). The observed triplet absorption spec-
trum has a maximum at 510 nm (e(T1–Tn)=9400m


�1 cm�1) for
compounds 3 and 4. The observed triplet absorption spectra
of 1 and 2 have a maximum at 560 nm (e(T1–Tn)=
51600m


�1 cm�1).
We can now assess the energetic scheme reported in


Figure 10 for dyad 1. Excitation at 520 nm, at which the
PDI moiety selectively absorbs, leads to the population of


singlet state centered on PDI. 1PDI*–C60 decays by very fast
energy transfer to form PDI–1C60* for which two rates are
observed, attributed to a folded and an extended conforma-
tion. Fluorescence emission is more than 99% quenched. A
charge-separated state PDI�–C60


+ is not populated, although
its energy level is intermediate (Table 4). Clearly, singlet
energy transfer is much faster. The final triplet state 3PDI*–
C60 is populated in high yield. Although the triplet state
PDI–3C60* is not observed for dyad 1, it is clearly observed
for dyads 2–4. Thus, it is clear that intersystem crossing from
PDI–1C60* to PDI–3C60* precedes the energy transfer to the
final PDI triplet state. Indeed, intersystem crossing is known
to be very efficient for most mono-functionalized C60 deriva-
tives (FT close to unity, tf	1.5 ns and Ff	5N10�4) such as
14 and other compounds described in the literature.[55,57,72, 74]


Conclusion


Novel [60]fullerene–perylenediimide (C60–PDI) dyads were
developed as efficient light-harvesting systems designed for


directional energy transfer. The PDI was introduced to play
the role of a visible-light antenna, and after excitation of
this PDI moiety in the dyads, we could prove a quantitative
intramolecular energy transfer (>99%) from the PDI donor
to the C60 acceptor. A Fçrster-type mechanism is suggested
to explain this singlet–singlet energy transfer and it was
demonstrated that the final populated excited state is a low-
energy triplet state localized on the PDI moiety.


Interestingly, various intramolecular energy-transfer
rates[41h,65] between C60 and different PDI-containing chloro-,
phenoxy-, and pyrrolidino-substitutents at the bay position
(the orange, red, and green PDI family[75]) at different mo-
lecular configurations are now available, making an exten-
sive comparison of factors influencing the rates possible (see
Supporting Information). It can already be noted that the
combination of the green PDI with C60 through a pyrrolidine


bridge results in much slower
singlet and triplet energy trans-
fer[41h] (in toluene), not only
due to the restricted conforma-
tional freedom, but also to the
much less favorable Fçrster
overlap. This would imply that
these types of NIR-absorbing
imide dyes (that can harvest
more of the sunlight) should be
designed to display Dexter-type
energy transfer.


It was also shown in these
C60–PDI dyads that the position
of the first reduction potential
of the PDI moiety in solution
relative to this of C60 can be
finely tuned by molecular engi-
neering around the PDI bay
region. This electrochemical pa-


rameter was correlated with preliminary results obtained
from the conception of photovoltaic devices. These were
tested by blending P3HT with C60–PDI dyad and it was
clearly evidenced in agreement with absorption and electro-
chemical properties that better photovoltaic characteristics
were obtained with dyad 3 than with dyad 1.[76] Further in-
vestigation concerning the incorporation of these dyads in
photovoltaic devices is underway: firstly, the possibility of
using the C60–PDI dyad associated in variable amounts with
[60]PCBM in the photoactive layer and secondly, the design
of new light-harvesting dyads in which the first reduction
process should be more selective between the two units.


Experimental Section


Materials and methods : Reagents were obtained commercially and were
used without any purification. Fullerene C60 (99.5+ %) was purchased
from MER Corporation Fullerenes. 1,6,7,12-Tetrachloroperylenetetracar-
boxylic dianhydride 5 was furnished by BASF-AG (Ludwigshafen, Ger-
many). Dry solvents were obtained by distillation over suitable dessicants
(THF and toluene from Na/benzophenone, CH2Cl2 from P2O5, CH3CN


Figure 10. Energy-level diagram (on eV scale) showing the processes that take place in the two conformations
of dyad 1 upon selective excitation of PDI moiety (toluene, RT). Lifetimes and efficiencies are also indicated.
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from CaH2). Thin-layer chromatography (TLC) was performed on alumi-
nium sheets coated with silica gel 60F254. Column chromatography was
carried out on silica gel (Kieselgel 60 Merck 5–40 mm).


The HPLC system consisted of a series of a model Waters 501 pump, a
model Waters 2487 UV/Vis detector. Analytical separation was accom-
plished at 25 8C on a 250 mmN4.6 mm ID column packed with a 5 mm
AIT Kromasil Silica stationary phase. Semi-preparative separation was
accomplished at 25 8C on a 250 mmN10 mm column packed with a 5 mm
AIT Kromasil Silica stationary phase. The operating conditions for the
semi-preparative separation were a flow-rate of 1.5 mLmin�1 (for 10),
2 mLmin�1 (for 4, 7, 14), or 3 mLmin�1 (for 1, 2, 3), a mobile phase of
toluene/CH2Cl2 (3:1, v/v) (for dyads 1–4 and 7) or CH2Cl2 (for 10 and 14)
(HPLC grade Fisher Scientific). The injected solution was composed of
15 mg of compound in 2 mL of solvent. Detection was achieved at the
absorbance of 335 nm (for 14), 520 nm for 1, 2, 7), or 580 nm (for 3, 4,
10).


Melting points were determined by using a microscope with a Kçfler hot
stage and are uncorrected. 1H (500 MHz) and 13C (125 MHz) NMR spec-
tra were recorded on a Bruker Avance DRX 500 spectrometer. Chemical
shifts are reported as d values in ppm using CHCl3 as the reference.
Infra-red spectra were obtained on a BIO-RAD FTS 155 spectrometer
and UV/Vis experiments were performed on a Perkin–Elmer Lambda 19
NIR spectrometer. Mass spectra were recorded on a MALDI-TOF
Bruker Biflex III. Elemental microanalyses were performed by the
CNRS Central Service of Microanalysis (Vernaison, France).


Cyclic voltammetry was performed in a three-electrode cell equipped
with a platinum millielectrode and a platinum wire counterelectrode. A
silver wire served as quasi-reference electrode and its potential was
checked against the ferricinium/ferrocene couple (Fc+/Fc) before and
after each experiment. The electrolytic media involved CH2Cl2 (HPLC
grade), o-dichlorobenzene (Aldrich spectroscopic grade), and 0.1m of tet-
rabutylammonium hexafluorophosphate (TBAHP, puriss quality). All ex-
periments were performed in a glove box containing dry, oxygen-free
(<1 ppm) argon, at RT. Electrochemical experiments were carried out
using an EGG PAR 273A potentiostat.


Electronic absorption spectra were recorded on a Lambda 19 NIR model
from Perkin–Elmer. Fluorescence spectra were recorded in non-deoxy-
genated solvents (spectroscopic grade) at 20 8C with a QM-4/QuantaMas-
ter fluorometer from PTI equipped with rapid monochannel detection
and continuous excitation source. Quantum yields were determined using
cresyl violet as a standard reference (Ff=0.54 at 20 8C in MeOH).


For time-resolved spectroscopy, samples were dissolved in spectroscopic
solvents (toluene and benzonitrile from Aldrich) and filtered (0.4 mm
PVDF HPLC filters) to remove particles and potential aggregates. The
samples had an absorbance of ca. 0.7–0.9 (1 cm) for nanosecond transient
measurements and of ca. 0.3–0.7 (2 mm) for femtosecond transient at the
excitation wavelength. The UV/Vis absorption spectra of the samples
were measured before and after the laser experiments and were found to
be virtually identical, thus ruling out any possible degradation or chemi-
cal change in the samples. All photophysical data reported here have an
error limit of 5–10%, unless indicated otherwise. The experiments were
performed at RT.


Femtosecond transient absorption experiments were performed with a
Spectra-Physics Hurricane Titanium:Sapphire regenerative amplifier
system. The full spectrum setup was based on an optical parametric am-
plifier (Spectra-Physics OPA 800C) as the pump. The residual fundamen-
tal light, from the pump OPA, was used for white-light generation, which
was detected with a CCD spectrograph (Ocean Optics). The polarization
of the pump light was controlled by a Berek Polarization Compensator
(New Focus). The Berek Polarizer was always included in the setup to
provide the Magic-Angle conditions. The probe light was double-passed
over a delay line (Physik Instrumente, M-531DD) that provides an exper-
imental time window of 3.6 ns with a maximal resolution of 0.6 fs per
step. The OPA was used to generate excitation pulses at 530 nm. The
laser output was typically 3.5–5 mJpulse�1 (130 fs FWHM) with a repeti-
tion rate of 1 kHz. The samples were placed into cells of 2 mm path
length (Hellma) and were stirred with a downward projected PTFE shaft
using a direct-drive spectro-stir (SPECTRO-CELL). This stir system was


also used for the white-light generation in a 2 mm water cell. For femto-
second transient absorption in the NIR region a Control Development
NIR-256L-1.7T1-USB optical spectrometer system, InGaAs detector
with 512 element arrays responding to wavelengths range from 900–
1700 nm was used. Detection light was generated with a sapphire plate.


Time-resolved fluorescence measurements were performed using a pico-
second single-photon counting (SPC) setup. The frequency-doubled
(300–340 nm, 1 ps, 3.8 MHz) output of a cavity-dumped DCM dye laser
(Coherent model 700) pumped by a mode-locked Ar-ion laser (Coherent
486 AS Mode Locker, Coherent Innova 200 laser) was used as the excita-
tion source. A (Hamamatsu R3809) microchannel-plate photomultiplier
was used as detector. The instrument response (	17 ps FWHM) was re-
corded using the Raman scattering of a doubly de-ionized water sample.
Time windows (4000 channels) of 5 ns (1.25 ps/channel) to 50 ns (12.5 ps/
channel) could be used, enabling the measurement of lifetimes of 5 ps–
40 ns. The recorded traces were deconvoluted with the system response
and fitted to an exponential function using the Igor Pro program.


In nanosecond pump-probe experiments, a (Coherent) Infinity Nd:
YAG-XPO laser was used for excitation. The laser illuminated a slit of
10N2 mm. Perpendicular to this, the probe light was provided by an
EG&G (FX504) low-pressure Xenon lamp that irradiated the sample
through a 1 mm pinhole. The overlap of the two beams falls within the
first two millimeters of the cell, after the slit. The probe light from both
the signal and the reference channels is then collected in optical fibers
that are connected to an Acton SpectraPro-150 spectrograph that is cou-
pled to a Princeton Instruments ICCD-576-G/RB-EM gated intensified
CCD camera. Using a 5 ns gate this camera simultaneously records the
spectrally dispersed light from both optical fibers on separate stripes of
the CCD. Deaeration was performed by bubbling with Argon for 20 to
30 min.


Dyad 1: To a solution of 12a (189 mg, 0.25 mmol) in anhydrous toluene
(80 mL) were added successively C60 (360 mg, 0.50 mmol), iodine (94 mg,
0.37 mmol), and DBU (85 mL, 0.57 mmol). The reaction mixture was
stirred at RT under nitrogen for 3 h. After addition of water (50 mL), the
resulting emulsion was extracted with CH2Cl2 (3N30 mL). The combined
organic phases were washed with 1n HCl (2N50 mL), water (2N50 mL),
dried over MgSO4 and concentrated under reduced pressure. The residue
was purified by column chromatography on silica gel by using CS2 to
remove unreacted C60, then CH2Cl2/EtOAc 9:1. A second column chro-
matography on silica gel was performed by using toluene/EtOAc 95:5.
Recrystallization using CH2Cl2/petroleum ether afforded pure dyad 1 as a
red powder (195 mg; 53%). 1H NMR (CDCl3): d=8.66 (s, 2H), 8.63 (s,
2H), 5.09 (ddd, 3J=3.5, 3J=8.5 Hz, 2J=14 Hz, 1H), 4.92 (ddd, 3J=3.5,
3J=8.5 Hz, 2J=14 Hz, 1H), 4.78 (ddd, 3J=3.5, 3J=8.5 Hz, 2J=14 Hz,
1H), 4.62 (ddd, 3J=3, 3J=3.5, 3J=8.5 Hz, 2J=14 Hz, 1H), 4.57 (q, 3J=


7 Hz, 2H), 4.20 (t, 3J=7 Hz, 2H), 1.75 (m, 2H), 1.50 (t, 3J=7 Hz, 3H),
1.42 (m, 4H), 0.94 ppm (t, 3J=7 Hz, 3H); 13C NMR (CDCl3): d=163.82,
163.21, 162.26, 162.19, 145.15, 145.11, 145.05, 145.00, 144.96, 144.81,
144.75, 144.66, 144.57, 144.55, 144.51, 144.44, 144.42, 144.40, 144.25,
144.16, 143.76, 143.66, 143.15, 142.96, 142.89, 142.84, 142.79, 142.76,
142.74, 142.65, 142.32, 142.06, 141.98, 141.80, 141.74, 141.63, 141.50,
141.00, 140.87, 140.83, 140.58, 139.87, 138.91, 138.54, 138.46, 135.58,
135.45, 133.44, 132.98, 131.39, 131.21, 128.89, 128.30, 123.38, 123.21,
122.54, 71.31, 71.30, 63.75, 63.57, 51.97, 40.98, 39.12, 29.15, 27.76, 22.41,
14.26, 13.99 ppm; IR (KBr): ñ=1747, 1705, 1667, 1589, 1236, 527 cm�1;
MS (MALDI-TOF, pos. mode, dithranol): m/z : calcd for: 1472.03; found:
1472.07 [M]+ C ; elemental analysis calcd (%) for C96H24Cl4N2O8 (1475.04):
C 78.17, H 1.64; found: C 77.91, H 1.92.


Dyad 2 : To a solution of 12b (120 mg, 0.15 mmol) in anhydrous toluene
(50 mL) were added successively C60 (216 mg, 0.30 mmol), iodine (58 mg,
0.23 mmol), and DBU (50 mL, 0.33 mmol). The reaction mixture was
stirred at RT under nitrogen for 4 h. After addition of water (50 mL), the
resulting emulsion was extracted with CH2Cl2 (3N30 mL). The combined
organic phases were washed with 1n HCl (50 mL), water (2N50 mL),
dried over MgSO4 and concentrated under reduced pressure. The residue
was purified by column chromatography on silica gel by using CS2 to
remove unreacted C60, then petroleum ether/CH2Cl2 3:7. Recrystalliza-
tion using CH2Cl2/petroleum ether afforded pure dyad 2 as a red powder
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(96 mg; 42%). 1H NMR (CDCl3): d=8.67 (s, 2H), 8.66 (s, 2H), 4.60–4.50
(m, 2H), 4.55 (q, 3J=7 Hz, 2H), 4.26 (t, 3J=7 Hz, 2H), 4.21 (t, 3J=7 Hz,
2H), 1.94 (quint, 3J=7.5 Hz, 2H), 1.87 (quint, 3J=7.5 Hz, 2H), 1.75
(quint, 3J=7.5 Hz, 2H), 1.64 (quint, 3J=7.5 Hz, 2H), 1.50 (t, 3J=7 Hz,
3H), 1.45–1.40 (m, 4H), 0.94 ppm (t, 3J=7 Hz, 3H); IR (KBr): ñ=1744,
1703, 1665, 1587, 525 cm�1; MS (MALDI-TOF, pos. mode, dithranol):
m/z : calcd for: 1514.08; found: 1512.95 [M�H]+ ; elemental analysis calcd
(%) for C99H30Cl4N2O8 (1517.12): C 78.38, H 1.99; found: C 76.98, H
2.38.


Dyad 3 : To a solution of 13a (363 mg, 0.3 mmol) in anhydrous toluene
(100 mL) were added successively C60 (432 mg, 0.6 mmol), iodine
(114 mg, 0.45 mmol), and DBU (102 mL, 0.68 mmol). The reaction mix-
ture was stirred at RT under nitrogen for 4 h. After addition of water
(50 mL), the resulting emulsion was extracted with CH2Cl2 (3N60 mL).
The combined extracts were washed with washed with 1n HCl (2N
50 mL), water (2N50 mL), dried over MgSO4 and concentrated under re-
duced pressure. The residue was purified by column chromatography on
silica gel by using CS2 to remove unreacted C60, then CH2Cl2/EtOAc 9:1.
A second column chromatography on silica gel using petroleum ether/
CH2Cl2 3:7 was performed. Recrystallization using CH2Cl2/petroleum
ether afforded pure dyad 3 as a purple powder (270 mg; 47%). 1H NMR
(CDCl3, 298 K): d=8.19 (s, 2H), 8.15 (s, 2H), 7.18 and 7.17 (2d, 3J=


8.6 Hz, 8H), 6.75 and 6.73 (2d, 3J=8.6 Hz, 8H), 4.90 (br s, 1H), 4.82 (br s,
1H), 4.72 (br s, 1H), 4.64 (br s, 1H), 4.50 (q, 3J=7 Hz, 2H), 4.09 (t, 3J=


7.5 Hz, 2H), 1.66 (br t, 2H), 1.43 (t, 3J=7 Hz, 3H), 1.27 (s, 36H), 1.23–
1.36 (m, 4H), 0.88 ppm (t, 3J=7 Hz, 3H); the 1H NMR recorded in
CDCl3 at 343 K presents two signals at 4.86 (br s, 2H) and 4.67 ppm (br s,
2H) instead of the four broad signals at 5.09 (1H), 4.92 (1H), 4.78 (1H),
4.62 ppm (1H); 13C NMR (CDCl3): d=163.40, 163.33, 156.00, 155.80,
152.83, 152.71, 147.22, 147.18, 145.11, 144.98, 144.88, 144.75, 144.70,
144.50, 144.43, 143.73, 143.42, 142.77, 142.72, 141.99, 141.69, 139.49,
129.02, 128.21, 126.67, 126.63, 122.56, 121.75, 121.00, 120.22, 120.20,
119.83, 119.35, 119.30, 119.20, 77.57, 71.38, 63.63, 63.52, 52.19, 40.63,
38.37, 34.33, 31.43, 29.69, 29.19, 27.73, 22.35, 21.45, 14.15, 13.95 ppm; IR
(KBr): ñ=2958, 1748, 1700, 1663, 1588, 1503, 1284, 526 cm�1; MS
(MALDI-TOF, pos. mode, dithranol): m/z : calcd for: 1928.54; found:
1928.52 [M]+ C ; elemental analysis calcd (%) for C136H76N2O12 (1930.06):
C 84.63, H 3.97; found: C 82.90, H 4.25.


Dyad 4 : To a solution of 13b (150 mg, 0.12 mmol) in anhydrous toluene
(30 mL) were added successively C60 (130 mg, 0.18 mmol), iodine (46 mg,
0.18 mmol), and DBU (54 mL, 0.36 mmol). The reaction mixture was
stirred at RT under nitrogen for 48 h. The solvent was concentrated
under reduced pressure and the residue was purified by column chroma-
tography on silica gel using successively CS2 to remove unreacted C60, tol-
uene/acetone 9:1, then petroleum ether/CH2Cl2 1:4. Recrystallization
using CH2Cl2/petroleum ether afforded pure dyad 4 as a purple powder
(120 mg; 51%). 1H NMR (CDCl3): d=8.22 (s, 2H), 8.19 (s, 2H), 7.22 and
7.21 (2d, 3J=9 Hz, 8H), 6.81 and 6.79 (2d, 3J=9 Hz, 8H), 4.50 (q, 3J=


7 Hz, 2H), 4.49 (t, 3J=7 Hz, 2H), 4.15 (t, 3J=7 Hz, 2H), 4.10 (t, 3J=


7 Hz, 2H), 1.86 (quint, 3J=7 Hz, 2H), 1.78 (quint, 3J=7 Hz, 2H), 1.68
(quint, 3J=7 Hz, 2H), 1.57 (m, 2H), 1.44 (t, 3J=7 Hz, 3H), 1.36 (m, 4H),
1.28 (s, 36H), 0.88 ppm (t, 3J=7 Hz, 3H); IR (KBr): ñ=2957, 1746, 1698,
1661, 1588, 1504, 1283, 526 cm�1; MS (MALDI-TOF, pos. mode, dithra-
nol): m/z : calcd for: 1970.59; found: 1970.29 [M]+ C ; elemental analysis
calcd (%) for C139H82N2O12 (1972.1): C 84.65, H 4.19; found: C 83.35, H
4.35.


N-2’-Hydroxyethyl-N’-pentyl-1,6,7,12-tetrachloroperylene-3,4:9,10-bis(di-
carboximide) (6a): To a solution of 1,6,7,12-tetrachloroperylene-3,4:9,10-
tetracarboxylic dianhydride 5 (10 g; 18.9 mmol) in toluene (110 mL) were
added simultaneously n-pentylamine (2.2 mL, 18.9 mmol) and ethanol-
amine (1.2 mL, 18.9 mmol). The reaction mixture was heated under reflux
for 24 h and after cooling the solvent was concentrated under reduced
pressure. The residue was extracted by using hot CH2Cl2 (10N100 mL)
and the combined extracts were concentrated under reduced pressure.
The residue was purified by column chromatography on silica gel. Sym-
metrical derivative 7 was first isolated by using CH2Cl2, then unsymmetri-
cal compound 6a was obtained as a red powder using CH2Cl2/EtOAc 4:1
(3.4 g, 28%). 1H NMR (CDCl3): d =8.62 (s, 2H), 8.60 (s, 2H), 4.50 (t,


3J=7.5 Hz, 2H), 4.30–4.10 (br s, 1H), 4.20 (t, 3J=7.5 Hz, 2H), 4.00 (t,
3J=7 Hz, 2H), 1.80 (m, 2H), 1.50 (m, 4H), 0.95 ppm (t, 3J=7.5 Hz, 3H);
IR (KBr): ñ=3436 (br, OH), 1702, 1658, 1587 cm�1; MS (MALDI-TOF,
pos. mode, dithranol): m/z : calcd for: 640.01; found: 640.08 [M]+ C ; ele-
mental analysis calcd (%) for C31H20Cl4N2O5 (642.31): C 57.97, H 3.14, N
4.36; found: C 56.43, H 3.18, N 4.17.


N-2’-Hydroxypentyl-N’-pentyl-1,6,7,12-tetrachloroperylene-3,4:9,10-bis-
(dicarboximide) (6b): To a solution of 1,6,7,12-tetrachloroperylene
3,4:9,10-tetracarboxylic dianhydride 5 (10 g; 18.9 mmol) in toluene
(110 mL) were added simultaneously n-pentylamine (2.2 mL, 18.9 mmol)
and 5-aminopentanol (2.0 mL, 18.9 mmol). The reaction mixture was
heated under reflux for 3 d and after cooling to RT the solvent was con-
centrated under reduced pressure. The residue was extracted by using
CH2Cl2 (200 mL). The filtrate was concentrated under reduced pressure
and the residue was purified by column chromatography on silica gel.
Symmetrical derivative 7 was first isolated using CH2Cl2, then unsymmet-
rical compound 6b was obtained as a red powder using CH2Cl2/EtOAc
4:1 (2.24 g, 17%). 1H NMR (CDCl3): d=8.68 (s, 2H), 8.67 (s, 2H), 4.24
(t, 3J=7 Hz, 2H), 4.21 (t, 3J=7 Hz, 2H), 4.20 (s, 1H), 3.69 (t, 3J=7 Hz,
2H), 1.80 (quint, 3J=7.5 Hz, 2H), 1.75 (quint, 3J=7.5 Hz, 2H), 1.68
(quint, 3J=7.5 Hz, 2H), 1.53 (quint, 3J=7.5 Hz, 2H), 1.42 (m, 4H),
0.93 ppm (t, 3J=7 Hz, 3H); IR (KBr): ñ=3407 (br, OH), 1703, 1665,
1588 cm�1; MS (MALDI-TOF, pos. mode, dithranol): m/z : calcd for:
682.06; found: 682.03; elemental analysis calcd (%) for C34H26Cl4N2O5


(684.39): C 59.67, H 3.83, N 4.09; found: C 59.33, H 3.92, N 4.01.


N,N’-Dipentyl-1,6,7,12-tetrachloroperylene-3,4:9,10-bis(dicarboximide)
(7): Synthesis of this compound was described previously.[26b]


N-2’-Hydroxyethyl-N’-pentyl-1,6,7,12-tetra(p-tertiobutyl)phenoxypery-
lene-3,4:9,10-bis(dicarboximide) (9a): A mixture of perylenediimide 6a
(860 mg, 1.4 mmol), p-tertiobutylphenol (2.1 g, 14 mmol), and K2CO3


(2 g, 14.5 mmol) in N-methylpyrrolidone (NMP) (50 mL) was stirred at
130 8C under nitrogen for 14 h. After being cooled to RT, the reaction
mixture was poured into HCl acid (1n) (50 mL). The precipitate was col-
lected by filtration, washed thoroughly with water until neutrality, then
purified by column chromatography on silica gel using successively
CH2Cl2 then CH2Cl2/acetone 30:1. Recrystallization from CH2Cl2/metha-
nol afforded compound 9a as a purple powder, which was washed with
petroleum ether to remove traces of methanol (920 mg, 60%). 1H NMR
(CDCl3, 500 MHz): d=8.24 (s, 2H), 8.22 (s, 2H), 7.25 (d, 3J=9 Hz, 8H),
6.80 (d, 3J=9 Hz, 8H), 4.40 (t, 3J=7 Hz, 2H,), 4.40–4.20 (br s, 1H), 4.10
(t, 3J=7 Hz, 2H), 3.93 (t, 3J=7 Hz, 2H), 1.70 (br t, 2H), 1.40–1.35 (m,
4H), 1.30 (s, 36H), 0.95 ppm (t, 3J=7 Hz, 3H); IR (KBr): ñ =3438 (br,
OH), 1693, 1657, 1586, 1507, 1292 cm�1; MS (MALDI-TOF, pos. mode,
dithranol): m/z : calcd for: 1096.52; found: 1096.23 [M]+ C ; elemental anal-
ysis calcd (%) for C71H72N2O9 (1097.34): C 77.71, H 6.61, N 2.55; found:
C 76.54, H 6.31, N 2.57.


N-2’-Hydroxypentyl-N’-pentyl-1,6,7,12-tetra(p-tertiobutyl)phenoxypery-
lene-3,4:9,10-bis(dicarboximide) (9b): A mixture of perylenediimide 6b
(68.5 mg, 0.1 mmol), p-tertiobutylphenol (150 mg, 1 mmol), and K2CO3


(143 mg, 1.05 mmol) in N-methylpyrrolidone (NMP) (5 mL) was stirred
at 130 8C under nitrogen for 1 h. After being cooled to RT, the reaction
mixture was poured into HCl acid (1n) (15 mL). The precipitate was col-
lected by filtration, washed thoroughly with water until neutrality, then
purified by column chromatography on silica gel using successively
CH2Cl2 then CH2Cl2/acetone 30:1. Recrystallization from CH2Cl2/metha-
nol afforded compound 9b as a purple powder which was washed with
petroleum ether to remove traces of methanol (66 mg, 58%). 1H NMR
(CDCl3, 500 MHz): d=8.22 (s, 4H), 7.23 (d, 3J=9 Hz, 8H), 6.83 and 6.82
(2d, 3J=9 Hz, 8H), 4.13 (t, 3J=7 Hz, 2H), 4.10 (t, 3J=7 Hz, 2H), 3.63 (t,
3J=7 Hz, 2H), 1.72 (quint, 3J=7.5 Hz, 2H), 1.67 (br t, 3J=7.5 Hz, 1H),
1.61 (quint, 3J=7.5 Hz, 2H), 1.44 (quint, 3J=7.5 Hz, 2H), 1.38–1.32 (m,
6H), 1.29 (s, 36H), 0.88 ppm (t, 3J=7 Hz, 3H); IR (KBr): ñ =3500 (br,
OH), 2962, 1697, 1658, 1588, 1505, 1291 cm�1; MS (MALDI-TOF, pos.
mode, dithranol): m/z : calcd for: 1138.57; found: 1138.03 [M]+ C ; elemen-
tal analysis calcd (%) for C74H78N2O9 (1139.42): C 78.00, H 6.90, N 2.46;
found: C 77.48, H 6.74, N 2.41.


N,N’-Dipentyl-1,6,7,12-tetra(p-tertiobutyl)phenoxyperylene-3,4:9,10-
3,4:9,10-bis(dicarboximide) (10): A mixture of perylenediimide 7 (5 g,
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7.5 mmol), p-tertiobuylphenol (11.3 g, 75 mmol), and K2CO3 (10.4 g,
75 mmol) in N-methylpyrrolidone (NMP) (160 mL) was stirred at 130 8C
under nitrogen for 14 h. After being cooled to RT, the reaction mixture
was poured into HCl acid (1n) (40 mL). The precipitate was collected by
filtration, washed thoroughly with water until neutrality, then purified by
column chromatography on silica gel using CH2Cl2/acetone 30:1. Recrys-
tallization from CH2Cl2/methanol afforded compound 10 as a purple
powder, which was washed with petroleum ether to remove traces of
methanol (5.8 g, 69%). 1H NMR (CDCl3, 500 MHz): d=8.22 (s, 4H),
7.23 (d, 3J=9 Hz, 8H), 6.82 (d, 3J=9 Hz, 8H), 4.10 (t, 3J=7.5 Hz, 4H),
1.67 (quint, 3J=7.5 Hz, 4H), 1.34 (m, 8H), 1.29 (s, 36H), 0.88 ppm (t,
3J=7 Hz, 6H); IR (KBr): ñ=2956, 1706, 1659, 1590, 1497, 1289 cm�1; MS
(MALDI-TOF, pos. mode, dithranol): m/z : calcd for: 1122.58; found:
1122.02 [M]+ C ; elemental analysis calcd (%) for C74H78N2O8 (1123.42): C
79.11, H 7.00, N 2.49; found: C 78.76, H 7.01, N 2.41.


Ethyl 2-N-(N’-pentyl-1,6,7,12-tetrachloroperylene-3,4:9,10-3,4:9,10-bis(di-
carboximide)ethyl malonate (12a): To a solution of alcohol 6a (193 mg,
0.3 mmol) in anhydrous CH2Cl2 (50 mL) were added successively at 0 8C
under nitrogen fresh pyridine (77 mL, 0.94 mmol) and ethyl malonyl chlo-
ride 90% (130 mL, 0.92 mmol). The reaction mixture was refluxed for
1 h. After cooling to RT, the solvent was concentrated under reduced
pressure. The residue was purified by column chromatography on silica
gel using CH2Cl2/EtOAc 4:1. Recrystallization from CH2Cl2/petroleum
ether afforded compound 12a as a red powder (210 mg, 93%). 1H NMR
(CDCl3, 500 MHz): d=8.69 (s, 2H), 8.68 (s, 2H), 4.55 (s, 4H), 4.21 (br t,
3J=7.5 Hz, 2H), 4.13 (q, 3J=7 Hz, 2H), 3.36 (s, 2H), 1.75 (quint, 3J=


7.5 Hz, 2H), 1.44–1.39 (m, 4H), 1.23 (t, 3J=7.5 Hz, 3H), 0.93 ppm (t, 3J=


7 Hz, 3H); 13C NMR (CDCl3): d=166.62 (C=O ester), 166.24 (C=O
ester), 162.38 (C=O imide), 162.21 (C=O imide), 135.46, 135.30, 133.08,
132.94, 131.44, 131.40, 128.85, 128.47, 123.36, 123.31, 123.25, 122.84, 62.45,
61.54, 41.36, 40.93, 39.40, 29.13, 27.75, 22.40, 14.02, 13.97 ppm; IR (KBr):
ñ=1764, 1744, 1706, 1667, 1594 cm�1; MS (MALDI-TOF, pos. mode, di-
thranol): m/z : calcd for: 754.04; found: 753.97 [M]+ C ; elemental analysis
calcd (%) for C36H26Cl4N2O8 (756.41): C 57.16, H 3.46, N 3.70; found: C
56.34, H 3.59, N 3.55.


Ethyl 2-N-(N’-pentyl-1,6,7,12-tetrachloroperylene-3,4:9,10-bis(dicarbox-
imide)pentyl malonate (12b): To a solution of alcohol 6b (200 mg,
0.29 mmol) in anhydrous CH2Cl2 (40 mL) were added successively at 0 8C
under nitrogen fresh pyridine (0.1 mL, 1.22 mmol) and ethyl malonyl
chloride 90% (0.13 mL, 0.89 mmol). The reaction mixture was refluxed
for 2 h. After cooling to RT, the solvent was concentrated under reduced
pressure. The residue was purified by column chromatography on silica
gel using CH2Cl2/EtOAc 95:5. Recrystallization from CH2Cl2/methanol
afforded compound 12b as a red powder, which was washed with petrole-
um ether to remove traces of methanol (220 mg, 94%). 1H NMR (CDCl3,
500 MHz): d=8.69 (s, 2H), 8.68 (s, 2H), 4–24–4.19 (m, 6H), 4.19 (q, 3J=


7 Hz, 2H), 3.38 (s, 2H), 1.82–1.74 (m, 4H), 1.65–1.38 (m, 6H), 1.51 (m,
2H), 1.28 (t, 3J=7 Hz, 3H), 0.93 ppm (t, 3J=7 Hz, 3H); IR (KBr): ñ=


1734, 1704, 1665, 1588 cm�1; MS (MALDI-TOF, pos. mode, dithranol):
m/z : calcd for: 796.09; found: 795.89 [M]+ C ; elemental analysis calcd (%)
for C39H32Cl4N2O8 (798.49): C 58.66, H 4.04, N 3.51; found: C 57.86, H
3.52, N 3.47.


Ethyl 2-N-(N’-pentyl-1,6,7,12-tetra(p-tertiobutyl)phenoxy perylene-
3,4:9,10-bis(dicarboximide)ethyl malonate (13a): To a solution of alcohol
9a (134 mg, 0.12 mmol) in anhydrous CH2Cl2 (20 mL) were added succes-
sively at 0 8C under nitrogen fresh pyridine (35 mL, 1.22 mmol) and ethyl
malonyl chloride 90% (55 mL, 0.27 mmol). The reaction mixture was re-
fluxed for 2 h. After cooling to RT, the solvent was concentrated under
reduced pressure. The residue was purified by column chromatography
on silica gel using CH2Cl2/EtOAc 9:1. Recrystallization from CH2Cl2/
methanol afforded compound 13a as a purple powder, which was washed
with petroleum ether to remove traces of methanol (135 mg, 91%).
1H NMR (CDCl3, 500 MHz): d=8.23 (s, 2H), 8.21 (s, 2H), 7.23 (d, 3J=


9 Hz, 4H), 7.22 (d, 3J=9 Hz, 4H), 6.83 (d, 3J=9 Hz, 4H), 6.81 (d, 3J=


9 Hz, 4H), 4.45 (s, 4H), 4.10 (d, 3J=7.5 Hz, 2H), 4.08 (q, 3J=7 Hz, 2H),
3.30 (s, 2H), 1.67 (quint, 3J=7.5 Hz, 2H), 1.37–1.33 (m, 4H), 1.29 (s,
36H), 1.17 (t, 3J=7 Hz, 3H), 0.87 ppm (t, 3J=7 Hz, 3H); 13C NMR
(CDCl3): d=166.49, 166.27, 166.47, 163.42, 156.09, 155.78, 152.91, 152.76,


147.32, 147.26, 132.84, 126.67, 122.56, 122.01, 120.91, 120.25, 120.17,
119.75, 119.59, 119.37, 119.20, 77.59, 62.43, 61.49, 41.41, 40.62, 38.93,
34.37, 31.45, 29.18, 27.74, 22.36, 13.98 ppm; IR (KBr): ñ=2971, 1700,
1657, 1588, 1507, 1291 cm�1; MS (MALDI-TOF, pos. mode, dithranol):
m/z : calcd for: 1210.55; found: 1210.49 [M]+ C ; elemental analysis calcd
(%) for C76H78N2O12 (1211.44): C 75.35, H 6.49, N 2.31; found: C 73.94,
H 6.23, N 2.31.


Ethyl 2-(N,N’-pentyl-1,6,7,12-tetra(p-tertiobutyl)perylene-3,4:9,10-bis(di-
carboximide)pentyl malonate (13b): To a solution of alcohol 9b (300 mg,
0.26 mmol) in anhydrous CH2Cl2 (40 mL) were added successively at 0 8C
under nitrogen fresh pyridine (0.17 mL, 2.1 mmol) and ethyl malonyl
chloride 90% (0.2 mL, 1.6 mmol). The reaction mixture was refluxed for
36 h. After cooling to RT, the solvent was concentrated under reduced
pressure. Recrystallization from CH2Cl2/methanol afforded compound
13a as a purple powder, which was washed with petroleum ether to
remove traces of methanol (291 mg, 88%). 1H NMR (CDCl3, 500 MHz):
d=8.22 (s, 4H), 7.23 (d, 3J=9 Hz, 8H), 6.83 (d, 3J=9 Hz, 4H), 6.81 (d,
3J=9 Hz, 4H), 4.16 (q, 3J=7 Hz, 2H), 4.13–4.08 (m, 6H), 3.33 (s, 2H),
1.74–1.64 (m, 6H), 1.47–1.41 (m, 2H), 1.37–1.33 (m, 4H), 1.29 (s, 36H),
1.24 (t, 3J=7 Hz, 3H), 0.88 ppm (t, 3J=7 Hz, 3H); IR (KBr): ñ =2972,
2867, 1702, 1652, 1590, 1509, 1289 cm�1; MS (MALDI-TOF, pos. mode,
dithranol): m/z : calcd for: 1252.60; found: 1251.79 [M]+ C ; elemental anal-
ysis calcd (%) for C79H84N2O12 (1253.52): C 75.69, H 6.75, N 2.23; found:
C 75.25, H 6.65, N 2.13.
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Mixed-Transition-Metal Acetylides: Synthesis and Characterization of
Complexes with up to Six Different Transition Metals Connected by
Carbon-Rich Bridging Units


Rico Packheiser, Petra Ecorchard, Tobias R0ffer, and Heinrich Lang*[a]


Introduction


The linkage of transition-metal complexes to give (hetero)-
multimetallic species is, from the viewpoint of synthetic
chemistry, a challenge, since the molecular design of such as-


semblies requires the accessibility of multitopic bridging
units featuring diverse reactive coordination sites.[1,2] In this
respect, metal-containing alkynyls have been studied exten-
sively due to their rigid structures, their stability, and, for ex-
ample, their rich spectroscopic, photophysical, and electro-
chemical properties.[2] To control the structure and composi-
tion of multimetallic complexes, a prior synthesis of multi-
functional bridging ligands is necessary that allows the step-
wise metal coordination. Examples of such connectivities
are 1,4-diethynylbenzene,[3,4] 1,3,5-triethynylbenzene,[5,6] 1-
ethynyl-4-diphenylphosphinobenzene,[7] 5-ethynyl-2,2’-bipyr-
idyl,[8] and 2,5-bis ACHTUNGTRENNUNG(alkynyl) thiophenes.[9,10] Based on these
cores, mainly homometallic transition-metal compounds
have been synthesized, while less is known about heteromul-
timetallic molecules. Recently, Long and Yam reported a
series of phenylenethynyl-bridged di- and trinuclear com-
plexes featuring Re�Pt, Re�Pd2, and Fe�Ru�Os metal


Abstract: The synthesis and reaction
chemistry of heteromultimetallic transi-
tion-metal complexes by linking di-
verse metal-complex building blocks
with multifunctional carbon-rich alkyn-
yl-, benzene-, and bipyridyl-based
bridging units is discussed. In context
with this background, the preparation
of [1-{(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)RuC�C}-3-
{(tBu2bpy)(CO)3ReC�C}-5-(PPh2)-
ACHTUNGTRENNUNGC6H3] (10) (dppf=1,1’-bis(diphenyl-
phosphino)ferrocene; tBu2bpy=4,4’-di-
tert-butyl-2,2’-bipyridyl; Ph=phenyl) is
described; this complex can react fur-
ther, leading to the successful synthesis
of heterometallic complexes of higher
nuclearity. Heterotetrametallic transi-
tion-metal compounds were formed
when 10 was reacted with [{(h5-C5Me5)-
ACHTUNGTRENNUNGRhCl2}2] (18), [(Et2S)2PtCl2] (20) or


[(tht)AuC�C-bpy] (24) (Me=methyl;
Et=ethyl; tht= tetrahydrothiophene;
bpy=2,2’-bipyridyl-5-yl). Complexes
[1-{(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)Ru ACHTUNGTRENNUNGC�C}-3-
{(tBu2bpy)(CO)3ReC�C}-5-
{PPh2RhCl2ACHTUNGTRENNUNG(h


5-C5Me5)}C6H3] (19), [{1-
[(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)RuC�C]-3-[(tBu2-
ACHTUNGTRENNUNGbpy)(CO)3ReC�C]-5-(PPh2)C6H3}2-
ACHTUNGTRENNUNGPtCl2] (21), and [1-{(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)-
ACHTUNGTRENNUNGRuC�C}-3-{(tBu2bpy)(CO)3ReC�C}-5-
{PPh2AuC�C-bpy}C6H3] (25) were
thereby obtained in good yield. After a
prolonged time in solution, complex 25
undergoes a transmetallation reaction
to produce [(tBu2bpy)(CO)3ReC�C-


bpy] (26). Moreover, the bipyridyl
building block in 25 allowed the syn-
thesis of Fe-Ru-Re-Au-Mo- (28) and
Fe-Ru-Re-Au-Cu-Ti-based (30) assem-
blies on addition of [(nbd)Mo(CO)4]
(27), (nbd=1,5-norbornadiene), or
[{[Ti](m-s,p-C�CSiMe3)2}Cu ACHTUNGTRENNUNG(N�CMe)]-
ACHTUNGTRENNUNG[PF6] (29) ([Ti]= (h5-C5H4SiMe3)2Ti) to
25. The identities of 5, 6, 8, 10–12, 14–
16, 19, 21, 25, 26, 28, and 30 have been
confirmed by elemental analysis and
IR, 1H, 13C{1H}, and 31P{1H} NMR spec-
troscopy. From selected samples ESI-
TOF mass spectra were measured. The
solid-state structures of 8, 12, 19 and 26
were additionally solved by single-crys-
tal X-ray structure analysis, confirming
the structural assignment made from
spectroscopy.
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atoms.[4a,6b,c] Electrochemical
and luminescence studies were
carried out on these rigid-rod-
structured compounds.


Very recently, we reported
on the synthesis of heterodi-[11]


and heterotrimetallic com-
pounds[8a,12] in which early and
late transition-metal atoms are
spanned by carbon-rich p-con-
jugated connectivities. These
molecules showed a novel reac-
tivity and reaction chemistry compared with that of related
mononuclear complexes. Within these studies, heterotetra-
metallic[12a,b,13] and even heteropentametallic[7b,c] transition-
metal complexes could be synthesized and structurally char-
acterized by our group for the first time. As multitopic link-
ing units, for example, 5-ethynyl-2,2’-bipyridyl and 1-ethyn-
yl-4-diphenylphosphino benzene were used. Extending the
core into three directions (e.g., a type A molecule) is of in-


terest, since such species should serve as versatile building
blocks allowing carbon-rich molecules of higher nuclearity
to be synthesized.


In particular, molecule A should be able to exploit the
electron-based cooperation between individual transition-
metal subunits of molecular assemblies with a delocalized p-
backbone. This may allow diverse applications in material
sciences to be found.


Here, we describe a series of novel heteromultimetallic
complexes with up to six different transition metals (Ti, Re,
Fe, Ru, Cu, and Au) based on the 1,3-bis ACHTUNGTRENNUNG(ethynyl)-5-diphe-
nylphosphinobenzene core as a linking unit.


Results and Discussion


Synthesis and spectroscopic analysis : Scheme 1 shows the
transformation of compound 1 through 2–4 to give the start-
ing material 1-trimethylsilylethynyl-3-iodo-5-diphenylphos-
phinobenzene (5). In detail, compound 5 was synthesized
from 1,3-diiodo-5-trimethylsilylethynylbenzene (4), which
was accessible by using consecutive reactions including
halide exchange reactions (synthesis of 2 and 4) and Sonoga-
shira carbon–carbon cross coupling of 2 with trimethylsilyl-


acetylene (synthesis of 3 ; Scheme 1).[5j] Lithiation of 4 with
nBuLi and treatment of Li-4 with equimolar amounts of
chlorodiphenylphosphine gave 5 in good yield (Scheme 1).


Scheme 2 shows the reaction scheme involving com-
pounds 5–9 to successfully give [1-{(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)
RuC�C}-3-{(tBu2bpy)(CO)3ReC�C}-5-(PPh2)C6H3] (10)
(dppf=1,1’-bis(diphenylphosphino)ferrocene; tBu2bpy=


4,4’-di-tert-butyl-2,2’-bipyridine; Ph=phenyl). Desilylation
of 5 afforded 1-ethynyl-3-iodo-5-diphenylphosphinobenzene
(6), which was further treated with [(h2-dppf) ACHTUNGTRENNUNG(h5-
C5H5)RuCl] (7) in refluxing methanol followed by the addi-
tion of sodium metal to give 8 (Scheme 2). This procedure,
adapted from that of Field et al.,[14] was preferred over the
method using [NH4]PF6 and DBU (DBU=1,8-diazabicyclo-
ACHTUNGTRENNUNG[5.4.0]undec-7-ene), because this last reaction gave lower
yields of 8. Reacting 8 with [(tBu2bpy)(CO)3ReC�CH] (9)
under typical Sonogashira cross-coupling reaction conditions
produced orange heterotrimetallic 10 (Scheme 2).


After the appropriate workup, complex 10 could be isolat-
ed in very low yield. The limiting step in the synthesis of 10
is the low turnover of the Sonogashira carbon–carbon cross-
coupling reaction and the thereby partial decomposition of
8 under the reaction conditions used (i.e., refluxing triethyl-
ACHTUNGTRENNUNGamine). Since 10 is the key metal precursor for the synthesis
of higher heteromultimetallic molecules [see Eq. (1)] and
Scheme 4 below) another and, hence, more efficient and
straightforward way to prepare this compound had to be de-
veloped.


The better synthetic approach used to synthesize 10 is
based on the reaction sequence 5!11!12!10 as depicted
in Scheme 2. It was found that the reaction of organic 5 with
9 gave somewhat better yields than with 8 with 9. Desilyl-
ACHTUNGTRENNUNGation of 11 with [nBu4N]F (Bu=butyl) afforded 12 in
almost quantitative yield. On the other hand, the introduc-
tion of the [(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)Ru] fragment by using
[NH4]PF6 and DBU (see above) produced 10 only in moder-
ate yield. In summary, the over-all yield of the second reac-
tion route was admittedly better then the first one, but still
not satisfactory.


The choice of these two reaction routes finally leading to
10 was determined by the desire to prevent side products,
because the respective reactions should preferentially give
the postulated compounds. The introduction of the rheni-
ACHTUNGTRENNUNGum(I) acetylide building block by a carbon–carbon cross-
coupling reaction by using 9 as the alkyne could be demon-


Scheme 1. Synthesis of 5 : i) 1. nBuLi, Et2O, �90 8C; 2. I2, Et2O/Thf, �90!25 8C; ii) HC�CSiMe3,
[(Ph3P)2PdCl2]/ ACHTUNGTRENNUNG[CuI], Thf/NEt3, 0 8C; iii) 1. tBuLi, Et2O, �80 8C; 2. I2, Et2O, �80!25 8C; iv) 1. nBuLi, Et2O,
�80 8C; 2. ClPPh2, Et2O, �80!25 8C.
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strated to be possible, but, unfortunately, proved to be un-
suitable in this case because of very low yields obtained
under the reaction conditions used.


In contrast, the most straightforward and efficient meth-
odology to synthesize 10 starts from the reaction of 1,3-di-
bromo-5-diphenylphosphino-benzene (13) with trimethyl-
silylacetylene (formation of 14) under typical Sonogashira
cross-coupling conditions to give 1,3-bis ACHTUNGTRENNUNG(ethynyl)-5-diphe-


nylphosphino benzene (15)
(Scheme 3). Alternatively, the
reaction of 13 with 2-methyl-3-
butyn-2-ol (formation of 16)
under typical Sonogashira
cross-coupling conditions also
gave 15 (Scheme 3).[15] Desilyl-
ACHTUNGTRENNUNGation of 14 was achieved by ad-
dition of [nBu4N]F. The de-pro-
tection of the propargylic group
in 16 was carried out with pow-
dered potassium hydroxide in
toluene. Both reactions pro-
duced 15 as a colorless solid in
good yield.


The introduction of the first
transition-metal building block
in 15 succeeded by mono-lithia-
tion of 15 with one equivalent
of LiNACHTUNGTRENNUNG(SiMe3)2 (Me=methyl)
in toluene at room temperature
followed by addition of
[(tBu2bpy)(CO)3ReCl] (17) and
heating the reaction mixture to
reflux (Scheme 3). This new
procedure allowed the isolation


of 12 in about 45% yield. Nevertheless, this reaction did not
take place when diethyl ether, tetrahydrofuran, or mixtures
of both were used.[16] This behavior is most probably attrib-
uted to the low solubility of 17 in diethyl ether and to the
observation that Li-15 decomposed quite fast in tetrahydro-
furan. Also the methods introduced by Yam et al. and POrez
et al. using the reaction of the rhenium chloride precursor
with terminal acetylides in the presence of [AgOTf] (OTf=


Scheme 3. Synthesis of 10 from 13 : i) HC�CSiMe3, [(Ph3P)2PdCl2]/ ACHTUNGTRENNUNG[CuI], HNiPr2, reflux; ii) [nBu4N]F, Thf, 25 8C; iii) HC�CCMe2OH,
[(Ph3P)2PdCl2]/ ACHTUNGTRENNUNG[CuI], HNiPr2, reflux; iv) KOH, toluene, 80 8C; v) 1. LiN ACHTUNGTRENNUNG(SiMe3)2, toluene, 25 8C; 2. [(tBu2bpy)(CO)3ReCl] (17), toluene, reflux; vi) [(h2-
dppf) ACHTUNGTRENNUNG(h5-C5H5)RuCl] (7), [NH4]PF6, KOtBu, CH2Cl2/MeOH, 25 8C.


Scheme 2. Synthesis of trimetallic 10 from 5 : i) [nBu4N]F, Thf, 25 8C; ii) 1. [(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)RuCl] (7),
MeOH, reflux; 2. Na, MeOH, 25 8C; iii) [(tBu2bpy)(CO)3ReC�CH] (9), [(Ph3P)2PdCl2]/ ACHTUNGTRENNUNG[CuI], Thf/NEt3, reflux;
iv) 1. [(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)RuCl] (7), [NH4]PF6, CH2Cl2/MeOH, 25 8C; 2. DBU, CH2Cl2/MeOH, 25 8C.
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trifluoromethanesulfonate) and NEt3 (Et=ethyl) in reflux-
ing tetrahydrofuran and the reaction of [(bpy)(CO)3Re-
ACHTUNGTRENNUNG(thf)] ACHTUNGTRENNUNG[BPh4] with the in situ lithiated alkyne, respectively,
were not successful.[6b,17] An optimized route to 10 is the re-
action of 12 with [(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)RuCl] (7) in a 1:1 di-
chloromethane/methanol mixture with the simultaneous ad-
dition of [NH4]PF6 and the base KOtBu (OtBu= tert-butan-
ACHTUNGTRENNUNGolACHTUNGTRENNUNGate).


Complex 10 is an air-stable, orange solid that dissolves
nicely in polar organic solvents. However, in solution it is
observed that 10 is easier to oxidize at the phosphorus atom
than, for example, triphenylphosphine, giving the appropri-
ate phosphinoxide. Due to this, oxygen must strictly be ex-
cluded during the workup procedure.


The Fe-Ru-Re compound 10 bears a free PPh2 group that
is able to react with a fourth transition-metal fragment to
form heterotetranuclear molecules in which four different
metals are connected by the bis ACHTUNGTRENNUNG(alkynyl) ACHTUNGTRENNUNGdiACHTUNGTRENNUNGphenyl-
ACHTUNGTRENNUNGphosphinobenzene core.


Cleavage of the chloride-bridged dimer [{(h5-C5Me5)-
ACHTUNGTRENNUNGRhCl2}2] (18) upon addition of 10 in dichloromethane
at 25 8C leads to the formation of [1-{(h2-dppf) ACHTUNGTRENNUNG(h5-
C5H5)RuC�C}-3-{(tBu2bpy)(CO)3ReC�C]-5-[PPh2RhCl2 ACHTUNGTRENNUNG(h


5-
C5Me5)} ACHTUNGTRENNUNGC6H3] (19) (Scheme 4). Pure 19 was obtained as a
red crystalline material in 86% yield by precipitation from
dichloromethane with n-hexane.


The reaction of 10 with 0.5 equivalents of [(Et2S)2PtCl2]
(20) produced, upon replacement of both diethylsulfide li-
gands with the tertiary phosphine 10, the heptametallic com-
plex 21 which possesses a trans-configuration (Scheme 4). A
small amount (ca. 5%) of the isomer containing the cis-[Pt-
ACHTUNGTRENNUNG(PR3)2Cl2] fragment was evidenced from 31P{1H} NMR spec-


troscopy and also from 1H NMR studies due to a second set
of resonance signals.


A possibility to introduce a transition-metal fragment
with a further coordination site allowing the incorporation
of other metal building blocks should be possible using the
successive reaction of 10 with [(tht)AuCl] (tht= tetrahydro-
thiophene) (22) and 5-ethynyl-2,2’-bipyridyl (23).[13a,18] Thus,
10 was treated with 22 in tetrahydrofuran. After the appro-
priate workup, including column chromatography,
[(tBu2bpy)(CO)3ReCl] could be isolated as the only un-
equivocally characterized molecule including X-ray struc-
ture analysis.[16b] This observation corresponds to an unex-
pected transmetallation reaction between the gold and rhe-
nium atoms.


Another widely used method for the preparation of new
phosphine gold(I) acetylide complexes centers on the depo-
lymerization reaction of neutral homoleptic gold(I) poly-
mers of the type [{AuC�CR}n] upon addition of tertiary
phosphines. Such reactions enabled the synthesis of a high
number of neutral[19] and ionic gold(I) alkynyl deriva-
tives.[20,21] In this context, we tried to prepare [{AuC�C�
bpy}n] by reacting 5-ethynyl-2,2’-bipyridyl (23) with
[(tht)AuCl] (22) in the presence of triethylamine. However,
this reaction did not result in the precipitation of the desired
polymeric species. Furthermore, the addition of catalytic
amounts of CuI only led to the decomposition and forma-
tion of elemental gold.


For this reason we treated [(tht)AuCl] (22) with 5-ethyn-
yl-2,2’-bipyridyl (23) in a tetrahydrofuran/diethylamine mix-
ture. The addition of catalytic amounts of CuI to this reac-
tion mixture led to a turbidity, which was attributed to the
formation of HNEt2PHCl. However, attempts to isolate the
formed product failed due to its instability, which was not


unexpected since thioether-sub-
stituted gold(I) acetylides have
not been reported so far. Nev-
ertheless, we suggest the main
product to be [(tht)Au
C�C-bpy] (24). Another possi-
bility is that in this reaction the
alkynyl ligand and the amine
itself replace both the tht and
the chloride ligand, forming
[(HNEt2) ACHTUNGTRENNUNGAuC�C-bpy], which
could be shown by Vicente
et al. for [(HNEt2)AuC�CR]
(R=SiMe3, tBu).


[21] Since 24
could not be isolated this as-
sumption could not be con-
firmed. Thus, in situ prepared
24 was reacted with the tertiary
phosphine 10 to give the de-
sired Fe-Ru-Re-Au transition-
metal complex 25 after column
chromatography in good yield
[Eq. (1)].


Scheme 4. Synthesis of 19 and 21 from 10.
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When trying to crystallize 25 by diffusion of n-hexane into
a solution of 25 in dichloromethane, it appeared that this
complex was not stable for a long period of time. Complex
25 decomposed to produce [(tBu2bpy)(CO)3ReC�C-bpy]
(26) along with an insoluble yellow precipitate, which does
not dissolve in common organic solvents. This observation
again underlies an unexpected transmetallation reaction be-
tween the Re and Au alkynyls. The transmetallation product
was indisputably characterized by single-crystal X-ray dif-
fraction studies. The insoluble precipitate probably evinces a
polymeric structure formed by the remaining phosphine
gold(I) acetylide building block.


Nevertheless, complex 25 with its four different transition-
metal atoms is the key starting material for the synthesis of
organometallic molecules of higher nuclearity, due to the
presence of a pendant 2,2’-bipyridyl entity as a further N-li-
gating site. Thus, complex 25 was reacted with equimolar
amounts of [(nbd)Mo(CO)4] (27) (nbd=2,5-norbornadiene)
in a 5:1 mixture of dichloromethane/tetrahydrofuran at
25 8C to obtain the respective heteropentanuclear Fe-Ru-
Re-Au-Mo compound. Admittedly, the expected complex
[1-{(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)RuC�C}-3-{(tBu2bpy)(CO)3ReC�C}-5-
[PPh2AuC�C-bpy{Mo(CO)4}]C6H3] (28) could not be isolat-
ed in a pure form; this fact is attributed to the partial de-
composition of 25 during the long reaction time of 15 h. In
contrast, when 25 was treated with the organometallic p-
tweezer [{[Ti](m-s,p-C�CSiMe3)2}Cu ACHTUNGTRENNUNG(N�CMe)]PF6 (29) in
tetrahydrofuran heterohexanuclear 30 was formed in a
straightforward manner, that is, the acetonitrile is substitut-
ed by the bipyridyl ligand [Eq. (2)]. In this reaction, the co-
ordination number at copper is changed from three (planar)
to four (tetrahedral).[8a,11]


The identities of 5, 6, 8, 10–12, 14–16, 19, 21, 25, 26, 28,
and 30 have been confirmed by elemental analysis, infrared
(IR) spectroscopy, and 1H, 31P{1H} and partly by 13C{1H}
NMR spectroscopy. From selected samples the electrospray
ionization time of flight (ESI-TOF) mass spectra were mea-
sured. The solid-state structures of 8, 12, 19 and 26 were ad-
ditionally solved by single-crystal X-ray structure analysis,
thus confirming the structural assignment made from spec-
troscopic analysis.


Most characteristic in the IR spectra of all complexes are
the nC�C and nCO vibrations which are diagnostic and repre-
sent a useful monitoring tool. However, it should be noted
that the intensity of the nC�C vibrations can vary so that in
some of the complexes not all of the expected bands can be
detected. As an example, this is shown for the series 5!8!
10!25!30. While the nC�C absorption band for 5 is found
at 2150 cm�1, it is shifted to 2055 and 2065 cm�1 in 8 and 10,
respectively. This observation nicely reflects the introduction
of a ruthenium(II) entity and is representative in transition-
metal–acetylide chemistry.[22] The difference of the nC�C


bands in 8 and 10 by 10 cm�1 mirrors a weak interaction be-
tween the ruthenium and rhenium atoms through the
carbon-rich connectivity. The ReC�C stretching frequency,
however, overlaps with the RuC�C band. In 25 an addition-
al vibration is found at 2116 cm�1 for the AuC�C unit.[19–21]


The [(tBu2bpy)Re(CO)3] fragment is evidenced by the pres-
ence of three intense carbonyl stretching modes between
1900–2005 cm�1 as expected for a [M(CO)3] building block
in a facial arrangement.[6b,16] Due to this, the predictable
weak nC�C vibration at titanium (expected at ca.
1925 cm�1)[8a,11] in 30 is covered.
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The 31P{1H} NMR spectra of 5, 6, 11, 12, and 14–16 indi-
cate the presence of a single phosphorus environment. In all
other complexes in which the {(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)Ru} unit is
present, a second resonance signal is observed at about
54 ppm.[23] The chemical shift of the benzene-bonded PPh2


entity is almost independent (�5 to �6 ppm) of the appro-
priate substitution pattern of the benzene core, while a rep-
resentative shift to lower field takes place upon coordination
to a transition-metal fragment as given in 19, 21, 25, 28, and
30. For example, the coordination of the tertiary phosphine
10 to a {RhCl2ACHTUNGTRENNUNG(h


5-C5Me5)} fragment is best reflected by a
downfield shift to 29.8 ppm (19). The resonance signal there-
by shows a characteristic coupling with 103Rh (I= 1=2, 100%
abundance) giving a doublet with a typical 1J(31P,103Rh) cou-
pling constant of 144 Hz.[24]


The consecutive building of higher nuclear heterometallic
molecules from 5 and 15 is also confirmed by 1H and partly
by 13C{1H} NMR spectroscopic studies, since after each indi-
vidual synthesis step the resonance signals for the newly in-
troduced organometallic fragments can be seen nicely. The
1H NMR spectra of 6, 12, and 15 reveal a singlet at about
3.10 (6, 15) and 2.94 ppm (12) corresponding to the acetyl-
ACHTUNGTRENNUNGenic protons that disappear upon coordination of the alkynyl
units to ruthenium(II) and rhenium(I). The aryl protons on
the 2-, 4-, and 6-positions of the central phenylene ring show
an upfield shift upon the coordination of the alkynyl groups
to ReI and RuII. Such a shift to a higher field in the C6H3


resonance signals in 10–12 compared with that in 6 and 15
may be suggestive of the electron richness of the respective
transition-metal building blocks {(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)Ru} and
{(tBu2bpy)Re(CO)3} leading to a reduced electron donation
from the alkynyl units. The 1H NMR spectrum of 30 also
confirms the successful formation of this compound, giving
two signals for the cyclopentadienyl bonded SiMe3 groups,
which arises from their unsymmetrical environment in the
final assembly. Furthermore, when compared to 29, the reso-
nance signal for the acetylene bonded SiMe3 entity under-
goes an upfield shift of 0.75 ppm, which can be explained by
the ring current of the chelating bipyridyl.


The identity of the heterometallic complexes 10, 19, 21,
25, 28, and 30 were additionally evidenced from mass spec-
trometric investigations. The electrospray ionization mass
spectra (ESI-MS) of 10, 19, 21, 25, and 28 show ion peaks at
a mass-to-charge ratio (m/z) which correspond to [M+H]+ .
For example, the ESI MS spectrum of heterohexametallic 30
is shown in Figure 1. It exhibits a prominent ion peak at
m/z=2524.7, which, according to the mass and isotope dis-
tribution pattern, is [30�PF6]


+ , and confirms the elemental
composition and charge state. Further assigned peaks are at
m/z 2452.6 [30�PF6�SiMe3]


+ , 1262.9 [30�PF6]
2+ , 749.1


[(C5H5) ACHTUNGTRENNUNG(PPh3)2Ru(CO)]+ ,[25] and 579.2 [[Ti] ACHTUNGTRENNUNG(C�CSiMe3)2-
ACHTUNGTRENNUNGCu]+ (Figure 1).


X-ray crystallography : The solid-state structures of 8, 12, 19,
and 26 have been determined by single-crystal X-ray analy-
sis. Suitable crystals of 8, 12, 19, and 26 were obtained at
room temperature from diffusion of n-pentane into the re-


spective dichloromethane or chloroform solutions. The
solid-state structures together with selected bond lengths
(Q) and angles (8) are presented in Figures 2–4. The crystal-


lographic data are given in Table 1. While complexes 8 and
26 crystallize in the monoclinic space group P21/n, com-
pound 12 is found in the monoclinic space group P21/a, and
19 crystallizes in the triclinic space group P1̄. In the solid-
state structure of 8, a part of the molecule is disordered and
has been refined to split occupancies of 0.50/0.50 (I1, P3 and
C43–C59). In the packing network, phenyl rings are found
close together, but due to the disorder (0.50/0.50) no inter-
molecular contact is present. There are two independent
molecules per asymmetric unit found in 12, of which only


Figure 1. ESI MS spectrum of heterohexametallic 30.


Figure 2. ORTEP drawing of 8. Thermal ellipsoids are shown at the 50%
probability level. The hydrogen atoms are omitted for clarity. Selected
bond lengths (Q) and angles (8): Ru1�P1 2.272(2), Ru1�P2 2.267(2),
Ru1�D3 1.885(1), Ru1�C40 2.009(9), C40�C41 1.198(11), C41�C42
1.455(12), C44�I1 2.102(13), Fe1�D1 1.637(4), Fe1�D2 1.643(4); P1-Ru1-
P2 96.90(8), Ru1-C40-C41 168.5(7), C40-C41-C42 174.9(8), C46-P3-C48
102.0(7), C46-P3-C54 102.9(8), C48-P3-C54 103.9(7) (D1=centroid of
C1�C5; D2=centroid of C6�C10; D3=centroid of C35�C39).
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one is depicted in Figure 3. The
difference between these two
molecules is revealed by a dif-
ferent orientation of the alkynyl
ligand formed by rotation
around the acetylide unit.


Complexes 8 and 19 contain
a {(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)Ru}–acet-
ACHTUNGTRENNUNGyl ACHTUNGTRENNUNGide building block with Ru1
in a pseudo-tetrahedral sur-
rounding. The 1,1’-bis(diphenyl-
phosphino)ferrocene unit is in
an eclipsed geometry (8 :
2.09(29)8 ; 19 : 3.76(16)8), and
the cyclopentadienyl rings are
inclined at an angle of 6.56(49)8
(8) and 2.10(28)8 (19). Notable
is the dppf bite angle P-Ru-P
which is with 96.90(8)8 (8) and
98.59(8)8 (19) slightly smaller
than those ones found in
[{(Ph3P)2 ACHTUNGTRENNUNG(h


5-C5H5)Ru}–s-acet ACHTUNGTRENNUNGyl-
ACHTUNGTRENNUNGide] complexes (99.01(6)–
101.17(7)8), but similar to relat-
ed [{(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)Ru}-
acet ACHTUNGTRENNUNGylide] systems.[23] The ruthe-


Table 1. Crystal and intensity collection data for 8, 12, and 19.


8 12 19·4CH2Cl2


formula C59H46FeIP3Ru C86H74N4O6P2Re2 C96H87Cl10FeN2O3P3ReRhRu
Mr 1131.69 1693.83 2210.12
crystal system monoclinic monoclinic triclinic
space group P21/n P21/a P1̄
a [Q] 10.1173(3) 22.4784(10) 14.2510(9)
b [Q] 31.9585(7) 11.5220(5) 18.6426(9)
c [Q] 17.0011(4) 29.1985(10) 19.0689(8)
a [8] 90 90 97.161(4)
b [8] 94.956(2) 99.824(3) 98.847(5)
g [8] 90 90 109.849(5)
V [Q3] 5476.5(2) 7451.4(5) 4622.4(4)
1calcd [gcm


�3] 1.373 1.510 1.588
F ACHTUNGTRENNUNG(000) 2272 3384 2212
crystal size [mm3] 0.1P0.08P0.02 0.7P0.4P0.1 0.4P0.3P0.2
Z 4 4 2
m [mm�1] 1.227 3.346 2.186
V range [8] 2.82 to 26.00 3.02 to 25.00 2.89 to 24.00
index ranges �12�h�12 �26�h�26 �16�h�16


�39�k�39 �13�k�13 �21�k�21
�20� l�20 �34� l�34 �21� l�21


reflns collected 50382 48673 30066
independent reflns 10712 12547 13556
R ACHTUNGTRENNUNG(int) 0.0947 0.0248 0.0652
data/restraints/parameters 10712/443/748 12547/0/901 13556/0/1063
GOF on F2 1.033 1.148 0.934
R1[a]/wR2[a] [I^2s(I)] 0.0771/0.1948 0.0382/0.0845 0.0509/0.1202
R1[a]/wR2[a] (all data) 0.1420/0.2249 0.0515/0.0875 0.0902/0.1317
largest peak/hole [e Q�3] 2.222/�0.781 2.629/�1.678 1.844/�1.564


[a] R1= [�(jjFoj�jFc j j )/ jFo j ); wR2= [�(w(F2
o�F2


c)
2)/�(wF4


o)]
1/2. S= [�w(F2


o�F2
c)


2]/(n�p)1/2. n=number of re-
flections, p=parameters used.


Figure 3. ORTEP drawing of 12. Thermal ellipsoids are shown at the
50% probability level. The hydrogen atoms are omitted for clarity. Se-
lected bond lengths (Q) and angles (8): Re1�N1 2.158(5), Re1�N2
2.162(5), Re1�C19 1.903(7), Re1�C20 1.915(6), Re1�C21 1.954(7), C19�
O1 1.149(7), C20�O2 1.152(7), C21�O3 1.144(8), Re1�C22 2.121(6),
C22�C23 1.212(9), C42�C43 1.182(10); N1-Re1-N2 73.92(18), Re1-C22-
C23 174.7(5), C22-C23-C24 179.7(8), C28-C42-C43 175.8(8), C26-P1-C30
102.7(3), C26-P1-C36 100.5(3), C30-P1-C36 101.8(3).


Figure 4. ORTEP drawing of 19. Thermal ellipsoids are shown at the
50% probability level. The hydrogen atoms and four dichloromethane
molecules are omitted for clarity. Selected bond lengths (Q) and angles
(8): Re1�N1 2.180(6), Re1�N2 2.173(7), Re1�C9 1.919(10), Re1�C10
1.915(9), Re1�C11 1.960(10), Re1�C8 2.123(9), C7�C8 1.209(11), Ru1�
P2 2.253(2), Ru1�P3 2.266(2), Ru1�D1 1.881(4), Ru1�C53 2.004(9),
C52�C53 1.213(11), Rh1�P1 2.334(2), Rh1�Cl1 2.406(2), Rh1�Cl2
2.381(2), Rh1�D2 1.810(4), Fe1�D3 1.648(4), Fe1�D4 1.647(4); N1-Re1-
N2 75.2(2), Re1-C8-C7 176.5(7), C5-C7-C8 176.7(8), P2-Ru1-P3 98.59(8),
Ru1-C53-C52 175.7(7), C3-C52-C53 169.7(8), C1-P1-C30 104.1(4), C1-P1-
C36 105.9(4), C30-P1-C36 102.1(4), Cl1-Rh1-Cl2 93.23(8), Cl1-Rh1-P1
92.94(8), Cl2-Rh1-P1 87.56(8) (D1=centroid of C5H5; D2=centroid of
C5Me5; D3=centroid of C83�C87; D4=centroid of C88�C92).
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nium–phosphorus and ruthenium–carbon distances are as
expected and are in accordance with those found in related
complexes.[22, 23] The ruthenium–s-acetylide unit is essentially
linear with angles between 168.5(7)8 and 175.7(7)8 and the
distance of the C�C bond is with 1.198(11) (8) and
1.213(11) Q (19) typical for terminal metal s-coordinated
carbon–carbon triple bonds.[22,23]


The structures of complexes 12 and 19 show a slightly dis-
torted octahedral geometry around Re1 with three facial ar-
ranged carbonyl ligands. The Re�C�C�C units are as ex-
pected essentially linear with bond angles of 174.7(5)–
179.7(8)8 and C�C distances typical for metal–alkynyl sys-
tems.[6b,16] The Re1�C22 (2.121(6) Q) (12) and Re1�C8
(2.123(9) Q) (19) bonds are somewhat longer when com-
pared to the other Re�CO separations (1.903(7)–
1.960(10) Q) and are indicative for little or no significant
metal-to-ligand p-back-bonding to the acetylide unit. Similar
Re�C bond lengths are reported for related tricarbonyldi-
ACHTUNGTRENNUNGiminealkynylrhenium(I) complexes.[6b,16] In both compounds
the N1-Re1-N2 bond angles (12, 73.92(18)8 ; 19, 75.2(2)8) are
less than 908, as required by the bite distance exerted by the
steric demand of the chelating bipyridine ligand.


Coordination of the diphenylphosphino group to {RhCl2-
ACHTUNGTRENNUNG(h5-C5Me5)} in complex 19 results in a tetrahedral surround-
ed phosphorus atom, which in turn slightly increases the C-
P-C angles. The coordination sphere around the rhodium-
ACHTUNGTRENNUNG(III) ion shows noticeable deformations, which apparently
results from the steric demand of the phosphine building
block.


All other bond lengths and angles require no further dis-
cussion because they agree well with those parameters de-
scribed for related transition-metal complexes.[16, 22,23,26]


The structure of the transmetallation product 26 in the
solid state was determined (Supporting Information). The
main structural feature is the distorted octahedral geometry
around Re1 with three carbonyl ligands arranged in a facial
fashion as typical for ReI–tricarbonyl–diimine systems.[6b,16]


In the solid state, the molecules of complex 26 are involved
in p–p interactions, including all pyridine rings, and, hence,
2D layers along the crystallographic b and c axes are
formed (Supporting Information).


Conclusion


This report describes the synthesis of a series of heteromul-
timetallic complexes featuring two, three, four, five, or even
six different transition metals, including titanium, molybde-
num, rhenium, iron, ruthenium, rhodium, copper, and gold,
which are connected by carbon-rich organic bridging units
based on the 1,3-bis ACHTUNGTRENNUNG(ethynyl)-5-diphenylphosphinobenzene
core. The consecutive synthesis procedure allowed the
straightforward preparation of a series of such complexes
that should enable us to systematically develop the field of
heteromultimetallic molecules, which is up to now only
rarely investigated. Complex [1-{(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)RuC�C}-
3-{(tBu2bpy)(CO)3ReC�C}-5-{PPh2-AuC�C-bpy({[Ti](m-s,p-


C�CSiMe3)2}Cu)}C6H3]ACHTUNGTRENNUNG[PF6] is the first example of a transi-
tion-metal system containing six different metals linked by
p-conjugated organic units. X-ray structure analyses show
the solid-state structure of four representative molecules.


Experimental Section


General procedure : All reactions were carried out under an atmosphere
of nitrogen using standard Schlenk techniques. Tetrahydrofuran, diethyl
ether, petroleum ether, n-hexane, and n-pentane were purified by distilla-
tion over sodium/benzophenone ketyl; dichloromethane was purified by
distillation over calcium hydride. Amines were distilled over potassium
hydroxide. Celite (purified and annealed, Erg. B.6, Riedel de Haen) was
used for filtrations.


Measurements : Infrared spectra were recorded with a Perkin Elmer
FTIR spectrometer Spectrum 1000. NMR spectra were recorded with a
Bruker Avance 250 spectrometer (1H NMR at 250.12 MHz and 13C{1H}
NMR at 62.86 MHz) in the Fourier transform mode. Chemical shifts are
reported in d units (parts per million) downfield from tetramethylsilane
(d=0.00 ppm) with the solvent as the reference signal (CDCl3:


1H NMR,
d=7.26 ppm; 13C{1H} NMR, d=77.16 ppm).[31] 31P{1H} NMR spectra
were recorded at 101.255 MHz in CDCl3 with P ACHTUNGTRENNUNG(OMe)3 as an external
standard (d=139.0 ppm, relative to H3PO4 (85%) with d =0.00 ppm).
ESI-TOF mass spectra were recorded using a Mariner biospectrometry
workstation 4.0 (Applied Biosystems). Microanalyses were performed by
the Institute of Inorganic Chemistry and partly by the Institute of Organ-
ic Chemistry, Chemnitz, Technical University.


Materials : Trimethylsilylacetylene,[32] 1,3-diiodo-5-trimethylsilylethynyl
benzene (4),[5j] [(tBu2bpy)(CO)3ReCl] (17),[16b] [(tBu2bpy)(CO)3ReC�CH]
(9),[33] [(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)RuCl] (7),[34] 1,3-dibromo-5-diphenylphosphino
benzene (13),[35] [(h5-C5Me5)RhCl2]2 (18),[36] [(Et2S)2PtCl2] (20),[37]


[(tht)AuCl] (22),[38] 5-ethynyl-2,2’-bipyridyl (23),[39] [(nbd)Mo(CO)4]
(27)[40] and [{[Ti](m-s,p-C�CSiMe3)2}CuACHTUNGTRENNUNG(N�CMe)] ACHTUNGTRENNUNG[PF6] (29)[41] were pre-
pared according to published procedures. All other chemicals were pur-
chased from commercial suppliers and were used as received.


Preparation of 1-trimethylsilylethynyl-3-iodo-5-diphenylphosphinoben-
zene (5): n-Butyllithium (2.20 mL, 1.6m in n-hexane, 3.52 mmol) was
slowly added to a solution of compound 4 (1.50 g 3.52 mmol) in diethyl
ether (60 mL) at �80 8C. The reaction mixture was stirred for 60 min at
this temperature. Then chlorodiphenylphosphine (0.90 g, 4.08 mmol) was
slowly added with a syringe and stirring was continued for 10 min at
�80 8C. After warming the reaction solution to room temperature over
30 min with stirring, it was filtered through a pad of Celite and all vola-
tile materials were removed from the filtrate to give a clear viscous oil
which was purified by column chromatography on silica gel. Complex 5
was eluted with petroleum ether/diethyl ether (10:1 v/v). After removal
of the solvents using an oil-pump vacuum, a colorless solid remained.
Yield: 1.38 g (2.85 mmol, 81%); m.p. 124 8C; 1H NMR (250 MHz, CDCl3,
25 8C): d=0.22 (s, 9H; SiMe3), 7.27–7.40 (m, 10H (C6H5) + 1H (C6H3)),
7.50 (dpseudo-t, JHP=6.4 Hz, JHH=1.5 Hz, 1H; C6H3), 7.79 ppm (pseudo-
t, JHH=1.5 Hz, 1H; C6H3);


13C{1H} NMR (62.9 MHz, CDCl3, 25 8C): d=


�0.1 (SiMe3), 94.5 (d, JCP=6.2 Hz, Ci/C6H3), 96.6 (C�C), 103.0 (C�C),
125.4 (d, JCP=4.3 Hz, Ci/C6H3), 128.9 (d, JCP=7.2 Hz, CH/C6H5), 129.3
(CH/C6H5), 134.0 (d, JCP=20.1 Hz, CH/C6H5), 136.0 (d, JCP=21.4 Hz,
CH/C6H3), 136.0 (d, JCP=11 Hz, Ci/C6H5), 140.8 (CH/C6H3), 140.8 (d,
JCP=17.8 Hz, Ci/C6H3), 141.9 ppm (d, JCP=18.9 Hz, CH/C6H3);


31P{1H}
NMR (101.25 MHz, CDCl3, 25 8C): d =�5.5 ppm (s, PPh2); IR (KBr): ñ=


2163 cm�1 (m, C�C); elemental analysis calcd (%) for C23H22IPSi
(484.39): C 57.03, H 4.58; found: C 57.43, H 4.87.


Preparation of 1-ethynyl-3-iodo-5-diphenylphosphinobenzene (6):
[nBu4N]F (1m in THF, 1.70 mL, 1.70 mmol) was added to a solution of
compound 5 (0.75 g, 1.55 mmol) in THF (30 mL). The dark solution was
stirred for 1 h at 25 8C and afterwards the solvent was removed under re-
duced pressure. The residue was purified by column chromatography on
alumina using a mixture of petroleum ether/diethyl ether (2:1, v/v) as
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eluent. After removing all volatiles under reduced pressure, compound 6
was obtained as a colorless solid. Yield: 0.49 g (1.19 mmol, 77%); m.p.
136 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d=3.08 (s, 1H;=CH), 7.27–
7.40 (m, 10H (C5H6) + 1H (C6H3)), 7.58 (dpseudo-t, JHP=6.6 Hz, JHH=


1.5 Hz, 1H; C6H3), 7.80 ppm (pseudo-t, JHH=1.5 Hz, 1H; C6H3);
13C{1H}


NMR (62.9 MHz, CDCl3, 25 8C): d=79.1 (C�CH), 81.8 (C�CH), 94.5 (d,
JCP=6.5 Hz, Ci/C6H3), 124.4 (d, JCP=6.7 Hz, Ci/C6H3), 128.9 (d, JCP=


7.2 Hz, CH/C6H5), 129.4 (CH/C6H5), 133.9 (d, JCP=20 Hz, CH/C6H5),
135.8 (d, JCP=11 Hz, Ci/C6H5), 136.1 (d, JCP=19.2 Hz, CH/C6H3), 140.8
(CH/C6H3), 141.1 (d, JCP=18.1 Hz, Ci/C6H3), 142.3 ppm (d, JCP=20.8 Hz,
CH/C6H3);


31P{1H} NMR (101.25 MHz, CDCl3, 25 8C): d=�5.7 ppm (s,
PPh2); IR (KBr): ñ =3288 cm�1 (s, �C�H); elemental analysis calcd (%)
for C20H14IP (412.2): C 58.28, H 3.42; found: C 58.81, H 3.56.


Preparation of 1,3-bis(trimethylsilylethynyl)-5-diphenylphosphinoben-
zene (14): Trimethylsilylacetylene (0.75 g, 7.65 mmol), [(PPh3)2PdCl2]
(80 mg), and CuI (40 mg) were added To compound 13 (0.80 g,
1.90 mmol) dissolved in degassed diisopropylamine (40 mL). The result-
ing reaction mixture was heated to 50 8C and stirred 48 h. After cooling
to 25 8C, the reaction mixture was filtered through a pad of Celite and all
volatiles were removed under reduced pressure. The remaining material
was subjected to column chromatography on silica gel using a mixture of
petroleum ether/diethyl ether (5:1, v/v) as eluent. Compound 14 was iso-
lated as a colorless solid after evaporation of all volatile materials under
reduced pressure. Yield: 650 mg (1.430 mmol, 75%); m.p. 132 8C;
1H NMR (250 MHz, CDCl3, 25 8C): d =0.25 (s, 18H; SiMe3), 7.30–7.40
(m, 10H; C6H5), 7.41 (dd, JHP=7 Hz, JHH=1.6 Hz, 2H; C6H3), 7.62 ppm
(t, JHH=1.6 Hz, 1H; C6H3);


13C{1H} NMR (62.9 MHz, CDCl3, 25 8C): d=


0.0 (SiMe3), 95.7 (C�C), 103.9 (C�C), 123.8 (d, JCP=7.7 Hz, Ci/C6H3),
128.8 (d, JCP=7 Hz, CH/C6H5), 129.1 (CH/C6H5), 133.9 (d, JCP=19.8 Hz,
CH/C6H5), 135.9 (CH/C6H3), 136.2 (d, JCP=10.9 Hz, Ci/C6H5), 136.6 (d,
JCP=20.2 Hz, CH/C6H3), 138.5 ppm (d, JCP=15.2 Hz, Ci/C6H3);


31P{1H}
NMR (101.25 MHz, CDCl3, 25 8C): d =�6.2 ppm (s, PPh2); IR (KBr): ñ=


2161 cm�1 (m, C�C); elemental analysis calcd (%) for C28H31PSi2
(454.70): C 73.96, H 6.87; found: C 73.82, H 6.78.


Preparation of 1,3-(C�C�C ACHTUNGTRENNUNG(CH3)2OH)2-5-diphenylphosphinobenzene
(16): 2-Methyl-3-butyn-2-ol (0.64 g, 7.61 mmol), ACHTUNGTRENNUNG[(PPh3)2PdCl2] (80 mg),
and CuI (40 mg) were added to compound 13 (0.80 g, 1.90 mmol) dis-
solved in degassed diisopropylamine (50 mL) . The resulting reaction
mixture was refluxed for 20 h. After cooling to 25 8C, it was filtered
through a pad of Celite, and all volatiles were removed under reduced
pressure. The remaining material was purified by column chromatogra-
phy on silica gel using a mixture of petroleum ether/diethyl ether (1:5, v/
v) as eluent. After removing all solvents under reduced pressure, com-
pound 16 was obtained as a colorless solid. Yield: 690 mg (1.618 mmol,
85%); m.p. 133 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d =1.55 (s, 12H;
CH3), 2.44 (br s, 2H; OH), 7.24–7.38 (m, 10H (C6H5) + 2H (C6H3)),
7.45 ppm (t, JHH=1.6 Hz, 1H; C6H3);


13C{1H} NMR (62.9 MHz, CDCl3,
25 8C): d =31.5 (CH3), 65.6 (C-OH), 81.1 (C�C), 95.1 (C�C), 123.4 (d,
JCP=7.7 Hz, Ci/C6H3), 128.8 (d, JCP=6.8 Hz, CH/C6H5), 129.2 (CH/C6H5),
133.9 (d, JCP=19.6 Hz, CH/C6H5), 135.2 (CH/C6H3), 136.07 (d, JCP=


19.1 Hz, CH/C6H3), 136.13 (d, JCP=11.1 Hz, Ci/C6H5), 138.5 ppm (d, JCP=


14.9 Hz, Ci/C6H3);
31P{1H} NMR (101.25 MHz, CDCl3, 25 8C): d=


�6.3 ppm (s, PPh2); IR (KBr): ñ =3341 cm�1 (s, O�H); elemental analysis
calcd (%) for C28H27O2P (426.49): C 78.85, H 6.38; found: C 78.38, H
6.74.


Preparation of 1,3-bis ACHTUNGTRENNUNG(ethynyl)-5-diphenylphosphinobenzene (15)


Preparation from 14 : [nBu4N]F (1.0m in THF, 1.5 mL, 1.50 mmol) was
slowly added to a solution of 14 (600 mg, 1.32 mmol) in THF (30 mL).
The resulting reaction solution was stirred for 1 h at 25 8C. Afterwards all
volatiles were removed under reduced pressure, and the remaining mate-
rial was purified by column chromatography on silica gel. Eluting with a
mixture of diethyl ether/petroleum ether (1:1, v/v) gave compound 15 as
a colorless solid. Yield: 360 mg (1.160 mmol, 88%).


Preparation from 16 : KOH (420 mg, 7.50 mmol) was added to 16
(640 mg 1.50 mmol) dissolved in toluene (30 mL), and the resulting reac-
tion mixture was heated to 80 8C for 5 h. After cooling to 25 8C it was fil-
tered through a pad of Celite and all volatiles were removed under re-
duced pressure. The remaining orange oil was subjected to column chro-


matography on silica gel using a mixture of diethyl ether/petroleum ether
(1:1, v/v) as eluent. After removal of all volatile materials under reduced
pressure compound 15 could be isolated as a colorless solid. Yield:
320 mg (1.031 mmol, 69%).


Data for 15 : M.p. 143 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d =3.08 (s,
2H; =CH), 7.30–7.42 (m, 10H; C6H5), 7.45 (dd, JHP=7.1 Hz, JHH=


1.6 Hz, 2H; C6H3), 7.63 ppm (t, JHH=1.6 Hz, 1H; C6H3);
13C{1H} NMR


(62.9 MHz, CDCl3, 25 8C): d=78.7 (C�CH), 82.4 (C�CH), 122.8 (d, JCP=


7.4 Hz, Ci/C6H3), 128.8 (d, JCP=7.2 Hz, CH/C6H5), 129.3 (CH/C6H5),
133.9 (d, JCP=20 Hz, CH/C6H5), 135.8 (CH/C6H3), 136.0 (d, JCP=10.8 Hz,
Ci/C6H5), 137.1 (d, JCP=19.8 Hz, CH/C6H3), 139.0 ppm (d, JCP=15.5 Hz,
Ci/C6H3);


31P{1H} NMR (101.25 MHz, CDCl3, 25 8C): d=�6.4 ppm (s,
PPh2); IR (KBr): ñ=3289 (s, �C�H); elemental analysis calcd (%) for
C22H15P (310.33): C 85.15, H 4.87; found: C 84.80, H 5.02.


Preparation of [1-{(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)RuC�C}-3-I-5-(PPh2)C6H3] (8):
Complex [(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)RuCl] (200 mg, 0.265 mmol) was heated to
reflux in methanol (30 mL) for 20 min to give a yellow orange suspension
to which a single portion of 6 (130 mg, 0.315 mmol) was added. The reac-
tion mixture was then refluxed for 30 min. During that time it became a
clear orange-red solution, which afterwards was cooled to room tempera-
ture. Addition of two equivalents (10 mg) of sodium resulted in the rapid
precipitation of a yellow solid. Stirring was continued for 1 h, and then
all volatile materials were removed under reduced pressure. The residue
was filtered through a pad of Celite using dichloromethane as solvent.
The solvent was removed, and the remaining material was purified by
column chromatography on silica gel using a mixture of petroleum ether/
THF (4:1, v/v) as eluent. After removal of all volatiles under reduced
pressure, compound 8 could be isolated as a yellow solid. Yield: 230 mg
(0.203 mmol, 76%); 1H NMR (250 MHz, CDCl3, 25 8C): d=3.98
(dpseudo-t, JHP=1.2 Hz, JHH=2.4 Hz, 2H; C5H4), 4.10 (br s, 2H; C5H4),
4.29 (s, 5H; C5H5), 4.30 (br s, 2H; C5H4), 5.12 (br s, 2H; C5H4), 7.14–7.57
(m, 26H (C6H5) + 3H (C6H3))), 7.72–7.81 ppm (m, 4H; C6H5);


13C{1H}
NMR (62.9 MHz, CDCl3, 25 8C): d=68.2 (pseudo-t, JCP=2.4 Hz, CH/
C5H4), 71.4 (pseudo-t, JCP=2.8 Hz, CH/C5H4), 73.2 (pseudo-t, JCP=


2.0 Hz, CH/C5H4), 76.6 (pseudo-t, JCP=4.8 Hz, CH/C5H4), 84.9 (pseudo-t,
JCP=2.4 Hz, C5H5), 88.4 (pseudo-t, JCP=24.3 Hz, Ci/C5H4), 95.1 (d, JCP=


8.8 Hz, C-I/C6H3), 111.4 (RuC�C), 124.8 (t, JCP=25.0 Hz, RuC�C), 127.2
(pseudo-t, JCP=4.8 Hz, CH/C6H5ACHTUNGTRENNUNG(dppf)), 127.4 (pseudo-t, JCP=4.8 Hz,
CH/C6H5 ACHTUNGTRENNUNG(dppf)), 128.6 (d, JCP=7.0 Hz, CH/C6H5), 128.8 (CH/C6H5-
ACHTUNGTRENNUNG(dppf)), 128.9 (CH/C6H5), 129.2 (CH/C6H5 ACHTUNGTRENNUNG(dppf)), 132.4 (d, JCP=6.3 Hz,
Ci/C6H3), 133.8 (pseudo-t, JCP=5.7 Hz, CH/C6H5 ACHTUNGTRENNUNG(dppf)), 133.9 (d, JCP=


19.8 Hz, CH/C6H5), 134.2 (pseudo-t, JCP=5.7 Hz, CH/C6H5ACHTUNGTRENNUNG(dppf)), 134.9
(d, JCP=16.8 Hz, CH/C6H3), 136.8 (d, JCP=23.0 Hz, CH/C6H3), 137.2 (d,
JCP=11.0 Hz, Ci/C6H5), 139.1 (d, JCP=14.5 Hz, Ci/C6H3), 140.1 (CH/
C6H3), 140.8 (pseudo-t, JCP=23.0 Hz, Ci/C6H5ACHTUNGTRENNUNG(dppf)), 141.9 ppm (pseudo-
t, JCP=22.8 Hz, Ci/C6H5 ACHTUNGTRENNUNG(dppf);


31P{1H} NMR (101.25 MHz, CDCl3,
25 8C): d=�5.1 (s, PPh2), 53.7 ppm (s, dppf); IR (KBr): ñ =2055 cm�1 (m,
nC�CRu); elemental analysis calcd (%) for C59H46FeIP3Ru (1131.75): C
62.62, H 4.10; found: C 62.62, H 4.49.


Preparation of [1-(Me3SiC�C)-3-{(tBu2bpy)(CO)3ReC�C}-5-(PPh2) ACHTUNGTRENNUNGC6H3]
(11): [(PPh3)2PdCl2] (8 mg) and CuI (4 mg) were added to 9 (130 mg,
0.231 mmol) and 5 (120 mg, 0.248 mmol) dissolved in degassed triethyl-
ACHTUNGTRENNUNGamine (30 mL). The resulting reaction mixture was heated to reflux over-
night. After cooling to 25 8C, all volatiles were removed using an oil-
pump vacuum, and the remaining residue was subjected to column chro-
matography on silica gel using a mixture of diethyl ether/n-hexane (1:1,
v/v) as eluent. Complex 11 was obtained as a yellow solid. Yield: 70 mg
(0.076 mmol, 33% based on 9); 1H NMR (250 MHz, CDCl3, 25 8C): d=


0.15 (s, 9H; SiMe3), 1.45 (s, 18H; tBu), 6.90–7.03 (m, 3H; C6H3), 7.14–
7.30 (m, 10H; C6H5), 7.44 (dd, JH5H6=6 Hz, JH5H3=1.9 Hz, H5/tBu2bpy),
8.07 (d, JH3H5=1.9 Hz, H3/tBu2bpy), 8.94 ppm (d, JH6H5=6 Hz, H6/
tBu2bpy);


31P{1H} NMR (101.25 MHz, CDCl3, 25 8C): d=�6.0 ppm (s,
PPh2); IR (KBr): ñ =1900, 2004 (s, CO), 2088 cm�1 (w,
C�CRe), 2156 (w, C�CSi); elemental analysis calcd (%) for
C46H46N2O3PReSi (920.15): C 60.04, H 5.04, N 3.04; found: C 59.67, H
5.15, N 2.89.


Preparation of [1-(HC�C)-3-{(tBu2bpy)(CO)3ReC�C}-5-(PPh2)C6H3]
(12)
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Preparation from 11: [nBu4N]F (1.0m in THF, 0.1 mL, 0.10 mmol) was
added to a solution of 11 (60 mg 0.065 mmol) in THF (15 mL). After 1 h
of stirring at 25 8C, all volatiles were removed under vacuum, and the re-
sidual material was purified by column chromatography on silica gel
using a mixture of diethyl ether/n-hexane (2:1, v/v) as eluent. Complex
12 was obtained as a yellow solid. Yield: 45 mg (0.053 mmol, 82%).


Preparation from 15 : LiN ACHTUNGTRENNUNG(SiMe3)2 (160 mg, 0.956 mmol) was added to a
cooled (0 8C) solution of (15) (300 mg, 0.967 mmol) in toluene (50 mL).
The resulting reaction mixture was stirred for 3 h at 0 8C. Afterwards 17
(200 mg, 0.348 mmol) was added, and the reaction mixture was refluxed
for 5 h. After cooling to room temperature, the toluene was removed by
rotary evaporation, and the residue was subjected to column chromatog-
raphy on silica gel. A diethyl ether/n-hexane mixture of ratio 2:1 (v/v)
was used as eluent, eluting first the excess of 1,3-bis ACHTUNGTRENNUNG(ethynyl)-5-diphenyl-
phosphinobenzene followed by compound 12 and finally unreacted 17.
Complex 12 was obtained as a yellow powder. Yield: 140 mg
(0.165 mmol, 47% based on 17). 1H NMR (250 MHz, CDCl3, 25 8C): d=


1.45 (s, 18H; tBu), 2.94 (s, 1H; �CH), 6.93 (dpseudo-t, 3JHP=6.5 Hz,
4JHH=1.6 Hz, 1H; C6H3), 6.95 (pseudo-t, 4JHH=1.6 Hz, 1H; C6H3), 7.07
(dpseudo-t, 3JHP=9 Hz, JHH=1.6 Hz, 1H; C6H3), 7.16–7.31 (m, 10H;
C6H5), 7.44 (dd, 3JH5H6=5.8 Hz, 4JH5H3=1.9 Hz, 2H; H5/tBu2bpy), 8.08 (d,
JH3H5=1.9 Hz, 2H; H3/tBu2bpy), 8.95 ppm (d, JH6H5=5.8 Hz, 2H; H6/
tBu2bpy);


13C{1H} NMR (62.9 MHz, CDCl3, 25 8C): d =30.5 (CH3), 35.6
(C ACHTUNGTRENNUNG(CH3)3), 76.9 (C�CH), 83.6 (C�CH), 104.6 (ReC�C), 119.4 (CH/
tBu2bpy), 121.6 (d, JCP=6.8 Hz, Ci/C6H3), 124.2 (CH/tBu2bpy), 128.3 (d,
JCP=9.5 Hz, Ci/C6H3), 128.6 (d, JCP=7 Hz, CH/C6H5), 128.8 (CH/C6H5),
133.1 (d, JCP=15.8 Hz, CH/C6H3), 133.8 (d, JCP=19.6 Hz, CH/C6H5),
136.1 (CH/C6H3), 136.6 (d, JCP=9.5 Hz, Ci/C6H5), 136.8 (d, JCP=12.4 Hz,
Ci/C6H3), 137.3 (d, JCP=24.9 Hz, CH/C6H3), 152.9 (CH/tBu2bpy), 155.8
(Ci/tBu2bpy), 162.9 (Ci/tBu2bpy), 192.9 (CO), 198.3 ppm (CO); 31P{1H}
NMR (101.25 MHz, CDCl3, 25 8C): d =�6.3 ppm (s, PPh2); IR (KBr): ñ=


1884, 1901, 2004 (s, CO), 2092 (w, C�CRe), 3299 cm�1 (m, �C�H); ele-
mental analysis calcd (%) for C43H38N2O3PRe (847.97): C 60.91, H 4.52,
N 3.30; found: C 60.76, H 4.84, N 3.18.


Preparation of [1-{(h2-dppf)ACHTUNGTRENNUNG(h5-C5H5)RuC�C}-3-{(tBu2bpy)(CO)3
ReC�C}-5-(PPh2)C6H3] (10)


Preparation from 8 : [(PPh3)2PdCl2] (5 mg) and CuI (3 mg) were added to
8 (150 mg, 0.133 mmol) and 9 (75 mg, 0.133 mmol) dissolved in a de-
gassed mixture of THF (10 mL) and triethylamine (20 mL). The reaction
mixture was heated to reflux for 8 h. Afterwards all volatiles were re-
moved using an oil pump vacuum, and the residual material was subject-
ed to column chromatography over alumina. Using diethyl ether as
eluent gave first unreacted starting materials, followed by the homo-cou-
pled product, and finally an orange red band from which complex 10
could be isolated as an orange solid. Yield: 35 mg (0.022 mmol, 17%).


Preparation from 12—method A : [NH4]PF6 (20 mg, 0.12 mmol) were
added to 7 (80 mg, 0.11 mmol) and 12 (100 mg, 0.12 mmol) dissolved in
dichloromethane and methanol (30 mL, ratio 1:1) . The reaction solution
was stirred for 5 h at 25 8C, followed by the addition of DBU (25 mg,
0.164 mmol). Stirring was continued for 1 h. Then all volatiles were re-
moved using an oil pump vacuum, and the residue was purified by
column chromatography on silica gel. Excess 12 was removed with tolu-
ene/dichloromethane (10:1, v/v) and compound 10 was eluted with tolu-
ene/THF (20:1, v/v). After precipitation from a concentrated solution in
dichloromethane by the addition of n-hexane, complex 10 was isolated as
an orange solid. Yield: 70 mg (0.045 mmol, 41% based on 7).


Preparation from 12—method B : [NH4]PF6 (20 mg, 0.12 mmol) and
KOtBu (15 mg, 0.13 mmol) were simultaneously added to 7 (80 mg,
0.11 mmol) and 12 (100 mg, 0.12 mmol) dissolved in dichloromethane/
methanol (1:1, 30 mL). The resulting solution was stirred for 4 h at 25 8C
until compound 7 was completely consumed, which was proven by
31P{1H} NMR spectroscopy. Subsequently, all volatiles were removed
under reduced pressure. The workup method was identical to that de-
scribed above. Yield: 110 mg (0.070 mmol, 66% based on 7).


Data for 10 : 1H NMR (250 MHz, CDCl3, 25 8C): d =1.42 (s, 18H; tBu),
3.90 (dpseudo-t, JHP=1.3 Hz, JHH=2.4 Hz, 2H; C5H4), 3.98 (br s, 2H;
C5H4), 4.20 (s, 5H; C5H5), 4.22 (br s, 2H; C5H4), 5.12 (br s, 2H; C5H4),
6.74 (dpseudo-t, JHP=10.7 Hz, JHH=1.6 Hz, 1H; C6H3), 6.80 (dpseudo-t,


JHP=7.1 Hz, JHH=1.6 Hz, 1H; C6H3), 7.10–7.52 (m, 26H (C6H5) + 1H
(C6H3)), 7.42 (dd, 3JH5H6=5.8 Hz, 4JH5H3=1.9 Hz, 2H; H5/tBu2bpy), 7.65–
7.74 (m, 4H; C6H5), 8.06 (d, 4JH3H5=1.9 Hz, 2H; H3/tBu2bpy), 8.98 ppm
(d, 3JH6H5=5.8 Hz, 2H; H6/tBu2bpy);


13C{1H} NMR (62.9 MHz, CDCl3,
25 8C): d=30.5 (CH3), 35.6 (C ACHTUNGTRENNUNG(CH3)3), 67.7 (pseudo-t, JCP=2.4 Hz, CH/
C5H4), 71.5 (pseudo-t, JCP=2.8 Hz, CH/C5H4), 72.9 (pseudo-t, JCP=


2.0 Hz, CH/C5H4), 76.9 (pseudo-t, JCP=4.8 Hz, CH/C5H4), 84.7 (pseudo-t,
JCP=2.4 Hz, C5H5), 88.5 (pseudo-t, JCP=24.3 Hz, Ci/C5H4), 105.7
ACHTUNGTRENNUNG(ReC�C), 112.2 (RuC�C), 117.3 (t, JCP=26.5 Hz, RuC�C), 119.3 (CH/
tBu2bpy), 124.1 (CH/tBu2bpy), 125.2–129.2 (C6H5 + C6H3), 132.2–135.0
(C6H5 + C6H3), 138.1 (d, JCP=11.1 Hz, Ci/C6H5), 140.8 (pseudo-t, JCP=


21.0 Hz, Ci/C6H5 ACHTUNGTRENNUNG(dppf)), 142.3 (pseudo-t, JCP=22.8 Hz, Ci/C6H5 ACHTUNGTRENNUNG(dppf),
153.0 (CH/tBu2bpy), 155.8 (Ci/tBu2bpy), 162.7 (Ci/tBu2bpy), 193.1 (CO),
198.6 ppm(CO); 31P{1H} NMR (101.25 MHz, CDCl3, 25 8C): d=�5.3 (s,
PPh2), 53.7 ppm (s, dppf); IR (KBr): ñ=1892, 1901, 2003 (s, CO),
2065 cm�1 (m, C�CRu); MS (ESI-TOF): m/z : 1568.9 [M+H]+ , 749.3
[(C5H5) ACHTUNGTRENNUNG(dppf)Ru(CO)]+ ; elemental analysis calcd (%) for
C82H70FeN2O3P3ReRu (1567.51): C 62.83, H 4.50, N 1.79; found: C 63.33,
H 4.91, N 1.50.


Preparation of [1-{(h2-dppf)ACHTUNGTRENNUNG(h5-C5H5)RuC�C}-3-{(tBu2bpy)(CO)3
ReC�C}-5-{PPh2Rh ACHTUNGTRENNUNG(h5-C5Me5)Cl2}C6H3] (19): Complex (10) (80 mg,
0.051 mmol) was dissolved in dichloromethane (10 mL) and was then
added dropwise to 18 (15 mg, 0.024 mmol) dissolved in dichloromethane
(10 mL). The resulting red solution was stirred for 1 h at 25 8C. After-
wards, the solvent was reduced in volume to about 3 mL and compound
19 was precipitated by addition of n-hexane (20 mL) and washed with n-
hexane (2P15 mL) to give an orange red solid. Yield: 78 mg
(0.042 mmol, 86% based on 18). ; 1H NMR (250 MHz, CDCl3, 25 8C): d=


1.34 (d, 4JHRh=3.4 Hz, 15H; C5Me5), 1.42 (s, 18H; tBu), 3.89 (br s, C5H4),
3.93 (br s, C5H4), 4.22 (s, C5H5), 4.23 (br s, C5H4), 5.03 (br s, C5H4), 6.99
(dpseudo-t, JHP=9.5 Hz, JHH=1.5 Hz, 1H; C6H3), 7.05–7.56 (m, 22H
(C6H5) + 2H (H5/tBu2bpy) + 2H (C6H3)), 7.64–7.80 (m, 8H; C6H5),
8.06 (d, JHH=1.6 Hz, 2H; H3/tBu2bpy), 8.99 ppm (d, JHH=6 Hz, 2H; H6/
tBu2bpy);


31P{1H} NMR (101.25 MHz, CDCl3, 25 8C): d=29.8 (d, JPRh=


144 Hz, RhPPh2), 53.9 ppm (s, dppf); IR (KBr): ñ=1896, 2003 (s, CO),
2063 cm�1 (m, C�CRu); MS (ESI-TOF): m/z : 1877.9 [M+H]+ , 749.2
[(C5H5) ACHTUNGTRENNUNG(dppf)Ru(CO)]+ ; elemental analysis calcd (%) for
C92H85Cl2FeN2O3P3ReRhRu (1876.55): C 58.89, H 4.56, N 1.49; found: C
58.99, H 4.68, N 1.40.


Preparation of trans-[{1-[(h2-dppf) ACHTUNGTRENNUNG(h5-C5H5)RuC�C]-3-[(tBu2bpy)(CO)3
ReC�C]-5-(PPh2)C6H3}2PtCl2] (21): A solution of 20 (12 mg,
0.027 mmol) in dichloromethane (20 mL) was treated with 10 (90 mg,
0.057 mmol) and stirred for 2 h at 25 8C. Subsequently, the solvent was re-
duced in volume to 3 mL and addition of n-hexane (20 mL) caused the
precipitation of complex 21, which was washed with n-hexane (2P10 mL)
and dried using an oil pump vacuum. Yield: 70 mg (0.021 mmol, 76%
based on 20); 1H NMR (250 MHz, CDCl3, 25 8C): d=1.35 (s, 36H; tBu),
3.87 (br s, 4H; C5H4), 3.96 (br s, 4H; C5H4), 4.16 (br s, 4H; C5H4), 4.19 (s,
10H; C5H5), 5.17 (br s, 4H; C5H4), 6.76–6.85 (m, 2H; C6H3), 7.04–7.51
(m, 4H (C6H3) + 4H (H5/tBu2bpy) + 40H (C6H5)), 7.59–7.75 (m, 20H;
C6H5), 8.01 (d, JH3H5=1.7 Hz, 4H; H3/tBu2bpy), 8.90 ppm (d, JH6H5=


5.8 Hz, 4H; H6/tBu2bpy);
31P{1H} NMR (101.25 MHz, CDCl3, 25 8C): d=


19.1 (s, JPPt=2643 Hz, PtPPh2), 53.8 ppm (s, dppf); IR (KBr): ñ =1892,
1903, 2003 (s, CO), 2062 cm�1 (m, C�CRu); MS (ESI-TOF): m/z : 3401.5
[M+H]+ , 749.1 [(C5H5) ACHTUNGTRENNUNG(dppf)Ru(CO)]+ ; elemental analysis calcd (%)
for C164H140Cl2Fe2N4O6P6PtRe2Ru2 (3401.0): C 57.92, H 4.15, N 1.65;
found: C 57.76, H 4.20, N 1.50.


Preparation of [1-{(h2-dppf)ACHTUNGTRENNUNG(h5-C5H5)RuC�C}-3-{(tBu2bpy)(CO)3
ReC�C}-5-(PPh2AuC�C-bpy)C6H3] (25): Compound 23 (15 mg,
0.083 mmol) and CuI (1 mg) were added to 22 (20 mg, 0.063 mmol) dis-
solved in THF (10 mL) and diethylamine (10 mL). The solution was
stirred at 25 8C for 30 min. The resulting turbid reaction mixture was fil-
tered using a cannula into a stirred solution of 10 (105 mg, 0.067 mmol)
in THF (10 mL) and stirred for 1 h. After removal of all volatiles, the re-
maining residue was subjected to column chromatography on silica gel.
As eluent a mixture of toluene/THF (20:1, v/v) was used. The first
orange band contained unreacted 10 and the second band yielded com-
plex 25 as a yellow solid. Yield: 75 mg (0.039 mmol, 62% based on 22);
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1H NMR (250 MHz, CDCl3, 25 8C): d=1.43 (s, 18H; tBu), 3.92 (dpseudo-
t, JHP=1.1 Hz, JHH=2.4 Hz, 2H; C5H4), 4.03 (br s, 2H; C5H4), 4.22 (s,
5H; C5H5), 4.24 (br s, 2H; C5H4), 5.02 (br s, 2H; C5H4), 6.78 (dpseudo-t,
JHP=11.8 Hz, JHH=1.6 Hz, 1H; C6H3), 6.96 (dpseudo-t, JHP=15.8 Hz,
JHH=1.6 Hz, 1H; C6H3), 7.07–7.52 (m, 26H (C6H5) + 1H (H5’/bpy) +


2H (H5/tBu2bpy) + 1H (C6H3)), 7.63–7.74 (m, 4H; C6H5), 7.80 (ddd,
3JH4’H3’=7.8 Hz, 3JH4’H5’=7.8 Hz, 4JH4’H6’=1.8 Hz, 1H; H4’/bpy), 7.87 (dd,
3JH4H3=8.2 Hz, 4JH4H6=2.2 Hz, 1H; H4/bpy), 8.30 (dd, 3JH3H4=8.2 Hz,
5JH3H6=0.8 Hz, 1H; H3/bpy), 8.37 (ddd, 3JH3’H4’=7.8 Hz, 4JH3’H5’=1.0 Hz,
5JH3’H6’=1.0 Hz, 1H; H3’/bpy), 8.42 (d, 4JH3H5=1.7 Hz, 2H; H3/tBu2bpy),
8.66 (ddd, 3JH6’H5’=4.9 Hz, 4JH6’H4’=1.8 Hz, 5JH6’H3’=1.0 Hz, 1H; H6’/bpy),
8.79 (dd, 4JH6H4=2.2 Hz, 5JH6H3=0.8 Hz, 1H; H6/bpy), 8.97 ppm (d,
3JH6H5=6.0 Hz, 2H; H6/tBu2bpy);


31P{1H} NMR (101.25 MHz, CDCl3,
25 8C): d=41.2 (s, AuPPh2), 53.8 ppm (s, dppf); IR (KBr): ñ =1895, 1904,
2004 (s, CO), 2060 cm�1 (m, C�CRu), 2116 (w, C�CAu); MS (ESI-TOF)
m/z : 1944.7 [M+H]+ , 749.2 [(C5H5)ACHTUNGTRENNUNG(dppf)Ru(CO)]+ ; elemental analysis
calcd (%) for C94H77AuFeN4O3P3ReRu (1943.68): C 58.09, H 3.99, N
2.88; found: C 58.52, H 4.29, N 2.60.


Preparation of [(tBu2bpy)(CO)3ReC�C-bpy] (26): Complex 25 was dis-
solved in dichloromethane and left for 3 days at room temperature. The
formed precipitate was filtered off and from the filtrate pure 26 could be
isolated. Crystallization was achieved by diffusion of n-pentane into a di-
chloromethane solution containing 26. 1H NMR (250 MHz, CDCl3,
25 8C): d=1.46 (s, 18H; tBu), 7.19 (ddd, 3JH5’H4’=7.6 Hz, 3JH5’H6’=4.7 Hz,
4JH5’H3’=1.0 Hz, 1H; H5’/bpy), 7.36 (dd, 3JH4H3=8.2 Hz, 4JH4H6=2.2 Hz,
1H; H4/bpy), 7.48 (dd, JH5H6=5.8 Hz, JH5H3=1.9 Hz, H5/tBu2bpy), 7.71
(ddd, 3JH4’H3’=8.0 Hz, 3JH4’H5’=7.6 Hz, 4JH4’H6’=1.7 Hz, 1H; H4’/bpy), 8.03
(dd, 3JH3H4=8.2 Hz, 5JH3H6=1.0 Hz, 1H; H3/bpy), 8.10 (d, JH3H5=1.9 Hz,
H3/tBu2bpy), 8.15 (dd, 4JH6H4=2.2 Hz, 5JH6H3=1.0 Hz, 1H; H6/bpy), 8.22
(ddd, 3JH3’H4’=8.0 Hz, 4JH3’H5’=1.0 Hz, 5JH3’H6’=1.0 Hz, 1H; H3’/bpy), 8.58
(ddd, 3JH6’H5’=4.7 Hz, 4JH6’H4’=1.7 Hz, 5JH6’H3’=1.0 Hz, 1H; H6’/bpy),
9.00 ppm (d, JH6H5=5.8 Hz, 2H; H6/tBu2bpy); IR (NaCl): ñ =1888, 1903,
2003 (s, CO), 2091 cm�1 (m, C�CRe).


Preparation of 1-[(h2-dppf)ACHTUNGTRENNUNG(h5-C5H5)RuC�C]-3-[(tBu2bpy)(CO)3
ReC�C]-5-[PPh2AuC�C-bpy(Mo(CO)4)]C6H3 (28): A single portion of
27 (7 mg, 0.023 mmol) was added to a solution of 25 (45 mg, 0.023 mmol)
in a mixture of dichloromethane/THF (5:1, 10 mL). The resulting solu-
tion was stirred for 15 h at ambient temperature. Subsequently, the sol-
vent was reduced in volume to about 2 mL. On addition of diethyl ether
(10 mL), a red solid precipitated, which was washed with diethyl ether
(2P10 mL) and was then dried using an oil pump vacuum. Please note
that NMR spectroscopic investigations showed that 28 partly decom-
posed. For this reason complex 28 could not be obtained in pure form,
but could be unequivocally identified. 31P{1H} NMR (101.25 MHz,
CDCl3, 25 8C): d=40.8 (AuPPh2), 53.7 ppm (dppf); MS (ESI-TOF): m/z :
2152.8 [M+H]+, 749.2 [(C5H5) ACHTUNGTRENNUNG(dppf)Ru(CO)]+ ; elemental analysis calcd
(%) for C98H77AuFeMoN4O7P3ReRu (2151.66): C 54.71, H 3.61, N 2.60;
found: C 54.08, H 3.67, N 2.39.


Preparation of [1-{(h2-dppf)ACHTUNGTRENNUNG(h5-C5H5)RuC�C}-3-{(tBu2bpy)(CO)3
ReC�C}-5-{PPh2AuC�C-bpy({[Ti](m-s,p-C�CSiMe3)2}Cu)}C6H3] ACHTUNGTRENNUNG[PF6]
(30): A single portion of 25 (60 mg, 0.031 mmol) was added to 29 (25 mg,
0.033 mmol) dissolved in THF (25 mL). The resulting reaction solution
was stirred for 2 h at 25 8C, whereby the color of the solution changed
from orange to red. Subsequently, the solvent was reduced in volume
under reduced pressure and the product 30 was precipitated by addition
of n-hexane (20 mL). The precipitate was washed with n-hexane (2P
10 mL) and was then dried using an oil pump vacuum. Complex 30 could
be obtained as an orange red solid. Yield:70 mg (0.026 mmol, 85%).
1H NMR (250 MHz, CDCl3, 25 8C): d=�0.50 (s, 18H; SiMe3), 0.27 (br s,
18H; SiMe3), 1.41 (s, 18H; tBu), 3.93 (dpseudo-t, JHP=1 Hz, JHH=


2.4 Hz, 2H; C5H4), 4.02 (bs, 2H; C5H4), 4.20 (s, 5H; C5H5), 4.25 (bs, 2H;
C5H4), 5.00 (br s, 2H; C5H4), 6.23–6.30 (m, 8H; C5H4/CpTMS), 6.83
(dpseudo-t, JHP=12.8 Hz, JHH=1.5 Hz, 1H; C6H3), 7.00 (dpseudo-t, JHP=


15 Hz, JHH=1.5 Hz, 1H; C6H3), 7.06–7.53 (m, 26H (C6H5) + 1H (C6H3)
+ 2H (H5/tBu2bpy)), 7.62–7.75 (m, 4H (C6H5) + 1H (H5’/bpy)), 8.12
(dd, 3JH4H3=8.4 Hz, 4JH4H6=2.0 Hz, H4/bpy), 8.18–8.27 (m, 3H; H3/
tBu2bpy + H4’/bpy), 8.42 (d, 3JH3H4=8.4 Hz, 1H; H3/bpy), 8.49–8.58 (m,
3H; H3’,H6,H6’/bpy), 8.97 ppm (d, 3JH6H5=6.0 Hz, 2H; H6/tBu2bpy);


31P{1H} NMR (101.25 MHz, CDCl3, 25 8C): d=�145.1 (septet, JPF=


713 Hz, PF6), 40.8 (AuPPh2), 53.7 ppm (dppf); IR (KBr): ñ =1893, 1904,
2003 (s, CO), 2060 (m, C�CRu), 2117 cm�1 (w, C�CAu); MS (ESI-TOF):
m/z : 2524.7 [M�PF6]


+ , 2452.6 [M�PF6�SiMe3]
+, 1262.9 [M�PF6]


2+ ,
749.1 [(C5H5)ACHTUNGTRENNUNG(dppf)Ru(CO)]+ ; elemental analysis calcd (%) for
C120H121AuCuF6FeN4O3P4ReRuSi4Ti (2669.03): C 54.00, H 4.57, N 2.10;
found: C 54.76, H 4.80, N 2.04.


X-ray data collection and structure determinations of 8, 12, 19, and 26 :
Crystal data for 8, 12, and 19 are summarized in Table 1 (for 26 see Sup-
porting information). All data were collected on an Oxford Gemini S dif-
fractometer with graphite-monochromatized MoKa radiation (l=


0.71073 Q) at 293(2) K (12, 26) and 100 K (8, 19) with oil-coated shock-
cooled crystals.[42] The structures were solved by direct methods by using
SHELXS-97[43] or SIR-92[44] and refined by full-matrix least-square proce-
dures on F2 with SHELXL-97.[45] All non-hydrogen atoms were refined
anisotropically and a riding model was employed in the refinement of the
hydrogen atom positions.


CCDC-669322 (8), 669323 (12), 669324 (19), and 669325 (26) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Acknowledgement


We are grateful for generous financial support from the Deutsche For-
schungsgemeinschaft and the Fonds der Chemischen Industrie.


[1] For example: a) V. Balzani, A. Juris, M. Venturi, S. Campagna, S.
Serroni, Chem. Rev. 1996, 96, 759–833; b) M. D. Ward, Chem. Soc.
Rev. 1995, 24, 121–134; c) V. Balzani, S. Campagna, G. Denti, A.
Juris, S. Serroni, M. Venturi, Acc. Chem. Res. 1998, 31, 26–34;
d) P. J. Low, Dalton Trans. 2005, 17, 2821–2824; e) A. Ceccon, S.
Santi, L. Orian, A. Bisello, Coord. Chem. Rev. 2004, 248, 683–724;
f) D. M. DVAlessandro, F. R. Keene, Chem. Rev. 2006, 106, 2270–
2298; g) M. W. Cooke, G. S. Hanan, F. Loiseau, S. Campagna, M.
Watanabe, Y. Tanaka, J. Am. Chem. Soc. 2007, 129, 10479–10488;
h) G. Vives, A. Carella, J. P. Launay, G. Rapenne, Chem. Commun.
2006, 2283–2285; i) V. Balzani, G. Bergamini, F. Marchioni, P.
Ceroni, Coord. Chem. Rev. 2006, 250, 1254–1266; j) A. Barbieri, B.
Ventura, L. Flamigni, F. Barigelletti, G. Fuhrmann, P. BAuerle, S.
Goeb, R. Ziessel, Inorg. Chem. 2005, 44, 8033–8043; k) K. J. Arm,
J. A. G. Williams, Chem. Commun. 2005, 230–232; l) R. Ziessel, S.
Diring, P. Retailleau, Dalton Trans. 2006, 3285–3290; m) I. P. C. Liu,
M. BOnard, H. Hasanov, I. W. P. Chen, W. H. Tseng, M. D. Fu,
M. M. Rohmer, C. H. Chen, G. H. Lee, S. M. Peng, Chem. Eur. J.
2007, 13, 8667–8677; n) M. P. Y. Yu, V. W.-W. Yam, K. K. Cheung,
A. Mayr, J. Organomet. Chem. 2006, 691, 4514–4531; o) C. Sabatini,
A. Barbieri, F. Barigelletti, K. J. Arm, J. A. G. Williams, Photochem.
Photobiol. Sci. 2007, 6, 397–405; p) T. K. Ronson, T. Lazarides, H.
Adams, S. J. A. Pope, D. Sykes, S. Faulkner, S. J. Coles, M. B. Hurst-
house, W. Clegg, R. W. Harrington, M. D. Ward, Chem. Eur. J. 2006,
12, 9299–9313; q) R. Ziessel, C. Stroh, Tetrahedron Lett. 2004, 45,
4051–4055; r) D. L. Reger, R. P. Watson, M. D. Smith, J. Organomet.
Chem. 2007, 692, 5414–5420; s) T. Y. Dong, M. C. Lin, S. W. Chang,
C. C. Ho, S. F. Lin, L, Lee, J. Organomet. Chem. 2007, 692, 2324–
2333; t) A. Harriman, M. Hissler, A. Khatyr, R. Ziessel, Eur. J.
Inorg. Chem. 2003, 955–959.


[2] For example: a) N. J. Long, C. K. Williams, Angew. Chem. 2003, 115,
2690–2722; Angew. Chem. Int. Ed. 2003, 42, 2586–2617; b) V. W.-W.
Yam, J. Organomet. Chem. 2004, 689, 1393–1401; c) P. J. Low, R. L.
Roberts, R. L. Cordiner, F. J. Hartl, J. Solid State Electrochem. 2005,
9, 717–731; d) M. I. Bruce, P. J. Low, F. Frantisek, P. A. Humphrey,
F. De Montigny, M. Jevric, C. Lapinte, G. J. Perkins, R. L. Roberts,
B. W. Skelton, A. H. White, Organometallics 2005, 24, 5241–5255;
e) S. Szafert, J. A. Gladysz, Chem. Rev. 2003, 103, 4175–4205; f) F.


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4948 – 49604958


H. Lang et al.



http://dx.doi.org/10.1021/cr941154y

http://dx.doi.org/10.1021/cr941154y

http://dx.doi.org/10.1021/cr941154y

http://dx.doi.org/10.1039/cs9952400121

http://dx.doi.org/10.1039/cs9952400121

http://dx.doi.org/10.1039/cs9952400121

http://dx.doi.org/10.1039/cs9952400121

http://dx.doi.org/10.1021/ar950202d

http://dx.doi.org/10.1021/ar950202d

http://dx.doi.org/10.1021/ar950202d

http://dx.doi.org/10.1016/j.ccr.2004.02.007

http://dx.doi.org/10.1016/j.ccr.2004.02.007

http://dx.doi.org/10.1016/j.ccr.2004.02.007

http://dx.doi.org/10.1021/cr050010o

http://dx.doi.org/10.1021/cr050010o

http://dx.doi.org/10.1021/cr050010o

http://dx.doi.org/10.1021/ja072153t

http://dx.doi.org/10.1021/ja072153t

http://dx.doi.org/10.1021/ja072153t

http://dx.doi.org/10.1039/b603508f

http://dx.doi.org/10.1039/b603508f

http://dx.doi.org/10.1039/b603508f

http://dx.doi.org/10.1039/b603508f

http://dx.doi.org/10.1016/j.ccr.2005.11.013

http://dx.doi.org/10.1016/j.ccr.2005.11.013

http://dx.doi.org/10.1016/j.ccr.2005.11.013

http://dx.doi.org/10.1021/ic050596x

http://dx.doi.org/10.1021/ic050596x

http://dx.doi.org/10.1021/ic050596x

http://dx.doi.org/10.1039/b414929g

http://dx.doi.org/10.1039/b414929g

http://dx.doi.org/10.1039/b414929g

http://dx.doi.org/10.1039/b603603a

http://dx.doi.org/10.1039/b603603a

http://dx.doi.org/10.1039/b603603a

http://dx.doi.org/10.1002/chem.200700750

http://dx.doi.org/10.1002/chem.200700750

http://dx.doi.org/10.1002/chem.200700750

http://dx.doi.org/10.1002/chem.200700750

http://dx.doi.org/10.1016/j.jorganchem.2006.02.029

http://dx.doi.org/10.1016/j.jorganchem.2006.02.029

http://dx.doi.org/10.1016/j.jorganchem.2006.02.029

http://dx.doi.org/10.1039/b608227k

http://dx.doi.org/10.1039/b608227k

http://dx.doi.org/10.1039/b608227k

http://dx.doi.org/10.1039/b608227k

http://dx.doi.org/10.1002/chem.200600698

http://dx.doi.org/10.1002/chem.200600698

http://dx.doi.org/10.1002/chem.200600698

http://dx.doi.org/10.1002/chem.200600698

http://dx.doi.org/10.1016/j.tetlet.2004.03.147

http://dx.doi.org/10.1016/j.tetlet.2004.03.147

http://dx.doi.org/10.1016/j.tetlet.2004.03.147

http://dx.doi.org/10.1016/j.tetlet.2004.03.147

http://dx.doi.org/10.1016/j.jorganchem.2007.08.029

http://dx.doi.org/10.1016/j.jorganchem.2007.08.029

http://dx.doi.org/10.1016/j.jorganchem.2007.08.029

http://dx.doi.org/10.1016/j.jorganchem.2007.08.029

http://dx.doi.org/10.1016/j.jorganchem.2007.02.007

http://dx.doi.org/10.1016/j.jorganchem.2007.02.007

http://dx.doi.org/10.1016/j.jorganchem.2007.02.007

http://dx.doi.org/10.1002/ejic.200390127

http://dx.doi.org/10.1002/ejic.200390127

http://dx.doi.org/10.1002/ejic.200390127

http://dx.doi.org/10.1002/ejic.200390127

http://dx.doi.org/10.1002/ange.200200537

http://dx.doi.org/10.1002/ange.200200537

http://dx.doi.org/10.1002/ange.200200537

http://dx.doi.org/10.1002/ange.200200537

http://dx.doi.org/10.1002/anie.200200537

http://dx.doi.org/10.1002/anie.200200537

http://dx.doi.org/10.1002/anie.200200537

http://dx.doi.org/10.1016/j.jorganchem.2003.12.029

http://dx.doi.org/10.1016/j.jorganchem.2003.12.029

http://dx.doi.org/10.1016/j.jorganchem.2003.12.029

http://dx.doi.org/10.1007/s10008-005-0693-3

http://dx.doi.org/10.1007/s10008-005-0693-3

http://dx.doi.org/10.1007/s10008-005-0693-3

http://dx.doi.org/10.1007/s10008-005-0693-3

http://dx.doi.org/10.1021/om050483l

http://dx.doi.org/10.1021/om050483l

http://dx.doi.org/10.1021/om050483l

http://dx.doi.org/10.1021/cr030041o

http://dx.doi.org/10.1021/cr030041o

http://dx.doi.org/10.1021/cr030041o

www.chemeurj.org





Paul, C. Lapinte, Coord. Chem. Rev. 1998, 178–180, 431–509;
g) M. I. Bruce, P. J. Low, K. Costuas, J. F. Halet, S. P. Best, G. A.
Heath, J. Am. Chem. Soc. 2000, 122, 1949–1962; h) N. L. Narvor, L.
Toupet, C. Lapinte, J. Am. Chem. Soc. 1995, 117, 7129–7138; i) T.
Baumgartner, R. Reau, Chem. Rev. 2006, 106, 4681–4727; j) V. W.-
W. Yam, K. K. W. Lo, K. M. C. Wong, J. Organomet. Chem. 1999,
578, 3–30; k) C. E. Powell, M. G. Humphrey, Coord. Chem. Rev.
2004, 248, 725–756; l) M. P. Cifuentes, M. G. Humphrey, J. P. Morall,
M. Samoc, F. Paul, T. Roisnel, C. Lapinte, Organometallics 2005, 24,
4280–4288; m) M. P. Cifuentes, M. G. Humphrey, J. Organomet.
Chem. 2004, 689, 3968; n) U. H. F. Bunz, Chem. Rev. 2000, 100,
1605–1644; o) Q. Zheng, J. C. Bohling, T. B. Peters, A. C. Frisch, F.
Hampel, J. A. Gladysz, Chem. Eur. J. 2006, 12, 6486–6505.


[3] Homometallic systems with aryldiethynyl bridges: a) N. Chawdhury,
N. J. Long, M. F. Mahon, L. Ooi, P. R. Raithby, S. Rooke, A. J. P.
White, D. J. Williams, M. Younus, J. Organomet. Chem. 2004, 689,
840–847; b) F. de Montigny, G. Argouarch, K. Costuas, J. F. Halet,
T. Roisnel, L. Toupet, C. Lapinte, Organometallics 2005, 24, 4558–
4572; c) B. Callejas-Gaspar, M. Laubender, H. Werner, J. Organo-
met. Chem. 2003, 684, 144; d) A. Klein, O. Lavastre, J. Fiedler, Orga-
nometallics 2006, 25, 635–643; e) S. K. Hurst, M. P. Cifuentes, A. M.
McDonagh, M. G. Humphrey, M. Samoc, B. Luther-Davies, I. Assel-
berghs, A. Persoons, J. Organomet. Chem. 2002, 642, 259–267;
f) S. K. Hurst, T. Ren, J. Organomet. Chem. 2002, 660, 1–5; g) S.
Fraysse, S. Coudret, J. P. Launay, J. Am. Chem. Soc. 2003, 125,
5880–5888; h) S. Back, M. Lutz, A. L. Spek, H. Lang, G. van Koten,
J. Organomet. Chem. 2001, 620, 227–234; i) T. Weyland, I. Ledoux,
S. Brasselet, J. Zyss, C. Lapinte, Organometallics 2000, 19, 5235–
5237; j) M. C. B. Colbert, J. Lewis, N. J. Long, P. R. Raithby, M.
Younus, A. J. P. White, D. J. Williams, N. N. Payne, L. Yellowlees, D.
Beljonne, N. Chawdhury, R. H. Friend, Organometallics 1998, 17,
3034–3043; k) M. I. Bruce, B. C. Hall, B. D. Kelly, P. J. Low, B. W.
Skelton, A. H. J. White, J. Chem. Soc. Dalton Trans. 1999, 3719–
3728; l) O. Lavastre, M. Even, P. H. Dixneuf, A. Pacreau, J. Vairon,
Organometallics 1996, 15, 1530–1531.


[4] Heterometallic systems with aryldiethynyl bridges: a) S. C. F. Lam,
V. W.-W. Yam, K. M. C. Wong, E. C. C. Cheng, N. Zhu, Organome-
tallics 2005, 24, 4298–4305; b) K. M. C. Wong, S. C. F. Lam, C. C.
Ko, N. Zhu, V. W.-W. Yam, S. RouO, C. Lapinte, S. Fathallah, K.
Costuas, S. Kahlal, J. F. Halet, Inorg. Chem. 2003, 42, 7086–7097;
c) M. Younus, N. J. Long, P. R. Raithby, J. Lewis, J. Organomet.
Chem. 1998, 570, 55–62; d) O. Lavastre, J. Plass, P. Bachmann, S.
Guesmi, C. Moinet, P. H. Dixneuf, Organometallics 1997, 16, 184–
189; e) M. Samoc, N. Gauthier, M. P. Cifuentes, F. Paul, C. Lapinte,
M. G. Humphrey, Angew. Chem. 2006, 118, 7536–7539; Angew.
Chem. Int. Ed. 2006, 45, 7376–7379.


[5] Homometallic systems with 1,3,5-triethynylbenzene: a) H. Fink, N. J.
Long, A. J. Martin, G. Opromolla, A. J. P. White, D. J. Williams, P.
Zanello, Organometallics 1997, 16, 2646–2650; b) T. Weyland, K.
Costuas, A. Mari, J. F. Halet, C. Lapinte, Organometallics 1998, 17,
5569–5579; c) R. R. Tykwinski, P. J. Stang, Organometallics 1994, 13,
3203–3208; d) T. J. J. M@ller, H. J. Lindner, Chem. Ber. 1996, 129,
607–613; e) M. J. Irwin, L. Manojlovic-Muir, K. W. Muir, R. J. Pud-
dephatt, D. S. Yufit, Chem. Commun. 1997, 219–220; f) S. Leininger,
P. J. Stang, S. Huang, Organometallics 1998, 17, 3981–3987; g) M. P.
Cifuentes, C. E. Powell, J. P. Morrall, A. M. McDonagh, N. T. Lucas,
M. G. Humphrey, M. Samoc, S. Houbrechts, I. Asselberghs, K.
Clays, A. Persoons, T. Isoshima, J. Am. Chem. Soc. 2006, 128,
10819–10832; h) M. Samoc, J. P. Morrall, G. T. Dalton, M. P. Ci-
fuentes, M. G. Humphrey, Angew. Chem. 2007, 119, 745–747;
Angew. Chem. Int. Ed. 2007, 46, 731–733; i) C. E. Powell, J. P. Mor-
rall, S. A. Ward, M. P. Cifuentes, E. G. A. Notaras, M. Samoc, M. G.
Humphrey, J. Am. Chem. Soc. 2004, 126, 12234–12235; j) A. M.
McDonagh, C. E. Powell, J. P. Morrall, M. P. Cifuentes, M. G. Hum-
phrey, Organometallics 2003, 22, 1402–1413; k) I. R. Whittall, M. G.
Humphrey, S. Houbrechts, J. Maes, A. Persoons, S. Schmid, D. C. R.
Hockless, J. Organomet. Chem. 1997, 544, 277–283.


[6] Heterometallic systems with 1,3,5-triethynylbenzene: a) J. Vicente,
M. T. Chicote, M. M. Alvarez-Falcon, Organometallics 2005, 24,


2764–2772; b) S. H. F. Chong, S. C. F. Lam, V. W.-W. Yam, N. Zhu,
K. K. Cheung, S. Fathallah, K. Costuas, J. F. Halet, Organometallics
2004, 23, 4924–4933; c) N. J. Long, A. J. Martin, A. J. P. White, D. J.
Williams, M. Fontani, F. Laschi, P. Zanello, J. Chem. Soc. Dalton
Trans. 2000, 3387–3392; d) N. J. Long, A. J. Martin, F. F. De Biani, P.
Zanello, J. Chem. Soc. Dalton Trans. 1998, 2017–2021; e) C. E.
Powell, M. P. Cifuentes, M. G. Humphrey, A. C. Willis, J. P. Morrall,
M. Samoc, Polyhedron 2007, 26, 284–289.


[7] a) N. T. Lucas, M. P. Cifuentes, L. T. Nguyen, M. G. Humphrey, J.
Cluster Sci. 2001, 12, 201–221; b) R. Packheiser, H. Lang, Inorg.
Chem. Commun. 2007, 10, 580–582.


[8] a) R. Packheiser, B. Walfort, H. Lang, Organometallics 2006, 25,
4579–4587; b) A. Barbieri, B. Ventura, L. Flamigni, F. Barigelletti,
G. Fuhrmann, P. Baeuerle, S. Goeb, R. Ziessel, Inorg. Chem. 2005,
44, 8033–8043; c) G. R. Newkome, A. K. Patri, E. Holder, U. S.
Schubert, Eur. J. Org. Chem. 2004, 2, 235–254; d) M. Hissler, A.
Harriman, A. Khatyr, R. Ziessel, Chem. Eur. J. 1999, 5, 3366–3381;
e) E. C. Constable, Adv. Inorg. Chem. 1989, 34, 1–63; f) W. R.
McWhinnie, J. D. Miller, Adv. Inorg. Chem. Radiochem. 1969, 12,
135–215.


[9] Homometallic systems with 2,5-diethynylthiophene: a) S. Le Stang,
F. Paul, C. Lapinte, Organometallics 2000, 19, 1035–1043; b) Y. Zhu,
M. O. Wolf, J. Am. Chem. Soc. 2000, 122, 10121–10125; c) E. Viola,
C. Lo Sterzo, R. Crescenzi, G. Frachey, J. Organomet. Chem. 1995,
493, C9–13.


[10] Heterometallic systems with 2,5-diethynylthiophene: a) B. Jacques,
J. P. Tranchier, F. Rose-Munch, E. Rose, G. R. Stephenson, C.
Guyard-Duhayon, Organometallics 2004, 23, 184–193; b) W. Y.
Wong, G. L. Lu, K. F. Ng, K. H. Choi, Z. Lin, J. Chem. Soc. Dalton
Trans. 2001, 22, 3250–3260; c) E. Viola, C. Lo Sterzo, F. Trezzi, Or-
ganometallics 1996, 15, 4352–4354.


[11] a) H. Lang, D. S. A. George, G. Rheinwald, Coord. Chem. Rev.
2000, 206–207, 101–197; b) H. Lang, G. Rheinwald, J. Prakt. Chem.
1999, 341, 1–19; c) H. Lang, K. Kçhler, S. Blau, Coord. Chem. Rev.
1995, 143, 113–168; d) S. Back, T. Stein, J. Kralik, C. Weber, G.
Rheinwald, L. Zsolnai, G. Huttner, H. Lang, J. Organomet. Chem.
2002, 664, 123–129; e) S. Back, T. Stein, W. Frosch, I. Y. Wu, J.
Kralik, M. B@chner, G. Huttner, G. Rheinwald, H. Lang, Inorg.
Chim. Acta 2001, 325, 94–102; f) S. Back, R. A. Gossage, G. Rhein-
wald, I. del Rio, H. Lang, G. van Koten, J. Organomet. Chem. 1999,
582, 126–138; g) T. Stein, H. Lang, Chem. Commun. 2001, 1502–
1503; h) T. Stein, H. Lang, R. Holze, J. Electroanal. Chem. 2002,
520, 163–167.


[12] a) H. Lang, T. Stein, J. Organomet. Chem. 2002, 641, 41–52; b) S.
Back, W. Frosch, I. del Rio, G. van Koten, H. Lang, Inorg. Chem.
Commun. 1999, 2, 584–586; c) S. Back, H. Lang, Organometallics
2000, 19, 749–751; d) S. Back, G. Rheinwald, H. Lang, Organome-
tallics 1999, 18, 4119–4122; e) W. Frosch, S. Back, H. Lang, Organo-
metallics 1999, 18, 5725–5728; f) S. Back, G. Rheinwald, L. Zsolnai,
G. Huttner, H. Lang, J. Organomet. Chem. 1998, 563, 73–79.


[13] a) R. Packheiser, B. Walfort, H. Lang, Jordan J. Chem. 2006, 1, 121–
127; b) J. K@hnert, M. Lamac, T. R@ffer, B. Walfort, P. Stepnicka, H.
Lang, J. Organomet. Chem. 2007, 692, 4303–4314; c) R. Packheiser,
P. Zoufala, B. Walfort, H. Lang, J. Organomet. Chem. 2008, 693,
933–946.


[14] L. D. Field, A. V. George, D. C. R. Hockless, G. R. Purches, A. H.
White, J. Chem. Soc. Dalton Trans. 1996, 2011–2016.


[15] K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett. 1975, 16,
4467–4470.


[16] a) V. W.-W. Yam, K. M. C. Wong, S. H. F. Chong, V. C. Y. Lau,
S. C. F. Lam, L. Zhang, K. K. Cheung, J. Organomet. Chem. 2003,
670, 205–220; b) V. W.-W. Yam, V. C. Y. Lau, K. K. Cheung, Orga-
nometallics 1995, 14, 2749–2753; c) V. W.-W. Yam, S. H. F. Chong,
C. C. Ko, K. K. Cheung, Organometallics 2000, 19, 5092–5097.


[17] E. Hevia, J. POrez, V. Riera, D. Miguel, S. Kassel, A. Rheingold,
Inorg. Chem. 2002, 41, 4673–4679.


[18] a) H. S. Tang, N. Zhu, V. W.-W. Yam, Organometallics 2007, 26, 22–
25; b) K. Rçßler, T. R@ffer, B. Walfort, R. Packheiser, R. Holze, M.
Zharnikov, H. Lang, J. Organomet. Chem. 2007, 692, 1530–1545;


Chem. Eur. J. 2008, 14, 4948 – 4960 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4959


FULL PAPERMixed-Transition-Metal Acetylides



http://dx.doi.org/10.1016/S0010-8545(98)00150-7

http://dx.doi.org/10.1016/S0010-8545(98)00150-7

http://dx.doi.org/10.1016/S0010-8545(98)00150-7

http://dx.doi.org/10.1021/ja992002t

http://dx.doi.org/10.1021/ja992002t

http://dx.doi.org/10.1021/ja992002t

http://dx.doi.org/10.1021/cr040179m

http://dx.doi.org/10.1021/cr040179m

http://dx.doi.org/10.1021/cr040179m

http://dx.doi.org/10.1016/S0022-328X(98)01106-1

http://dx.doi.org/10.1016/S0022-328X(98)01106-1

http://dx.doi.org/10.1016/S0022-328X(98)01106-1

http://dx.doi.org/10.1016/S0022-328X(98)01106-1

http://dx.doi.org/10.1016/j.ccr.2004.03.009

http://dx.doi.org/10.1016/j.ccr.2004.03.009

http://dx.doi.org/10.1016/j.ccr.2004.03.009

http://dx.doi.org/10.1016/j.ccr.2004.03.009

http://dx.doi.org/10.1021/om050030g

http://dx.doi.org/10.1021/om050030g

http://dx.doi.org/10.1021/om050030g

http://dx.doi.org/10.1021/om050030g

http://dx.doi.org/10.1016/j.jorganchem.2004.06.027

http://dx.doi.org/10.1016/j.jorganchem.2004.06.027

http://dx.doi.org/10.1021/cr990257j

http://dx.doi.org/10.1021/cr990257j

http://dx.doi.org/10.1021/cr990257j

http://dx.doi.org/10.1021/cr990257j

http://dx.doi.org/10.1002/chem.200600615

http://dx.doi.org/10.1002/chem.200600615

http://dx.doi.org/10.1002/chem.200600615

http://dx.doi.org/10.1016/j.jorganchem.2003.11.035

http://dx.doi.org/10.1016/j.jorganchem.2003.11.035

http://dx.doi.org/10.1016/j.jorganchem.2003.11.035

http://dx.doi.org/10.1016/j.jorganchem.2003.11.035

http://dx.doi.org/10.1016/S0022-328X(03)00521-7

http://dx.doi.org/10.1016/S0022-328X(03)00521-7

http://dx.doi.org/10.1021/om050876k

http://dx.doi.org/10.1021/om050876k

http://dx.doi.org/10.1021/om050876k

http://dx.doi.org/10.1021/om050876k

http://dx.doi.org/10.1016/S0022-328X(01)01281-5

http://dx.doi.org/10.1016/S0022-328X(01)01281-5

http://dx.doi.org/10.1016/S0022-328X(01)01281-5

http://dx.doi.org/10.1016/S0022-328X(02)01809-0

http://dx.doi.org/10.1016/S0022-328X(02)01809-0

http://dx.doi.org/10.1016/S0022-328X(02)01809-0

http://dx.doi.org/10.1021/ja0299506

http://dx.doi.org/10.1021/ja0299506

http://dx.doi.org/10.1021/ja0299506

http://dx.doi.org/10.1021/ja0299506

http://dx.doi.org/10.1016/S0022-328X(00)00800-7

http://dx.doi.org/10.1016/S0022-328X(00)00800-7

http://dx.doi.org/10.1016/S0022-328X(00)00800-7

http://dx.doi.org/10.1021/om0005708

http://dx.doi.org/10.1021/om0005708

http://dx.doi.org/10.1021/om0005708

http://dx.doi.org/10.1021/om970130p

http://dx.doi.org/10.1021/om970130p

http://dx.doi.org/10.1021/om970130p

http://dx.doi.org/10.1021/om970130p

http://dx.doi.org/10.1039/a905174k

http://dx.doi.org/10.1039/a905174k

http://dx.doi.org/10.1039/a905174k

http://dx.doi.org/10.1021/om950862m

http://dx.doi.org/10.1021/om950862m

http://dx.doi.org/10.1021/om950862m

http://dx.doi.org/10.1021/om0502887

http://dx.doi.org/10.1021/om0502887

http://dx.doi.org/10.1021/om0502887

http://dx.doi.org/10.1021/om0502887

http://dx.doi.org/10.1021/ic030226d

http://dx.doi.org/10.1021/ic030226d

http://dx.doi.org/10.1021/ic030226d

http://dx.doi.org/10.1016/S0022-328X(98)00816-X

http://dx.doi.org/10.1016/S0022-328X(98)00816-X

http://dx.doi.org/10.1016/S0022-328X(98)00816-X

http://dx.doi.org/10.1016/S0022-328X(98)00816-X

http://dx.doi.org/10.1021/om960664a

http://dx.doi.org/10.1021/om960664a

http://dx.doi.org/10.1021/om960664a

http://dx.doi.org/10.1002/ange.200602684

http://dx.doi.org/10.1002/ange.200602684

http://dx.doi.org/10.1002/ange.200602684

http://dx.doi.org/10.1002/anie.200602684

http://dx.doi.org/10.1002/anie.200602684

http://dx.doi.org/10.1002/anie.200602684

http://dx.doi.org/10.1002/anie.200602684

http://dx.doi.org/10.1021/om9701027

http://dx.doi.org/10.1021/om9701027

http://dx.doi.org/10.1021/om9701027

http://dx.doi.org/10.1021/om980778h

http://dx.doi.org/10.1021/om980778h

http://dx.doi.org/10.1021/om980778h

http://dx.doi.org/10.1021/om980778h

http://dx.doi.org/10.1021/om00020a037

http://dx.doi.org/10.1021/om00020a037

http://dx.doi.org/10.1021/om00020a037

http://dx.doi.org/10.1021/om00020a037

http://dx.doi.org/10.1002/cber.19961290604

http://dx.doi.org/10.1002/cber.19961290604

http://dx.doi.org/10.1002/cber.19961290604

http://dx.doi.org/10.1002/cber.19961290604

http://dx.doi.org/10.1039/a607214c

http://dx.doi.org/10.1039/a607214c

http://dx.doi.org/10.1039/a607214c

http://dx.doi.org/10.1021/om980337y

http://dx.doi.org/10.1021/om980337y

http://dx.doi.org/10.1021/om980337y

http://dx.doi.org/10.1021/ja062246v

http://dx.doi.org/10.1021/ja062246v

http://dx.doi.org/10.1021/ja062246v

http://dx.doi.org/10.1021/ja062246v

http://dx.doi.org/10.1002/ange.200602341

http://dx.doi.org/10.1002/ange.200602341

http://dx.doi.org/10.1002/ange.200602341

http://dx.doi.org/10.1002/anie.200602341

http://dx.doi.org/10.1002/anie.200602341

http://dx.doi.org/10.1002/anie.200602341

http://dx.doi.org/10.1021/ja048608l

http://dx.doi.org/10.1021/ja048608l

http://dx.doi.org/10.1021/ja048608l

http://dx.doi.org/10.1021/om020975n

http://dx.doi.org/10.1021/om020975n

http://dx.doi.org/10.1021/om020975n

http://dx.doi.org/10.1016/S0022-328X(97)00320-3

http://dx.doi.org/10.1016/S0022-328X(97)00320-3

http://dx.doi.org/10.1016/S0022-328X(97)00320-3

http://dx.doi.org/10.1021/om0501273

http://dx.doi.org/10.1021/om0501273

http://dx.doi.org/10.1021/om0501273

http://dx.doi.org/10.1021/om0501273

http://dx.doi.org/10.1021/om049696l

http://dx.doi.org/10.1021/om049696l

http://dx.doi.org/10.1021/om049696l

http://dx.doi.org/10.1021/om049696l

http://dx.doi.org/10.1039/b005186l

http://dx.doi.org/10.1039/b005186l

http://dx.doi.org/10.1039/b005186l

http://dx.doi.org/10.1039/b005186l

http://dx.doi.org/10.1039/a800039e

http://dx.doi.org/10.1039/a800039e

http://dx.doi.org/10.1039/a800039e

http://dx.doi.org/10.1016/j.poly.2006.05.007

http://dx.doi.org/10.1016/j.poly.2006.05.007

http://dx.doi.org/10.1016/j.poly.2006.05.007

http://dx.doi.org/10.1023/A:1016683331367

http://dx.doi.org/10.1023/A:1016683331367

http://dx.doi.org/10.1023/A:1016683331367

http://dx.doi.org/10.1023/A:1016683331367

http://dx.doi.org/10.1016/j.inoche.2007.02.002

http://dx.doi.org/10.1016/j.inoche.2007.02.002

http://dx.doi.org/10.1016/j.inoche.2007.02.002

http://dx.doi.org/10.1016/j.inoche.2007.02.002

http://dx.doi.org/10.1021/om0602355

http://dx.doi.org/10.1021/om0602355

http://dx.doi.org/10.1021/om0602355

http://dx.doi.org/10.1021/om0602355

http://dx.doi.org/10.1021/ic050596x

http://dx.doi.org/10.1021/ic050596x

http://dx.doi.org/10.1021/ic050596x

http://dx.doi.org/10.1021/ic050596x

http://dx.doi.org/10.1021/ja0008564

http://dx.doi.org/10.1021/ja0008564

http://dx.doi.org/10.1021/ja0008564

http://dx.doi.org/10.1016/0022-328X(94)05471-M

http://dx.doi.org/10.1016/0022-328X(94)05471-M

http://dx.doi.org/10.1016/0022-328X(94)05471-M

http://dx.doi.org/10.1016/0022-328X(94)05471-M

http://dx.doi.org/10.1021/om034168f

http://dx.doi.org/10.1021/om034168f

http://dx.doi.org/10.1021/om034168f

http://dx.doi.org/10.1021/om960516k

http://dx.doi.org/10.1021/om960516k

http://dx.doi.org/10.1021/om960516k

http://dx.doi.org/10.1021/om960516k

http://dx.doi.org/10.1016/S0010-8545(00)00270-8

http://dx.doi.org/10.1016/S0010-8545(00)00270-8

http://dx.doi.org/10.1016/S0010-8545(00)00270-8

http://dx.doi.org/10.1016/S0010-8545(00)00270-8

http://dx.doi.org/10.1002/(SICI)1521-3897(199901)341:1%3C1::AID-PRAC1%3E3.0.CO;2-R

http://dx.doi.org/10.1002/(SICI)1521-3897(199901)341:1%3C1::AID-PRAC1%3E3.0.CO;2-R

http://dx.doi.org/10.1002/(SICI)1521-3897(199901)341:1%3C1::AID-PRAC1%3E3.0.CO;2-R

http://dx.doi.org/10.1002/(SICI)1521-3897(199901)341:1%3C1::AID-PRAC1%3E3.0.CO;2-R

http://dx.doi.org/10.1016/0010-8545(94)07001-Z

http://dx.doi.org/10.1016/0010-8545(94)07001-Z

http://dx.doi.org/10.1016/0010-8545(94)07001-Z

http://dx.doi.org/10.1016/0010-8545(94)07001-Z

http://dx.doi.org/10.1016/S0022-328X(02)01972-1

http://dx.doi.org/10.1016/S0022-328X(02)01972-1

http://dx.doi.org/10.1016/S0022-328X(02)01972-1

http://dx.doi.org/10.1016/S0022-328X(02)01972-1

http://dx.doi.org/10.1016/S0020-1693(01)00632-6

http://dx.doi.org/10.1016/S0020-1693(01)00632-6

http://dx.doi.org/10.1016/S0020-1693(01)00632-6

http://dx.doi.org/10.1016/S0020-1693(01)00632-6

http://dx.doi.org/10.1016/S0022-328X(98)01068-7

http://dx.doi.org/10.1016/S0022-328X(98)01068-7

http://dx.doi.org/10.1016/S0022-328X(98)01068-7

http://dx.doi.org/10.1016/S0022-328X(98)01068-7

http://dx.doi.org/10.1039/b104841b

http://dx.doi.org/10.1039/b104841b

http://dx.doi.org/10.1039/b104841b

http://dx.doi.org/10.1016/S0022-0728(01)00727-6

http://dx.doi.org/10.1016/S0022-0728(01)00727-6

http://dx.doi.org/10.1016/S0022-0728(01)00727-6

http://dx.doi.org/10.1016/S0022-0728(01)00727-6

http://dx.doi.org/10.1016/S0022-328X(01)01288-8

http://dx.doi.org/10.1016/S0022-328X(01)01288-8

http://dx.doi.org/10.1016/S0022-328X(01)01288-8

http://dx.doi.org/10.1016/S1387-7003(99)00158-6

http://dx.doi.org/10.1016/S1387-7003(99)00158-6

http://dx.doi.org/10.1016/S1387-7003(99)00158-6

http://dx.doi.org/10.1016/S1387-7003(99)00158-6

http://dx.doi.org/10.1021/om9905299

http://dx.doi.org/10.1021/om9905299

http://dx.doi.org/10.1021/om9905299

http://dx.doi.org/10.1021/om9905299

http://dx.doi.org/10.1021/om990164s

http://dx.doi.org/10.1021/om990164s

http://dx.doi.org/10.1021/om990164s

http://dx.doi.org/10.1021/om990164s

http://dx.doi.org/10.1021/om990476v

http://dx.doi.org/10.1021/om990476v

http://dx.doi.org/10.1021/om990476v

http://dx.doi.org/10.1021/om990476v

http://dx.doi.org/10.1016/S0022-328X(98)00556-7

http://dx.doi.org/10.1016/S0022-328X(98)00556-7

http://dx.doi.org/10.1016/S0022-328X(98)00556-7

http://dx.doi.org/10.1016/j.jorganchem.2007.11.052

http://dx.doi.org/10.1016/j.jorganchem.2007.11.052

http://dx.doi.org/10.1016/j.jorganchem.2007.11.052

http://dx.doi.org/10.1016/j.jorganchem.2007.11.052

http://dx.doi.org/10.1039/dt9960002011

http://dx.doi.org/10.1039/dt9960002011

http://dx.doi.org/10.1039/dt9960002011

http://dx.doi.org/10.1016/S0040-4039(00)91094-3

http://dx.doi.org/10.1016/S0040-4039(00)91094-3

http://dx.doi.org/10.1016/S0040-4039(00)91094-3

http://dx.doi.org/10.1016/S0040-4039(00)91094-3

http://dx.doi.org/10.1016/S0022-328X(03)00010-X

http://dx.doi.org/10.1016/S0022-328X(03)00010-X

http://dx.doi.org/10.1016/S0022-328X(03)00010-X

http://dx.doi.org/10.1016/S0022-328X(03)00010-X

http://dx.doi.org/10.1021/om00006a022

http://dx.doi.org/10.1021/om00006a022

http://dx.doi.org/10.1021/om00006a022

http://dx.doi.org/10.1021/om00006a022

http://dx.doi.org/10.1021/om000725b

http://dx.doi.org/10.1021/om000725b

http://dx.doi.org/10.1021/om000725b

http://dx.doi.org/10.1021/ic020174c

http://dx.doi.org/10.1021/ic020174c

http://dx.doi.org/10.1021/ic020174c

http://dx.doi.org/10.1021/om0609719

http://dx.doi.org/10.1021/om0609719

http://dx.doi.org/10.1021/om0609719

www.chemeurj.org





c) A. B. Antonova, M. I. Bruce, P. A. Humphrey, M. Gaudio, B. K.
Nicholson, N. Scoleri, B. W. Skelton, A. H. White, N. N. Zaitseva, J.
Organomet. Chem. 2006, 691, 4694–4707; d) R. J. Cross, M. F. Da-
vidson, J. Chem. Soc. Dalton Trans. 1986, 411–414; e) M. I. Bruce,
E. Horn, J. G. Matisons, M. R. Snow, Aust. J. Chem. 1984, 37, 1163–
1170.


[19] a) W. J. Hunks, M. A. MacDonald, M. C. Jennings, R. J. Puddephatt,
Organometallics 2000 19, 5063–5070; b) J. Vicente, M. T. Chicote,
M. M. Alvarez-Falcon, M. D. Abrisqueta, F. J. Hernandez, P. G.
Jones, Inorg. Chim. Acta 2003, 347, 67–74; c) G. Hogarth, M. M. Al-
varez-Falcon, Inorg. Chim. Acta 2005, 358, 1386–1392; d) C. P.
McArdle, J. J. Vittal, R. J. Puddephatt, Angew. Chem. 2000, 112,
3977–3980; Angew. Chem. Int. Ed. 2000, 39, 3819–3822; e) C. P.
McArdle, M. C. Jennings, J. J. Vittal, R. J. Puddephatt, Chem. Eur. J.
2001, 7, 3572–3583; f) B. C. Tzeng, W. C. Lo, C.-M. Che, S. M. Peng,
Chem. Commun. 1996, 181–182.


[20] a) O. M. Abu-Salah, A. R. Al-Ohaly, Inorg. Chim. Acta 1983, 77,
L159–160; b) C.-M. Che, H. K. Yip, W. C. Lo, S. M. Peng, Poly-
hedron 1994, 13, 887–890; c) J. Vicente, M. T. Chicote, M. D. Abris-
queta, M. M. Alvarez-Falcon, J. Organomet. Chem. 2002, 663, 40–
45.


[21] J. Vicente, M. T. Chicote, M. D. Abrisqueta, P. G. Jones, Organome-
tallics 1997, 16, 5628–5636.


[22] a) F. Paul, B. G. Ellis, M. I. Bruce, L. Toupet, T. Roisnel, K. Costuas,
J. F. Halet, C. Lapinte, Organometallics 2006, 25, 649–665; b) I. R.
Whittall, M. G. Humphrey, A. Persoons, S. Houbrechts, Organome-
tallics 1996, 15, 1935–1941; c) C. E. Powell, M. P. Cifuentes, A. M.
McDonagh, S. K. Hurst, N. T. Lucas, C. D. Delfs, R. Stranger, M. G.
Humphrey, S. Houbrechts, I. Asselberghs, A. Persoons, D. C. R.
Hockless, Inorg. Chim. Acta 2003, 352, 9–18; d) M. Sato, Y. Kawata,
H. Shintate, Y. Habata, S. Akabori, K. Unoura, Organometallics
1997, 16, 1693–1701.


[23] a) M. Sato, M. Sekino, J. Organomet. Chem. 1993, 444, 185–190;
b) I. Y. Wu, J. T. Lin, J. Luo, S. S. Sun, C. S. Li, K. J. Lin, C. Tsai,
C. C. Hsu, J. L. Lin, Organometallics 1997, 16, 2038–2048; c) L. B.
Gao, L. Y. Zhang, L. X. Shi, Z. N. Chen, Organometallics 2005, 24,
1678–1684.


[24] a) J. Tiburcio, S. Bernes, H. Torrens, Polyhedron 2006, 25, 1549–
1554; b) V. Tedesco, W. von Philipsborn, Magn. Reson. Chem. 1996,
34, 373–376; c) J. F. Ma, Y. Yamamoto, J. Organomet. Chem. 1999,
574, 148–154;


[25] a) H. P. Xia, W. F. Wu, W. S. Ng, I. D. Williams, G. Jia, Organometal-
lics 1997, 16, 2940–2947; b) C. Bianchini, J. A. Casares, M. Peruzzi-
ni, A. Romerosa, F. Zanobini, J. Am. Chem. Soc. 1996, 118, 4585–
4594, and references therein.


[26] a) M. Lamac, I. Cisarova, P. Stepnicka, J. Organomet. Chem. 2005,
690, 4285–4301.


[27] a) M. O. Sinnokrot, E. F. Valeev, C. D. Sherrill, J. Am. Chem. Soc.
2002, 124, 10887–10893; b) Y. Zhao, D. G. Truhlar, J. Phys. Chem. A
2005, 109, 4209–4212.


[28] T. Dahl, Acta Chem. Scand. 1994, 48, 95–106.
[29] E. Arunan, H. S. Gutowsky, J. Chem. Phys. 1993, 98, 4294–4296.
[30] S. K. Burley, G. A. Petsko, Science 1985, 229, 23–28.
[31] H. E. Gottlieb, V. Kotlyar, A. Nudelman, J. Org. Chem. 1997, 62,


7512–7515.
[32] L. Brandsma, Preparative Acetylenic Chemistry, Elsevier, Amster-


dam 1988, p. 114.
[33] a) V. W.-W. Yam, V. C. Y. Lau, K. K: Cheung, Organometallics 1996,


15, 1740–1744; b) M. Wrighton, D. L. Morse, J. Am. Chem. Soc.
1974, 96, 998–1003.


[34] a) M. I. Bruce, I. R. Butler, W. R. Cullen, G. A. Koustanonis, M. R.
Snow, E. R. T. Tiekink, Aust. J. Chem. 1988, 41, 963–969; b) X. L.
Lu, J. J. Vittal, E. R. T. Tiekink, G. K. Tan, S. L. Kuan, L. Y. Goh,
T. S. A. Hor, J. Organomet. Chem. 2004, 689, 1978–1990.


[35] E. de Wolf, E. Riccomagno, J. J. M. de Pater, B.-J. Deelman, G.
van Koten, J. Comb. Chem. 2004, 6, 363–374.


[36] J. W. Kang, K. Moseley, P. M. Maitlis, J. Am. Chem. Soc. 1969, 91,
5970–5977.


[37] U. Fekl, A. Zahl, R. van Eldik, Organometallics 1999, 18, 4156–
4164.


[38] R. Uson, A. Laguna, M. Laguna, Inorg. Synth. 1989, 26, 85–91.
[39] a) V. Grosshenny, F. M. Romero, R. Ziessel, J. Org. Chem. 1997, 62,


1491–1500; b) P. F. H. Schwab, F. Fleischer, J. Michl, J. Org. Chem.
2002, 67, 443–449; c) J. Polin, E. Schmohel, V. Balzani, Synthesis
1998, 3, 321–324.


[40] H. Werner, R. Prinz, Chem. Ber. 1967, 100(1), 265–270.
[41] M. D. Janssen, M. Herres, L. Zsolnai, A. L. Spek, D. M. Grove, H.


Lang, G. van Koten, Inorg. Chem. 1996, 35, 2476–2483.
[42] a) T. Kottke, D. Stalke, J. Appl. Crystallogr. 1993, 26, 615–619; b) T.


Kottke, R. J. Lagow, D. Stalke, J. Appl. Crystallogr. 1996, 29, 465–
468; c) D. Stalke, Chem. Soc. Rev. 1998, 27, 171–178.


[43] G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 467–473.
[44] A. Altomare, G. Cascarano, C. Giacovazzo, A. Gualardi, J. Appl.


Crystallogr. 1993, 26, 343–350.
[45] G. M. Sheldrick, SHELXL-97, Program for Crystal Structure Re-


finement, University of Gçttingen, 1997.


Received: December 5, 2007
Published online: April 16, 2008


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4948 – 49604960


H. Lang et al.



http://dx.doi.org/10.1039/dt9860000411

http://dx.doi.org/10.1039/dt9860000411

http://dx.doi.org/10.1039/dt9860000411

http://dx.doi.org/10.1016/S0020-1693(02)01443-3

http://dx.doi.org/10.1016/S0020-1693(02)01443-3

http://dx.doi.org/10.1016/S0020-1693(02)01443-3

http://dx.doi.org/10.1016/j.ica.2004.06.068

http://dx.doi.org/10.1016/j.ica.2004.06.068

http://dx.doi.org/10.1016/j.ica.2004.06.068

http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C3977::AID-ANGE3977%3E3.0.CO;2-E

http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C3977::AID-ANGE3977%3E3.0.CO;2-E

http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C3977::AID-ANGE3977%3E3.0.CO;2-E

http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C3977::AID-ANGE3977%3E3.0.CO;2-E

http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3819::AID-ANIE3819%3E3.0.CO;2-6

http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3819::AID-ANIE3819%3E3.0.CO;2-6

http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3819::AID-ANIE3819%3E3.0.CO;2-6

http://dx.doi.org/10.1002/1521-3765(20010817)7:16%3C3572::AID-CHEM3572%3E3.0.CO;2-C

http://dx.doi.org/10.1002/1521-3765(20010817)7:16%3C3572::AID-CHEM3572%3E3.0.CO;2-C

http://dx.doi.org/10.1002/1521-3765(20010817)7:16%3C3572::AID-CHEM3572%3E3.0.CO;2-C

http://dx.doi.org/10.1002/1521-3765(20010817)7:16%3C3572::AID-CHEM3572%3E3.0.CO;2-C

http://dx.doi.org/10.1039/cc9960000181

http://dx.doi.org/10.1039/cc9960000181

http://dx.doi.org/10.1039/cc9960000181

http://dx.doi.org/10.1016/S0020-1693(00)82598-0

http://dx.doi.org/10.1016/S0020-1693(00)82598-0

http://dx.doi.org/10.1016/S0020-1693(00)82598-0

http://dx.doi.org/10.1016/S0020-1693(00)82598-0

http://dx.doi.org/10.1016/S0277-5387(00)83005-3

http://dx.doi.org/10.1016/S0277-5387(00)83005-3

http://dx.doi.org/10.1016/S0277-5387(00)83005-3

http://dx.doi.org/10.1016/S0277-5387(00)83005-3

http://dx.doi.org/10.1016/S0022-328X(02)01621-2

http://dx.doi.org/10.1016/S0022-328X(02)01621-2

http://dx.doi.org/10.1016/S0022-328X(02)01621-2

http://dx.doi.org/10.1021/om970725k

http://dx.doi.org/10.1021/om970725k

http://dx.doi.org/10.1021/om970725k

http://dx.doi.org/10.1021/om970725k

http://dx.doi.org/10.1021/om050799t

http://dx.doi.org/10.1021/om050799t

http://dx.doi.org/10.1021/om050799t

http://dx.doi.org/10.1021/om950487y

http://dx.doi.org/10.1021/om950487y

http://dx.doi.org/10.1021/om950487y

http://dx.doi.org/10.1021/om950487y

http://dx.doi.org/10.1016/S0020-1693(03)00126-9

http://dx.doi.org/10.1016/S0020-1693(03)00126-9

http://dx.doi.org/10.1016/S0020-1693(03)00126-9

http://dx.doi.org/10.1021/om960732t

http://dx.doi.org/10.1021/om960732t

http://dx.doi.org/10.1021/om960732t

http://dx.doi.org/10.1021/om960732t

http://dx.doi.org/10.1016/0022-328X(93)83072-4

http://dx.doi.org/10.1016/0022-328X(93)83072-4

http://dx.doi.org/10.1016/0022-328X(93)83072-4

http://dx.doi.org/10.1021/om9610657

http://dx.doi.org/10.1021/om9610657

http://dx.doi.org/10.1021/om9610657

http://dx.doi.org/10.1021/om049086l

http://dx.doi.org/10.1021/om049086l

http://dx.doi.org/10.1021/om049086l

http://dx.doi.org/10.1021/om049086l

http://dx.doi.org/10.1016/j.poly.2005.10.011

http://dx.doi.org/10.1016/j.poly.2005.10.011

http://dx.doi.org/10.1016/j.poly.2005.10.011

http://dx.doi.org/10.1002/(SICI)1097-458X(199605)34:5%3C373::AID-OMR885%3E3.0.CO;2-0

http://dx.doi.org/10.1002/(SICI)1097-458X(199605)34:5%3C373::AID-OMR885%3E3.0.CO;2-0

http://dx.doi.org/10.1002/(SICI)1097-458X(199605)34:5%3C373::AID-OMR885%3E3.0.CO;2-0

http://dx.doi.org/10.1002/(SICI)1097-458X(199605)34:5%3C373::AID-OMR885%3E3.0.CO;2-0

http://dx.doi.org/10.1016/S0022-328X(98)00939-5

http://dx.doi.org/10.1016/S0022-328X(98)00939-5

http://dx.doi.org/10.1016/S0022-328X(98)00939-5

http://dx.doi.org/10.1016/S0022-328X(98)00939-5

http://dx.doi.org/10.1021/om970051d

http://dx.doi.org/10.1021/om970051d

http://dx.doi.org/10.1021/om970051d

http://dx.doi.org/10.1021/om970051d

http://dx.doi.org/10.1021/ja9601393

http://dx.doi.org/10.1021/ja9601393

http://dx.doi.org/10.1021/ja9601393

http://dx.doi.org/10.1016/j.jorganchem.2005.06.035

http://dx.doi.org/10.1016/j.jorganchem.2005.06.035

http://dx.doi.org/10.1016/j.jorganchem.2005.06.035

http://dx.doi.org/10.1016/j.jorganchem.2005.06.035

http://dx.doi.org/10.1021/ja025896h

http://dx.doi.org/10.1021/ja025896h

http://dx.doi.org/10.1021/ja025896h

http://dx.doi.org/10.1021/ja025896h

http://dx.doi.org/10.1021/jp050932v

http://dx.doi.org/10.1021/jp050932v

http://dx.doi.org/10.1021/jp050932v

http://dx.doi.org/10.1021/jp050932v

http://dx.doi.org/10.1063/1.465035

http://dx.doi.org/10.1063/1.465035

http://dx.doi.org/10.1063/1.465035

http://dx.doi.org/10.1126/science.3892686

http://dx.doi.org/10.1126/science.3892686

http://dx.doi.org/10.1126/science.3892686

http://dx.doi.org/10.1021/jo971176v

http://dx.doi.org/10.1021/jo971176v

http://dx.doi.org/10.1021/jo971176v

http://dx.doi.org/10.1021/jo971176v

http://dx.doi.org/10.1021/om950852l

http://dx.doi.org/10.1021/om950852l

http://dx.doi.org/10.1021/om950852l

http://dx.doi.org/10.1021/om950852l

http://dx.doi.org/10.1021/ja00811a008

http://dx.doi.org/10.1021/ja00811a008

http://dx.doi.org/10.1021/ja00811a008

http://dx.doi.org/10.1021/ja00811a008

http://dx.doi.org/10.1016/j.jorganchem.2004.03.022

http://dx.doi.org/10.1016/j.jorganchem.2004.03.022

http://dx.doi.org/10.1016/j.jorganchem.2004.03.022

http://dx.doi.org/10.1021/ja01050a008

http://dx.doi.org/10.1021/ja01050a008

http://dx.doi.org/10.1021/ja01050a008

http://dx.doi.org/10.1021/ja01050a008

http://dx.doi.org/10.1021/om9901426

http://dx.doi.org/10.1021/om9901426

http://dx.doi.org/10.1021/om9901426

http://dx.doi.org/10.1002/9780470132579.ch17

http://dx.doi.org/10.1002/9780470132579.ch17

http://dx.doi.org/10.1002/9780470132579.ch17

http://dx.doi.org/10.1021/jo962068w

http://dx.doi.org/10.1021/jo962068w

http://dx.doi.org/10.1021/jo962068w

http://dx.doi.org/10.1021/jo962068w

http://dx.doi.org/10.1021/jo010707j

http://dx.doi.org/10.1021/jo010707j

http://dx.doi.org/10.1021/jo010707j

http://dx.doi.org/10.1021/jo010707j

http://dx.doi.org/10.1021/ic950710j

http://dx.doi.org/10.1021/ic950710j

http://dx.doi.org/10.1021/ic950710j

http://dx.doi.org/10.1107/S0021889893002018

http://dx.doi.org/10.1107/S0021889893002018

http://dx.doi.org/10.1107/S0021889893002018

http://dx.doi.org/10.1107/S0021889896003172

http://dx.doi.org/10.1107/S0021889896003172

http://dx.doi.org/10.1107/S0021889896003172

http://dx.doi.org/10.1039/a827171z

http://dx.doi.org/10.1039/a827171z

http://dx.doi.org/10.1039/a827171z

http://dx.doi.org/10.1107/S0021889892010331

http://dx.doi.org/10.1107/S0021889892010331

http://dx.doi.org/10.1107/S0021889892010331

http://dx.doi.org/10.1107/S0021889892010331

www.chemeurj.org






DOI: 10.1002/chem.200701953


Tandem Cofacial Stacks of Porphyrin–Phthalocyanine Dyads through
Complementary Coordination
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Introduction


Mutual interplays of sophisticated chromophore stacks play
crucial roles in photophysical processes, such as exciton cou-
pling,[1] charge-resonance (intervalence) properties,[2,3]


charge-transfer (CT) interactions,[3–5] and nonlinear optical


characteristics.[6] Of particular interest, pivotal functions of
natural photosynthesis are operated by spatially arranged
slipped-cofacial stacks of chlorophyll pigments in a “special
pair” at the reaction center and in light-harvesting antenna
complexes of purple bacteria.[7] Mimetically, an imidazolyl
substitution at the meso position of zinc porphyrin or the b


position of zinc phthalocyanine (Zn ACHTUNGTRENNUNG(ImPor) or ZnACHTUNGTRENNUNG(ImPc),[8,9]


respectively) can organize the corresponding dimer into a
slipped-cofacial configuration by imidazolyl-to-zinc comple-
mentary coordination. The slipped-cofacial dimers are
formed with extremely large stability constants (1011–
1012m


�1) in noncoordinating solvents.[8,9] The ZnACHTUNGTRENNUNG(ImPor) unit
can thus provide a powerful tool for further tailoring succes-
sive arrays in linear and cyclic arrangements.[10] Further-
more, the ZnACHTUNGTRENNUNG(ImPor) cofacial dimer serves as a good
charge-separation unit,[11] as a photosensitizer for photocur-
rent generation,[12] and in nonlinear optical materials.[13] A
cofacially stacked configuration enhances electronic commu-
nication through proximal p-electron contact between donor
and acceptor aromatic systems; this may be used for the aim
of fabricating a novel p-electron system.[3–5] Employing the
complementary coordination protocol, we herein report a
novel straightforward approach to organize cofacial donor–
acceptor stacks.


Abstract: A novel straightforward
methodology to organize discrete het-
erogeneous stacks of porphyrin and
phthalocyanine employed an imidazol-
yl-to-zinc complementary coordination
protocol for a ZnII phthalocyanine that
contains an imidazolyl terminal with an
ethynylporphyrin as a coplanar spacer.
Structural elucidation was performed
by means of size-exclusion chromatog-
raphy, spectral titration, and NMR
spectroscopy. The association constants
for the complementary coordination of
the heterogeneous slipped-cofacial tet-
rads reached extremely high values, in


the order of 1014m
�1. Close contact of


the porphyrin and phthalocyanine
planes led to a strong shielding of the
cofacial protons, which were split due
to the slipped-cofacial heterogeneous
environment. In variable-temperature
NMR spectroscopy, the split signals re-
mained in the aromatic region, a result
suggesting structural robustness. Addi-
tion of trifluoroacetic acid dissociated


the coordination structure to unify the
split signals. The stacked tetrads
showed unique electronic structures,
such as strong exciton coupling and
charge-transfer properties between the
porphyrin and phthalocyanine units,
which were modulated by the peripher-
al substituents of the phthalocyanine
subunit and by the solvent. Intercon-
version between the coordination
tetrad and the corresponding dyad was
observed upon addition of an axial
ligand.
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The combination of a porphyrin–phthalocyanine (Por–Pc)
pair as an energy donor–acceptor dyad is intriguing due to
the intense absorption by the Soret band of Por in the visi-
ble region and by the Q band of Pc in the near-IR region. In
addition, the ideal overlap of emission of Por and the Q
band of Pc ensures efficient funneling of photoexcitation
energy into the Pc subunit.[14–16] Previously, we reported effi-
cient energy transfer and succeeding electron-transfer reac-
tions in the directly connected Zn ACHTUNGTRENNUNG(ImPor)–Zn(Pc) couple,
one of the closest covalent systems in the orthogonal config-
uration, wherein the slipped-cofacial dimer stabilized a radi-
cal ion pair to contribute to a prolonged charge-separation
state.[16b] Alternatively, a stacked electron donor–acceptor
pair forming a CT complex is an attractive candidate for
producing a charge-separated state[5] and potential further
elaborate molecular systems.[17] Indeed, an intradimer CT
system couples the efficient electron-transfer reaction in nat-
ural photosynthesis.[18] Among these systems, stacked arrays
of metallophthalocyanines receive great attention in current
research.[19] The cofacially stacked configuration with a van
der Waals contact should be the closest structure to arrange
two donor and acceptor units. The increase in p-electron
communication will offer novel photoelectronic applications.
When ethynyl-conjugated porphyrin intervenes between the
imidazolyl terminal and phthalocyaninatozinc, Zn(Pc), com-
plementary coordination of the imidazolyl group to the cen-
tral zinc atom of a Pc subunit is envisaged to organize heter-
ogeneous slipped-cofacial stacks of Por and Pc planes based
on their coplanar configuration (Scheme 1). Such Por–Pc
couples will emerge as a promising class of material for not
only one-photon light harvesting but also two-photon ab-
sorption.[13,20–22]


Results and Discussion


Coordination properties : The basic principle for the organi-
zation of the heterogeneous cofacial stacks employes the
complementary coordination protocol, which has been es-
tablished for the slipped-cofacial dimer formation of Zn-
ACHTUNGTRENNUNG(ImPor) and ZnACHTUNGTRENNUNG(ImPc).[8,9] First, we examined the coordina-
tion properties.
The molecular weight was estimated by means of analyti-


cal size-exclusion chromatography (SEC). SEC showed a
single peak corresponding to the molecular size of the coor-


dination tetrad. The retention time, monitored at multiple
wavelengths (450, 685, 690, and 750 nm), was compared to
that of a polystyrene standard. Each stacked tetrad coinci-
dently showed a single peak at each monitored wavelength
(Figure 1). The H2ACHTUNGTRENNUNG(ImPor)–Zn(Pc) dyad was proved to exist
as the converged species. The molecular weights were esti-
mated as 2100 and 2700 for H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) and H2-
ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc), respectively, from the retention
times (Figure 1c). These values are smaller than the calculat-
ed ones (2656 and 3192 for the tetrads of H2ACHTUNGTRENNUNG(ImPor)–Zn-
ACHTUNGTRENNUNG(tBu3Pc) and H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc), respectively). Such
deviations are normally considered to be due to geometrical


Scheme 1. Dyad–tetrad equilibrium of H2ACHTUNGTRENNUNG(ImPor)–Zn(Pc).


Figure 1. Size-exclusion chromatographic traces of a) H2ACHTUNGTRENNUNG(ImPor)–Zn-
ACHTUNGTRENNUNG(tBu3Pc) and b) H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) eluted with CHCl3. c) Loga-
rithmic plot of molecular weight with reference to polystyrene as a stan-
dard.
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differences with the polystyrene standard.[23] It was thus in-
ferred that the H2ACHTUNGTRENNUNG(ImPor)–Zn(Pc) dyad was converged into
the coordination tetrad structure in a noncoordinating sol-
vent. Tetrad formation was also suggested by MALDI-TOF
mass spectrometry. A clear peak assignable to the tetrad
structure was observed, in addition to the dissociated dyad
under the ionization conditions (Figure 2). Details of the as-
sembling properties are described below.


The coordination behaviors of the stacked H2 ACHTUNGTRENNUNG(ImPor)–
Zn(Pc) tetrads were elucidated by spectral titration. Dissoci-
ation of the tetrad upon addition of 1-methylimidazole as a
competitive axial ligand was shown as a spectral change
through isosbestic points (Figure 3a). The spectral evolution
evidenced that the organized structures were directed by
imidazolyl-to-zinc complementary coordination.
From this titration, the association constant K1, for the


equilibrium between the dissociated dyad and the stacked
tetrad [Eq. (1)] can be described according to Equation (2).


2�H2ðImPorÞ�ZnðPcÞ Ð fH2ðImPorÞ�ZnðPcÞg2 ð1Þ


K1 ¼ ½fH2ðImPorÞ�ZnðPcÞg2
=½H2ðImPorÞ�ZnðPcÞ
2 ð2Þ


The dissociated dyad was not observed without addition of
an axial ligand. The association constant K1 can then be de-
termined by using the association constants K2 and K3


[Eq. (3) and (4)].


K2 ¼ ½H2ðImPorÞ�ZnðPcÞ � Im
2=
½fH2ðImPorÞ�ZnðPcÞg2
½Im
2


ð3Þ


K3 ¼ ½ZnðPcÞ � Im
=½ZnðPcÞ
½Im
 ð4Þ


The value of K2 can be experimentally estimated for the


equilibrium in Equation (5).


fH2ðImPorÞ�ZnðPcÞg2þ2� ImÐ
2�H2ðImPorÞ�ZnðPcÞ � Im


ð5Þ


Thus, the K2 values for H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) and H2-
ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) were determined as 3.1N10�4 and
4.9N10�4m


�1, respectively. The binding constant K3 was pre-
viously determined by the Scatchard method for the equilib-
rium in Equation (6), wherein Zn(Pc) denotes the reference
compounds tetrakis(tert-butyl)phthalocyaninatozinc, Zn-
ACHTUNGTRENNUNG(tBu4Pc), or octa ACHTUNGTRENNUNG(n-butoxy)phthalocyaninatozinc, Zn-
ACHTUNGTRENNUNG(nBuO8Pc).


ZnðPcÞþImÐ ZnðPcÞ � Im ð6Þ


The K3 values were 3.4N10
5 and 2.8N105m


�1 for Zn ACHTUNGTRENNUNG(tBu4Pc)
and ZnACHTUNGTRENNUNG(nBuO8Pc), respectively.


[9] Through combination of
the K2 and K3 values, the desired K1 value is defined accord-
ing to Equation (7).


K1 ¼ K3
2=K2 ð7Þ


Figure 2. MALDI-TOF mass spectrum of H2 ACHTUNGTRENNUNG(ImPor)–ZnACHTUNGTRENNUNG(tBu3Pc) ob-
served in the positive mode with dithranol as the matrix. The calculated
values for the dyad and tetrad are 1328.48 and 2656.96, respectively. Figure 3. a) Spectral titration of H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) with 1-methylimi-


dazole in toluene at 25 8C and b) the corresponding titration curve ([H2-
ACHTUNGTRENNUNG(ImPor)–ZnACHTUNGTRENNUNG(tBu3Pc)]=1.0N10


�6
m). c) Fluorescence spectra normalized


at the excitation wavelength (455 nm).
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Thus, the self-association constants for H2ACHTUNGTRENNUNG(ImPor)–Zn-
ACHTUNGTRENNUNG(tBu3Pc) and H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) were estimated to
be 3.7N1014 and 1.6N1014m


�1, respectively, in toluene. Coor-
dination assisted by a larger p-electron framework and
strong CT interactions may have resulted in such high
values compared to the value in the order of 1012m


�1 for the
directly imidazolyl-substituted ZnACHTUNGTRENNUNG(ImPc) cofacial dimer.[9]


Complementary coordination methodology is thus feasible
for the organization of discrete cofacial donor–acceptor
stacks with extremely large stability constants.


Cofacially stacked structure : The detailed coordination
structure of H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) was elucidated by
NMR spectroscopy in CDCl3 (Figure 4). Complementary co-


ordination should place the cofacial Por and Pc planes in
the proximal positions. The interplanar distance of stacked
Por and Pc planes is assumed to be as close as 3.23 O, as de-
termined by X-ray crystallography for the cofacial dimer of
ZnACHTUNGTRENNUNG(ImPor).[8c] Strong shielding by the cofacial Por or Pc
plane should then result in the upfield shift of the corre-
sponding signals.
Structural dissymmetry arising from substitution at the b


position of the Pc ring provides two possible structural iso-
mers for the coordination tetrad, represented as “parallel”
and “oblique” geometries (Figure 5). The existence of a re-
gioisomer due to the structural dissymmetry was elucidated
previously in the slipped-cofacial dimer of b-imidazolyl
Zn(Pc), ZnACHTUNGTRENNUNG(ImPc).[9] In a similar manner, the b-imidazolyl
Zn(Pc) intervened with ethynylporphyrin, H2ACHTUNGTRENNUNG(ImPor)–
Zn(Pc), should form complementary coordination with two
geometrical isomers. All the protons, therefore, should show
duplicate signals. Moreover, dissymmetric orientation dis-


rupts the structural symmetry of the Por and Pc planes to
distribute all of the protons into individual signals in each
regioisomer. Therefore, in principle, all of the a protons of
the Pc plane and the b-pyrrole group of the Por plane
should show individual peaks (16 peaks for one regioisomer;
therefore, a total of 32 peaks) due to the heterogeneous
shielding. The signals were partially assigned by COSY,
ROESY, HMQC, and HMBC NMR spectral observations
(see the Supporting Information), although complete assign-
ment was difficult because there were too many signals.
The peaks of the b-pyrrole and imidazolyl residues on the


H2 ACHTUNGTRENNUNG(ImPor) subunit showed upfield shifts, thereby indicating
a location close to the Pc plane. In the same manner, shield-
ing by the Por plane leads to upfield shifts and splitting of
the signals for the a protons of the Zn(Pc) subunit. These
protons showed no significant change upon elevation of the
temperature in [D8]toluene (data not shown). Temperature
independence of the NMR spectra suggests that the coordi-
nation tetrad is stable, as observed by spectral titration.
The protons of the imidazolyl residue showed simple du-


plication arising from the structural geometries. The charac-
teristic signals of the imidazolyl residue are most suitable


Figure 4. 1H NMR spectra of H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) in CDCl3 at room
temperature (600 MHz). The stacked tetrad (upper spectrum) was disso-
ciated by addition of 10% trifluoroacetic acid (TFA; lower spectrum).
“a”, “b”, and “*” denote the protons in the a position of the Pc ring, of
the b-pyrrole group of the Por subunit, and in an impurity, respectively.
The inset shows the temperature dependence of the inner NH protons in
[D8]toluene with an aliquot of CDCl3.


Figure 5. Parallel and oblique geometric isomers of the stacked tetrad.
The molecular structures were drawn by the AM1 method with the Win-
MOPAC V. 3.9 software (Fujitsu), with the aliphatic side chains omitted
for visual clarity. The arrows represent the transition dipoles along the
long axis of Zn(Pc) arranged in a) parallel and b) oblique configurations.
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for evaluation of the stacked structure. Addition of TFA
protonated the imidazolyl residue and dissociated the coor-
dination tetrad into the dyad. The duplicated signals con-
verged to unified peaks in the downfield area (Figure 4,
bottom), since the structural diversity due to regioisomer
formation did not exist in the dissociated dyad. Coincidently,
the split signals of the a protons of the Pc plane and the b-
pyrrole group of the Por plane were simplified by dissocia-
tion. Such NMR spectroscopic behavior proved the stacked
structure of the Por and Pc planes, in the same manner as in
the case of the ZnACHTUNGTRENNUNG(ImPc) dimer.[9]


Splitting of the signals for the inner NH protons suggests
that the heterogeneous environment discriminated two pos-
sible tautomers for the diagonal NH protons of the Por sub-
unit. Free-base porphyrin is in equilibrium between two tau-
tomers, which are not discriminated under normal condi-
tions. The inner NH protons of free-base porphyrin are not
equivalent due to the dissymmetric geometry in the vicinity
of the phthalocyanine plane (Figure 5). Therefore, the dis-
symmetric environment in the coordination tetrad may dis-
criminate the NH protons of the tautomers. Actually, upon
elevation of the temperature in [D8]toluene, the multiplet
signals of the NH protons coalesced at around 50 8C and
then converged to the asymmetric relatively sharp signal,
which probably represents the two species attributed to the
regioisomers (Figure 4, inset), even though the signals of the
aromatic protons were not affected by temperature varia-
tion. The downfield shift of the NH protons at higher tem-
perature will stem from the effect of water contained in the
system. The dissymmetric broad peak at 80 8C may involve
two broad peaks attributed to the regioisomers. This is coin-
cident with no significant shift of the aromatic proton sig-
nals. It is assumed that the peaks of the inner NH protons
of the porphyrin subunit are the sum of eight signals. Heter-
ogeneous stacking significantly disrupted the structural sym-
metry of the porphyrin and phthalocyanine planes, which
was relevant to the spectral properties of the electronic
structures (see below). 1H NMR spectroscopy elucidates the
tautomerism of the inner NH protons and robustness of the
coordination-stacked tetrad structure.


Unique electronic structures : The slipped-cofacial stack of
Por and Pc planes should ensure strong p-electron overlap.
The stacked H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) tetrad showed large
bathochromic shifts for both the Q band of the Pc ring and
the Soret band of the Por ring (Figure 3a). In addition,
tetrad formation restricts the free rotation around the ethyn-
yl bond to enhance the electronic communication between
the coplanar Por and Pc subunits. The bathochromic shift
may be interpreted in terms of KashaSs molecular exciton
theory for the extended p conjugation through the ethynyl
linkage and closely faced Por and Pc planes (Figure 6a).[1,20b]


Strong p conjugation through the ethynyl linkage disrupted
degeneration of the Q band of the Zn(Pc) subunit. The
longer absorption maximum of the Q band is assignable to
the transition dipole along the long axis of the Zn(Pc) subu-
nit. The shorter one originates from the dipole orthogonal


to the above transition dipole of the Zn(Pc) ring. Batho-
chromism of the coordination tetrad is remarkably larger
than that of the orthogonal ZnACHTUNGTRENNUNG(ImPor)–Zn(Pc) tetrad,
which showed a small broadening of the Q band by cofacial
dimer formation of the ZnACHTUNGTRENNUNG(ImPor) unit.[16] The spectral
properties evidenced significant improvement of p-electron
communication through the considerable p-electron overlap
between the Por and Pc planes.
Besides this, the observed spectral broadening of both the


Soret and Q bands may involve CT properties (Figure 6b),
since the broadened Q band is reminiscent of the CT prop-
erties in Coulombic stacks of Por and Pc.[24a] Furthermore,
the spectral shape in the Q band region became broader as
the dielectric constant of the solvent became larger
(Figure 7). Such spectral properties are in line with the gen-
eral trend in CT properties. Thus, solvent polarity is the pre-
dominant factor in modulation of the properties in the ab-
sorption spectra.


Figure 6. Schematic diagrams of the H2ACHTUNGTRENNUNG(ImPor)–Zn(Pc) coordination
tetrad: a) splitting band levels by exciton coupling, wherein the arrows
denote the transition dipoles; b) charge-transfer interactions.
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Further investigation was made by modulating the Pc
donor ability through periphery substitution at the b posi-
tion of the Pc subunit.[25] The stronger electron-donating
effect of six n-butoxy groups results in a higher degree of
CT interaction in the stacked H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc)
tetrad, as shown by a broader Q band compared to that of
the stacked H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) tetrad in all solvent sys-


tems (Figure 7 and the Supporting Information). Also, the
n-butoxy groups slightly enhanced the exciton coupling. The
effect of the electron-donating substituents supports the
above interpretation for the electronic spectra.
H2ACHTUNGTRENNUNG(ImPor)–Zn(Pc) fluoresces dominantly in the 700–


800 nm region, ascribed to Pc-subunit emission, regardless
of the coordinated or dissociated species, even if the Soret
band of the Por subunit is excited. The efficient energy
transfer from H2ACHTUNGTRENNUNG(ImPor) to the Zn(Pc) subunit is due to the
ideal overlap of the emission band of Por and the Q band of
Pc. The coordination tetrad exhibited no emission at around
680 nm from the Por subunit (Figure 3c and 7), which sug-
gests extremely fast quenching of the excited singlet state.
Instead of emission from the Por subunit, fluorescence from
the Pc subunit at around 750 nm was observed for both the
coordinated and dissociated species (Figure 3c). In particu-
lar, the coordination tetrad showed no emission attributed
to the Por subunit, whereas the dissociated dyad showed
weak fluorescence at around 680 nm. A large spectral shift
pronounced the strong exciton coupling. Photoexcitation at
the Soret band may, therefore, have relaxed to the exciton
state, that is, the resonant molecular orbital composed of
Por and Pc subunits (Figure 6a). This assumption accounts
well for the complete quenching of fluorescence of the por-
phyrin in the coordination tetrad.
Weak fluorescence was observed as a distinct characteris-


tic of the coordination tetrad. The emission intensity was
significantly decreased as the solvent polarity increased; it
also decreased with the introduction of donating peripheral
substituents on the Zn(Pc) subunit, coincidently with a simi-
lar trend in the CT characteristics in the absorption spectra
(Figure 7). The redox potential of the Zn phthalocyanine is
susceptible to solvent polarity; thereby, a significant anodic
shift of the redox potential is observed upon an increase in
solvent polarity.[26] The solvent dependence of the redox po-
tential of Zn(Pc) is much larger that of porphyrin. A polar
solvent will, therefore, provide a larger potential gap be-
tween the Por and Pc subunits to magnify the CT interaction
and to quench the fluorescence from the Pc subunit. Inter-
estingly, the fluorescence maximum of the coordination
tetrad was shifted to a shorter wavelength than the corre-
sponding absorption maximum of the longer Q band, except
for H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) in toluene (Figure 7). The sub-
stantial fluorescence quenching may indicate that the lowest
excited singlet state at the longer Q band of the Pc subunit
is deactivated by a CT interaction with the cofacial Por sub-
unit. Moreover, in the solvents that induced significant fluo-
rescence quenching (H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) in CH2Cl2 and
H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) in THF and CH2Cl2), the longer
Q band was accompanied by a shoulder at around 760–
780 nm, which may be assignable to the CT band. Upon ad-
dition of 1-methylimidazole as a ligand competing with
tetrad formation, the fluorescence intensity gradually in-
creased (Figure 3c). The emission of the dissociated H2-
ACHTUNGTRENNUNG(ImPor)–Zn(Pc) dyads was observed from the longer Q
band, which indicates photoenergy funneling from the Por
to Pc subunits. Although the precise electronic properties of


Figure 7. Effect of the solvent and peripheral substituents of the coordi-
nation tetrad for a) H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) and b) H2 ACHTUNGTRENNUNG(ImPor)–Zn-
ACHTUNGTRENNUNG(nBuO6Pc) at 25 8C. The insets represent the fluorescence spectra excited
at 455 nm. c, a, and c represent results recorded in toluene,
THF, and CH2Cl2, respectively. Both absorption and fluorescence spectra
are represented over the same wavelength range.
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the coordination tetrad have not been elucidated at the
present stage, the photophysical properties show a sharp
contrast between the coordination tetrad and the dissociated
dyad.


Conclusion


A complementary coordination protocol has provided a
novel straightforward methodology to tailor a discrete
donor–acceptor cofacial stack. Heterogeneous stacks of por-
phyrin and phthalocyanine were organized by self-comple-
mentary imidazolyl-to-zinc coordination. The association
constants for the coordination tetrads reached 1014m


�1,
which were much higher than those for the coordination ho-
modimers of Zn ACHTUNGTRENNUNG(ImPor) and ZnACHTUNGTRENNUNG(ImPc) (1011–1012m


�1). The
self-complementary protocol ensures organization of a dis-
crete donor–acceptor cofacial stack of metalloporphyrinoids
with a high stability constant. In the coordination tetrad, in-
terplanar proximity induced significant p-electron interac-
tions between the Por and Pc planes. Tuning of the CT
degree between the Por and Pc units is performed by modu-
lation of the donor ability of the Zn(Pc) subunit by the
changes in the solvent polarity and peripheral substituents.
The CT state in the coordination tetrad was extinguished by
addition of an axial ligand to switch to the energy-funneling
dyad. The complementary coordination protocol is a promis-
ing strategy for organizing discrete donor–acceptor stacks
with extremely large association constants.


Experimental Section


Synthetic procedures : 1H, 13C, 1H–1H COSY, 1H–1H ROESY,
1H–13C HMQC, and 1H-13C HMBC NMR spectra were recorded on a
JEOL ECP-600 spectrometer with tetramethylsilane as the internal stan-
dard in CDCl3. Temperature variation in


1H NMR spectroscopy was car-
ried out in [D8]toluene. MALDI-TOF mass spectrometry was carried out
with dithranol as the matrix on a Perseptive Biosystem Voyager DE-STR
instrument. THF was distilled over sodium/benzophenone ketyl. Triethyl-
amine (Et3N) was distilled over calcium hydride.


H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc): Both dyads of H2 ACHTUNGTRENNUNG(ImPor)–Zn(Pc) were pre-
pared by copper-free Sonogashira coupling (Scheme 2). A mixture of 2-
iodo-9,10,16,17,23,24-octa ACHTUNGTRENNUNG(n-butoxy)phthalocyaninatozinc (75 mg, 66N
10�6 mol)[27] and 5-ethynyl-10-imidazolylporphyrin (41 mg, 70N
10�6 mol)[28] in THF/Et3N (20/4 mL) was degassed by freeze–pump–thaw
cycles and flushed with argon gas in a Schlenk flask. The mixture, with
addition of palladium dibenzylideneacetone (16 mg, 15N10�6 mol) and


triphenylarsine (66 mg, 64N10�6 mol) was stirred at 40 8C for 20 h under
an argon atmosphere. The reaction mixture was washed with brine and
then underwent chromatographic separation. Elution from a silica-gel
column (eluent: petroleum ether/chloroform/pyridine 10:30:1) furnished
the title compound as a green solid (23 mg, 15N10�6 mol; 21%).
1H NMR (600 MHz, CDCl3): d=�3.15–2.08 (brm, 2H; inner pyrrole),
1.24–1.38 (m, 18H; Pc OCH2CH2CH2CH3), 1.87–2.08 (m, 12H; Pc
OCH2CH2CH2Me), 2.08–2.30 (m, 12H; Pc OCH2CH2), 2.40, 2.60 (2s,
3H; imidazolyl NCH3), 3.27, 3.32 (2s, 6H; COOCH3), 3.35, 5.38 (s, br s,
1H; 4-imidazolyl), 3.36–3.65 (m, 4H; Por CH2CH2COOMe), 4.19, 4.75,
4.81, 4.84 (3s, t, 12H; Pc OCH2), 5.62 (br s, 4H; Por CH2CH2COOMe),
5.92, 5.86 (2s, 1H; 5-imidazolyl), 5.96, 6.08, 8.31, 8.65, 8.77, 8.88, 9.31,
9.58, 10.00, 10.38 (10s, 8H; b positions of the Por ring), 6.31, 8.65, 8.88–
9.19 ppm (2s, m, 8H; a positions of the Pc ring), the b position of the Pc
ring was not assignable and may be a broad or multiplet signal; 13C NMR
(150 MHz, CDCl3): d=14.18, 14.26, 14.30, 14.34, 14.59, 19.65, 19.70,
19.74, 19.80, 20.05, 22.66, 30.34, 31.59, 31.73, 31.78, 31.91, 32.23, 41.52,
41.73, 51.89, 69.61, 98.10, 102.64, 106.19, 118.95, 119.57, 131.60, 132.16,
132.45, 132.66, 132.81, 132.98, 136.00, 136.57, 145.42, 149.93, 150.75,
151.19, 151.44, 151.60, 151.70, 152.16, 153.54, 153.92, 154.50, 172.96,
173.00, 173.06 ppm; MALDI-TOF MS: m/z : calcd: 1592.64; found:
1593.94.


H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc): H2 ACHTUNGTRENNUNG(ImPor)–ZnACHTUNGTRENNUNG(tBu3Pc) was synthesized from 2-
iodo-9(10),16(17),23(24)-tri(tert-butyl)-phthalocyaninatozinc (four struc-
tural isomers, 66 mg, 76N10�6 mol),[18a] 5-ethynyl-10-imidazolylporphyrin
(18 mg, 30N10�6 mol),[28] and [Pd2 ACHTUNGTRENNUNG(dba)3] (6.6 mg, 6N10


�6 mol), with
Ph3As (23 mg, 22N10


�6 mol) as the catalyst, in THF/Et3N (5:2 mL). The
coupling conditions and purification procedures were the same as those
for the synthesis of H2 ACHTUNGTRENNUNG(ImPor)–ZnACHTUNGTRENNUNG(nBuO6Pc). H2 ACHTUNGTRENNUNG(ImPor)–ZnACHTUNGTRENNUNG(tBu3Pc), as
a mixture of four structural isomers, was obtained as a green solid
(10 mg, 7N10�6 mol; 23%): 1H NMR (600 MHz, CDCl3): d=�3.06–2.18
(brm, 2H; inner pyrrole), 1.93–1.98 (m, 27H; tBu), 2.17, 2.19 (2s, 3H;
imidazolyl NCH3), 3.38, 3.44 (2br s, 1H; 4-imidazolyl), 3.58–3.92 (m, 6H;
COOCH3), 3.92–4.32 (brm, 4H; Por CH2CH2COOMe), 5.04–5.78 (brm,
4H; Por CH2CH2COOMe), 5.78–6.16, 9.20–9.78 (2brm; a positions of
the Pc ring), 8.00–10.36 ppm (brm; b positions of the Por ring), the peaks
for the a positions of the Pc ring and the b positions of the Por ring were
not clearly discriminated, because of complicated signals due to the pres-
ence of four structural isomers in the tri(tert-butyl)phthalocyanine subu-
nit; 13C NMR (150 MHz, CDCl3): d =14.125, 22.694, 29.364, 29.662,
31.928, 32.264, 32.622, 33.385, 36.102, 36.323, 41.886, 42.245, 51.974,
52.226, 52.302, 71.021, 98.027, 118.84, 119.32, 119.35, 119.50, 122.54,
126.76, 126.99, 127.18, 127.35, 127.49, 128.22, 128.34, 128.42, 128.87,
134.35, 136.85, 139.23, 145.50, 152.93, 153.76, 154.50, 172.90, 173.03,
173.46 ppm; MALDI-TOF MS (see Figure 2): m/z : calcd: 1328.48; found:
1329.55.


Measurements :


Size-exclusion chromatography : Analytical size-exclusion chromatograms
were recorded by elution with chloroform containing 0.5% ethanol as a
stabilizer on a Hewlett–Packard HP1100 series instrument equipped with
an analytical JAIGEL 3HA column (Japan Analytical Industry, 8N
500 mm, exclusion limit: 70000 Da).


Absorption and fluorescence spectroscopy : Spectral titration was under-
taken at a H2 ACHTUNGTRENNUNG(ImPor)–Zn(Pc) concentration of 1.0N10


�6
m in each solvent


at 25 8C. The absorption spectra were recorded on a Shimadzu UV-


Scheme 2. Synthetic scheme for the dyads. dba: trans,trans-dibenzylideneacetone.
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3100PC spectrophotometer. Emission spectra were observed with a Hita-
chi F-4500 spectrometer. Toluene was distilled over sodium. Dichlorome-
thane was dried by distillation over calcium hydride. THF was distilled
over sodium/benzophenone ketyl. 1-Methylimidazole was distilled over
calcium hydride under reduced pressure.


Acknowledgements


We gratefully acknowledge the financial support of this work by a Grant-
in-Aid for Scientific Research (A) (grant no.: 15205020) from the Minis-
try of Education, Culture, Sports, Science and Technology, Japan (Monbu
Kagakusho).


[1] M. Kasha, Radiat. Res. 1963, 20, 55.
[2] N. Kobayashi, H. Lam, W. A. Nevin, P. Janda, C. C. Leznoff, A. B. P.


Lever, Inorg. Chem. 1990, 29, 3415.
[3] J. K. Kochi, R. Rathore, P. Le MaguTres, J. Org. Chem. 2000, 65,


6826.
[4] a) C. A. Hunter, J. K. M. Sanders, J. Am. Chem. Soc. 1990, 112,


5525; b) C. A. Hunter, K. R. Lawson, J. Perkins, C. J. Urch, J. Chem.
Soc. Perkin Trans. 2, 2001, 651; c) E. A. Meyer, R. K. Castellano, F.
Diederich, Angew. Chem. 2003, 115, 1244; Angew. Chem. Int. Ed.
2003, 42, 1210.


[5] a) E. Ojad, R. Selzer, H. Linschitz, J. Am. Chem. Soc. 1985, 107,
7783; b) H. Segawa, C. Takehara, K. Honda, T. Shimidzu, T. Asahi,
N. Mataga, J. Phys. Chem. 1992, 96, 503.


[6] E. Collini, C. Ferrante, R. Bozio, J. Phys. Chem. B 2005, 109, 2.
[7] a) J. Deisenhofer, O. Epp, K. Miki, R. Huber, H. Michel, Nature


1985, 318, 618; b) G. McDermott, S. M. Prince, A. A. Freer, A. M.
Hawthornthwaite-Lawless, M. Z. Papiz, R. J. Cogdell, N. W. Isaacs,
Nature 1995, 374, 517; c) T. Pullerits, V. Sundstrçm, Acc. Chem. Res.
1996, 29, 381.


[8] a) Y. Kobuke, H. Miyaji, J. Am. Chem. Soc. 1994, 116, 4111; b) A.
Satake, Y. Kobuke, Org. Biomol. Chem. 2007, 5, 1679; c) Y. Kobuke,
Struct. Bond, 2006, 121, 49.


[9] K. Kameyama, M. Morisue, A. Satake, Y. Kobuke, Angew. Chem.
2005, 117, 4841; Angew. Chem. Int. Ed. 2005, 44, 4763.


[10] a) K. Ogawa, Y. Kobuke, Angew. Chem. 2000, 112, 4236; Angew.
Chem. Int. Ed. 2000, 39, 4070; b) R. Takahashi, Y. Kobuke, J. Am.
Chem. Soc. 2003, 125, 2372.


[11] H. Ozeki, A. Nomoto, K. Ogawa, Y. Kobuke, M. Murakami, K.
Hosoda, M. Ohtani, S. Nakashima, H. Miyasaka, T. Okada, Chem.
Eur. J. 2004, 10, 6393.


[12] a) M. Morisue, S. Yamatsu, N. Haruta, Y. Kobuke, Chem. Eur. J.
2005, 11, 5563; b) M. Morisue, D. Kalita, N. Haruta, Y. Kobuke,
Chem. Commun. 2007, 2348.


[13] a) K. Ogawa, A. Ohashi, Y. Kobuke, K. Kamada, K. Ohta, J. Am.
Chem. Soc. 2003, 125, 13356; b) Addition/correction: K. Ogawa, A.
Ohashi, Y. Kobuke, K. Kamada, K. Ohta, J. Am. Chem. Soc. 2004,
126, 4050; c) K. Ogawa, Y. Kobuke, J. Photochem. Photobiol. C
2006, 7, 1.


[14] Porphyrin–phthalocyanine dyads: a) S. Gaspard, C. Giannotti, P.
Maillard, C. Schaeffer, T.-H. Tran-Thi, J. Chem. Soc. Chem.
Commun. 1986, 1239; b) T. H. Tran-Thi, C. Desforge, C. Thiec, S.
Gaspard, J. Phys. Chem. 1989, 93, 1226; c) X.-Y. Li, Q.-F. Zhou, H.-
J. Tian, H.-J. Xu, Chin. J. Chem. 1998, 16, 97; d) H.-J. Tian, Q.-F.
Zhou, S.-Y. Shen, H.-J. Xu, J. Photochem. Photobiol. A 1993, 72,
163; e) M. A. Miller, R. K. Lammi, S. Prathapan, D. Holten, J. S.
Lindsey, J. Org. Chem. 2000, 65, 6634; f) J. M. Sutton, R. W. Boyle,
Chem. Commun. 2001, 2014; g) J. P. C. TomT, A. M. V. M. Pereira,
C. M. A. Alonso, M. G. P. M. S. Neves, A. C. Tom, A. M. S. Silva,
J. A. S. Cavaleiro, M. V. MartVnez-DVaz, T. Torres, G. M. A. Rahman,
J. Ramey, D. M. Guldi, Eur. J. Org. Chem. 2006, 257; h) Y. Bian, X.
Chen, D. Wang, C.-F. Choi, Y. Zhau, P. Zhu, D. K. P. Ng, J. Jiang, Y.
Weng, X. Li, Chem. Eur. J. 2007, 13, 4169; i) A. R. M. Soares, M. V.


MartVnez-DVaz, A. Bruckner, A. M. V. M. Pereira, J. P. C. TomT,
C. M. A. Alonso, M. A. F. Faustino, M. G. P. M. S. Neves, A. C.
TomT, A. M. S. Silva, J. A. S. Cavaleiro, T. Torres, D. M. Guldi, Org.
Lett. 2007, 9, 1557; j) J. Fortage, E. Gçransson, E. Blart, H.-C.
Becker, L. Hammarstrçm, F. Odobel, Chem. Commmun. 2007, 4629,
and references cited therein.


[15] Phthalocyanine-cored multiporphyrins: a) N. Kobayashi, Y. Nishiya-
ma, T. Ohya, M. Sato, J. Chem. Soc. Chem. Commun. 1987, 390;
b) N. Kobayashi, T. Ohya, M. Sato, S. Nakajima, Inorg. Chem. 1993,
32, 1803; c) J. Li, J. R. Diers, J. Seth, S. I. Yang, D. F. Bocian, D.
Holten, J. S. Lindsey, J. Org. Chem. 1999, 64, 9090; d) J. Li, J. S.
Lindsey, J. Org. Chem. 1999, 64, 9101; e) S. I. Yang, J. Li, H. S. Cho,
D. Kim, D. F. Bocian, D. Holten, J. S. Lindsey, J. Mater. Chem. 2000,
10, 283; f) Z. Zhao, T. Nyokong, M. D. Maree, Dalton Trans. 2005,
3732; g) Z. Zhao, C.-T. Poon, W.-K. Wong, W.-Y. Wong, H.-L. Tam,
K.-W. Cheah, T. Xie, D. Wang, Eur. J. Inorg. Chem. 2008, 119, and
references cited therein.


[16] a) K. Kameyama, A. Satake, Y. Kobuke, Tetrahedron Lett. 2004, 45,
7617; b) F. Ito, Y. Ishibashi, S. R. Khan, H. Miyasaka, K. Kameya-
ma, M. Morisue, A. Satake, K. Ogawa, Y. Kobuke, J. Phys. Chem. A
2006, 110, 12734.


[17] a) M. Shimomura, S. Aiba, S. Oguma, M. Oguchi, M. Matsute, H.
Shimada, R. Kajiwara, H. Emori, K. Yoshiwara, K. Okuyama, T.
Miyashita, A. Watanabe, M. Matsuda, Supramol. Sci. 1994, 1, 33;
b) E. H. A. Beckers, S. C. J. Meskers, A. P. H. J. Schenning, Z. Chen,
F. WWrthner, P. Marsal, D. Beljonne, J. Cornil, R. A. J. Janssen, J.
Am. Chem. Soc. 2006, 128, 649.


[18] a) C. Kirmaier, D. Holten, E. J. Bylina, D. C. Youvan, Proc. Natl.
Acad. Sci. USA 1988, 85, 7562; b) L. M. McDowell, C. Kirmaier, D.
Holten, J. Phys. Chem. 1991, 95, 3379; c) E. J. P. Lathrop, R. A.
Friesner, J. Phys. Chem. 1994, 98, 3056; d) L. L. Laporte, V. Pala-
niappan, D. G. Davis, C. Kirmaier, C. C. Schenck, D. Holten, D. F.
Bocian, J. Phys. Chem. 1996, 100, 17696.


[19] a) A. de la Escosura, M. V. MartVnez-Diaz, P. Thordarson, A. E.
Rowan, R. J. M. Nolte, T. Torres, J. Am. Chem. Soc. 2003, 125,
12300; b) X. Li, L. E. Sinks, B. Rybtchinski, M. R. Wasielewski, J.
Am. Chem. Soc. 2004, 126, 10810; c) D. M. Guldi, A. Gouloumis, P.
VXzquez, T. Torres, V. Georgakilas, M. Prato, J. Am. Chem. Soc.
2005, 127, 5811.


[20] a) V. S.-Y. Lin, S. G. DiMagno, M. J. Therien, Science 1994, 264,
1105; b) H. L. Anderson, Inorg. Chem. 1994, 33, 972; c) A. Tsuda,
A. Osuka, Science 2001, 293, 79.


[21] a) E. M. Maya, P. VXzquez, T. Torres, Chem. Eur. J. 1999, 5, 2004;
b) E. M. Maya, P. VXzquez, T. Torres, L. Gobbi, F. Diederich, S.
Pyo, L. Echegoyen, J. Org. Chem. 2000, 65, 823.


[22] a) M. A. Senge, M. Fazekas, E. G. A. Notaras, W. J. Blau, M. Za-
wadzka, O. B. Locos, E. M. Ni Mhuircheartaigh, Adv. Mater. 2007,
19, 2737; b) M. Drobizhev, Y. Stepanenko, Y. Dzenis, A. Karotki, A.
Rebane, P. N. Taylor, H. L. Anderson, J. Am. Chem. Soc. 2004, 126,
15352; c) T. K. Ahn, K. S. Kim, D. Y. Kim, S. B. Noh, N. Aratani, C.
Ikeda, A. Osuka, D. Kim, J. Am. Chem. Soc. 2006, 128, 1700.


[23] O. Shoji, S. Okada, A. Satake, Y. Kobuke, J. Am. Chem. Soc. 2005,
127, 2201.


[24] Porphyrin/phthalocyanine stacks: a) J. F. Lipskier, T. H. Tran-Thi,
Inorg. Chem. 1993, 32, 722; b) T. H. Tran-Thi, Coord. Chem. Rev.
1997, 160, 53; c) T. H. Tran-Thi, S. Gaspard, Chem. Phys. Lett. 1988,
148, 327; d) A. V. Gusev, M. A. J. Rodgers, J. Phys. Chem. A 2002,
106, 1985; e) A. V. Gusev, E. O. Danilov, M. A. J. Rodgers, J. Phys.
Chem. A 2002, 106, 1993.


[25] N. Kobayashi, H. Ogata, N. Nonaka, E. A. LukSyanets, Chem. Eur. J.
2003, 9, 5123.


[26] M. Morisue, K. Kameyama, Y. Kobuke, unpublished results.
[27] A. de la Escosura, M. V. MartVnez-DVaz, D. M. Guldi, T. Torres, J.


Am. Chem. Soc. 2006, 128, 4112.
[28] A. Ohashi, A. Satake, Y. Kobuke, Bull. Chem. Soc. Jpn. 2004, 77,


365.


Received: December 10, 2007
Published online: April 9, 2008


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4993 – 50005000


Y. Kobuke and M. Morisue



http://dx.doi.org/10.2307/3571331

http://dx.doi.org/10.1021/ic00343a028

http://dx.doi.org/10.1021/jo000570h

http://dx.doi.org/10.1021/jo000570h

http://dx.doi.org/10.1021/ja00170a016

http://dx.doi.org/10.1021/ja00170a016

http://dx.doi.org/10.1002/ange.200390290

http://dx.doi.org/10.1002/anie.200390319

http://dx.doi.org/10.1002/anie.200390319

http://dx.doi.org/10.1021/j100181a001

http://dx.doi.org/10.1021/jp045652e

http://dx.doi.org/10.1038/318618a0

http://dx.doi.org/10.1038/318618a0

http://dx.doi.org/10.1038/374517a0

http://dx.doi.org/10.1021/ar950110o

http://dx.doi.org/10.1021/ar950110o

http://dx.doi.org/10.1021/ja00088a070

http://dx.doi.org/10.1039/b703405a

http://dx.doi.org/10.1002/ange.200501199

http://dx.doi.org/10.1002/ange.200501199

http://dx.doi.org/10.1002/anie.200501199

http://dx.doi.org/10.1002/1521-3757(20001117)112:22%3C4236::AID-ANGE4236%3E3.0.CO;2-H

http://dx.doi.org/10.1002/1521-3773(20001117)39:22%3C4070::AID-ANIE4070%3E3.0.CO;2-C

http://dx.doi.org/10.1002/1521-3773(20001117)39:22%3C4070::AID-ANIE4070%3E3.0.CO;2-C

http://dx.doi.org/10.1021/ja028325y

http://dx.doi.org/10.1021/ja028325y

http://dx.doi.org/10.1002/chem.200400624

http://dx.doi.org/10.1002/chem.200400624

http://dx.doi.org/10.1002/chem.200500040

http://dx.doi.org/10.1002/chem.200500040

http://dx.doi.org/10.1039/b700632b

http://dx.doi.org/10.1021/ja035056i

http://dx.doi.org/10.1021/ja035056i

http://dx.doi.org/10.1021/ja0492135

http://dx.doi.org/10.1021/ja0492135

http://dx.doi.org/10.1016/j.jphotochemrev.2006.03.001

http://dx.doi.org/10.1016/j.jphotochemrev.2006.03.001

http://dx.doi.org/10.1039/c39860001239

http://dx.doi.org/10.1039/c39860001239

http://dx.doi.org/10.1016/1010-6030(93)85023-2

http://dx.doi.org/10.1016/1010-6030(93)85023-2

http://dx.doi.org/10.1021/jo0007940

http://dx.doi.org/10.1039/b105840c

http://dx.doi.org/10.1002/chem.200601668

http://dx.doi.org/10.1021/ol0703635

http://dx.doi.org/10.1021/ol0703635

http://dx.doi.org/10.1039/b711642j

http://dx.doi.org/10.1039/c39870000390

http://dx.doi.org/10.1021/ic00061a042

http://dx.doi.org/10.1021/ic00061a042

http://dx.doi.org/10.1021/jo991001g

http://dx.doi.org/10.1021/jo991102e

http://dx.doi.org/10.1039/b508478d

http://dx.doi.org/10.1039/b508478d

http://dx.doi.org/10.1002/ejic.200700724

http://dx.doi.org/10.1016/j.tetlet.2004.08.101

http://dx.doi.org/10.1016/j.tetlet.2004.08.101

http://dx.doi.org/10.1021/jp062822+

http://dx.doi.org/10.1021/jp062822+

http://dx.doi.org/10.1016/0968-5677(94)90007-8

http://dx.doi.org/10.1021/ja0568042

http://dx.doi.org/10.1021/ja0568042

http://dx.doi.org/10.1073/pnas.85.20.7562

http://dx.doi.org/10.1073/pnas.85.20.7562

http://dx.doi.org/10.1021/j100161a075

http://dx.doi.org/10.1021/j100062a051

http://dx.doi.org/10.1021/jp961658v

http://dx.doi.org/10.1021/ja047176b

http://dx.doi.org/10.1021/ja047176b

http://dx.doi.org/10.1021/ja043283u

http://dx.doi.org/10.1021/ja043283u

http://dx.doi.org/10.1126/science.8178169

http://dx.doi.org/10.1126/science.8178169

http://dx.doi.org/10.1021/ic00083a022

http://dx.doi.org/10.1126/science.1059552

http://dx.doi.org/10.1002/(SICI)1521-3765(19990702)5:7%3C2004::AID-CHEM2004%3E3.0.CO;2-P

http://dx.doi.org/10.1021/jo991505e

http://dx.doi.org/10.1002/adma.200601850

http://dx.doi.org/10.1002/adma.200601850

http://dx.doi.org/10.1021/ja0445847

http://dx.doi.org/10.1021/ja0445847

http://dx.doi.org/10.1021/ja056773a

http://dx.doi.org/10.1021/ja0445746

http://dx.doi.org/10.1021/ja0445746

http://dx.doi.org/10.1021/ic00057a036

http://dx.doi.org/10.1016/S0010-8545(96)01341-0

http://dx.doi.org/10.1016/S0010-8545(96)01341-0

http://dx.doi.org/10.1021/jp013494a

http://dx.doi.org/10.1021/jp013494a

http://dx.doi.org/10.1021/jp013502n

http://dx.doi.org/10.1021/jp013502n

http://dx.doi.org/10.1002/chem.200304834

http://dx.doi.org/10.1002/chem.200304834

http://dx.doi.org/10.1246/bcsj.77.365

http://dx.doi.org/10.1246/bcsj.77.365

www.chemeurj.org






DOI: 10.1002/chem.200701611


Application of MCD Spectroscopy and TD-DFT to Nonplanar Core-
Modified Tetrabenzoporphyrins: Effect of Reduced Symmetry on Nonplanar
Porphyrinoids**


John Mack,[a, b] Masaru Bunya,[a] Yusuke Shimizu,[c] Hiroki Uoyama,[d]


Naoki Komobuchi,[c] Tetsuo Okujima,[c] Hidemitsu Uno,*[d] Satoshi Ito,[e]


Martin J. Stillman,*[b] Noboru Ono,*[c] and Nagao Kobayashi*[a]


Introduction


While the current focus in theoretical calculations on por-
phyrinoids is to interpret and understand the spectroscopic
and electrochemical properties, a much greater challenge is
to predict these properties given a specific structure. The
electronic structure of porphyrinoids can be finely tuned to
provide a set of properties suitable for use in specific practi-
cal applications by means of the wide range of possible
structural modifications to the parent porphyrin ligand. The
ability to predict the structure needed to achieve specific
electronic properties is particularly important. For example,
porphyrinoids designed for use in photodynamic therapy
(PDT) of tumors[1] should have strong absorption bands in
the red region (>650 nm) for light transparency in living
cells. The electronic structure can be tuned by introducing
electron-withdrawing and electron-donating groups[2] or ster-
ically hindered bulky substituents,[3] by lowering the molecu-
lar symmetry by partial saturation of the p system,[4] by ex-
pansion of the p system through peripheral radial substitu-
tion with fused ring systems,[5] and by substitution of the
meso-carbon atoms by aza nitrogen atoms or core modifica-
tion by substitution of the pyrrole nitrogen atoms by
oxygen, sulfur, and carbon.[6]


Abstract: The optical spectra of a
series of core-modified tetrabenzopor-
phyrins were analyzed to determine
the effects of core modification, ligand
folding, and partial benzo substitution
at the ligand periphery on the electron-
ic structure by using magnetic circular
dichroism (MCD) and NMR spectros-
copy, X-ray crystallography, cyclic and
differential pulse voltammetry, and
TD-DFT calculations. Planar 21-carba-,
21-thia-, 21,23-dithia-, and 21-oxa-23-
thiatetrabenzo ACHTUNGTRENNUNG[b,g,l,q]porphyrins re-


ported previously were studied togeth-
er with the previously unreported 21-
oxa- and 21-carba-23-thiatetrabenzo-
ACHTUNGTRENNUNG[b,g,l,q]porphyrins. The optical proper-
ties of these compounds are compared
to those of tetrabenzo ACHTUNGTRENNUNG[b,g,l,q]-,
5,10,15,20-tetraphenyl-, 5,10,15,20-


tetraphenyltetrabenzoACHTUNGTRENNUNG[b,g,l,q]-21-thia-,
5,10,15,20-tetraphenyltetrabenzodithia-,
5,10,15,20-tetraphenyldibenzo ACHTUNGTRENNUNG[g,q]-
21,23-dithia-, 5,10,15,20-tetraphenyl-
ACHTUNGTRENNUNGdibenzo ACHTUNGTRENNUNG[b,l]-21,23-dithia-, 5,10,15,20-
tetraphenyltribenzo ACHTUNGTRENNUNG[g,q,l]-21-thia-, and
5,10,15,20-tetraphenylbenzo[b]-21-thia-
porphyrins. Michl1s perimeter model
and Gouterman1s four-orbital model
are used to conceptualize the results
and to account for red shifts commonly
observed in the spectral bands of non-
planar porphyrinoids.
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Until recently, research on the tetrabenzoporphyrins was
substantially more limited in scope than is the case for por-
phyrins, porphyrazines, and phthalocyanines due to their
low solubility arising from p–p stacking effects. Ono and co-
workers developed the key breakthrough synthetic method-
ology for highly pure p-expanded porphyrinoids[7] and
benzo[c] heterocyclic oligomers[8,9] based on tetramerization
of pyrroles fused with bicycloACHTUNGTRENNUNG[2.2.2]octadiene (BCOD) to
afford a peripherally substituted porphyrin, which can subse-
quently be converted to a tetrabenzoporphyrin in quantita-
tive yield by heating at 200 8C.[10] A series of core-modified
tetrabenzoporphyrins have recently been synthesized in
which carbon, oxygen or sulfur atoms replace of one or both
of the protonated pyrrole nitrogen atoms.[9,11] The com-
pounds studied include the planar 21-carba- (CN3), 21-thia-
(SN3), 21,23-dithia- (S2N2), and 21-oxa-23-thia- (OSN2)
tetrabenzo ACHTUNGTRENNUNG[b,g,l,q]porphyrins reported previously by Ono
and co-workers[11] as well as the previously unreported 21-
oxa- (ON3) and 21-carba-23-thia- (CSN2) tetrabenzo-
ACHTUNGTRENNUNG[b,g,l,q]porphyrins (Figure 1). The optical properties of these
compounds are compared to those of tetrabenzo-


ACHTUNGTRENNUNG[b,g,l,q]porphyrin (TBP), 5,10,15,20-tetraphenylporphyrin
(TPP), 5,10,15,20-tetraphenyltetrabenzo ACHTUNGTRENNUNG[b,g,l,q]-21-thiapor-
phyrin (TPSN3), 5,10,15,20-tetraphenyltetrabenzo ACHTUNGTRENNUNG[b,g,l,q]-
21,23-dithiaporphyrin (TPS2N2), 5,10,15,20-tetra-
phenyldibenzoACHTUNGTRENNUNG[g,q]-21,23-dithiaporphyrin (2BN), 5,10,15,20
-tetraphenyldibenzo ACHTUNGTRENNUNG[b,l]-21,23-dithiaporphyrin (2BS),
5,10,15,20-tetraphenyltribenzo ACHTUNGTRENNUNG[g,q,l]-21-thiaporphyrin (3BN)
and 5,10,15,20-tetraphenylbenzo[b]-21-thia-porphyrin (1BS)
to examine the effect of ligand folding due to steric hin-
drance. The synthesis of monohetero- and diheteroporphyr-
ins was pioneered by Ulman and Manassen in the mid-
1970s.[12] The “thia” and “oxa” terminology for pyrrole ni-
trogen replacement within core-modified porphyrinoids,
which was originally introduced by Johnson et al.,[13] is now
well established in the literature,[6] despite the fact it would
normally only be applied to replacement of a carbon atom.


Herein, we use a combination of magnetic circular dichro-
ism (MCD) spectroscopy and theoretical calculations, specif-
ically the time-dependent DFT (TD-DFT) and INDO/s
techniques (INDO= intermediate neglect of differential
overlap), to study the effect of core modification on the
electronic structure and optical spectra of porphyrinoids.
The effect of porphyrin-ring ligand folding is also investigat-
ed for compounds bearing phenyl groups at the meso-
carbon atoms, since this has been the subject of considerable
controversy in recent years.[14] The conformational flexibility
of tetrapyrrolle macrocycles that is observed in protein crys-
tal structures is believed to play a key role in determining
the redox, spectroscopic, and catalytic properties of metal-
loenzymes. Sterically hindered porphyrins have been used as
model compounds to study the effects of nonplanarity on
the electronic structure. We recently reported an MCD spec-
troscopic study on tetraphenyltetraacenaphthoporphyrins
(TPTANP),[15] which were reported by Lash et al.[5,16] to
have the most red shifted B (or Soret) bands ever observed
for porphyrinoids due to the effect of steric hindrance be-
tween the phenyl substituents and fused peripheral acenaph-
thalene rings. A set of anomalous negative Faraday a1


terms was observed in the MCD spectrum, due to reversal
in the alignment of the magnetic moments of the optically
accessible pp* excited states owing to saddling of the ligand.
A perimeter model approach was used to assign the optical
spectra based on a D2d-symmetric saddled structure derived
from a B3LYP geometry optimization in which an S4 sym-
metry axis is retained. The aim of this paper is to evaluate
not only the effect of core modification but also the effect
of the removal of the main C4 or S4 symmetry axis on the
electronic structure of a series of planar and nonplanar
core-modified free-base benzoporphyrins and to determine
the extent to which the MCD technique can be used to test
the accuracy of TD-DFT calculations and B3LYP optimized
structures for nonplanar porphyrinoids and to continue our
development[15] of tools which will allow us to move towards
in silico design of novel porphyrinoids with specific proper-
ties based on theoretical predictions.


Figure 1. Structures of TBP, SN3, S2N2, OSN2, ON3, TPTBP, TPSN3,
TPS2N2, CSN2, CN3, 3BN, 2BS, 2BN, and 1BS with carbon numbering
schemes.[22] The pathway of the dominant ring current observed on the
basis of NMR spectroscopy is shown in bold.
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Results and Discussion


MCD spectroscopy of porphyrinoids : Many of the key
breakthroughs in understanding the electronic structure of
the porphyrinoids have been derived from MCD spectrosco-
py,[17] since the technique provides information on ground-
and excited-state degeneracy that is required to fully assign
the optical spectra of high-symmetry species. MCD spectra
are recorded on a conventional CD spectrometer with a
magnetic field applied parallel to the axis of light propaga-
tion (see the Supporting Information for more details).
Analysis of MCD spectra is based on the Faraday a1, b0,
and c0 terms due to Zeeman splitting of the absorption
bands for left and right circularly polarized (lcp and rcp)
light, the field-induced mixing of zero-field states, and the
Zeeman splitting due to ground-state population adjust-
ment, respectively (see Figures S1 and S2 in the Supporting
Information). Since application of DFT techniques to prop-
erties based on magnetic dipole moment, such as MCD
spectroscopy[18] has still to be fully developed, theoretical
approaches based on semiempirical theoretical techniques
such as Michl1s perimeter model[19] and Gouterman1s four-
orbital model,[20] continue to play an important role in inter-
preting the optical spectra of porphyrinoids. Moffitt[21] and
Michl[19] demonstrated that the electronic structures of het-
eroaromatic p systems can be described in terms of parent
high-symmetry cyclic-polyene hydrocarbon perimeters, since
the nodal patterns of the four frontier p MOs, which arise
from the magnetic quantum number properties, are retained
even after perturbations to the electronic structure. In the
case of metal porphyrinoids, the orbital angular momentum
(OAM) properties of the MOs which constitute the p


system can be described in terms of an ML =0, �1, �2, �3,
�4, �5, �6, �7, 8 sequence in ascending energy, associated
with the D16h-symmetric C16H16


2� parent perimeter for the
18 p electrons on the 16-atom inner ligand perimeter, since
the four pyrrole nitrogen atoms have identical partial charg-
es. In the case of free-base porphyrinoids, however, the
parent perimeter is usually viewed as being C18H18 with the
MOs arranged in an ML =0, �1, �2, �3, �4, �5, �6, �7,
�8, 9 sequence, since the 2pz atomic orbitals of the proton-
ated pyrroles contain a lone pair of electrons. In the context
of Gouterman1s four-orbital model,[20] the optical spectrosco-
py is based on an allowed transition to the B state (“DML=


�1”) arising from the Y�5
�4 and Y5


4 excited-state configura-
tions and a forbidden transition to the Q state (“DML=


�9”) arising from the Y�5
4 and Y5


�4 excited-state configura-
tions, which arise from the four spin-allowed transitions
linking the HOMOs (ML=�4) and the LUMOs (ML =�5);
see Figure 2 and Figure S3 in the Supporting Information.
Within Michl1s perimeter model[19] the induced excited-state
magnetic moments of these ideal B and Q states are re-
ferred to as m� and m+ , respectively.


Michl[19] predicted, based on an LCAO approach to the
perimeter model, that the magnetic moments associated
with the B and Q bands (m� and m+) of a C16H16


2� parent pe-
rimeter are �0.01 and �6.24b, respectively, while the corre-


sponding values for a C18H18 perimeter are �0.36 and
�6.83b. Under ideal D16h or D18h symmetry, the Q00 band is
fully electric dipole forbidden and can gain intensity only
through vibrational borrowing from the allowed B00 band.


Figure 2. Top: Origin of the Q and B bands in Gouterman1s four-orbital
model.[20] In the context of a free-electron model, the doubly degenerate
HOMO and LUMO of the inner cyclic polyene perimeter exhibit �4
and �5 b of angular momentum, respectively. The four possible spin-al-
lowed transitions result in the forbidden “Q” band with “DML =�9 b”
and the allowed “B” band with “DML =�1 b”. These bands are readily
recognized in the absorption and MCD spectra of most main group
metal and free-base porphyrinoids. The symmetries of the real MOs aris-
ing from these complex MOs are shown for the D4h symmetry of metal
porphyrinoid complexes and the typical D2h symmetry of free-base por-
phyrinoids (in parentheses). When the symmetry is reduced to D2h, the
zero-field splitting of the excited states that is introduced splits the Q
and B bands into their x- and y-polarized components. Bottom: The four
frontier p MOs of the C16H16


2� and C18H18 parent perimeters and TBP
from INDO/s calculations generated using the CAChe workstation soft-
ware package at the 0.04 a.u. energy level of the isosurface value for elec-
trostatic potential exhibit the ML =�4 and ML =�5 nodal patterns an-
ticipated on the basis of Gouterman1s four-orbital model[20] and Michl1s
perimeter model.[19] The nodal patterns for all of the compounds in
Figure 1, generated from Gaussian checkpoint files[41] for TD-DFT calcu-
lations using CS Chem 3D and from INDO/s calculations using the
CAChe workstation software package,[42] are provided as Figure S3 in the
Supporting Information.
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The sign and intensity of the a1 term arising from the B
transition is determined only by the far weaker m� moment.
In the case of D4h- and D2h-symmetric cyclic perimeters,
there is mixing of the allowed and forbidden character of
the B and Q transitions, and the B and Q excited states ac-
quire both m� and m+ character. The m� contribution tends
to be largely independent of structural changes, whereas the
m+ contribution can change sign depending on the nature of
the perturbations to the structure of the perimeter. The
degree of mixing a and the magnitude of the induced mag-
netic dipoles m(B) and m(Q) associated with the B and Q ex-
cited states can be estimated by using Michl1s perimeter
model,[19] based on the observed dipole strengths d0


[Eqs. (1)–(3)].


d0ðQÞ=d0ðBÞ ¼ tan2 a ð1Þ


mðBÞ ¼ �ðcos2 aÞm� � ðsin2 aÞmþ ð2Þ


mðQÞ ¼ �ðsin2 aÞm� � ðcos2 aÞmþ ð3Þ


Michl[19] demonstrated that in the case of lower symmetry
chromophores, such as the core-modified TBPs in this study,
in which complete lifting of the orbital degeneracies of the
four frontier p MOs occurs (Figure 2) the alignment of the
induced magnetic moments with and against the axis of light
propagation and the applied field (and hence the ordering
of the signs for the Qx, Qy, Bx, By MCD spectral bands),
based on the m+ moment contribution, can be determined
by the relative magnitude of the splitting of the HOMOs
and the LUMOs of the parent perimeter (DHOMO and
DLUMO), since this determines whether the circulation of
electronic charge in the LUMOs or that of the hole left in
the HOMOs is the dominant factor in conserving the quan-
tum of OAM provided by the incident photon of left or
right circularly polarized light. When DHOMO>DLUMO,
electronic charge circulation in the LUMO predominates
and the ordering of the negative and positive Faraday b0


terms arising from the Q and B transitions, due to the differ-
ential absorbance of lcp and rcp on which MCD intensity is
based, is �, + , �, + in ascending energy terms (analogous
to two positive derivative-shaped a1 terms). In contrast,
when DLUMO>DHOMO the positive charge associated
with the hole left in the HOMO is the predominant factor
and the sequence reverses to + , �, + , � (analogous to two
negative derivative-shaped a1 terms), as has been observed
previously in the MCD spectra of the chlorins, where
DLUMO>DHOMO due to the effect of the reduction of
the porphyrin p system at the ligand periphery.[20]


In summary, changes in symmetry will reduce the OAM
associated with both the doubly degenerate HOMO and
LUMO of the p system of the parent cyclic-polyene hydro-
carbon perimeter, but the nodal patterns associated with the
magnetic quantum number properties are still retained.[19]


The anomalous + , �, + , � sign sequence is observed when
perturbations to the structure quench the OAM of the two
LUMOs to a greater extent than the two HOMOs.


Optical spectroscopy: The UV/Vis absorption and MCD
spectra of TPP, TBP, SN3, ON3, S2N2, OSN2, TPSN3,
TPS2N2, 1BS, 3BN, 2BN, 2BS, CN3, and CSN2 are shown
in Figure 3. As reported previously by Ono and co-work-
ers[9,10] in the case of SN3, S2N2, and OSN2, the spectra of
the near-planar ON3, SN3, S2N2, and OSN2 are similar to
those of TBP with only minor shifts of the band centers of
the main Q and B bands. Intensity in the UV region increas-
es and the B bands become less intense when a pyrrole NH
group is replaced by an O or S atom. In the case of CN3
and CSN2 the changes are more pronounced. In the visible
region, the presence of intense pseudo-Faraday a1 terms in
the MCD spectrum indicates that the zero-field splitting of
the Q bands is small. However, splitting of the B bands is
marked, and the higher energy bands in the UV region gain
significant intensity. The Q and B bands of TPSN3 and
TPS2N2 exhibit a marked redshift, while the Q00 bands are
significantly less intense and the Qx0 and Qy0 bands less re-
solved relative to SN3 and S2N2. In the case of the nine
non-phenylated compounds the sign sequence of the Q00


and B00 bands is �, + , �, + in ascending energy terms, as is
typically observed for most porphyrinoids.[15, 17] Despite the
effect of ligand folding, core substitution with heteroatoms
and partial benzo substitution, the additional information on
band polarization derived from the sign sequences in the
MCD spectra makes it clear that the optical spectra of 2BN
and 3BN are similar to that of TPP, since the sign sequence
in the Q-band region is �, �, + , + , and a pseudo-a1 term
in the B-band region has a �, + sign sequence. The degree
of separation of the Qx0 and Qy0 bands is clearly greater
than that of the Qx0 and Qx1 bands. In the case of 1BS and
2BS, the sign sequence of the Q00 bands is reversed, and an
anomalous + , �, �, + sequence for the main Q00 and B00


bands results.


Geometry optimizations : The B3LYP optimized geometries
are shown in Figure 4. With the exception of TPP, the tetra-
phenyl-substituted complexes are predicted to be nonplanar
due to steric hindrance between the phenyl groups on the
meso-carbon atoms and peripheral fused benzene rings.
Compounds 1BS and 2BN are nearly planar, however, due
to the effect of partial benzo substitution. Whereas TBP,
SN3, ON3, S2N2, and OSN2 are planar, core substitution
with a carbon atom to form CN3 and CSN2 also results in a
nonplanar structure. In the case of the 21,23-diheteropor-
phyrins, incorporation of two O and/or S atoms to replace
pyrrole NH results in marked distortion of the geometry of
the inner perimeter of the p system. A less pronounced
effect is observed in the 21-heteroporphyrin structures.


X-ray structural analysis : We conducted X-ray analyses to
investigate the relationship between the molecular struc-
tures and optical spectra of core-modified tetrabenzopor-
phyrins (Figure 5). Suitable single crystals could only be ob-
tained for TPS2N2·1.5CHCl3, TPSN3·1.5CHCl3,
3BN·3CHCl3, 2BS, 2BN, and 1BS due to the low solubility
of the non-phenylated compounds. In the crystal of
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TPSN3·1.5CHCl3, the TPSN3 molecule is disordered. The
less common structure (12.5%) occupies the same position
as the main structure (87.5%), but the porphyrin plane is
rotated by 908. Only the core heteroatoms of the less
common structure could be refined. In the case of 2BS and
2BN, the porphyrin molecules occupy special positions and
adopt a wave out-of-plane distortion. The results are sum-
marized in the Experimental Section. Edge views are shown
in Figure 5. In a similar manner to TBTBP,[22] peripheral ex-
pansion of the p system with fused benzene rings results in
severe saddling in the case of TPS2N2, TPSN3, and 3BN :
the plane angles of opposite indole and isothianaphthene
moieties were 131.56(6) and 134.40(5)8 in TPS2N2,
128.70(7) and 138.00(4)8 in TPSN3, and 136.68(6) and
143.62(7)8 in 3BN. The most striking feature is the distortion
of the benzo rings observed in the isothianaphthene moiet-
ies of 2BS. The angle between the planes of the five thio-
phene atoms and four benzo carbon atoms is 9.86(7)8. The
largest discrepancy between experimental and calculated
structures is observed in TPSN3 (Figures 4 and 5), as would
be anticipated based on the fact that the TPSN3 molecules
are disordered in the crystal structure. The other minor dif-
ferences are probably due to crystal packing effects and are
not necessarily present in solution.


Cyclic and differential pulse voltammetry : CV and DPV
measurements were carried out for all of the compounds,
but oxidation and reduction potentials could only be derived
for TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN due to low
solubility of the non-phenylated compounds (see Figure S4
in the Supporting Information). As anticipated, the separa-
tions of the first oxidation and reduction potentials are simi-
lar to the Q band energies (see Figure S5 in the Supporting
Information).


NMR spectroscopy: 1H NMR studies, including differential
NOE experiments, were carried out for TPS2N2, TPSN3,
1BS, 2BS, 2BN, and 3BN. No NMR measurements could be
made for the non-phenylated compounds due to their low
solubility. The most distinctive feature of the 1H NMR spec-
tra of TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN is that the
signals of the benzo protons of the isoindole moieties lie at
higher field than the corresponding isothianaphthene pro-
tons (see data reported in the Experimental Section, and
Figure 1 for carbon numbering). The signals for isoindole g


protons that are adjacent to a thiophene and isothianaph-
thene moieties, such as H71 (TPS2N2, TPSN3), H74


(TPS2N2, TPSN3), H21 (3BN), and H24 (3BN), appear at
higher field than the corresponding d protons such as H72


(TPS2N2, TPSN3), H73 (TPS2N2, TPSN3), H22 (3BN), and
H24 (3BN) due to the anisotropic shielding effect of the aryl
groups, whereas the signals for isoindole g protons that are
opposite to the thiophene and isothianaphthene moieties,
such as H121 (TPSN3), H124 (TPSN3), H71 (3BN), and H74


(3BN), were observed at similar or slightly lower field than
those of the corresponding d protons.


The signals for the benzo protons of TPSN3 lie at higher
field than the corresponding signals in the spectrum of 1BS
due to a strong shielding effect when the meso-phenyl
groups are fixed in positions that are orthogonal to the mac-
rocyclic planes by steric interaction with two adjacent benzo
moieties. In the cases of 2BS and 2BN, the shielding effect
of the phenyl groups is also thought to be smaller since they
can rotate more freely. The 1H NMR spectrum of 3BN is
highly complex but can be rationalized by careful consider-
ation of the above effects. In the case of TPS2N2, the
proton signals of isoindole moieties were observed at d=


7.17 (d positions: H72, H73, H172, and H173) and 6.89 ppm
(g positions: H71, H74, H171, and H174), whereas the signals
due to isothianaphthene moieties appeared at d=7.83 (g po-
sitions) and 7.35 ppm (d positions). Similarly, benzo proton
signals for 2BN (d=7.37 and 7.20 ppm) appeared at higher
field than for 2BS (d=8.05 and 7.59 ppm), whereas the b-
proton signals in the spectrum of 2BN (d=9.34 ppm) were
observed at lower field than in the case of 2BS (8.33 ppm).
As benzo protons of the parent heterocycles exhibit similar
chemical shifts (d=7.5 and 6.8 for isoindole and d=7.59
and 7.04 for isothianaphthene),[23] these observed differen-
ces can be attributed to differences in the diamagnetic mac-
rocyclic ring currents (Figure 1).


In all cases, considerable anisotropic downfield shifts were
observed due to the enlarged macrocyclic p systems, not
only in the case of the ortho but also for the meta and para
proton signals of the meso-aryl groups. Similar NMR data
were reported previously for tetraphenyltetrabenzoporphyr-
in.[24] In the 1H NMR spectra of TPSN3 and TPS2N2, in
which the phenyl groups sit between two benzo moieties,
the ortho signals lie at d=8.33–8.27 ppm, and the other
phenyl proton signals at d=7.92–7.87 ppm.


In the case of 1BS, 2BS, 2BN, and 3BN, the phenyl groups
of which are adjacent to only one benzo moiety, the reso-
nances appeared at slightly higher field (ortho : d=8.25–
8.05, meta and para : d=7.87–7.79 ppm). A similar trend was
observed in the shifts of the p-tolyl groups. In contrast to
the meso-aryl protons, the signals of the benzo protons gen-
erally appear at higher fields compared to meso-unsubstitut-
ed benzoporphyrins.[10b] Cheng and co-workers[25] used varia-
ble-temperature (VT) NMR experiments to study the dy-
namic behavior of free-base TPTBP. They suggested that
the temperature effect observed in the 1H NMR spectrum
was not only due to inner proton tautomerism but also to ef-
fects related to conformational change of the saddle-shaped
macrocycle and the restricted movement of the phenyl
groups. However, they were unable to assign the low-tem-
perature spectra.


We recorded VT NMR spectra of free-base TPTBP
(Figure 6). Based on analysis of the 1H NMR spectra of
TPTBP in CDCl3 at 20 8C, the benzo protons can be as-
signed to the very broad signal observed at d=7.25 ppm.
This signal is resolved at 50 8C into two multiplets at d=7.18
and 7.23 ppm. Owing to the low boiling point of CDCl3, the
solvent was changed to [D6]DMSO for higher temperature
measurements. The multiplets for an AA’BB’ spin system
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observed at d=7.14 and 7.27 ppm can be unambiguously as-
signed as arising from the g and d protons, respectively. The
low-temperature NMR spectra are rather complicated, as
Cheng et al. reported.[25] The broad singlet at 20 8C is re-
solved into three broad signals at 0 8C, the lowest of which is
further resolved into two signals below �10 8C. At �50 8C,
the two pairs of the AA’BB’ spin systems can be clearly ob-
served, and all the signals can be assigned by comparison
with the spectra of TPSN3 (see Experimental Section). The
AA’BB’ multiplets arising from the 2H-isoindole moieties
lie at d=7.35 (d protons: H22, H23, H122, and H123) and


7.43 ppm (g protons: H21, H24, H121 and H124), while the
AA’BB’ protons of isoindolenine (1H-isoindole) moieties
absorb at higher fields: d=6.99 (g protons: H71, H74,
H171,and H174) and 7.18 ppm (d protons: H72, H73, H172


and H173). The coalescence at 20 8C can be ascribed to
inner pyrrolic proton tautomerism. No evidence for other
dynamic effects, such as macrocyclic ring inversion, is ob-
served. Lash et al.[5] have reported similar results for
TPTANP.


Figure 3. a) UV/Vis absorption and MCD spectra of TBP, ON3, SN3, CN3, S2N2, TPS2N2, TPSN3, 3BN in DMF at 298 K. The spectra of the planar
compounds core-modified with S or O atoms are similar to those of TBP, while the spectra of CN3 and CSN2 are markedly different. An anomalous + /
� MCD sign sequence is observed in the Q-band region of 1BS and 2BS but not in that of TPS2N2, TPSN3, 2BN, and 3BN. The spectra of 2BN and
TPP are very similar despite the markedly different molecular structures, since DHOMO�DLUMO, as is shown in Figure 8 below. b) UV/Vis absorption
and MCD spectra of 1BS, 2BS, 2BN, H2TPP, OSN2, CSN2, H2OEP, and [H4OEP]2+ in DMF at 298 K. The spectra of the planar compounds core-modi-
fied with S or O atoms are similar to those of TBP, while the spectra of CN3 and CSN2 are markedly different. An anomalous + /� MCD sign sequence
is observed in the Q-band region of 1BS and 2BS but not in that of TPS2N2, TPSN3, 2BN and 3BN. The spectra of 2BN and TPP are very similar de-
spite the markedly different molecular structures, since DHOMO �DLUMO, as is shown in Figure 8 below.
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Discussion


The electronic and optical properties of a large number of
core-modified tetrabenzoporphyrins were analyzed to inves-
tigate the relative effects of core modification of pyrrole N
with C, S, and/or O atoms, ligand folding, and partial benzo
substitution on the electronic structure and optical proper-
ties. We have shown previously in our recent analysis of
TD-DFT and INDO/s calculations derived from the B3LYP
geometry optimizations of ZnTPTANP and 16 other radially
symmetric ZnII porphyrinoids[15] that the peripheral struc-
ture and overall symmetry of porphyrinoids has a systematic
effect on the energies and oscillator strengths of the Q and
B bands and the OAM properties of the associated excited
states. Our analysis pointed to the accidental degeneracy of
the two frontier p MOs derived from the e4g HOMO of the
C16H16


2� parent perimeter and an orbitally degenerate 1e*


LUMO due to saddled D2d symmetry being responsible for
the unusually large redshift of the B (or Soret) band.[15]


When DHOMO�DLUMO�0, the electronic structure
mimics that of a high-symmetry C16H16


2� perimeter. The
anomalous MCD spectrum can be accounted for on this
basis, since the alignments of the induced pp* excited-state
magnetic dipoles in p systems of this type are known to be
sensitive to minor structural perturbations when the Q band
is fully forbidden and the weaker m� moment predominates.


The methods used to analyze the trends observed in the
data in that study[15] can also be applied here. Indeed, the
new data compliment and add to those previous data. We
discuss each of the sets of compounds individually below.
What was not clear during the analysis of the MCD spec-
trum of ZnTPTANP was the extent to which nonplanarity
affects the MCD spectra of lower symmetry porphyrinoid p


systems in which DHOMO¼6 DLUMO¼6 0, where the larger


Figure 3 (continued).
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m+ contribution to the excited-state magnetic moments can
be expected to become a much more significant factor.
Unlike phthalocyanines where DHOMO@DLUMO, the
spectra of TBPs remain reasonably similar to those of the
porphyrins,[19] and the observed a value based on the dipole
strengths of the Q and B bands [Eqs. (1)–(3)], is low enough
that the effect of introducing a significant DLUMO through
demetalation creates a chromophore that is potentially sus-
ceptible to MCD sign reversal. We analyzed the MCD spec-
tra to determine trends in the band energies, intensities, and


signs to test the validity of the TD-DFT and INDO/s calcu-
lations of core-modified tetrabenzoporphyrins (Figures 7–13,
Table 1 and Tables S1–S3 in the Supporting Information),
similar to the approach we adopted with radially symmetric
zinc porphyrinoids.[15] The trends observed in calculations
based on the six crystal structures (Figure 5) are very similar
to those observed in the B3LYP calculations (Figures 9 and
11, Table 1 and Table S1 in the Supporting Information), so
our analysis focused primarily on the latter.


Figure 4. a) B3LYP-optimized geometries of TBP, ON3, SN3, TPSN3, S2N2, TPS2N2, 1BS, and 3BN, with a cross-section view provided to show the de-
viation [S] from ligand planarity. The axes are rotated clockwise by 908 relative to the structures in Figures 1, 2, 11, and Figure S3 in the Supporting In-
formation in all cases so that the heteroatoms are more clearly visible. In the case of SN3 and ON3, the y and z axes are switched relative to the axes
used for TBP and the other compounds, since the main twofold axis of symmetry lies in the plane of the p system. The distance between opposite pyrrole
N (or S, O, and/or C) atoms and the distance between opposite b-carbon atoms is provided to illustrate the effect of core substitution on the geometry of
the central cavity. b) B3LYP optimized geometries of 2BN, 2BS, OSN2, CSN2, TPTBP, and CN3 with a cross-sectional view showing the deviation [S]
from ligand planarity. The axes are rotated clockwise by 908 relative to the structures in Figures 1, 2, 11 and Figure S3 in the Supporting Information in
all cases except CN3 and CSN2 so that the heteroatoms are more clearly visible. In the case of OSN2, the y and z axes are switched relative to the axes
used for TBP and the other compounds, since the main twofold axis of symmetry lies in the plane of the p system. The distance between opposite pyrrole
N (or S, O, and/or C) atoms and the distance between opposite b-carbon atoms is provided to illustrate the effect of core substitution on the geometry of
the central cavity.
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When the DHOMO and DLUMO values predicted on the
basis of TD-DFT and INDO/s calculations for TBP, S2N2,
SN3, 1BS, 2BS, 2BN, and 3BN the parent monobenzo[b]-,
adj-dibenzo ACHTUNGTRENNUNG[b,g]-, opp-dibenzo ACHTUNGTRENNUNG[b,l]-, tribenzo-
ACHTUNGTRENNUNG[b,g,l]porphyrins and their 5,10,15,20-tetraphenyl analogues,
as well as the non-phenylated analogues of 1BS, 2BS, 2BN
and 3BN are plotted (Figure 10), the two major trends that
are observed are a decrease in the DHOMO values on phe-
nylation and a slight increase in DLUMO due to core modi-
fication with O and/or S atoms. These predictions are consis-
tent with the observed spectral data, since the Q bands of
TPSN3 and TPS2N2 are considerably less intense than
those of SN3 and S2N2 [Eqs. (1)–(3) and Figures 3 and 9],
and a slightly greater splitting of the x- and y-polarized com-
ponents of the symmetry-split Q and B bands can be ob-
served in the case of ON3, SN3, S2N2,and SON2 (Figures 3
and 11). Partial benzo substitution is predicted to have a sig-
nificantly greater effect than the other structural modifica-
tions, since the core-modified compounds lie closer to the
parent porphyrins and benzoporphyrins than to each other
(Figure 10). Although a slight stabilization of the frontier p-
MOs corresponding to the 1b3g* MO of TBP is predicted in
the case of S2N2 and OSN2 relative to SN3 and ON3, and
in turn relative to TBP (Figure 11; significant MO coeffi-
cients are predicted for the N, S, and/or O atoms at the 21-
and 23-positions; see Figure 1, Figure 12, and Figure S3 in
the Supporting Information), the changes observed in the


optical spectra (Figures Figures 3 and 11) and in the OAM
properties of the p system (Figure 2, Figure 12 and Figure S3
in the Supporting Information) on core modification with O
and S atoms are relatively minor, since the lone pair of elec-
trons in the 2pz atomic orbital (AO) of the N atom in the
pyrrole NH group is directly replaced by another lone pair
of electrons in the 2pz or 3pz AOs of the O or S atom
(Figure 1). In the case of core modification with C and S
atoms to form CSN2, however, significantly greater effects
are observed (Figures 2, 3, 4, 11 and Figure S3 in the Sup-
porting Information, since a pyrrole nitrogen atom is pro-
tonated on the x axis to compensate for the fact that the 2pz


AO of the carbon atom does not contain a lone pair. This
substantially alters the geometry of the 18-atom perimeter
since it involves the b-carbon atoms on adjacent pyrrole
moieties due to the two lone pairs on the inner p system pe-
rimeter being located on adjacent rather than opposite het-
eroatoms (Figure 1). The Q bands of CSN2 form an intense
pseudo-a1 term (Figure 3 and Figure S2 in the Supporting
Information), since the effect of the structural perturbation
arising from the adjacent lone pairs is identical along the x
and y axes of the parent perimeter. Although the fact that
the spectra of CN3 and CSN2 are almost identical would
appear to point to the structure with adjacent lone pairs
being the more stable tautomer in the case of CN3 as well,
the TD-DFT calculations of the opposite and adjacent CN3
tautomers are very similar (Figure 11).


Figure 4 (continued).
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The UV/Vis absorption spec-
trum of 2BN is markedly differ-
ent from that of 2BS despite
the similar structures
(Figure 3). Note that a some-
what similar absorption spec-
trum to that of 2BN was report-
ed by Clezy et al.[26] for the
parent non-core-modified
dibenzo ACHTUNGTRENNUNG[b,q]porphyrin com-
pound, so this is probably relat-
ed primarily to the fused-ring
substitution pattern rather than
core modification. The weak
absorption bands at 639 and
704 nm are sufficiently separat-
ed from the bands at 515 and
544 nm that their assignment
would be problematic in the ab-
sence of MCD spectral data.
Both these bands appear as
negative b0 terms in the MCD
spectrum, as opposed to the
normal pattern of a coupled
pair of oppositely signed bands.
This is clear evidence that the
spectrum is similar to that of
TPP despite core modification
and partial benzo substitution.
The observed spectral pattern
can be readily explained by
adopting a perimeter-model ap-
proach. The optical spectra of


free-base porphyrinoids are best described in terms of a per-
turbed C18H18 parent perimeter (Figure 2) due to the lone
pairs associated with the two protonated pyrrole nitrogen
atoms rather than the C16H16


2� perimeter of metal com-
plexes, where there are no protonated pyrrole nitrogen
atoms, or the C20H20


2+ perimeter of porphyrin dications,
where there are four. This leads to marked spectral changes,
as can be observed in the spectra of H2OEP and [H4OEP]2+


(Figure 2). The MCD spectrum of [H4OEP]2+ is dominated
by derivative-shaped Faraday a1 terms, since the excited
states are orbitally degenerate, while the Q-band region of
H2OEP is comprised of Gaussian-shaped Faraday b0 terms
due to the absence of a threefold, or higher, axis of symme-
try.[17] A key feature of D(4N+2)h (N>1) symmetry is that the
multiplication products of the LUMO and HOMO symme-
tries are both singly and doubly degenerate (for the e1u and
e2u MOs in the D6h symmetry of benzene the product is e1u,
b1u, and b2u), whereas in D(4N)h (N>1) symmetry the multi-
plication products are only doubly degenerate (for the e4u


and e5u MOs in the D16h symmetry of C16H16
2� the product is


e1u and e7u). Although the B bands form a pseudo-a1 term,
the Q band splits significantly in the case of C18H18-based
perimeters due to the inherent nondegeneracy of the Q ex-
cited states of the parent perimeter, even in instances such


Figure 5. Edge views of ORTEP drawings of TPSN3, TPS2N2, 3BN, 2BS, 2BN, and 1BS. Left: views along op-
posite nitrogen atoms. Right: views along opposite heteroatoms.


Figure 6. Variable-temperature NMR spectra of TPTBP in CDCl3.
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as TPP, the HOMOs and LUMOs of which are accidentally
degenerate (Figures 3 and 8). Since DHOMO�DLUMO�0
(Figure 8) the spectra of 2BN can be predicted to mimic
that of an ideal C18H18 perimeter based on the MO energies
predicted for the four frontier p MOs at the B3LYP opti-
mized geometry. This is also reflected in the analysis of


dominant ring currents based
on the NMR data (Figure 1).
The spectrum of 3BN is also
somewhat similar to that of
TPP for the same reasons
(Figure 8).


Both B3LYP and INDO/s
calculations successfully predict
the trend observed in the inten-
sity of the Q band (Figures 3
and 8, Table 1 and Table S1 in
the Supporting Information)
and, as was the case in our ear-
lier study on 17 radially sym-
metric ZnII porphyrinoids.[15]


The Q-band intensity of the
saddled 5,10,15,20-tetraphenyl
TBPs (TPTBP, TPSN3, and
TPS2N2) is lower than that of
the planar unsubstituted TBPs
(TBP, SN3, and S2N2), whereas
peripheral substitution of P


with fused benzene rings to form TBP results in increased
Q-band intensity. Michl has demonstrated, based on a pe-
rimeter-model approach, that the intensity of the Q band is
related to the DHOMO value, since this determines the
degree to which the magnetic properties of the Q and B ex-
cited states of the parent perimeter mix [Eqs. (1)–(3)]. The


Figure 7. Calculated spectra from TD-DFT (left) and INDO/s (right) calculations from the same set of B3LYP geometry optimizations. Band centers are
indicated with triangles and diamonds, respectively. Vertical gray lines indicate the experimentally observed energies of the Q and B bands (Table 1 and
Table S2 in the Supporting Information). The spectra of CSN2, OSN2, TPTBP and TPS2N2 are provided as Figure S6 in the Supporting Information.


Figure 8. The DHOMO and DLUMO values predicted by B3LYP (left) and by INDO/s (right) calculations for
the same set of B3LYP optimized geometries of P, TPP, TBP, SN3, ON3, CN3, S2N2, OSN2, TPSN3, TPS2N2,
1BS, 3BN, 2BN 2BS, and CSN2. In the light gray shaded areas where DHOMO>DLUMO the normal �, + ,
�, + MCD sign sequence is anticipated on the basis of Michl1s perimeter model[19] for the Q and B bands in
ascending energy terms, while a + , �, + , � MCD sign sequence is expected when DLUMO>DHOMO. Key
data are given in Table S3 in the Supporting Information
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5,10,15,20-tetraphenyl TBPs show significant folding of the
heteroaromatic p system due to steric interactions at the
ligand periphery, and thus significantly less configuration in-
teraction is predicted between the B excited states and
higher energy pp* states, since the higher energy p MOs are
primarily located on the fused benzene rings, whereas the
four frontier p MOs are primarily located on the 16-atom
inner perimeter. It is noteworthy that TD-DFT calculations
appear to markedly overestimate the degree of interaction
between the B excited states and higher energy pp* states


(Figures 3 and 7) in the case of
non-saddle-shaped com-
pounds.[19] This is most marked
in ON3, OSN2, CN3, and 1BS,
for which the strongest interac-
tion between the B and higher
energy pp* states is predicted
(Table 1). Even in the case of P
and TPP, two sets of intense,
coupled, oppositely signed
Faraday b0 terms are predicted
in the UV region. However,
this pattern is not observed in
the spectrum of TPP (Figure 3),
or in the corresponding spectra
for ZnTPP and [H4TPP]2+ .[15]


While a second set of bands can
certainly be observed in MCD
spectrum of H2OEP (Figure 3),
these bands are usually as-
signed as being vibrational in
origin since a single intense a1


term is observed for [H4OEP]2+


(Figure 3) and ZnOEP.[15] Al-
though DFT calculations pro-
vide significantly better descrip-
tions of the ground state prop-
erties of porphyrinoids and TD-
DFT calculations more accu-
rately predict the energy gap
between the Q and B bands
(Figure 13), it is clear from
these results that DFT-based
calculations do not necessarily
always provide an accurate de-
scription of the excited-state
properties and that MCD spec-
tral data therefore provide a
key additional test of their val-
idity.


When MCD spectra[27] were
reported previously for
5,10,15,20-tetraphenyltetrabenzo-
[b,g,l,q]porphyrin (TPTBP) the
normal �, + , �, + sign se-
quence was reported for the Q
and B bands in ascending


energy terms. The question of MCD sign sequences was not
studied in depth, because the extent and effect of saddling
in sterically crowded porphyrinoids was not fully understood
at the time. The MCD spectra of most of the core-modified
compounds exhibit the same sign sequence as TBP and
TPTBP (Figure 3). An anomalous + , �, �, + sequence is
observed for 1BS and 2BS, however. When the MCD spec-
tra of the chlorins was studied in detail, Djerassi and co-
workers[28] found that when a is relatively small and jDLU-
MO�DHOMO j �0, the MCD sign sequence initially re-


Figure 9. Total Q-band intensity predicted by B3LYP (left) and INDO/s (right) calculations. The smaller plot-
ted values denote the Q-band intensities calculated for the X-ray structures of TPS2N2, TPSN3, 1BS, 2BS,
2BN, and 3BN. Key data are given in Table S2 in the Supporting Information.


Figure 10. Effect of structural perturbations on the DHOMO and DLUMO values predicted by B3LYP (left)
and by INDO/s (right) calculations for the same set of B3LYP optimized geometries. In the light gray shaded
areas where DHOMO>DLUMO the normal �/+ /�/+ MCD sign sequence is anticipated on the basis of
Michl1s perimeter model[19] for the Q and B bands in ascending energy terms, while a + /�/+ /� MCD sign se-
quence is anticipated when DLUMO>DHOMO. P, monobenzo[b]-21H,23H-porphyrin, opp-dibenzo ACHTUNGTRENNUNG[b,g]-
21H,23H-porphyrin, opp-dibenzo ACHTUNGTRENNUNG[l,q]-21H,23H-porphyrin, tribenzo ACHTUNGTRENNUNG[b,g,l]-21H,23H-porphyrin, and TBPs are
denoted by diamonds. The corresponding 5,10,15,20-tetraphenyl analogues are denoted by triangles, while
squares are used for 21-thia-23H-porphyrin-21,23-dithiaporphyrin, monobenzo[b]-21-thia-23H-porphyrin, opp-
dibenzo ACHTUNGTRENNUNG[b,g]-21H,23H-porphyrin, opp-dibenzoACHTUNGTRENNUNG[b,l]-21,23-dithiaporphyrin, tribenzoACHTUNGTRENNUNG[g,l,q]-21-thia-23H-porphy-
rin, SN3, and S2N2. The corresponding 5,10,15,20-tetraphenyl analogues, including 1BS, 2BN, 2BS, 3BN,
TPS2N2 and TPSN3, are denoted by circles. The compounds are identified on the basis of number of peripher-
al fused benzene rings and, in the case of the opp-dibenzoporphyrins, whether the two pz atomic orbitals on
the inner perimeter containing lone pairs are located along the axis with fused benzene rings (2BS) or not
(2BN).
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verses only in the case of the Q band, since the m� moment
remains the dominant factor for the B band. The values for
DHOMO and DLUMO derived for the B3LYP optimized
geometries of TPP, TBP, SN3, ON3, S2N2, OSN2, CN3,
CSN2, TPSN3, TPS2N2, 1BS, 3BN, 2BN, and 2BS are
shown in Figure 8. The observed sign sequences (Figure 3)
in the Q-band region match those that would be predicted
on the basis of the DHOMO and DLUMO values derived
from the B3LYP calculations. In the case of INDO/s calcula-
tions using the same set of B3LYP-derived geometries, only
TPS2N2 lies outside the observed trend. It is safe to con-
clude on the basis of the MCD spectra of the nonplanar
core-modified benzoporphyrins that nonplanarity usually
does not reverse the sequence that would normally antici-


pated by Michl1s perimeter model[19] when DHOMO¼6
DLUMO and a significant m+ contribution is introduced
into the system. The anomalous + , �, + , � sign sequence
observed for ZnTPTANP was ascribed, on the basis of TD-
DFT and INDO/s calculations, to formation of a “double-
soft MCD chromophore” in which DHOMO�DLUMO
�0.[15] The Q band is fully forbidden in electronic terms,
which eliminates the m+ contribution to the spectrum. The
high degree of saddling of the ligand reverses the alignment
of the m� moment of ZnTPTANP, since the OAM associated
with the LUMO is quenched to a greater extent than that
associated with the HOMOs due to greater electron density
being located on the peripheral fused acenaphthalenes.


There has been considerable controversy in the literature
in recent years over whether redshifts of porphyrinoid Q
and B bands can be related directly to the extent and nature
of ligand nonplanarity. Shelnutt and co-workers[14a,b] pro-
posed, based on molecular mechanics and INDO/s calcula-
tions, a direct correlation between the magnitude of the ob-
served redshifts of the Q00 and B00 bands of sterically hin-
dered porphyrins and the degree and nature of ligand non-
planarity. In contrast, di Magno pointed to substituent ef-
fects as the major cause, based on in-plane nuclear
reorganization.[14d] Since the energies and intensities of the
Q and B excited states in Gouterman1s four-orbital model
are described in terms of complex rather than real wave-
functions, the INDO/s spectrum for an ideal C16H16


2� or
C18H18 perimeter contain 50% contributions from the two
possible HOMO!LUMO transitions (Table 1 and Table S1
in the Supporting Information). Perturbations to the struc-
ture result in reduced mixing of the Q and B excited states,
so that the Q band becomes electronically allowed (Table 1
and Figure 9). The energies of all four frontier p MOs there-


Figure 11. Top: Energies of the four frontier p MOs from Gouterman1s
four-orbital model[20] predicted by B3LYP and the average HOMO–
LUMO band gap based on all four frontier p-MOs. The nodal patterns
of the four frontier p MOs of TBP are shown at an isosurface value of
0.05 a.u. (Figure 12). Although point-group symmetry changes from com-
pound to compound (Figure 4), these orbitals can still be readily identi-
fied based on the characteristic ML =�4 and ML=�5 nodal patterns
(see Figure S3 in the Supporting Information). The smaller set of gray
data points are based on TD-DFT calculations on the X-ray structures
(Figure 5) in the case of TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN and
adjacent tautomers in the case of SN3, ON3, and CN3. Bottom: The
average energies of the calculated and observed Q and B bands exhibit a
trend that is very similar to that observed in the plot of average HOMO–
LUMO band gaps against the secondary axis (top). The experimentally
observed Q- and B-band energies are shown by black diamonds, and the
calculated bands by black horizontal lines in the case of the B3LYP opti-
mized structures (Figure 4), and gray lines for X-ray structures in the
case of TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN and for B3LYP opti-
mizations of the adjacent tautomers in the case of SN3, ON3 and CN3.
The dashed horizontal line indicates the upper limit of the region of the
spectrum that is useful for PDT. The corresponding INDO/s calculated
data are plotted in Figure S7 in the Supporting Information. Key data are
given in (Tables S2 and S3 in the Supporting Information).


Figure 12. Nodal patterns of the four frontier p MOs of TBP at an isosur-
face value of 0.05 a.u. in both the xz and xy planes. Numbered dashed
lines denote the radial nodal planes of the four frontier p MOs. The
ML =�4 and ML =�5 nodal patterns of the HOMOs and LUMOs of the
parent perimeter can be readily identified. The nodal patterns of the
other compounds and the parent perimeters are provided at an isosurface
value of 0.04 a.u. as Figure S3 in the Supporting Information. Although
the point-group symmetry changes from compound to compound (Fig-
ures 1 and 4), these MOs can still be readily identified based on the char-
acteristic ML =�4 and ML =�5 nodal patterns (see Figure S3 in the Sup-
porting Information, as is predicted in Michl1s perimeter model
(Figure 2).[19]
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fore must be taken into account. When this factor is taken
into consideration, correlation between the observed aver-
aged energies of the symmetry-split Q and B bands and the
averaged band gap (LUMO � HOMO) energies predicted
by both B3LYP and INDO/s calculations is strong
(Figure 11). There is a marked redshift of the B band due to
reduced configuration interaction between the B excited
state and higher energy pp* states (Table 1 and Table S1 in
the Supporting Information. Therefore, when the four-orbi-
tal model is the dominant factor in determining the energies
of the optically accessible excited states in the UV/Vis
region, structural perturbations at the ligand periphery
result in systematic redshifts similar to those reported by


Shelnutt and co-workers.[14a,b] The fact that the band centers
predicted in the TD-DFT calculations for the six X-ray
structures differ somewhat from those in the B3LYP opti-
mized structures also points to core modes of vibration such
as saddling and ruffling being a key factor, as Shelnutt and
co-workers reported. However, the spectral data derived
from core-modified tetrabenzoporphyins (Figures 3 and 4)
demonstrate that a redshift is not always diagnostic of por-
phyrinoid nonplanarity. The Q and B bands of SN3, S2N2,
and OSN2 and the Q bands of ON3 are red-shifted relative
to those of TBP due to stabilization of the 1b3g* LUMO,
since a major node is located on the more electronegative
sulfur or oxygen atom.


Conclusion


Even in the case of core-modified and nonplanar sterically
crowded porphyrinoids, the OAM properties of the four
frontier p-MOs largely determine the optical properties. De-
spite the large structural perturbations introduced by core
modification of the pyrrole nitrogen atoms, only minor ef-
fects are observed in the optical spectra of SN3, S2N2, ON3,
and OSN2 based on slight shifts in the band-center wave-
lengths and changes in band intensity, since the lone pair of
N�H is directly replaced by that of a sulfur or an oxygen
atom. Greater effects are observed on core modification
with carbon atoms, since the carbon 2pz atomic orbital is
singly occupied and a lone pair is effectively transferred to a
pyrrole nitrogen atom on the other in-plane axis of the p


system in the case of CN3 and CSN2. Even in the absence
of DFT-based calculations of MCD spectra, analysis of
MCD spectral data with Michl1s perimeter model[19] can pro-
vide a key additional test of the validity of TD-DFT descrip-
tions of the geometries and optical properties of porphyri-
noids based on the orbital angular momentum properties of
the heteroaromatic p system. Although analysis of certain
aspects of the TD-DFT results remains problematic, theoret-
ical calculations have clearly advanced to the point that
target porphyrinoids can be designed that are likely to ex-
hibit a desired set of electronic and/or optical properties
based on trends observed in the spectra for a wide range of
different porphyrinoids.


Experimental Section


Optical spectroscopy : Electronic absorption spectra were measured with
a Jasco V-570 or a Cary 5G spectrophotometer. Magnetic circular dichro-
ism (MCD) spectra[17] were recorded with a Jasco J-725 spectrodichrome-
ter and a Jasco electromagnet that produces a magnetic field of up to
1.09 T, or with a Jasco J-810 spectrodichrometer and an Oxford Instru-
ments SM2 cryomagnet with a maximum field strength of 5.0 T. The field
strength and sign were calibrated by measuring the MCD spectrum of an
aqueous solution of CoSO4 at 510 nm (DeM =�1.8969 Lmol�1 cm�1T�1).
The signal intensity of the CD spectrometer was also tested with ammo-
nium d-camphor-10-sulfonate to ensure that the q/A ratio for the peaks
at 280 nm was 2.26.[29] Spectral-grade dimethylformamide (DMF) was


Table 1. The contribution from Gouterman1s four-orbital model[20] transi-
tions to the Q00 and B00 transitions in the INDO/s calculated spectra of
the C18H18 parent perimeter, TBP, P, TPS2N2, TPSN3, TPTBP, 3BN,
2BN, 2BS, 1BS, S2N2, SN3, ON3, and CN3 based on B3LYP geometry
optimizations.


Q [%][a] B [%][a] 4-orb[b] Int. (f)[c]


Q B Q B


C18H18 11140 16420 29530 29530 97 98 0.00 4.72
ACHTUNGTRENNUNG(48:48) ACHTUNGTRENNUNG(49:49) ACHTUNGTRENNUNG(49:49) ACHTUNGTRENNUNG(49:49) 0.00 4.72


TBP 12880 14380 25540 27540 96 87 0.15 2.79
ACHTUNGTRENNUNG(64:32) ACHTUNGTRENNUNG(80:18) ACHTUNGTRENNUNG(29:53) ACHTUNGTRENNUNG(17:74) 0.45 2.50


P 13700 16490 26830 28020 97 83 0.02 1.67
ACHTUNGTRENNUNG(52:44) ACHTUNGTRENNUNG(59:39) ACHTUNGTRENNUNG(35:37) ACHTUNGTRENNUNG(37:57) 0.04 2.36


TPP 13110 15890 26310 26780 97 87 0.00 2.55
ACHTUNGTRENNUNG(51:46) ACHTUNGTRENNUNG(49:49) ACHTUNGTRENNUNG(35:47) ACHTUNGTRENNUNG(47:47) 0.00 3.17


TPS2N2 11000 12330 23120 25140 97 91 0.00 2.96
ACHTUNGTRENNUNG(44:52) ACHTUNGTRENNUNG(84:14) ACHTUNGTRENNUNG(49:39) ACHTUNGTRENNUNG(12:80) 0.51 2.54


TPSN3 13390 14760 23250 25120 96 89 0.40 2.60
ACHTUNGTRENNUNG(84:14) ACHTUNGTRENNUNG(55:41) ACHTUNGTRENNUNG(37:49) ACHTUNGTRENNUNG(13:78) 0.03 1.88


3BN 12190 14490 24460 24610 97 91 0.00 2.81
ACHTUNGTRENNUNG(49:46) ACHTUNGTRENNUNG(68:30) ACHTUNGTRENNUNG(44:45) ACHTUNGTRENNUNG(28:64) 0.15 3.29


2BN 11730 15370 25430 25670 97 89 0.00 4.08
ACHTUNGTRENNUNG(49:47) ACHTUNGTRENNUNG(64:34) ACHTUNGTRENNUNG(32:61) ACHTUNGTRENNUNG(43:42) 0.11 2.44


2BS 11240 13170 23790 25920 97 83 0.06 2.42
ACHTUNGTRENNUNG(35:61) ACHTUNGTRENNUNG(82:16) ACHTUNGTRENNUNG(50:23) ACHTUNGTRENNUNG(14:78) 0.33 2.23


1BS 16300 17930 25320 26440 96 91 0.14 2.54
ACHTUNGTRENNUNG(75:22) ACHTUNGTRENNUNG(38:57) ACHTUNGTRENNUNG(55:33) ACHTUNGTRENNUNG(21:73) 0.01 1.81


S2N2 12030 12760 24320 28270 97 83 0.03 2.55
ACHTUNGTRENNUNG(57:39) ACHTUNGTRENNUNG(87:11) ACHTUNGTRENNUNG(34:45) ACHTUNGTRENNUNG(10:78) 0.63 2.04


SN3 13340 13550 24820 28060 97 77 0.10 2.45
ACHTUNGTRENNUNG(63:33) ACHTUNGTRENNUNG(85:13) ACHTUNGTRENNUNG(28:48) ACHTUNGTRENNUNG(11:68) 0.55 2.00


ON3 13340 13880 25220 27990 97 70 0.13 2.30
ACHTUNGTRENNUNG(64:32) ACHTUNGTRENNUNG(84:13) ACHTUNGTRENNUNG(22:42) ACHTUNGTRENNUNG(11:65) 0.54 1.71


CN3 12400 14510 22980 25300 96 58 0.05 1.42
ACHTUNGTRENNUNG(52:43) ACHTUNGTRENNUNG(79:19) ACHTUNGTRENNUNG(31:38) ACHTUNGTRENNUNG(9:37) 0.41 1.12


OSN2 12140 12910 24510 28260 97 69 0.05 2.19
ACHTUNGTRENNUNG(58:38) ACHTUNGTRENNUNG(87:11) ACHTUNGTRENNUNG(28:38) ACHTUNGTRENNUNG(8:65) 0.62 1.40


CSN2 13170 14240 22470 24640 96 71 0.07 1.21
ACHTUNGTRENNUNG(56:39) ACHTUNGTRENNUNG(77:20) ACHTUNGTRENNUNG(28:43) ACHTUNGTRENNUNG(20:52) 0.31 1.89


[a] Energies of the Q00 and B00 bands in ascending order. The percentage
contributions of the 1au!1b2/3g and 1b1u!1b2/3g one-electron transitions
(Figure 2) are given in parentheses in the lower row. [b] Combined con-
tribution from the four one-electron transitions in Gouterman1s four-or-
bital model to the Q and B bands. The contribution to the B band is
often significantly less than 100% due to configuration interaction with
higher energy pp* states. [c] Predicted oscillator strengths of the Q and
B bands. The values for the lower energy Q and B bands are listed above
those for the higher energy bands. Key data for X-ray structures of
TPS2N2, TPSN3, 3BN, 2BN, 2BS and 1BS are provided in Table S1 in
the Supporting Information.
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purchased from Aldrich along with H2OEP and H2TPP. [H4OEP]2+ was
prepared by adding a trace of trifluoroacetic acid (TFA).


Synthesis


General : Melting points were measured with a Yanaco M500-D melting
point apparatus. IR spectra were measured on a Hitachi 270-30 as KBr
disks. FAB and DI-EI mass spectra were measured on a JEOL JMS-700
spectrometer. MALDI-TOF mass spectra were measured on a Voyager
DE Pro instrument (Applied Biosystems). Elemental analyses were per-
formed on a Yanaco MT-5 elemental analyzer. All solvents and chemicals
were of reagent-grade quality, obtained commercially, and used without
further purification except as noted. Dry dichloromethane and THF were
purchased from Kanto Chemical Co. Toluene, hexane, triethylamine, pyr-
idine, 1,8-diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU), and chloroform were
distilled from calcium hydride and then stored on appropriate molecular
sieves. Solvents for chromatography were purified by distillation. Thin-
layer (TLC) and column chromatography were performed on Art. 5554
(Merck KGaA) and Silica Gel 60N
(Kanto Chemical Co.), respectively.
For spectral measurements, spectral-
grade toluene and chloroform was pur-
chased from Nacalai Tesque Co.


ON3 and CSN2 : A [3+1] approach
using a bicyclo ACHTUNGTRENNUNG[2.2.2]octadiene-fused
(BCOD-fused) tripyrrane analogue,
similar to that reported previously for
SN3, S2N2, OSN2 and CN3, was em-
ployed.[11a] In order to apply common


porphyrin synthetic pathways such as the Lindsey [2+2] and [3+1] meth-
ods,[30] a BCOD-fused furan with formyl and hydroxymethyl groups at
the a positions and BCOD-fused tripyrranes was required for ON3, and
BCOD-fused diformylindene for CSN2.


BCOD-fused diformylindene : The synthesis of diformylindene (10) has
been reported previously.[30]


BCOD-fused furan dicarbaldehyde : Diformylation of the previously re-
ported BCOD-fused furan 2[32] was required (Scheme 1). Compound 2
was prepared by using a slightly modified procedure reported previously
by Gorgues et al. .[32] Formylation under the direct diformylation condi-
tions, used previously for the preparation of diformylpyrrole,[10b] gave an
intractable resinous material. Since this was probably due to the labile
nature of 2 under acidic conditions, formylation was attempted under
basic conditions. Treatment of 2 with nBuLi in THF at �78 8C followed
by quenching with DMF afforded monoformylated furan 6 in 81%
yield,[9] and diformylation was unsuccessful. We therefore adopted an in-
direct synthetic route. Protection of furancarbaldehyde 6 with ethylene
acetal gave 7 in 93% yield. Lithiation of 7 with nBuLi followed by
quenching with DMF afforded the monoacetal of the furandicarbalde-
hyde, which was hydrolyzed under mild acidic conditions to give the tar-
geted furandicarbaldehyde 3 in 67% yield from 7.


4,7-Dihydro-4,7-ethanoisobenzofuran-1-carbaldehyde (6): A 1.58m solu-
tion of nBuLi (9.87 mL, 15.6 mmol) in hexane was added to a stirred so-
lution of 2 (2.08 g, 14.2 mmol) in dry THF (60 mL) at �78 8C and the
mixture was then stirred at �10 8C for 30 min. After the mixture was
cooled to �78 8C, dry DMF (5 mL) was added slowly with stirring. The
mixture was allowed to warm to room temperature and stirring was con-
tinued for 6 h. The mixture was then poured into a saturated aqueous
ammonium chloride solution (50 mL) and extracted with diethyl ether.
The ethereal layer was washed sequentially with water and brine, dried
over Na2SO4, and concentrated. Chromatography on silica gel (20%
EtOAc/hexane) followed by recrystallization from CHCl3/hexane yielded
6 (2.00 g, 11.5 mmol; 81%) as pale yellow crystals: Rf=0.26 (10%
EtOAc/hexane); m.p. 56–57 8C; 1H NMR (CDCl3): d =9.66 (s, 1H), 7.24
(s, 1H), 6.55–6.44 (m, 2H), 4.32 (m, 1H), 3.92 (m, 1H), 1.72–1.50 ppm
(m, 4H); 13C NMR (CDCl3): d=177.0, 142.8, 136.2, 136.1, 135.5, 133.8,
133.7, 31.9, 31.2, 25.9, 25.5 ppm; MS (EI): m/z (%): 174 (12) [M]+ , 146
(100); IR (KBr): ñ=3112, 2942, 2869, 1658, 1531, 1407, 1380, 1311,
1288 cm�1; elemental analysis calcd (%) for C11H10O2: C 75.84, H 5.79;
found: C 76.02, H 5.82.


1-([1,3]Dioxolan-2-yl)-4,7-dihydro-4,7-ethanoisobenzofuran (7): A ben-
zene solution (80 mL) of 6 (2.53 g, 14.5 mmol), pyridinium tosylate
(0.10 g), and ethylene glycol (2.69 g, 43.5 mmol) was placed in a 200 mL
round-bottomed flask equipped with a Dean–Stark apparatus and was re-
fluxed for 2 h under nitrogen. After the mixture was cooled to room tem-
perature, diethyl ether was added. The mixture was washed with saturat-
ed aqueous NaHCO3, water, and brine, dried over Na2SO4, and concen-
trated. The residue was purified by chromatography on silica gel (20%
EtOAc/hexane) to give 7 (2.95 g, 13.5 mmol; 93%), which was solidified
in a freezer: Rf=0.48 (20% EtOAc/hexane); m.p. 37–39 8C; 1H NMR
(CDCl3): d =7.01 (s, 1H), 6.46–6.41 (m, 2H), 5.94 (s, 1H), 4.15–4.08 (m,
2H), 4.04–3.97 (m, 2H), 3.90 (m, 1H), 3.79 (m, 1H), 1.58–1.52 ppm (m,
4H); 13C NMR (CDCl3): d=138.4, 135.1, 134.8, 131.3, 131.0, 130.2, 97.4,
65.1, 65.0, 31.3, 31.2, 26.4, 26.3 ppm; MS (EI): m/z (%): 218 (32) [M]+ ,
190 (100), 162 (47); IR (KBr): ñ=3058, 2958, 2869, 1673, 1403, 1268,
1133, 1099, 1022, 944 cm�1; elemental analysis calcd (%) for C13H14O3: C
71.54, H 6.47; found: C 71.56, H 6.52.


Scheme 1. Preparation of 4,7-ethanoisobenzofuran. Reagents and conditions: i) nBuLi, THF, �78 8C, 30 min;
DMF, RT, 14 h; ii) ethylene glycol, pyridinium tosylate, reflux, 2 h; iii) nBuLi, THF, �78 8C, 30 min; DMF, RT,
14 h; pyridinium tosylate, water/acetone, reflux, 14 h.


Figure 13. Average energy gap between the Q and B bands. The experi-
mentally observed values are denoted by black squares, while the TD-
DFT and INDO/s calculated values are denoted with dark gray triangles
and light gray diamonds, respectively. Key data are provided as (see
Table S2 in the Supporting Information).
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4,7-Dihydro-4,7-ethanoisobenzofuran-1,3-dicarbaldehyde (3): A 1.43m so-
lution of tBuLi (3.50 mL, 5.00 mmol) in hexane was added to a stirred so-
lution of 7 (0.655 g, 3.00 mmol) in dry THF (15 mL) at �78 8C under ni-
trogen. The mixture was then stirred for 30 min. Dry DMF (1 mL) was
added slowly with stirring at the same temperature. After addition, the
mixture was allowed to warm to room temperature and stirring was con-
tinued for 6 h. The mixture was then poured into a saturated aqueous
ammonium chloride solution (10 mL) and was extracted with diethyl
ether. The ethereal layer was washed with water and brine, dried over
Na2SO4, and concentrated to leave an oily residue, which was dissolved
in water/acetone (20/20 mL). Pyridinium tosylate (0.056 g) was added
and the solution was then refluxed overnight. The mixture was cooled to
room temperature and saturated aqueous NaHCO3 solution (10 mL) was
added. The mixture was extracted with CH2Cl2. The organic layer was
washed sequentially with water, saturated aqueous NaHCO3, water, and
brine, dried over Na2SO4, and concentrated. Chromatography on silica
gel (30% EtOAc/hexane) followed by recrystallization from CHCl3/
hexane yielded 3 (0.411 g, 2.03 mmol; 67%) of as yellow crystals: Rf=


0.48 (20% EtOAc/hexane); m.p. 150–152 8C; 1H NMR (CDCl3): d =9.84
(s, 2H), 6.53 (m, 2H), 4.42 (m, 2H), 1.69 (m, 2H), 1.58 ppm (m, 2H);
13C NMR (CDCl3): d=179.4, 142.9, 142.0, 134.3, 31.9, 25.3 ppm; MS (EI):
m/z (%): 202 (10) [M]+ , 174 (100), 145 (25), 115 (22), 89 (75); IR
(KBr):ñ =2942, 2869, 1681, 1666, 1253, 1141, 1002, 883, 852 cm�1; elemen-
tal analysis calcd (%) for C12H10O3: C 71.28, H 4.98; found: C 69.74, H
5.03.


BCOD-fused furan tripyrranes : The tripyrranes required for [3+1] con-
densation reactions were synthesized according to procedures reported
previously.[11a]


Synthesis of BCOD-fused ON3 and CSN2 : The method used to synthe-
size BCOD-fused ON3 and CSN2 is shown in Scheme 2. 8a or 8b
(1.00 mmol) and a magnetic stirring bar were placed in a 500-mL round-
bottomed flask, which was thoroughly wrapped with aluminum foil and
then flushed with nitrogen. TFA (2.5 mL, 34 mmol) was added and the
mixture was stirred for 5 min under nitrogen and then diluted with dry
CH2Cl2 (200 mL). A dicarbaldehyde (1.00 mmol) was then added. After


the mixture was stirred at room temperature overnight, triethylamine
(4.8 mL, 34 mmol) was slowly added to neutralize the mixture. 2,3-Di-
chloro-5,6-dicyanobenzoquinone (DDQ) (0.272 g, 1.20 mmol) was added
and the mixture was then stirred for 2 h at room temperature, washed
successively with water, saturated aqueous NaHCO3, water, and brine,
dried over Na2SO4, and concentrated. The ACHTUNGTRENNUNG[3+1] condensation of 8a with
diformylindene 10[31] gave TBCOD-fused carbabenzoporphyrin
TBCODCSN2[11b] in 6% yield. When the previously reported tripyrrane
8b[11a] was treated with furandicarbaldehyde 3 under acidic conditions,
TBCOD-fused oxaporphyrin TBCODON3 was obtained in 10% yield.
The residue was purified by chromatography on basic alumina with an
appropriate solvent mixture. Recrystallization yielded TBCODON3 or
TBCODCSN2 as a mixture of diastereomers.


General procedure for the preparative retro-Diels–Alder reaction : Ex-
pansion of the p system by thermal transformation of the fused BCOD
groups into benzo moieties was carried out under the conditions reported
previously (230–250 8C, 30 min, ca. 0.2 mmHg).[11a] The products obtained
are shown in Figure 1 with their carbon numbering schemes.[33] The pre-
cursor BCOD-fused porphyrin was placed in a sample tube in a 25 mL
round-bottomed flask. The flask was then evacuated with a rotary
vacuum pump and heated at 230 8C for 30 min (meso-unsubstituted pre-
cursors) or for 1 h (meso-tetraaryl precursors) in a glass tube oven. After
cooling, the target core-modified benzoporphyrin was obtained in quanti-
tative yield.


22H,21,23-Thiacarbatetrabenzo ACHTUNGTRENNUNG[b,g,l,q]porphyrin (CSN2): dark green
solid; m.p. >300 8C; UV/Vis (DMF): lmax (lge)=412 (4.48), 440 (4.55),
466 (5.27), 498 (4.97), 623 (4.23), 663 (4.69), 679 nm (4.80); elemental
analysis calcd (%) for C37H22N2S: C 84.38, H 4.21, N 5.32; found: C
83.82, H 4.31, N 5.14.


23H,21-Oxatetrabenzo ACHTUNGTRENNUNG[b,g,l,q]porphyrin (ON3): black solid; m.p.
>300 8C; UV/Vis (DMF): lmax (lge)=383 (4.46), 411 (4.80), 431 (4.92),
608 (4.52), 618 (4.47), 629 (4.36), 678 nm (4.19); elemental analysis calcd
(%) for C36H21N3O·0.25H2O: C 83.78, H, 4.20, N 8.14; found: C 83.50, H
4.34, N 8.05.


TPS2N2, TPSN3, 1BS, 2BS, 2BN and 3BN : The [2+2] and ACHTUNGTRENNUNG[3+1] Lindsay
methods were applied for the preparation of meso-tetraaryl-substituted
derivatives. BCOD-fused thiophene 5b with formyl and hydroxymethyl
groups at the a positions was required to synthesize all six compounds,
BCOD-fused pyrrole 2a was required to synthesize TPS2N2, TPSN3,
2BN, 3BN, and bis(phenylhydroxymethyl)thiophene (5b) was required to
synthesize 2BN and 3BN.


BCOD-fused pyrrole : 4,7-Dihydro-4,7-ethano-2H-isoindole (2a) was pre-
pared according to the literature procedure.[10b]


Bis(phenylhydroxymethyl)thiophene : The previously reported[32] diaste-
reomeric bis(phenylhydroxymethyl)thiophene was prepared according to
the literature procedure.[12,34]


BCOD-fused thiophene dicarbaldehyde : Since direct formylation by the
ortho-formate method yielded only the monoformyl derivative, lithiation
of 2b was examined under several different conditions. Treatment of 2b
with 2.5 equivalents of lithium diisopropylamide (LDA) or nBuLi in
THF at �10 8C followed by quenching with DMF was also found to
result only in the formation of monoformylated compounds. More severe
conditions are clearly needed for dilithiation. A diastereomeric mixture
of bis(phenylhydroxymethyl)thiophene 5a was formed in 42% yield by
treating thiophene 2b with 2.5 equivalents of nBuLi in n-hexane in the
presence of benzaldehyde in a similar manner.


1,3-Bis(phenylhydroxymethyl)-4,7-dihydro-4,7-ethano-2-benzothiophene
(5a): The introduction of formyl and phenylhydroxymethyl groups into
4,7-dihydro-4,7-ethanoisothianaphthene (2b),[9] is illustrated in Scheme 3.
A 1.58m solution of nBuLi (22.7 mL, 36.0 mmol) in hexane was added to
a stirred solution of 2b (2.43 g, 15.0 mmol) and N,N,N’,N’-tetramethyl-
ACHTUNGTRENNUNGethylenediamine (TMEDA, 3.56 mL, 36.0 mmol) in dry hexane (50 mL)
at room temperature and the mixture was refluxed for 30 min. After the
mixture was cooled at �50 8C, dry THF (50 mL) and then benzaldehyde
(5.10 mL, 50.0 mmol) were slowly added with stirring. The mixture was
allowed to warm to room temperature and stirring was continued over-
night. The mixture was poured into a saturated aqueous ammonium chlo-


Scheme 2. Preparation of meso-unsubstituted core-modified BCOD-fused
ON3 and CSN2. Reagents and conditions: i) 3, TFA, CH2Cl2, RT, 16 h;
Et3N, DDQ; ii) 10, TFA, CH2Cl2, RT, 16 h; Et3N, DDQ.
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ride solution (50 mL) and was extracted with diethyl ether. The ethereal
layer was washed sequentially with water and brine, dried over Na2SO4,
and concentrated to leave an oily material, which solidified on standing
in a refrigerator with a small amount of benzene. Filtration gave 5a
(2.36 g, 6.32 mmol; 42%) as a mixture of diastereomers: m.p. 128–134 8C;
1H NMR (CDCl3): d=7.44–7.38 (m, 4H), 7.37–7.30 (m, 4H), 7.30–7.24
(m, 2H), 6.43–6.37 (m, 2H), 6.06–6.01 (m, 2H), 2.20 (br s, 2H), 1.52–
1.32 ppm (m, 4H); 13C NMR (CDCl3, typical signals): d=143.9, 143.5,
143.3 (2C), 143.2, 143.1, 143.0, 135.2 (3C), 135.1, 133.7, 133.3 (2C), 133.1,
128.4 (2C), 128.3, 127.7 (2C), 127.6, 126.1, 126.0 (3C), 70.7, 70.6, 70.5,
70.4, 35.1, 35.0 (2C), 25.8, 25.7 (2C), 25.6 ppm; MS (EI): m/z (%): 374
(18) [M]+, 346 (92), 223 (100); IR (KBr): ñ=3336, 3054, 2954, 2865,
1600, 1450, 1033, 1014 cm�1; elemental analysis calcd (%) for C24H22O2S:
C 76.97, H 5.92; found: C 76.72, H 6.11.


Synthesis of BCOD-fused TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN :
Bis(phenylhydroxymethyl) derivative 5a was treated with three equiva-
lents of the a-unsubstituted BCOD-fused pyrrole 2a and two equivalents
of p-tolualdehyde in the presence of BF3·OEt2 at room temperature, fol-
lowed by oxidation with chloranil. The tetra-BCOD-fused thiaporphyrin
TBCODTPSN3 with tetraaryl substituents at the meso-carbon atoms was
obtained in 51% yield. Analogous treatment of 5a with pyrrole and p-
tolualdehyde gave mono-BCOD-fused thiaporphyrin 1BCODS in 23%
yield. TheACHTUNGTRENNUNG[2+2] synthesis of 5a was expected to provide the opp-dithia-
porphyrin. Tetra-BCOD- and bi-BCOD-fused 21, 23-dithiaporphyrins
TBCODTPS2N2 and 2BCODS were obtained from the reaction of 5a
with one equivalent of 2a and pyrrole in the presence of BF3·OEt2 at
room temperature followed by oxidation with chloranil in 26 and 13%
yield, respectively. Using the previously reported bis(phenylhydroxyme-
thyl)thiophene 5b,[12,34] tri-BCOD-fused thiaporphyrin 3BCODN and bi-
BCOD-fused 22,24-dithiaporphyrin 2BCODN were obtained in 22 and
12% yield, respectively, in a similar manner (Scheme 4).


General procedure for [2+2] condensation of bis(hydroxymethyl)thio-
phene 5 and pyrrole : Bis(hydroxymethyl)thiophene 5 (2.00 mmol), pyr-
role (2 mmol), and a magnetic stirring bar were placed in a 1 L round-
bottomed flask equipped with a reflux condenser, which was thoroughly
wrapped with aluminum foil and then flushed with nitrogen. Dry and de-
gassed CH2Cl2 (600 mL) and BF3·OEt2 (50 mL, 0.41 mmol) were added
successively, and the mixture was then stirred for 1 h at room tempera-
ture. Chloranil (0.737 g, 3.00 mmol) was added and the mixture was re-
fluxed for 1 h. The mixture was then concentrated and the residue was
purified by chromatography on basic alumina with an appropriate solvent
mixture. Recrystallization gave pure core-modified porphyrin as a mix-
ture of diastereomers. The reactions are summarized in Scheme 4.


5,10,15,20-Tetraphenyl-21,24,71,74,121,124,171,174-octahydro-
21,24;71,74;121,124;171,174-tetraethano-21,23-dithiatetrabenzo-
ACHTUNGTRENNUNG[b,g,l,q]porphyrin (TBCODTPS2N2): The reaction of 5a with 2a was
performed according to the general procedure. The target porphyrin was
isolated by chromatography with 3% EtOAc/CH2Cl2 as eluent and re-
crystallization from CHCl3/MeOH in 26% yield as reddish purple crys-
tals: m.p. >130 8C (decomp); 1H NMR (CDCl3): d=8.38–8.21 (m, 8H),
7.89–7.80 (m, 12H), 6.74–6.10 (m, 8H), 3.95–3.84 (m, 4H), 3.37–3.27 (m,
4H), 1.98–0.61 ppm (m, 16H); MS (FAB): m/z (%): 961 (100) [M+H]+ ,
933 (6), 905 (4), 877 (11), 849 (33); UV/Vis (CH2Cl2): lmax (lge)=443
(5.00), 524 (4.20), 637 (3.46), 714 nm (3.43); elemental analysis calcd (%)
for C68H52N2S2.2 CHCl3: C 70.06, H 4.54, N 2.33; found: C 69.99, H 4.70,
N 2.29.


Scheme 3. Preparation of 4,7-ethanoisothianaphthene. Reagents and con-
ditions: nBuLi, TMEDA, hexane, reflux, 30 min; PhCHO, THF,
�50 8C!RT.


Scheme 4. Top: Preparation of meso-tetraaryl core-modified BCOD-
fused porphyrins from 5a. Reagents and conditions: i) 2a (3.0 equiv), p-
tolualdehyde (2.0 equiv), BF3·OEt2, CHCl3, RT, 1 h; chloranil, reflux, 1 h;
ii) 2a (1.0 equiv), BF3·OEt2, CHCl3, RT, 1 h; chloranil, reflux, 1 h; iii) pyr-
role (3.0 equiv), p-tolualdehyde (2.0 equiv), BF3·OEt2, CHCl3, RT, 1 h;
chloranil, reflux, 1 h; iv) pyrrole (1.0 equiv), BF3·OEt2, CHCl3, RT, 1 h;
chloranil, reflux, 1 h. Bottom: Preparation of meso-tetraaryl core-modi-
fied BCOD-fused porphyrins from 5b. Reagents and conditions: i) 2a
(3.0 equiv), p-tolualdehyde (2.0 equiv), BF3·OEt2, CHCl3, RT, 1 h; chlor-
ACHTUNGTRENNUNGanil, reflux, 1 h; ii) 2a (1.0 equiv), BF3·OEt2, CHCl3, RT, 1 h; chloranil,
reflux, 1 h.
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5,10,15,20-Tetraphenyl-21,24,121,124-tetrahydro-21,24;121,124-diethano-
21,23 -dithiadibenzo ACHTUNGTRENNUNG[b,l]porphyrin (2BCODS): The reaction of 5a with
pyrrole was performed according to the general procedure. The target
porphyrin was isolated by chromatography with CH2Cl2 as eluent and re-
crystallization from CHCl3/MeOH in 13% yield as purple crystals: m.p.
>130 8C (decomp); 1H NMR (CDCl3): d=8.51 (s, 4H), 8.34–8.16 (m,
8H), 7.87–7.77 (m, 12H), 6.70–6.52 (m, 4H), 4.00 (m, 4H), 1.44–1.06 ppm
(m, 8H); MS (FAB): m/z (%): 805 (100) [M+H]+ , 777 (12), 749 (51);
UV/Vis (CH2Cl2): lmax (lge)=443 (5.31), 522 (4.32), 639 (3.55), 703 nm
(3.80); elemental analysis calcd (%) for C56H40N2S2·0.25CHCl3: C 80.92,
H 4.86, N 3.36; found: C 81.00, H 5.02, N 3.29.


5,10,15,20-Tetraphenyl-21,24,121,124-tetrahydro-21,24;121,124-diethano-
22,24-dithiadibenzo ACHTUNGTRENNUNG[b,l]porphyrin (2BCODN): The reaction of 5b with
2a was performed according to the general procedure. The target por-
phyrin was isolated by chromatography with CH2Cl2 as eluent and recrys-
tallization from CHCl3/MeOH in 11% yield as brown crystals: m.p.
>130 8C (decomp); 1H NMR (CDCl3): d=9.48 (s, 4H), 8.24–8.13 (m,
8H), 7.86–7.76 (m, 12H), 6.47–6.39 (m, 4H), 3.51 (m, 4H) 1.64–1.47 ppm
(m, 8H); MS (FAB): m/z (%): 805 (100) [M+H]+ , 777 (15), 749 (66);
UV/Vis (CH2Cl2): lmax (lge)=421 (5.27), 511 (4.46), 626 (3.36), 688 nm
(3.22); elemental analysis calcd (%) for C56H40N2S2.H2O: C 81.72, H 5.14,
N 3.40; found: C 81.97, H 5.10, N 3.38.


General procedure forACHTUNGTRENNUNG[3+1] condensation of bis(hydroxymethyl)thio-
phene 5, pyrrole, and p-tolualdehyde : Bis(hydroxymethyl)thiophene 5
(1.00 mmol), pyrrole (3.00 mmol), p-tolualdehyde (2.00 mmol), and a
magnetic stirring bar were placed in a 1 L round-bottomed flask
equipped with a reflux condenser, which was thoroughly wrapped with
aluminum foil and then flushed with nitrogen. Dry and degassed CHCl3
(600 mL) and BF3·OEt2 (50 mL, 0.41 mmol) were added successively, and
the mixture was then stirred for 1 h at room temperature. Chloranil
(0.737 g, 3.00 mmol) was added and the mixture was refluxed for 1 h. The
mixture was then concentrated and the residue was purified by chroma-
tography on basic alumina using an appropriate solvent system. Recrys-
tallization yielded pure core-modified porphyrin as a mixture of diaste-
reomers. The reactions are summarized in Scheme 4.


5,20-Diphenyl-10,15-p-tolyl-21,24,71,74,121,124,171,174-octahydro-
21,24;71,74;121,124;171,174-tetraethano-23H,21-thiatetrabenzo-
ACHTUNGTRENNUNG[b,g,l,q]porphyrin (TBCODTPSN3): The reaction of 5a with 2a and p-
tolualdehyde was performed according to the general procedure. The
target porphyrin was isolated by chromatography with 2% THF/CH2Cl2
as eluent and recrystallization from CHCl3/MeOH in 51% yield as dark
brown crystals: m.p. >130 8C (decomp); 1H NMR (CDCl3): d=8.38–8.06
(m, 8H), 7.87–7.80 (m, 6H), 7.67–7.60 (m, 4H), 6.78–6.09 (m, 8H), 4.04
(m, 2H), 3.45 (m, 2H), 3.31 (m, 2H), 3.23 (m, 2H), 2.78 (s, 6H), 1.96–
0.59 (m, 16H), �3.35 ppm (br s, 1H); MS (FAB): m/z (%): 972 (100)
[M+H]+ , 944 (5), 916 (3), 888 (11), 860 (36); UV/Vis (CH2Cl2): lmax


(lge)=437 (5.15), 524 (4.26), 622 (3.65), 685 (3.53); elemental analysis
calcd (%) for C70H57N3S.H2O: C 84.90, H 6,01, N 4.24; found: C 85.40, H
5.92, N 4.28.


15,20-Diphenyl-5,10-p-tolyl-21,24,71,74,121,124-hexahydro-21,24;71,74;121,124-
triethano-22H,24-thiatetrabenzo ACHTUNGTRENNUNG[b,g,l]porphyrin (3BCODN): The reac-
tion of 5b with 2a and p-tolualdehyde was performed according to the
general procedure. The target porphyrin was isolated by chromatography
with 70% CH2Cl2/hexane as eluent and recrystallization from CHCl3/
MeOH in 22% yield as dark purple crystals: m.p. >130 8C (decomp);
1H NMR (CDCl3): d=9.53 (s, 2H), 8.25–8.07 (m, 8H), 7.83–7.78 (m,
6H), 7.66–7.59 (m, 4H), 6.61–6.21 (m, 6H), 3.51 (m, 2H), 3.47 (m, 2H),
3.26 (m, 2H), 2.79 (s, 6H), 1.81–0.89 (m, 12H), �3.47 ppm (br s, 1H); MS
(FAB): m/z (%): 894 (100) [M+H]+ , 866 (7), 838 (8), 810 (43); UV/Vis
(CH2Cl2) lmax (lge)=426 (5.27), 518 (4.37), 616 (3.63), 674 nm (3.37); ele-
mental analysis calcd (%) for C64H51N3S.H2O: C 84.27, H 5.86, N 4.61;
found: C 84.07, H 5.80, N 4.57.


General procedure for preparative retro-Diels–Alder reaction : Expan-
sion of the p system by thermal transformation of the fused BCOD
groups into benzo moieties was carried out under the conditions reported
previously (230–250 8C, 30 min, ca. 0.2 mmHg).[11a] The products obtained
are shown in Figure 1 with their carbon numbering schemes.[33] The pre-
cursor BCOD-fused porphyrin was placed in a sample tube in a 25 mL


round-bottomed flask. The flask was then evacuated with a rotary
vacuum pump and heated at 230 8C for 30 min (meso-unsubstituted pre-
cursors) or for 1 h (meso-tetraaryl precursors) in a glass tube oven. After
the mixture was cooled, the target core-modified benzoporphyrin was ob-
tained in quantitative yield. The mechanism of the retro-Diels–Alder re-
action was explored further for TPS2N2, TPSN3, 2BN, and 2BS by ther-
mogravimetric analysis (see Figure S8 in the Supporting Information).


5,20-Diphenyl-10,15-p-tolyl-23H,21-thiatetrabenzo ACHTUNGTRENNUNG[b,g,l,q]porphyrin
(TPSN3): green crystals; m.p. >300 8C; 1H NMR (CDCl3): d=8.27 (m,
4H, o-Ph), 8.19 (m, 4H; 2’,6’-positions of tolyl), 7.91 (m, 4H; p-Ph, H22,
H23), 7.87 (m, 4H; m-Ph), 7.63 (m, 4H; 3’,5’-positions of tolyl), 7.42 (m,
2H; H21, H24), 7.34 (m, 2H; H121, H122), 7.26 (m, 2H; H122, H123),
7.15–7.11 (m, 4H; H72, H73, H172, H173), 6.91 (m, 2H; H74, H171), 6.86
(m, 2H; H71, H174), 2.77 (s, 6H), �0.38 ppm (br s, 1H); 13C NMR
(CDCl3) d 152.6, 147.7, 141.9, 140.4, 140.1, 139.3, 139.1, 138.9, 138.6,
134.2, 133.0, 132.9, 132.8, 129.5, 129.2, 128.8, 127.4, 125.9, 125.6, 125.5,
125.4, 125.3, 124.3, 123.9, 123.0, 120.8, 21.8 ppm; MS (FAB): m/z : 860
[M+H]+ ; UV/Vis (CH2Cl2): lmax (lge)=477 (5.37), 607 (4.15), 652 (4.57),
669 (4.54), 720 nm (3.71); elemental analysis calcd (%) for C62H41N3S: C
86.58, H 4.80, N 4.89; found: C 86.37, H 4.93, N 4.83.


5,10,15,20-Tetraphenyl-21,23-dithiatetrabenzo ACHTUNGTRENNUNG[b,g,l,q]porphyrin
(TPS2N2): green crystals; m.p. >300 8C; 1H NMR (CDCl3): d=8.33 (m,
8H; o-Ph), 7.92 (m, 4H; p-Ph), 7.88 (m, 8H; m-Ph), 7.83 (m, 4H; H21,
H24, H121, H124), 7.35 (m, 4H; H22, H23, H122, H123), 7.16 (m, 4H; H72,
H73, H172, H173), 6.89 ppm (m, 4H; H71, H74, H171, H174); 13C NMR
(CDCl3): d=151.3, 142.3, 140.3, 140.1, 139.7, 133.1, 130.2, 129.3, 129.0,
126.1, 125.4, 123.5 ppm; MS (FAB): m/z : 849 [M+H]+ ; UV/Vis (CH2Cl2):
lmax (lge)=485 (5.28), 661 (4.57), 749 nm (3.49); elemental analysis calcd
(%) for C60H36N2S2: C 84.87, H 4.27, N 3.30; found: C 84.70, H 4.55, N
3.25.


15,20-Diphenyl-5,10-p-tolyl-22H,24-thiatribenzo ACHTUNGTRENNUNG[b,g,l]porphyrin (3BN):
purple crystals; m.p. >300 8C; 1H NMR: d =9.33 (s, 2H; H17 and H18),
8.25 (m, 4H; o-Ph), 8.19 (m, 4H; 2’,6’-positions of tolyl), 7.86 (m, 6H; m-
Ph, p-Ph), 7.66 (m, 4H; 3’,5’-positions of tolyl), 7.46–7.37 (m, 4H; H71,
H72, H73, H74), 7.26 (m, 2H; H22, H122), 7.20 (m, 2H; H23, H123), 7.19
(m, 2H; H21, H124), 6.86 (m, 2H; H24, H121), 2.81 (s, 6H), �1.68 ppm
(br s, 1H); 13C NMR (CDCl3): d =152.2, 149.1, 145.9, 141.4, 140.8, 140.4,
140.1, 138.7, 135.1, 135.0, 134.2, 132.8, 131.8, 129.8, 129.6, 128.3, 128.2,
126.3 (2C), 125.7, 125.4, 124.6, 122.9, 116.8, 21.8 ppm; MS (FAB): m/z :
810 [M+H]+ ; UV/Vis (CH2Cl2): lmax (lge)=454 (5.51), 550 (4.21), 584
(4.31), 644 (3.78), 705 nm (3.46); elemental analysis calcd (%) for
C58H39N3S: C 86.00, H 4.85, N 5.19; found: C 85.97, H 5.01, N 5.12.


5,10,15,20-Tetraphenyl-21,23-dithiadibenzo ACHTUNGTRENNUNG[b,l]porphyrin (2BS): green
crystals; m.p. >300 8C; 1H NMR (CDCl3): d=8.34 (s, 4H; H7, H8, H17,
H18), 8.18 (m, 8H; o-Ph), 8.05 (m, 4H; H21, H24, H121, H124), 7.87 (m,
4H; p-Ph), 7.83 (m 8H; m-Ph), 7.59 ppm (m, 4H; H22, H23, H122, H123);
13C NMR (CDCl3, typical signals): d=150.6, 146.8, 142.2, 141.5, 134.1,
132.1, 131.7, 128.4, 128.0, 126.5, 124.1 ppm; MS (FAB): m/z : 749 [M+H]+


; UV/Vis (CH2Cl2): lmax (lge)=464 (5.28), 586 (3.95), 636 (4.46), 661
(4.13), 724 nm (3.46); elemental analysis calcd (%) for C52H32N2S2: C
83.39, H 4.31, N 3.74; found: C 83.23, H 4.42, N 3.69.


5,10,15,20-Tetraphenyl-22,24-dithiadibenzo ACHTUNGTRENNUNG[b,l]porphyrin (2BN): red
crystals; m.p. >300 8C; 1H NMR (CDCl3): d=9.38 (s, 4H; H7, H8, H17,
H18), 8.16 (m, 8H; o-Ph), 7.89 (m, 4H; p-Ph), 7.86 (m, 8H; m-Ph), 7.37
(m, 4H; H22, H23, H122, H123), 7.20 ppm (m, 4H; H21, H24, H121, H124);
13C NMR (CDCl3): d=150.6, 146.8, 142.2, 141.5, 134.1, 132.1, 131.7,
128.4, 128.0, 126.5, 124.1 ppm; MS (FAB): m/z : 749 [M+H]+ ; UV/Vis
(CH2Cl2): lmax (lge)=439 (5.63), 516 (4.57), 544 (4.11), 641 (3.35), 703 nm
(3.45); elemental analysis calcd (%) for C52H32N2S2: C 83.39, H 4.31, N
3.74; found: C 83.18, H 4.50, N 3.65.


5,20-Diphenyl-10,15-di-p-tolyl-23H,21-thiabenzo[b]porphyrin (1BS):
purple crystals; m.p. >300 8C; 1H NMR (CDCl3, assignments with aster-
isks are interchangeable): d=8.57 (s, 2H; H12 and H13), 8.38 (m, 2H;
H7, H18),* 8.16 (m, 2H; H8, H17)*, 8.05 (m, 4H; o-Ph), 7.99 (m, 4H; 2’,
6’-positions of tolyl), 7.97 (m, 2H; H21, H24), 7.82 (m, 2H; p-Ph), 7.79
(m, 4H; m-Ph), 7.60 (m, 2H; H22, H23), 7.50 (m, 4H; 3’,5’-positions of
tolyl), 2.66 (s, 6H), �0.36 ppm (br s, 1H); 13C NMR (CDCl3): d=160.7,
152.7, 142.5, 142.0, 140.6, 138.8, 138.3, 137.5, 135.1, 133.6, 131.8, 131.5,
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128.1 (2C), 127.9, 127.8, 127.2, 127.0, 126.3, 125.5, 21.4 ppm; MS (FAB):
m/z : 710 [M+H]+ ; UV/Vis (CH2Cl2): lmax (lge)=437 (5.45), 533 (4.13),
572 (4.17), 610 (3.70), 669 nm (3.43); elemental analysis calcd (%) for
C50H35N3S: C 84.59, H 4.97, N 5.92; found: C 84.58, H 5.14, N 5.84.


5,10,15,20-Tetraphenyltetrabenzo ACHTUNGTRENNUNG[b,g,l,q]porphyrin (TPTBP): Synthesis
of TPTBP was based on the procedure reported previously by Luk1yanets
and co-workers.[27] 1H NMR (CDCl3, �50 8C): d=8.41 (m, 8H; o-Ph),
7.97 (m, 4H; p-Ph), 7.89 (m, 8H; m-Ph), 7.43 (H21, H24, H121, H124),
7.35 (H22, H23, H122, H123), 7.18 (H72, H73, H172, H173), 6.99 (H71, H74,
H171, H174), �1.34 ppm; ([D6]DMSO, 100 8C): d =8.28 (m, 8H; o-Ph),
7.99 (m, 4H; p-Ph), 7.92 (m, 8H; m-Ph), 7.27 (m, 8H; d protons), 7.17
(m, 8H; g protons), �0.93 ppm (br, 2H); 13C NMR (CDCl3, �50 8C): d=


148.6, 141.3, 139.6, 134.2, 133.2, 131.1, 129.0, 128.9, 126.2, 125.5, 124.4,
123.6, 115.4 ppm.


X-ray crystal structure analysis : X-ray structures were determined for
TPS2N2, TPSN3, 1BS, 2BS, 2BN, and 3BN. Single crystals were prepared
by slow evaporation of the solvent from saturated CHCl3 solution or by
diffusion of methanol into a solution of the compound in CHCl3. With
the exception of 3BN, the crystals were collected by rapid filtration and
mounted on top of glass fibers. A single crystal of 3BN was placed in a
Lindeman capillary tube with a very small amount of mother liquor and
then the capillary was sealed by candle flame. Determination of the cell
parameters and collection of the reflection intensities was performed on
a Rigaku Mercury-7 (12 kW rotating anode generator) or a Mercury-8
(3 kW sealed tube) instrument equipped with graphite-monochromated
MoKa radiation. The data were corrected for Lorentzian, polarization,
and absorption effects. The structures were solved by direct methods
(SIR-97[35] or SHELXS-97[36]) and expanded using the Fourier tech-
nique.[37] Hydrogen atoms were placed in calculated positions and refined
by using riding models. All calculations were performed by using the
CrystalStructure software package[38] or WinGX.[39] SHELXL-97[36] was
used for structure refinement. In the case of TPS2N2, the reflection in-
tensities were modified by the PLATON squeeze program[40] to remove
the effect of poorly modeled solvent molecules.


TPS2N2 : crystal formula: C62H40N2S·1.5CHCl3, 0.12T0.06T0.03 mm,
monoclinic, space group P21/n, a=19.744(3), b=10.2162(11), c=


24.538(3) S, b =101.260(3)8, V=4854.2(11) S3, T=83.1 K, Z=4, 1calcd =


1.407 gcm�3, m =0.402 mm�1, F ACHTUNGTRENNUNG(000)=2116, 49771 measured, 10858
unique, 7405 observed reflections [I>2s(I)]; R1=0.0690 [I>2s(I)],
wR2=0.1890 (all data); GOF=1.000.


TPSN3 : crystal formula: C62H41N3S·1.5CHCl3, 0.5T0.4T0.1 mm, mono-
clinic, space group P21/n, a=19.4041(11), b=10.8390(5), c=


24.7401(16) S, b=99.947(3)8, V=5125.1(5) S3, T=123.1 K, Z=4, 1calcd =


1.347 gcm�3, m =0.343 mm�1, F ACHTUNGTRENNUNG(000)=2148. The structure was refined
without the solvent molecules by SHELXL-97 and Platon Squeeze. Re-
fined formula C62H41N3S, 40751 measured, 11650 unique, 8505 observed
reflections [I>2s(I)]; R1 =0.0937 [I>2s(I)], wR2=0.2425 (all data);
GOF=1.174.


1BS : crystal formula: C50H35N3S, 0.60T0.25T0.10 mm, monoclinic, space
group P21/c, a=19.417(11), b=9.398(5), c=21.434(12) S, b=109.706(3)8,
V=3682(4) S3, T=150 K, Z=4, 1calcd =1.28 gcm�3, m=0.129 mm�1, F-
ACHTUNGTRENNUNG(000)=1488, 27338 measured, 8411 unique, 6162 observed reflections
[I>2s(I)]; R1 =0.0895 [I>2s(I)], wR2 =0.2332 (all data); GOF=1.130.


2BS : crystal formula: C52H32N2S2, 0.40T0.15T0.08 mm) Monoclinic,
space group P21/n, a=14.647(3), b=6.1016(10), c=20.221(3) S, b=


94.260(4)8, V=1802.2(5) S3, T=103 K, Z=2, 1calcd =1.380 gcm�3, m=


0.191 mm�1, F ACHTUNGTRENNUNG(000)=780, 18282 measured, 4070 unique, 3123 observed
reflections [I>2s(I)]; R1 =0.0420 [I>2s(I)], wR2=0.1050 (all data);
GOF=1.016.


2BN : crystal formula: C52H32N2S2, 0.45T0.07T0.05 mm) Monoclinic,
space group P21/n, a=13.573(5), b=9.204(3), c=15.200(5) S, b=


94.352(9)8, V=1893.4(11) S3, T=296 K, Z=2, 1calcd=1.314 gcm�3, m=


0.182 mm�1, F ACHTUNGTRENNUNG(000)=780, 18950 measured, 4292 unique, 2418 observed
reflections [I>2s(I)]; R1 =0.0590 [I>2s(I)], wR2=0.1410 (all data);
GOF=1.004.


3BN : crystal formula: C58H39N3S·3CHCl3, 0.50T0.30T0.20 mm, triclinic,
space group P1̄, a=12.524(4), b=13.812(4), c=16.809(6) S, a=


77.831(11), b =86.020(14), g =73.851(10)8, V=2730.0(15) S3, T=150 K,
Z=2, 1calcd =1.421 gcm�3, m=0.544 mm�1, F ACHTUNGTRENNUNG(000)=1196, 31980 mea-
sured, 12523 unique, 8936 observed reflections [I>2s(I)]; R1=0.0669
[I>2s(I)], wR2 =0.1683 (all data); GOF=1.049.


CCDC-637699 (TPS2N2), CCDC-637698 (TPSN3), CCDC-637703 (1BS),
CCDC-637701 (2BS), CCDC-637702 (2BN) and CCDC-637700 (3BN)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Calculations : Molecular structures were refined for TPP, TBP, SN3,
ON3, S2N2, OSN2, CN3, CSN2, TPS2N2, TPSN3, 1BS, 2BS, 2BN, and
3BN with the Gaussian03[41] and CAChe workstation (Fujitsu America
Inc.) software packages.[42] TPSN3, TPS2N2, 1BS, 3BN, 2BN, and 2BS
are predicted to be saddled into nonplanar geometries. Additional calcu-
lations were performed for the X-ray structures of TPS2N2, TPSN3, 1BS,
3BN, 2BN and 2BS.


Cyclic and differential pulse voltammetry : CV and DPV measurements
were made on a Hokuto Denko HZ5000 potentiostat under purified ni-
trogen in o-dichlorobenzene (Nakalai Tesque) solutions with tetrabutyl-
ACHTUNGTRENNUNGammonium perchlorate (TBAP, 0.1m) as supporting electrolyte.


NMR spectroscopy: 1H and 13C NMR spectra were recorded on a JEOL
JNM-AL 400 or -EX 400 spectrometer with tetramethylsilane as an inter-
nal standard.
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Tuning the Magnetic Properties of LixCrTi0.25Se2 (0.03�x�0.7) by Directed
Deintercalation of Lithium


Malte Behrens, Joseph Wontcheu, Ragnar Kiebach, and Wolfgang Bensch*[a]


Introduction


Intercalation chemistry has a long tradition as a soft chemi-
cal method for preparing metastable compounds and alter-
ing physicochemical properties of materials.[1–4] Chalcoge-
nides have often been the focus of intercalation/deintercala-
tion chemistry due to the promising physical properties that
can be tuned by electron transfer from the guest to the host
material, and vice versa. The most prominent compounds
were the transition-metal dichalcogenides (TMDCs), espe-
cially in view of the excellent behavior of TiS2 as a material
for rechargeable Li batteries. Such LiTiS2 batteries permit-
ted a deep cycling with about 1000 cycles and a very low ca-


pacity loss of less than 0.05%. However, intercalation is not
only restricted to Li as guest species, and complex transi-
tion-metal chalcogenides such as TlxV5S8,


[5,6] TlxCr5S8,
[7]


K0.52Ti6Se8,
[8] TlxV6S8,


[9] In0.69V6S8,
[10] TlxCr5Se8,


[11] AxNb3Q4


(Q=S, Se, Te, A= In, Tl, Li)[12] were investigated in the past
with respect to changes of the electronic, magnetic, and
structural properties as function of the guest species. Promi-
nent examples are the Chevrel phases AxMo6Q8 (A=Li, Ca,
Eu, Pb, Cu, Sn, etc.; Q=S, Se) which cover a wide range of
physical properties such as superconductivity, high ion mobi-
lity, magnetism, and thermoelectricity.[4,13, 14,15] Nowadays, in-
tercalation/insertion chemistry is mainly focused on the syn-
thesis of new Li battery materials, solid electrolytes, and
electrochromic devices based on different oxidic com-
pounds, phosphates,[16–21] layered oxide sulfides,[22] and thio-
spinels.[23]


The intercalation chemistry and physical properties of
binary TMDC materials can be enhanced by introducing
magnetically active transition metal ions in an ordered way
into the van der Waals gaps. The series of compounds
Cr5�y’Tiy’Se8 can be described as self-intercalated TMDCs


Abstract: X-ray diffraction (XRD), in
situ energy-dispersive X-ray diffraction
(EDXRD), X-ray absorption near-edge
structure (XANES), extended X-ray
absorption fine structure (EXAFS),
and magnetic measurements were ap-
plied to investigate the effects of lithi-
um deintercalation on pseudolayered
Li0.70CrTi0.25Se2. A detailed picture of
structural changes during the deinter-
calation process was obtained by com-
bining the results of EDXRD and
EXAFS. Removal of Li from the host–
guest complex leads to anisotropic con-
traction of the unit cell with stronger
impact on the c axis, which is the stack-
ing axis of the layers. The EDXRD ex-
periments evidence that the shrinkage


of the lattice parameters with decreas-
ing xLi in LixCrTi0.25Se2 is nonlinear in
the beginning and then becomes linear.
Analysis of the EXAFS spectra clearly
shows that the Cr/Ti�Se distances are
affected in a different manner by Li re-
moval. The Cr�Se bond lengths de-
crease, whereas the Ti�Se bonds
lengthen when the Li content is re-
duced, which is consistent with XRD
data. Magnetic measurements reveal a
change from predominantly antiferro-
magnetic exchange (qp=�300 K) inter-


actions for the pristine material to fer-
romagnetic exchange interactions (q=


25 K) for the fully intercalated materi-
al. Thus, the magnetic properties can
be altered under ambient conditions by
directed adjustment of the dominant
magnetic exchange. The unusual mag-
netic behavior can be explained on the
basis of the variation of the metal–
metal distances and the Cr-Se-Cr
angles with x, which were determined
by Rietveld refinements. Owing to
competing ferromagnetic and antiferro-
magnetic exchange interactions and
disorder, the magnetic ground state of
the intercalated materials is character-
ized by spin-glass or spin-glass-like be-
havior.
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wherein one-fourth of the free octahedral voids in the gaps
are occupied by transition-metal ions, that is, the formula of
the compounds can be written as Cr1.25�yTiySe2. Generally,
intercalation of alkali metals A in transition metal chalcoge-
nides is accompanied by charge transfer,[24,26] so that elec-
trons can be “titrated” into the host to control the crystallo-
graphic and electronic structure and possibly the physical
properties. The compounds with composition Cr1.25�yTiySe2
have free lattice sites to accommodate guests and accessible
electronic states for the transferred electrons. Recently, we
started to investigate Li intercalation of LixCr1.25�yTiySe2
phases with the aim of understanding the fundamental reac-
tion mechanisms and the structural changes. We previously
demonstrated that insertion of Li under thermodynamic
control into the vacant sites in the Cr1.25�yTiySe2 phases leads
to structural changes from monoclinic to trigonal symme-
try.[27,28]


The structure of monoclinic Cr5Se8 with Se atoms in a dis-
torted hexagonally packed arrangement[29,30] can be regard-
ed as the archetype of the LixCr1.25�yTiySe2 series. However,
Cr5Se8 can only be prepared at high pressures and high tem-
peratures due to instability of Cr4+ (d2 configuration) in an
Se environment. By replacing Cr atoms by Ti, which easily
adopts the Ti4+ state (d0 configuration), isostructural com-
pounds such as CrTi0.25Se2


[31] and Cr0.75Ti0.5Se2
[32] can be pre-


pared from the elements under ambient pressure. Substitu-
tion is thus needed for the preparation of such Cr-rich chal-
cogenide hosts. An appealing aspect is that the electronic
structure and the nature of the d electrons can be directly
influenced by choosing the Ti/Cr ratio, which leads to differ-
ent physical properties which can be further tuned by alkali
metal intercalation reactions.[24,25]


Neutron diffraction experiments on the host materials re-
vealed that Cr atoms reside mainly in the partially occupied
metal atom layer and that Ti is distributed over the fully oc-
cupied layers.[28,29] Recently, we demonstrated that Li can
easily be deintercalated from LixCr1.25�yTiySe2 by treatment
with water.[24,25] The structure responds with a contraction,
but no switching back of the symmetry is observed. Here we
describe the effect of Li content on the magnetic properties,
which to the best of our knowledge is the first example of
tuning the magnetic behavior of TMDC-like materials by
lithium intercalation. X-ray diffraction (XRD) data and X-
ray absorption fine structure (XAFS) analyses of
LixCrTi0.25Se2 with different x values are also discussed.


Results and Discussion


Owing to the transition to trigonal symmetry, the intercala-
tion reactions of monoclinic CrTi0.25Se2 yield biphased pro-
ACHTUNGTRENNUNGducts for intermediate Li contents.[25] Because the symmetry
change is not reversible, single-phase samples of trigonal
LixCrTi0.25Se2 (0.03<x<0.70) can be obtained by deinterca-
lation of phase-pure Li0.70CrTi0.25Se2. In the following, we
discuss the impact of deintercalation on the structure and
the magnetic properties of LixCrTi0.25Se2.


The XRD powder patterns of the intercalated samples
can be indexed on the basis of the trigonal space group
P3̄m1. In this space group all metal atom sites in the partial-
ly occupied metal atom layer are equivalent. The Cr atoms
residing in these layers are well ordered in the host and are
not assumed to be mobile. The real structure should there-
fore exhibit a larger cell, but no peaks indicating a super-
structure could be found. The small basic cell (Figure 1a)
was used as structural model in the Rietveld refinements,
and all reflections could be explained (Figure 1b). This
model is also used in the following discussion.


The lattice parameters of the trigonal materials contract
as Li is deintercalated by treatment with water. In an in situ
energy-dispersive X-ray diffraction (EDXRD) experiment, a
shift of the peak positions to smaller d spacing (higher ener-
gies) was detected. The relative shifts of the three most in-
tense reflections are depicted in Figure 2a. Clearly, most of
the structural relaxation on deintercalation occurs within
the first hour of reaction. Furthermore, the unit cell con-
tracts in an anisotropic fashion.
Due to the low scattering power of Li, it usually cannot


be detected by XRD. However, the increased electron den-
sity in the van der Waals gap of layered compounds derived
from the CdI2 structure type results in decreased intensity
for the (001) reflection. Scattering centers in the void layers


Figure 1. a) Crystal structure of LixCrTi0.25Se2; the trigonal cell was used
as structural model for the Rietveld refinement of XRD powder data.
Occupation of the partially occupied layers of transition metal atoms is
in accordance with the monoclinic host material. The given transition
metal distribution is as determined by neutron diffraction. b) Rietveld re-
finement of a fully intercalated sample Li0.70CrTi0.25Se2 (RBragg=7.69%);
the modulation of the background centered around 2q=208 is due to the
protective foil.
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are located exactly halfway between the fully occupied
layers and lead to partial destructive interference. Conse-
quently, in NiAs and other compounds with fully and equal-
ly occupied layers, the (001) reflection is completely absent.
The (101)/ ACHTUNGTRENNUNG(011) reflections of LixCrTi0.25Se2 are analogously
affected, whereas (110) is not, because the [110] direction is
oriented parallel to the layers. Therefore, the ratio of the in-
tensities of these two reflections is a measure of the electron
density in the partially occupied layers and of the Li content
in the samples. The evolution of I(110)/I(101)/(011) with reaction
time is shown in Figure 2b. The Li content decreases quickly
in the beginning, but not as fast as the structural contraction
of the host. The line in Figure 2b is the fit of an exponential
decay to the data and was used as abscissa in Figure 2c,
which displays the lattice parameters as a function of Li re-
moval. The lengths of the axes were calculated from the d
values of the (110) and the (101) reflections. Figure 2c
shows that 1) the effect of Li removal on the axes is much
more pronounced for the c axis than for the a axis, 2) con-
traction of the lattice parameters is strong and nonlinear for
the first 20% of Li deintercalation, and 3) a linear relation-
ship between the lattice parameters and the Li content
exists for the rest of the reaction. The c axis is the stacking
axis of the metal atom layers. A strong impact of intercala-
tion/deintercalation on this axis was also observed in inter-
calated TMDCs AxMQ2 (A=alkali metal; M=metal of
Groups 4–6; Q=S, Se, Te); this demonstrates the structural
relationship between layered TMDCs and the pseudo-
ACHTUNGTRENNUNGlayered host CrTi0.25Se2. In intercalated TMDCs the varia-


tion of the c axis can be attributed to both geometric and
electronic effects.[22] A considerable decrease in the a axis is
also detected, and Da is about 26% of Dc, which is signifi-
cantly higher than found for AxMQ2 phases such as LixTiSe2,
in which Da/Dc is usually 10%. This suggests that pro-
nounced structural rearrangements also occur within the
fully occupied layers, most likely due to electronic reasons.
Comparison of the contraction of the a and c axes ob-


tained from in situ measurements (EDXRD) with those
from PXRD (Rietveld analyses) revealed a small difference.
From the EDXRD data, the a and c axes contract from 3.65
to 3.62 P and from 6.19 to 6.09 P, respectively, in the con-
centration range 0.70–0.24, and the analogous values deter-
mined by Rietveld refinements are 3.622–3.598 P and 6.14–
6.02 P. The relative changes of 0.8 and 0.7% are very simi-
lar. The differences in the absolute data can be understood
by keeping in mind that only two reflections of the EDXRD
data were used for estimating the lattice parameters. Fur-
thermore, the alignment of the EDXRD setup is not as ac-
curate as of a powder diffractometer. The EDXRD data
show broad reflection profiles, and no correction of the zero
point is possible with the setup used for the experiments.
Therefore, the data evaluated from reflections of EDXRD
patterns are less accurate than those of a Rietveld refine-
ment of a whole powder pattern.
Due to the small difference in electron density, it is not


possible to unambiguously discriminate Ti and Cr by XRD
experiments. Therefore, element-specific XAFS spectrosco-
py was applied to check whether a difference in the structur-
al environments around Cr and Ti exists and if different ef-
fects of the oxidation introduced by Li deintercalation can
be observed for the two types of metal atoms. X-ray absorp-
tion near-edge structure (XANES) spectra, extended X-ray
absorption fine-structure (EXAFS) oscillations, and Fourier-
transformed EXAFS (FT-EXAFS) amplitudes for Cr and Ti
K-edge data of LixCrTi0.25Se2 samples with x=0.2 and 0.7
were recorded, and representative results are shown in
Figure 3.
The similar XANES spectra for Ti and Cr mean that both


transition metals reside in similar coordination environ-
ments. In the FT-EXAFS spectra only the first M�Se shell
(M=Ti, Cr) can be detected. According to the crystallo-
graphic data, all transition metal atoms are in an octahedral
environment of six Se atoms with equal M�Se distances in
each cluster. In the trigonal structure two different CrSe6 oc-
tahedra exist: 75% (Cr1) of the Cr atoms are located in the
fully occupied transition-metal atom layers, and 25% (Cr2)
together with Li in the partially occupied layers (see Fig-
ure 1a). The Cr2Se6 units exhibit longer Cr�Se contacts
than Cr1Se6. Both CrSe6 clusters were fitted simultaneously
in R space with a fixed 1:3 ratio to the experimental Cr K-
edge spectra. Titanium resides exclusively in the fully occu-
pied metal atom layer, and a unique TiSe6 cluster exists that
was used as a model. Spectra of the host were recorded for
comparison, and refinement was carried out with the same
models as for the intercalated phases. The MSe6 octahedra
in the host are more strongly distorted due to the more


Figure 2. Relative shift of the d spacing of selected reflections of a
Li0.70CrTi0.25Se2 sample on deintercalation in water (a); evolution of the
ratio of integral intensities of the (110) and the (101)/ ACHTUNGTRENNUNG(011) reflections
with time (b); and reduction of lattice parameters with Li removal (c).
The composition of the sample at the end of the experiment was
Li0.24CrTi0.25Se2.
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complex monoclinic structure. Different M�Se distances are
present within each shell, and the applied models thus over-
simplify the picture. However, using the monoclinic crystal-
lographic data as model would result in too many independ-
ent parameters for the refinement to give reliable data. Nev-
ertheless, reasonable fits are obtained with the simple
models, and the reported M�Se distances refer to average
values. Results of the EXAFS fits are compiled in Table 1;
distance data are shown in Figure 4.
The Cr2�Se distance decreases with decreasing Li con-


tent. This trend is in agreement with results of Rietveld re-
finement of XRD powder data and is due to the contraction
of the interlayer spacing as Li leaves the sites in the partially
occupied metal atom layer. In the fully occupied layer, simi-


lar M�Se distances are found
for the fully intercalated sam-
ples, but lowering the Li con-
tent increases the Ti�Se bond
length, whereas the Cr1�Se dis-
tance is shortened. This differ-
ent behavior of the intralayer
M�Se distances with decreasing
x is an electronic effect because
geometric effects due to the
presence of Li+ would affect
the atomic distances uniformly.
A possible explanation is that
oxidation on deintercalation
occurs locally on the Cr1 cen-
ters to form smaller CrIII ions
from initially present CrII,
whereas the removal of elec-
trons from electronic states
based on the Ti d band depletes
the band and thus results in
weaker interactions.
The magnetic properties of


chromium chalcogenides are


governed by the exchange interaction between neighboring
Cr centers and are influenced by the structural rearrange-
ment observed on Li deintercalation. A detailed discussion
of the magnetic properties of the monoclinic host material
including a description of the spin-glass behavior at low
temperatures was given recently.[28] The host is paramagnetic
in the high temperature range (>300 K) with a magnetic
moment of 4.01 mB, which is larger than the spin-only value
for CrIII. However, such large magnetic moments have often
been observed in chromium ACHTUNGTRENNUNG(III) chalcogenides. The suscept-
ibility follows a Curie–Weiss law with a Weiss constant of
about �300 K that indicates dominant antiferromagnetic ex-
change interactions.


Figure 3. Representative XANES spectra (a, b), oscillations c(k) (c, d; k3-weighted EXAFS), and FT-EXAFS
magnitudes (d, e; no correction for EXAFS phase shift) of a sample of the composition Li0.2CrTi0.25Se2 record-
ed at the Cr K-edge (left column) and Ti K-edge (right column); data points in c)–f) represent the experiment;
full lines are fits of theoretical data.


Table 1. Results of EXAFS fits for different LixCrTi0.25Se2 samples with
models for the coordination clusters derived from the crystallographic
data.


MSe6 M�Se
[P]


D–W factor
[P2]


E0 shift
[eV]


CrTi0.25Se2
[a] Cr1Se6 (75%) 2.522(1) 0.007096(1) 7.562(1)[b]


Cr2Se6 (25%) 2.627(1) 0.008078(1) 7.562(1)[b]


TiSe6 (100%) 2.544(1) 0.021017(1) 7.681(1)
Li0.2CrTi0.25Se2 Cr1Se6 (75%) 2.527(1) 0.006773(1) 7.421(1)[b]


Cr2Se6 (25%) 2.637(1) 0.008453(1) 7.421(1)[b]


TiSe6 (100%) 2.540(1) 0.017630(1) 7.393(1)
Li0.7CrTi0.25Se2 Cr1Se6 (75%) 2.531(1) 0.007215(1) 7.633(1)[b]


Cr2Se6 (25%) 2.667(1) 0.006415(1) 7.633(1)[b]


TiSe6 (100%) 2.539(1) 0.023521(1) 7.346(1)


[a] Monoclinic host CrTi0.25Se2 prior to phase transition. [b] E0 shifts of
each Cr K-edge spectrum were correlated during the fitting procedure of
the two CrSe clusters.


Figure 4. M�Se distances as obtained from EXAFS fits for LixCrTi0.25Se2
samples with different x ; dashed lines are guides for the eye.
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The reciprocal magnetic susceptibilities for representative
intercalated samples of batch I are shown in Figure 5. The
slope of all curves is very similar in the high-temperature
region, and similar effective magnetic moments were ob-
tained on fitting the data to the Curie–Weiss law (Table 2).


If only Cr atoms are considered, they are 3.85, 3.92 and
3.88 mB for Li0.7CrTi0.25Se2, Li0.34CrTi0.25Se2, and
Li0.03CrTi0.25Se2, respectively. Theoretical magnetic moments
calculated for different possible electronic situations hardly
differ. For example, the magnetic moments of (Li+)0.34-
ACHTUNGTRENNUNG(Cr3+)ACHTUNGTRENNUNG(Ti2+)0.25ACHTUNGTRENNUNG(Se


2�)2 and (Li+)0.34ACHTUNGTRENNUNG(Cr
3+)0.75ACHTUNGTRENNUNG(Cr


2+)0.25ACHTUNGTRENNUNG(Ti
3+)0.25-


ACHTUNGTRENNUNG(Se2�)2 vary only by roughly 0.1 mB. Temperature-independ-
ent Pauli paramagnetism of potentially delocalized Ti levels
further complicates the situation. Consequently, no reliable
conclusion concerning the redox chemistry can be drawn
from these data.
A linear behavior of the reciprocal susceptibility is ob-


served for the intercalated samples in the temperature range
100–300 K, that is, the broad susceptibility maximum ob-
served for the host in this temperature range is absent. The


Weiss constant of 25(1) K for the fully intercalated sample
of batch I indicates predominately ferromagnetic exchange
interactions. Weiss constants of �5(1) and �10(1) K were
found for Li0.34CrTi0.25Se2 and Li0.03CrTi0.25Se2, respectively
(see Table 2), that is, ferromagnetic exchange is weakened
when lithium is removed from LixCrTi0.25Se2. The magnetic
data for samples of batch II (Table 2) demonstrate the influ-
ence of a slightly differing Cr content. For the intercalated
materials the Weiss constant ranges from �47 K for x=0.24
to 61 K for x=0.70.
In the Li poorest material antiferromagnetic exchange is


much weaker than for the pristine material. This drastic
change cannot be explained on the basis of the small elec-
tron transfer in Li0.03CrTi0.25Se2, but must be rather due to
the structural alterations introduced by the structural phase
transition. The results of the magnetic measurements can be
understood on the basis of the Goodenough–Kanamori
rules.[33, 36] Direct antiferromagnetic exchange is expected for
neighboring Cr atoms if their separation is less than about
3.5 P. This is the case in the pristine material for the inter-
layer Cr�Cr contacts (face-sharing CrSe6 octahedra, Table 3,
Figure 6), and a large negative Weiss constant results.


Figure 5. Reciprocal susceptibility as a function of temperature (2–300 K)
for LixCrTi0.25Se2 samples with x=0.7, 0.34, and 0.03.


Table 2. Magnetic data of the pristine material and of representative
LixCrTi0.25Se samples.


meff [mB/Cr] qp [K]


Batch I
CrTi0.25Se2


[a] 4.1 �300
Li0.7CrTi0.25Se2 3.85 25
Li0.34CrTi0.25Se2 3.92 �5
Li0.03CrTi0.25Se2 3.88 �10
Batch II
CrTi0.25Se2


[b] 4.00(8) �305(5)
Li0.7CrTi0.25Se2 3.90(2) 61(2)
Li0.48CrTi0.25Se2 3.92(3) �11(2)
Li0.24CrTi0.25Se2 3.87(3) �47(1)


[a] Data from ref. [28], fitting range: 300–600 K; fitting range of all other
samples: 100–300 K. [b] Fitting range: 200–340 K; for all other samples:
80–340 K.


Table 3. M–M distances from Rietveld refinement of powder patterns of
a series of LixCrTi0.25Se2 samples with different x obtained by deintercala-
tion in water for different times t.


t [h] Cr1/Ti–Cr1/Ti [P] Cr1/Ti1–Cr2 [P] RBragg [%]


CrTi0.25Se2
[a] – 3.460(1)[b] 3.006(1)[b] 4.61[c]


Li0.03CrTi0.25Se2 96 3.510(1) 3.004(5) 7.18
Li0.24CrTi0.25Se2 36 3.597(3) 3.010(1) 8.51
Li0.34CrTi0.25Se2 24 3.598(1) 3.011(5) 5.62
Li0.48CrTi0.25Se2 12 3.614(2) 3.056(6) 6.36
Li0.7CrTi0.25Se2 0 3.622(8) 3.070(8) 7.69


[a] Monoclinic host CrTi0.25Se2 prior to phase transition. [b] Average dis-
tance obtained from the single-crystal structure determination of the
monoclinic host CrTi0.25Se2


[28] . [c] wR2 of the single-crystal structure deter-
mination for 619 reflections with F0>4s(F0).


Figure 6. M�M distances in LixCrTi0.25Se2 samples with different x, as ob-
tained by Rietveld refinement (M=Cr, Ti) of XRD powder patterns;
The M1�M1 spacing is equal to the trigonal a axis, and two M1�Cr2 dis-
tances correspond to the c axis; dashed lines are guides for the eye.
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The Cr�Cr distances in the fully occupied metal atom
layers are significantly longer, and superexchange of the
type Cr-Se-Cr must be invoked, which is of ferromagnetic
nature. However, the Cr-Se-Cr angles significantly deviate
from 908, so that the ferromagnetic exchange interaction is
weak. In the intercalated samples the intralayer M�M dis-
tances are longer than 3.5 P, and ferromagnetic superex-
change interactions via Cr-Se-Cr angles which are now 908
dominate in the fully occupied layers of transition metal
atoms. On the other hand, antiferromagnetic interlayer ex-
change interactions are present via Cr1�Cr2 contacts, which
remain well below 3.1 P in all samples. In the sample with
x=0.03 these distances are near the value of the genuine
material and obviously the antiferromagnetic interaction
dominates. Therefore, negative values for qp are still ob-
served for this sample. The fully intercalated sample
Li0.70CrTi0.25Se2 has the largest Cr1�Cr1 distance, and conse-
quently ferromagnetic intralayer exchange interactions are
stronger than antiferromagnetic exchange, and a positive
Weiss constant results. If the electrons are transferred from
Li to localized Cr d states CrII and CrIII coexist, and Zener
double-exchange between Cr atoms sharing common faces,
which is ferromagnetic, must be considered. In summary,
the pronounced changes in magnetic behavior on Li interca-
lation are an interplay of geometric and electronic effects.
The saturation magnetization experiment performed at 10 K
for Li0.70CrTi0.25Se2 (Figure 7) shows that the material be-
haves like a soft ferromagnet with a low value of the coer-
cive field (0.03 T) and a small value of the remanence field
strength of about 0.15 emug�1. Note that even at 9 T no sat-
uration is observed, which is an indication of the spin-glass-
like behavior of the material.
The dc magnetization M with different applied fields of


three intercalated samples of batch I are displayed in
Figure 8. The M value exhibits pronounced irreversibility
for all materials, indicated by the divergence of the field-
cooled (Mfc) and zero-field-cooled (Mzfc) magnetization
curves below a distinct temperature Tf. The splitting shifts to
lower temperatures as H increases, and the irreversibility


between the Mzfc and Mfc curves is clearly reduced. These
two observations are further hints for spin-glass or spin-
glasslike behavior. Interestingly, the Mfc curves for T<Tf


slightly level off with decreasing T, similar to the behavior
observed in canonical spin glasses.[37] The compounds exhibit
structural disorder and competing ferromagnetic and antifer-
romagnetic exchange interactions, which are a prerequisites
for the occurrence of spin-glass behavior. Because the con-
ductivity of the compounds as function of Li content is not
known, the occurrence of the spin-glass behavior due to the
Ruderman–Kittel–Kasuya–Yosida (RKKY) mechanism
cannot be ruled out. The nature of the divergence of the
Mzfc and Mfc curves was further investigated with ac suscept-
ibility measurements, and an example of the frequency de-
pendence of c’ and c’’ for Li0.7CrTi0.25Se2 is shown in
Figure 9. The freezing temperature Tf in the c’ curve shows
a shift to higher temperatures with increasing applied fre-
quency, from 40.6 K for 30 Hz to about 42 K for 1000 Hz. A
pronounced shift is also observed in the c’’ curve from 31 K
(30 Hz) to 34.7 K (1000 Hz). The frequency-dependent shift
of the freezing temperature is a typical behavior of spin-
glasses.


Conclusion


We have demonstrated that Li intercalation/deintercalation
is a powerful synthetic approach to tune the magnetic prop-
erties of LixCrTi0.25Se2 under ambient conditions. The struc-
tural response of the complex pseudolayered LixCrTi0.25Se2
system to the removal of Li from the host–guest complex is
1) a more or less linear contraction of the unit-cell volume
caused predominantly by contraction along the stacking axis
of the layers; 2) electronically driven rearrangement of in-
teratomic bonding within the fully occupied layers, which
features an increase in the Ti�Se distance; and 3) shortening
of the M�M bond lengths, which is more pronounced for in-
tralayer contacts and less strong for interlayer distances, so
that the latter almost reach the value observed for the host,


whereas the former do not. Al-
teration of the M�M distances
and M-Se-M angles leads to a
change from predominantly an-
tiferromagnetic exchange inter-
actions for the pristine material
to dominant ferromagnetic in-
teractions for the fully interca-
lated material, which originate
from superexchange in the fully
occupied layers. Even for the
sample with the lowest Li con-
tent, the strong antiferromag-
netic exchange present in the
pristine material is not ach-
ieved. This observation can
only be explained on the basis
of differing magnetic exchange


Figure 7. Field-dependent magnetization for Li0.70CrTi0.25Se2 at 10 K (left) and enlarged view (right). Note that
the full hysteresis loop was not measured.
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interactions between the two materials due to an altered
bonding situation. The magnetic ground state of intercalated
samples is characterized by spin-glass-like behavior. The
present results encourage studies on further magnetic
TMDC-like materials or other magnetic compounds that
allow insertion of Li due to suitable structural and electronic
features. Furthermore, Li intercalation with simultaneous
electron transfer calls for further investigation of the ionic


and electronic conductivity of the different materials. Com-
pounds showing both types of conductivity are promising as
electrode materials in Li batteries.


Experimental Section


To perform all experiments presented here two batches of CrTi0.25Se2
were prepared from the elements in evacuated silica ampoules (950 8C,
10 days). The chemical composition of the samples was first verified by
EDX analysis. The average composition of batch I was Cr1.03(1)Ti0.26(2)Se2
with standard deviations estimated on the basis of the number of analy-
ses. This batch was used for the full characterization of the magnetic
properties of intercalated samples in the high- and low-temperature re-
gions. Batch II with composition Cr1.07(1)Ti0.23(1)Se2 was used for the
EXAFS and in situ X-ray scattering experiments. In addition, the mag-
netic properties of intercalated materials of this batch were investigated
in the high-temperature region (see below).


Finally, the compositions were confirmed by means of inductively cou-
pled plasma (ICP) and atomic absorption spectroscopy (AAS) analysis
with an accuracy of about 2%. The Li content of intercalated samples
was determined by AAS (Perkin-Elmer AAnalyst 300). For this purpose,
a fraction of the samples was dissolved in HNO3 (65%) and H2O2 (30%)
and the Li and Se contents of the solution were determined to calculate
x in LixCrTi0.25Se2. (AAS accuracy is typically 0.4%). The pristine materi-
al was obtained as a gray powder with platelike crystallites of sizes rang-
ing from 2 to 15 mm. Phase pureness was checked by Rietveld refinement
of XRD powder patterns recorded on a STOE Stadi-P diffractometer
(CuKa radiation, Ge monochromator, linear PSD, 2q range: 10–908, step


Figure 8. Mfc (open circles) and Mzfc (filled squares) for representative
LixCrTi0.25Se2. Top: Li0.7CrTi0.25Se2, middle: Li0.34CrTi0.25Se2, and bottom:
Li0.03CrTi0.25Se2 with applied fields of 0.05, 1, and 2 T.


Figure 9. Frequency dependence of real part (c’; top) and imaginary part
(c’’; bottom) in the region of the freezing temperature Tf, determined by
ac measurements on Li0.7CrTi0.25Se2.
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width: 0.018, step time: around 1 h) for the concentration range x=0.70–
0.03. The RBragg values were better than 8.5% for all samples. For refine-
ment the program package Fullprof[38] was used: Thompson–Cox–Hast-
ings pseudo-Voigt profiles, extrapolation of background from manually
selected points, preferred orientation modeled with March–Dollase func-
tion, zero point as global parameter.


The host CrTi0.25Se2 was chemically intercalated by suspending the
powder in a solution of n-butyllithium in an Ar glove box. Thick-walled
sealable test tubes were used as reaction vessels and heated to 60 8C (typ-
ical reaction: 50 mg of CrTi0.25Se2, 5 mL of 1.6m nBuLi in hexane). After
about 3 days the powder was collected by filtration and washed with
hexane. XRD patterns were recorded to check completeness of the phase
transition. The sample holder was sealed with X-ray-transparent foil to
protect the samples from air and moisture.


Fully intercalated samples were transferred from the glove box and treat-
ed with doubly distilled water for deintercalation. After certain reaction
times, samples were collected, filtered, washed with water and ethanol,
dried, and characterized by XRD and AAS. Without ultrasonication the
minimal x was 0.20, whereas samples with x�0.03 can be prepared with
ultrasonication.


EXAFS spectra at the Ti and Cr K-edges were recorded at the E4 beam-
line of HASYLAB, Hamburg, Germany, in transmission geometry using
a double Si single-crystal monochromator and ionization chambers. For
this purpose, the samples were thoroughly ground with cellulose and
pressed into pellets. Cr and Ti foils were used as reference for the energy
scale and measured simultaneously with the intercalated samples. Spectra
were evaluated with the software WinXAS[39] and FEFF 8.2.[40] Theoreti-
cal spectra were calculated by using crystallographic data as models for
the coordination clusters around the absorber atoms and fitted to experi-
ment to elucidate structural information. The S20 parameter (0.9) and the
coordination number of the MSe6 clusters were fixed during refinement.


One sample of intercalated material was studied by in situ energy-disper-
sive XRD (in situ EDXRD). It was suspended in water (2 mL) and
stirred. During the deintercalation process powder patterns of the sus-
pension were recorded every 2 min with synchrotron radiation at beam-
line F3 at HASYLAB for the concentration range x=0.70–0.24. The in-
tensity of the white beam is sufficient to penetrate through the test tube
walls, and diffracted intensity was recorded at a distinct angle with an
energy-dispersive detector.[41]


Magnetic measurements on intercalated samples of batch II were done
between 77 and 340 K on a Faraday balance applying a field of 1.5 T. The
samples of batch I were characterized with a PPMS magnetometer. Sam-
ples were loaded into gelatine capsules inside an argon-filled glove box
and immediately transferred to the magnetometer to avoid reaction of
the materials with air and moisture. The dc susceptibilities were mea-
sured in the temperature range of 2�T�300 K with a field of 2 T. The
zero-field-cooled and field-cooled magnetizations Mzfc and Mfc were
taken as follows. The system was cooled in zero field to 2 K, a field of
0.05, 1, or 2 T set immediately after T=2 K was reached, and Mzfc data
were taken on warming from 2 to 100 K; Mfc data were recorded on cool-
ing from 100 to 2 K. The ac susceptibilities were measured for the fully
intercalated sample Li0.7CrTi0.25Se2 with a PPMS magnetometer in an ap-
plied field of 5 Oe at 30, 100, and 1000 Hz. Field-dependent magnetiza-
tions were recorded at 10.0 K with a field of up to 9 T.
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Functional Macromolecules from Single-Walled Carbon Nanotubes:
Synthesis and Photophysical Properties of Short Single-Walled Carbon
Nanotubes Functionalised with 9,10-Diphenylanthracene


Carmela Aprile,[a] Roberto Mart.n,[a] Mercedes Alvaro,[a] Juan C. Scaiano,*[b] and
Hermenegildo Garcia*[a]


Introduction


In the last few decades considerable research activity has
been focused on developing the chemistry of new carbon al-
lotropes.[1–5] Although the chemistry of fullerenes has
become a mature field and a large number of fullerene de-
rivatives have been synthesised,[3–7] there remains much in-
terest in exploiting the potential of carbon nanotubes.[6,8–11]


Owing to their nanometric diameter, long aspect ratio, elec-
tronic conductivity and mechanical resistance, single-walled
carbon nanotubes (SWNTs) are important materials in
nanotechnology.[9,10] One of the most important differences
between fullerenes and SWNTs is that the former allotropes
are discrete, molecular entities that consist of a limited
number of carbon atoms, whereas as-produced SWNTs are


better considered as the result of the rolling up of a gra-
phene layer with each individual nanotube formed of a
countless number of carbon atoms. Thus, SWNTs are “mate-
rials” rather than molecular compounds, which makes the
preparation of persistent suspensions of SWNTs in common
solvents problematic. Soluble, persistent, colloidal suspen-
sions of SWNTs can be prepared by careful chemical cutting
of the raw materials to the point that the intractable solid is
oxidatively degraded into short pieces of the original nano-
tube (sSWNT).[12–16]


In comparison to as-synthesised SWNTs, soluble sSWNTs
can be readily functionalised by conventional liquid-phase
reactions.[11,14, 15,17–20] Furthermore, the resulting derivatives
can be characterised conveniently by transmission spectros-
copy and their structures more firmly established by liquid-
phase NMR spectroscopy.[20–23]


Covalent functionalisation of sSWNTs can serve to induce
a response in the properties of the nanotube upon stimulus
of the attached moiety.[11, 18,19,24, 25] The ability of nanotubes
to respond upon photochemical excitation is one of their
most useful properties and may lead to their development
for a large variety of applications, for example, as sensors,
relays, and photovoltaic and electroluminescent devi-
ces.[8,9,26–38] The functionalisation of sSWNTs has emerged as
a line of research parallel to that developed in the 1990s
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with the functionalisation of the fullerene allotropic form of
carbon.


Herein, we describe the preparation of sSWNTs bearing
covalently attached 9,10-diphenylanthracene units (DPA-
sSWNTs). In addition to being a basic aromatic hydrocar-
bon whose photochemistry is well understood, 9,10-dipheny-
lanthracene (DPA) has many interesting properties, such as
a very high quantum yield (F�0.98) of blue fluorescence
(lem=410 nm), and has been used as the reporting unit in
chemosensors and in the construction of electroluminescent
devices.[39–45] It is believed that the conductive properties of
SWNTs can play a positive role in electroluminescence and
other phenomena in nanotechnology.[46] In addition to con-
vincing spectroscopic evidence of their synthesis, we have
observed the distinctive photochemical behaviour of the re-
sulting DPA-sSWNTs compared with mixtures of the non-
bonded, constituent components.


Results and Discussion


Synthesis and characterisation of DPA-sSWNTs : Commer-
cially available high-pressure CO (HiPCO) SWNTs were
submitted to a controlled oxidative treatment with a 3:1
mixture of concentrated sulfuric/nitric acids to effect a pu-
rification from metallic impurities and to achieve a chemical
cut of the long tubes to yield short tubes. In accord with a
reported protocol,[12] the resulting sSWNTs have an average
length of 1 mm, as determined by TEM (Figure 1). In addi-
tion, to effect the cut of the as-synthesised nanotubes into
shorter units, it is known that the oxidative chemical treat-
ment also produces some defects on the graphene wall.[47]


sSWNTs form indefinitely persistent solutions in water and
most common organic solvents, including chlorinated alka-
nes, DMSO and DMF. Even though colloidal dispersions of
sSWNTs do not show a tendency to sedimentation, they can
be recovered by filtration through 0.2 mm Nylon filters.
Thus, their purification and recovery from soluble impurities
is straight forward. Filtered sSWNTs can be easily redis-
persed, and freeze-dried sSWNTs proved particularly


convenient for obtaining an instantaneous soluble sample
(>2 mgmL�1).


sSWNTs were functionalised by DPA units by using a
strategy based on radical-chain addition to styryl units that
effects a covalent linkage to the carboxylic groups located at
the nanotube tips and the wall defects.[47] Scheme 1 shows
the procedure followed for the preparation of DPA-
sSWNTs.


The synthetic route requires the preparation of a DPA de-
rivative bearing two styryl units at the 9- and 10-positions.
Treatment of the DPA derivative with azobisisobutyronitrile
(AIBN) as radical initiator in the presence of mercaptoeth-
yl-functionalised sSWNTs gives rise to DPA-sSWNTs. Our
synthetic route relies on the radical addition of thiols to
styryl C=C double bonds, a reaction that occurs quantita-
tively in the absence of oxygen under neutral conditions and
moderate temperatures. The radical addition of thiols to C=


C double bonds is a strategy that has been widely and suc-
cessfully used to attach covalently organic units to insoluble
inorganic solids such as mesoporous silica.[48] DPA bearing
styryl units has been previously reported in the literature
and is obtained in high yields by palladium-catalysed
Suzuki–Miyaura coupling of 9,10-dibromoanthracene and 4-
styrylboronic acid.[49] Mercaptoethylamido-functionalised
sSWNTs are in turn obtained by the formation of a peptide
bond between the carboxylic groups present in the sSWNTs
and mercaptoethanamine. As it is known that in SWNTs
carboxylic acids are localised at the tips and defects of the
nanotubes,[18,19] our functionalisation approach leaves unal-
tered the integrity of the graphene walls with respect to
those of sSWNTs.


The DPA-sSWNTs were purified by consecutive cycles of
filtration through a 0.2 mm Nylon filter, washings and redis-
persion. A control in which sSWNTs were treated analo-
gously with DPA lacking the terminal C=C double bonds


Figure 1. TEM images of sSWNTs at two different magnifications. Left:
Aspect ratio of soluble sSWNTs showing an average length of 1 mm.
Right: Image showing that the single-walled structure is preserved in
sSWNTs and that they are formed by bundles with a width of about
20 nm.


Scheme 1. Synthetic route to DPA-sSWNTs.
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showed that this purification procedure is sufficient to
remove DPA to a level such that this aromatic hydrocarbon
cannot be detected by optical or fluorescence spectroscopy.


The DPA-sSWNTs were characterised by transmission
spectroscopy. The results are compatible with the covalent
attachment of DPA to sSWNTs. The most convincing piece
of evidence is the 1H NMR spectrum of a [D6]DMSO solu-
tion of DPA-sSWNTs. Figure 2 shows a comparison of the
1H NMR spectra of DPA and DPA-sSWNTs. As can be
seen, although the spectrum of DPA-sSWNTs exhibits the
signals expected for the aromatic moiety, the d values of
thee signals are substantially different for DPA and DPA-
sSWNTs. We believe that this shift in the aromatic protons
is caused by the magnetic anisotropy produced by the
sSWNT walls near the DPA units. Given the lack of planari-
ty of DPA, the formation of a non-covalent p–p complex


between DPA and sSWNT that could also be responsible
for the analogous peak shift seems unlikely in this case. The
quality of the 1H NMR spectrum shown in Figure 2 with
narrow peaks contrasts with the paucity of NMR spectro-
scopic data for most functionalised SWNTs and reflects the
advantages of soluble compounds.


The DPA content in DPA-sSWNTs was estimated by
combustion chemical analysis. As sSWNTs only contain
carbon and oxygen atoms, the percentage of sulfur and ni-
trogen heteroatoms in the combustion of DPA-sSWNTs
allows the loading of DPA units to be estimated at 4.6 wt%.
This percentage of photoactive units is not uncommon in
carbon nanotubes functionalised through carboxylic acid
moieties.[18,19]


Thermogravimetric analyses (TGA) in air show different
profiles for pristine SWNTs, sSWNTs and DPA-sSWNTs
(Figure 3). Thus, the parent SWNT does not exhibit any


weight loss below 305 8C and
combustion takes places in the
range 305–600 8C with a weight
loss of 57 wt%. The rest of the
material (43 wt%) present in
the commercial SWNT material
should be inorganic impurities.
In contrast, purification and
shortening of the commercial
sample gives rise to sSWNTs
whose TGA profile gives a
total weight loss of 91 wt%. In
addition, exothermic weight
loss starts at very low tempera-
tures, there being a significant
29.97% weight loss between
ambient temperature and
340 8C. This profile is indicative
of the absence of inorganic im-
purities and the presence of a
considerable number of defects.
In particular, carboxylic acid
groups decompose at tempera-


tures below 340 8C. Functionalisation of sSWNTs to form
DPA-sSWNTs changes the TGA profile; it is better resolved
and shows two clear stages in the weight loss. In particular,
the DPA-sSWNTs, with respect to sSWNTs, lose less weight
in the region below 200 8C (17.17 vs 12.33 wt% for sSWNTs
and DPA-sSWNTs, respectively) and the DPA unit decom-
poses, together with the combustion of the graphene wall, in
the region of 200 to 500 8C (72.09 wt%).


Chemical treatment to obtain sSWNTs and their subse-
quent functionalisation to DPA-sSWNTs is also reflected in
variations in the IR spectra. Figure 4 shows a comparison of
the IR spectra of commercial SWNTs, purified sSWNTs and
DPA-sSWNTs. As can be seen, chemical cutting introduces
a considerable population of OH and CO groups that can
be associated with the creation of carboxylic acid groups.
Upon functionalisation, the IR spectrum of the DPA-
sSWNTs reveals a decrease in the population of the OH


Figure 2. a) 1H NMR spectra of DPA (top) and DPA-sSWNTs in [D6]DMSO (bottom, 2.5 mgmL�1), showing
the similarities of the peaks in the aromatic region. b) Signals in the aliphatic region of the 1H NMR spectrum
of DPA-sSWNTs.


Figure 3. Thermogravimetric profiles obtained in air for a) commercial
SWNTs, b) purified sSWNTs and c) DPA-sSWNTs.
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groups, whereas the CO stretching peak that corresponds to
the ester groups is maintained and intense bands in the aro-
matic region appear.


Raman spectroscopy is a very useful technique for follow-
ing changes in the graphene structure of SWNTs. Figure 5
shows the Raman spectra of commercial SWNTs, sSWNTs


and DPA-sSWNTs. The chemical treatment used to purify
and cut SWNTs produces a relative increase in the band at
1380 cm�1 with respect to the tangential vibration mode at
1605 cm�1. This increase in intensity of the band at
1380 cm�1 has been frequently observed when effecting
SWNT functionalisation and has been attributed to the crea-
tion of defects on the graphene walls.[21, 50] Importantly, the
peak at 180 cm�1, which corresponds to the radial breathing
mode characteristic of single-walled carbon nanotubes, is
still observed in the sSWNT sample, which indicates that the
morphology of the nanotube has survived the chemical
treatment, a fact that we have already highlighted based on
the observed TEM images. Finally, note that no peaks corre-
sponding to the diphenylanthracene unit are observed in the
Raman spectrum of DPA-sSWNTs. This fact is not surpris-
ing considering the low content of DPA in the sample
(4.6 wt%) and the dominant sSWNT signal in the Raman
spectrum.


Photochemical properties of DPA-sSWNTs : Transmission
UV/Vis spectroscopy of aqueous DPA-sSWNT solutions
shows the features expected for the additive combination of
DPA and sSWNTs in their relative proportions. Thus,
sSWNTs exhibit a continuum absorption throughout the
wavelength range that corresponds to black carbon. Interest-
ingly, although most samples of SWNTs exhibit absorption
peaks in the NIR region that correspond to the van Hove
singularities, sSWNTs do not exhibit these bands. There are
literature precedents in which non-covalent[51,52] as well as
covalent[53] modifications of SWNTs lead to the disappear-
ance of the characteristic van Hove bands. It is also possible
that the short lengths and the defects on the walls of the
nanotubes in the sSWNTs and DPA-sSWNT are responsible
for the disappearance of the van Hove bands. On the other
hand, DPA has a structured absorption band with maxima
at 356, 375 and 397 nm. In agreement with its constituents,
the optical spectrum of DPA-sSWNTs shows a continuum
absorption with small peaks at the wavelengths expected for
DPA (Figure 6).


As mentioned earlier, DPA exhibits an intense blue fluo-
rescence with a quantum yield approaching unity in many
organic solvents.[39, 40] In addition, sSWNTs quench the fluo-
rescence of DPA. Figure 7 shows the decrease in the intensi-
ty of the DPA fluorescence in acetonitrile solution as the
concentration of sSWNTs increases in the ngml�1 range.


Figure 4. IR spectra of a) commercial SWNTs, b) sSWNTs and c) DPA-
sSWNTs.


Figure 5. Raman spectra of a) commercial SWNTs, b) sSWNTs and
c) DPA-sSWNTs.


Figure 6. UV/Vis spectrum of a solution of DPA-sSWNTs (47 mgmL�1) in
a mixture of DMSO/H2O (0.1:9). The inset shows the spectrum of a
0.5 mm solution of DPA in acetonitrile.


Figure 7. Fluorescence spectra (lex=370 nm) of a nitrogen-purged 70 mm


solution of DPA in acetonitrile (1<1 cm2 cuvette) upon addition of an in-
creasing concentration of sSWNTs, as indicated (in ngmL�1).
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Precedents for the fluorescence quenching of anthracene by
SWNTs due to interaction with the graphene walls can be
found in the literature.[54,55]


As sSWNTs have a continuum absorption that includes
the wavelength for DPA excitation (lex=370 nm), it is inevi-
table that some of the decrease in the DPA fluorescence
will be due to an internal filter effect caused by sSWNTs de-
creasing the number of photons absorbed by DPA. We
notice, however, that low sSWNT concentrations were main-
tained in the experiments and, therefore, this effect is ex-
pected to be minor.


To provide convincing evidence for DPA fluorescence
quenching by sSWNTs, the fluorescence lifetimes of DPA in
acetonitrile and DPA in the presence of 15.3 ngmL�1 of
sSWNTs were measured. Figure 8 shows the time profiles of


the emissions. In the case of DPA in acetonitrile in the ab-
sence of sSWNTs, the emission–time profile fits well with a
mono-exponential decay with a half-life of 7.5 ns, in good
agreement with the t value reported in the literature.[42] In
comparison, when sSWNTs are present, the emission decays
faster, following biexponential kinetics with lifetimes of 0.2
and 7.5 ns and relative contributions of 83 and 17%, respec-
tively. It is tempting to interpret these kinetic data as reflect-
ing the presence of two emitting DPA populations, that is,
one (83%) in close proximity to the sSWNTs, being
quenched by it, and another (17%) that emits without the
influence of the sSWNTs. In this context it is worth noting
that the diffusion coefficient of polymeric species (as
sSWNTs) in organic solvents is low and that the DPA sin-
glets are short-lived species. Overall, these kinetic measure-
ments clearly demonstrate that sSWNTs interact with DPA
in its singlet excited state and that the decrease in fluores-
cence intensity is mainly due to quenching rather an internal
filter effect. With the data present in Figure 8, the steady-
state fluorescence quenching gives a Stern–Volmer constant
KSV for the sSWNTs of 0.0179 mLng�1.


By using the emission of DPA in acetonitrile as a refer-
ence, we measured the fluorescence of an aqueous solution
of DPA-sSWNTs at a concentration that matches the


370 nm absorbance of the DPA standard. Owing to the
structure of DPA-sSWNTs and the low DPA content, it is
estimated that in an optically matched solution, about 15%
of the absorbance is due to DPA and 85% is due to the
sSWNT backbone. It was observed that although the emis-
sion corresponds to the fluorescence of the DPA units pres-
ent in DPA-sSWNTs lacking fine structure, the emission of
DPA-sSWNTs is dramatically weaker with an overall quan-
tum yield of 1.5<10�3 which, after correction for the fact
that only 15% of the photons are absorbed by DPA, gives
1.0<10�2 (Figure 9). On the basis of the fluorescence


quenching experiments shown in Figure 7, the reduction in
the emission of DPA caused by sSWNTs covalently bonded
to DPA is more than expected based on the measurements
of independent DPA and sSWNTs.


Assuming that the Stern–Volmer equation obtained for
independent DPA and sSWNTs would apply to DPA-
sSWNTs, the emission would be equivalent to that of DPA
in the presence of 100 ngmL�1 sSWNTs, that is, about three
times the total concentration of sSWNTs in the sample.


Furthermore, the time profile of the DPA-sSWNT emis-
sion is even shorter-lived than that recorded for DPA in the
presence of 15.3 ngmL�1 sSWNTs. Thus, the lifetime for the
DPA-sSWNT emission is below the response limit of our
single-photon counting equipment, that is, t<0.2 ns (see
Figure 8). Comparison of the emission parameters of DPA-
sSWNTs with those measured for the sSWNT quenching of
DPA allows the conclusion to be drawn that although the
effect of the presence of sSWNTs follows the same trend
whether or not the attachment is covalent or non-covalent,
the covalent linkage significantly increases the efficiency of
the interaction of sSWNTs with DPA. Thus, covalent bind-
ing of DPA to sSWNTs strongly reinforces an interaction
that also occurs in the absence of the covalent linkage.


Laser flash photolysis of DPA and quenching of DPA trip-
lets by sSWNTs : Laser excitation at 355 nm of a nitrogen-
purged solution of DPA in DMSO gives rise to the genera-
tion of a transient decaying in the microsecond timescale
which can be attributed to DPA triplets, in agreement with


Figure 8. Time profiles of the emission (lex=370 nm) at 420 nm of a
70 mm solution of DPA in acetonitrile in the absence and presence of
sSWNTs (15.3 ngmL�1) and that of a DMSO/D2O (0.1:10) solution of
DPA-sSWNTs (33.3 ngmL�1).


Figure 9. Emission (Em, lex=370 nm) and excitation (Ex, lem=430 nm)
spectra of a solution of DPA-sSWNTs (33.3 ngml�1) in DMSO/D2O
(0.1:10).
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the literature[42] (Figure 10). The signal decay follows first-
order kinetics with a half-life of 1.1 ms and is quenched by
oxygen (inset of Figure 10).


The DPA triplet excited state is quenched by sSWNTs
(Figure 11), although the generation of some other transient,
particularly the corresponding DPAC


+ radical cation, was not
observed. Thus, in contrast to the vast majority of the re-
ports on the photochemistry of SWNTs, in which photoin-
duced electron transfer and the generation of long-lived
charge-separated states occur, in the case considered here
the quenching mechanism must operate by energy transfer
from the DPA triplets to the sSWNTs. In addition, the
quenching of the DPA triplet appears to occur through a


static mechanism as it is the initial intensity of the signal
after the laser flash and not the decay kinetics of the signal
that changes upon addition of increasing amounts of
sSWNTs.


In contrast to the transient observed upon photolysis of
DPA in the absence or presence of sSWNTs, laser flash pho-
tolysis of DPA-sSWNTs in D2O shows a transient absorp-
tion across the entire wavelength range of 300–800 nm
(Figure 12).


The signals shown in Figure 12 reveal overlapping compo-
nents. Of these, the DPA triplet state contributes significant-
ly to the signals at 400–500 nm, with an approximate lifetime
of 2.8 ms, a reasonable value for the triplet state under these
conditions. Beyond this, there are clearly other absorptions
with lifetimes in the microsecond range. In particular, sig-
nals in the 650–750 nm region are probably dominated by
the radical cation of DPA.[56] We anticipate that the electron
will bind to the sSWNT, yielding a featureless absorption at
400–1400 nm, that is, across the entire spectral range.[57–59] In
summary, the complex behaviour shown in Figure 12 is con-
sistent with the triplet state of DPA and the electron-hole
pair that results from excited-state electron transfer. In this
way, the time-resolved spectrum of DPA-sSWNTs upon
355 nm excitation shows clear evidence for a specific inter-
action between DPA and the sSWNTs that is not observed
upon photolysis of solutions containing both components
(see inset in Figure 11). This confirms that the covalent
bond reinforces the interaction between the two units.


Recent reports have revealed that reduced SWNTs exhib-
it a broad absorption across the entire UV/Vis region with-
out having a characteristic peak that could serve to safely
identify the species.[58,60, 61] It has been found that variation
of the van Hove bands in the NIR region can be used to
firmly identify electrons localised on SWNTs.[58,60–62] Howev-
er, we note that the NIR region is outside the range of con-


Figure 10. Transient spectra recorded for a nitrogen-purged 0.11 mm solu-
tion of DPA in DMSO/D2O (1:1.5) measured 0.4, 0.8, 1.1 and 2.5 ms
(traces from top to bottom) after 355 nm laser excitation. The inset
shows the signal decay monitored at 420 nm after nitrogen- or oxygen-
purging of the solution.


Figure 11. Quenching of DPA triplets by sSWNTs (concentrations given
in ngmL�1) monitored at 420 nm. The triplet was generated by 355 nm
laser excitation (7 ns fwhp, 5 mJ per pulse) of a nitrogen-purged DPA so-
lution (0.11 mm) in DMSO/D2O (1:1.5). The inset shows the transient
spectra recorded for the DPA solution in the presence of 36 ngmL�1 of
sSWNTs 0.5, 1.2 and 2.0 ms (traces from top to bottom) after the laser
pulse.


Figure 12. Time-resolved optical spectra recorded 1.2, 2.2 and 5.5 ms
(traces from top to bottom) after 355 nm laser excitation of a nitrogen-
purged 47 mgmL�1 solution of DPA-sSWNTs in DMSO/D2O (3:10). The
inset shows (from top to bottom) the time profile of the signal monitored
at 400, 500 and 600 nm.
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ventional photomultiplier tubes of time-resolved set-ups,
which limits the utility of the time variations of the van
Hove bands. In addition, as we have already mentioned
when discussing the optical spectra of sSWNTs, they do not
exhibit NIR bands that can be attributed to the van Hove
singularities.


To find alternative evidence for the occurrence of photo-
induced electron transfer upon excitation of DPA-sSWNTs,
we performed a quenching study of the electron localised on
a sSWNT by using methyl viologen (MV2+). MV2+ is a
good electron-acceptor[63] and it is anticipated that electrons
will migrate from SWNTs to MV2+ to generate the corre-
sponding radical cation. MVC+ is a long-lived species that is
easily characterised by optical spectroscopy; its absorption
spectrum consists of a sharp peak at 390 nm with a shoulder
on the shorter wavelength side that is accompanied by a
broad, less intense and structured band in the range 500–
700 nm.[63] As anticipated, laser flash photolysis of DPA-
sSWNTs in the presence of MV2+ gives rise to a transient
spectrum (Figure 13) that consists of bands compatible with
the presence of MVC+ . A blank control at 355 nm reveals
that no MVC+ is formed in the absence of DPA-sSWNTs.


Near-IR emission of DPA-sSWNTs : sSWNTs (lex from 370
to 460 nm) barely emit in the visible region, but exhibit a
very important emission in the near-IR (NIR).[58,64,65] As
could have been anticipated based on the behaviour of
sSWNTs, DMSO/D2O solutions of DPA-sSWNTs exhibit
NIR emission upon excitation at 266 nm. Figure 14 shows
the emission spectra recorded for a solution of DPA-
sSWNTs in DMSO/D2O. Like the spectrum recorded for
sSWNTs, the NIR emission of DPA-sSWNTs shows a struc-
tured emission across the entire NIR spectral range avail-
able to our system.


The intensity and time profile of the emission is not af-
fected by the presence of oxygen. By exciting optically
matched solutions of DPA-sSWNTs and sSWNTs at 266 nm
it was observed that the NIR emission intensity of DPA-
sSWNTs is a factor of 1.46 higher than that of sSWNTs.


Considering that the quantum yield of the sSWNT NIR
emission has been estimated by us to be (3.9�0.5)<10�3,[66]


based on the NIR emission of singlet oxygen as a reference,
the quantum yield calculated for DPA-sSWNTs is (5.7�
0.5)<10�3 in our detection window. Full spectrum quantum
yields are anticipated to be higher. The higher NIR quan-
tum yield of DPA-sSWNTs with respect to the precursor
sSWNTs points to the photosensitisation by DPA of the
nanotube walls. This energy transfer agrees with previous
DPA excited state quenching commented upon earlier, the
increased NIR emission quantum yield of sSWNTs being
the result of this energy transfer.


The time profile of the emission in the region of 1100–
1400 nm corresponds well with first-order kinetics and
shows a half-life of 15.6 ms, which is very much similar to
that of the sSWNT precursor (13.9 ms). These facts strongly
suggest that the emission arises from a single species that is
longer lived than the transients observed by absorption
spectroscopy.


Conclusion


The functionalisation of short, soluble single-walled carbon
nanotubes can serve to prepare responsive macromolecular
entities that exhibit unique properties. The preparation of
soluble species enables their analysis by routine liquid-phase
1H NMR spectroscopy. The covalent linkage between DPA
and sSWNT units is firmly supported by the shift in the
NMR signals of DPA-sSWNTs relative to those of the DPA
precursor. The steady-state and time-resolved fluorescence
studies proved that quenching of DPA excited states by
sSWNTs occurs even in the absence of covalent bonding,
but is enhanced in DPA-sSWNTs. This interaction between
DPA singlets and sSWNTs occurs predominantly by energy
transfer, although the transient spectrum of DPA-sSWNTs
exhibits features that suggest some photoinduced electron
transfer occurs. Finally, we have observed NIR emission
from DPA-sSWNTs that exhibits analogous features, albeit
with a somewhat higher quantum yield, to that from
sSWNTs.


Figure 13. Transient spectra recorded 5.3 (top) and 167 ms (bottom) after
355 nm laser excitation of a nitrogen-purged 47 mgmL�1 solution of DPA-
sSWNTs in DMSO/D2O (3:10) upon addition of 100 mL of MV2+


(0.46 mgmL�1). The inset shows the signal decay monitored at 600 nm.


Figure 14. NIR emission recorded 3.5, 6.2, 10.5 and 50.0 ms (traces from
top to bottom) after 266 nm laser excitation of a nitrogen-purged
47 mgmL�1 solution of DPA-sSWNTs in DMSO/D2O (0.1:10).
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Experimental Section


Preparation of DPA-sSWNTs : DPA and mercaptoethylamido-functional-
ised sSWNTs were synthesised as reported previously.[20, 48] Anhydrous
argon-purged toluene (5 mL) was added to a mixture of DPA (50 mg),
AIBN (20 mg) and mercaptoethylamido-functionalised sSWNTs
(100 mg) and the mixture was sonicated for 1 h to obtain a black disper-
sion. After stirring at reflux under an argon atmosphere for 48 h, the re-
action mixture was diluted with toluene and filtered through a 0.2 mm
PTFE membrane. The isolated black material was washed exhaustively
several times with toluene, redispersed by sonication in toluene and final-
ly centrifuged at 15000 rpm for 2 h. After this time, the solvent was deca-
nted and the DPA-sSWNTs washed again with a mixture of toluene and
diethyl ether (10:1). The samples were then dried at 30 8C for 1 day. The
functionalised nanotubes were quite soluble in DMSO, giving a dark so-
lution. The 1H NMR spectrum of DPA-sSWNTs (Figure 2) was recorded
in [D6]DMSO with TMS as the internal standard. sSWNTs are readily
soluble in D2O. In the case of DPA-sSWNTs, a known weight was first
dissolved in DMSO and the resulting solution diluted with D2O to the re-
quired volume.


The resulting diphenylanthracene-functionalised nanotubes (DPA-
sSWNTs) were characterised by 1H NMR spectroscopy (Varian Gemini
300 MHz spectrometer) (Figure 2).
1H NMR ([D6]DMSO, 400 MHz): d=1.90 (br t, 2H), 2.38 (t, 2H), 3.36
(br t, 2H), 3.44 (br t, 2H), 7.138 (d, J=7.2 Hz, 2H, ArH), 7.176 (d, J=


7.2 Hz, 2H, ArH), 7.244 (d, J=7.2 Hz, 2H, ArH), 7.262 ppm (d, J=7.2,
2H, ArH).


Photophysical measurements : Steady-state fluorescence spectra were re-
corded in a PTI spectrofluorimeter in septum-capped Suprasil quartz cuv-
ettes after purging the samples with nitrogen for at least 15 min before
the experiments. Time-resolved fluorescence measurements were carried
out by single-photon counting with an EasyLife PTI set-up and a 370 nm
diode as the excitation source. Neutral density filters were used to at-
tenuate the response to the required range. The time response of the
equipment was determined using a cuvette containing glass wool as a
scatterer. The systemPs software was also used to perform the curve-fit-
ting.


Laser flash photolysis experiments were carried out with a LuzChem
LFP-111 System and the third harmonic of a Nd/YAG laser (Minilite-II,
355 nm, 7 ns fwhp, 5 mJ per pulse) as the excitation source. The samples
were diluted to an absorbance of around 0.3 units and then placed in 1<
1 cm2 cuvettes capped with septa which were purged with N2 or O2 for at
least 15 min before the measurements were taken. NIR emission studies
were carried out using a Peltier-cooled (�62 8C) Hamamatsu NIR detec-
tor operating at 900 V coupled with a computer-controlled grating mono-
chromator. For excitation, the fourth harmonic (266 nm, 7 ns fwhh, 50 mJ
per pulse) of the primary beam of a Nd/YAG laser or an Nd/YAG
pumped OPO operating at 540 nm (7 ns fwhh, 40 mJ per pulse) was used.
The solutions were placed in 1<1 cm2 Suprasil quartz cuvettes capped
with septa. The solutions were purged with N2 or O2 for at least 15 min
before use. The system was controlled with a PC computer operating
LuzChem LFPv3 software.
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Estimating the Temperature Dependence of Peptide Folding Entropies and
Free Enthalpies from Total Energies in Molecular Dynamics Simulations


Ricard Boned,[a] Wilfred F. van Gunsteren,[b] and Xavier Daura*[a, c]


Introduction


One of the main goals of molecular simulation is to establish
a link between conformational molecular behaviour, which
is often evasive to experimental probes, and thermodynamic
properties. The use of appropriate molecular models, force
fields and molecular simulation techniques has already
become standard for the interpretation, and in some cases
prediction or validation, of experimental data.[1]


The state of a molecular system is characterised by ther-
modynamic quantities, such as, for example, in the NPT en-
semble, volume, enthalpy, heat capacity, entropy and, in par-
ticular, free enthalpy. The temperature dependence of these
quantities may be investigated, as demonstrated herein,


through the analysis of molecular dynamics (MD) simula-
tion trajectories at a range of temperatures by using simple
thermodynamic equations that relate the enthalpy of a
system with its heat capacity, entropy and free enthalpy.
This type of analysis can be used, for example, to relate cal-
orimetric data to atomic-resolution molecular motion.


The thermodynamic analysis proposed is illustrated by
studying the properties of a b-heptapeptide in methanol
(Figure 1).[2,3] b-Peptides are peptides composed of b-amino
acids, that is, H2N-CbR-CaR’-COOH. Small b-peptides of as
few as six amino acid residues fold into turns, helices, and
sheetlike structures that are analogous to the secondary
structures of proteins. In addition, these compounds are re-
sistant to degradation by most common peptidases and pro-
teases. These two properties have made them attractive tar-
gets for pharmaceutical developments (see reference [4] for
a comprehensive review of b-peptides and their applica-
tions). The b-heptapeptide of interest primarily populates an
(M)-314-helical conformation in methanol at 298 K and
1 atm.[2] We performed seven 0.4 ms MD simulations of a
model system that consisted of the b-heptapeptide and sol-
vent (methanol) in a periodic cuboidal box under constant
pressure (1 atm) and temperature (298, 310, 320, 330, 340,
350 and 360 K, respectively). In these simulations, the pep-
tide undergoes multiple transitions between two generic
conformational states, folded ((M)-314-helix) and unfolded
(heterogeneous conformational state grouping all other con-
formations), in an equilibrium that is temperature depen-
dent. This enables the calculation of the temperature de-
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known equations that relate these
quantities to the enthalpy of the molec-
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pendence of changes in volume, enthalpy, heat capacity, en-
tropy, and free enthalpy associated with the folding process.


Theoretical background


G/T differences from temperature integration : The Gibbs–
Helmholtz equation states that at a constant number of par-
ticles (N) and pressure (p), if the enthalpy (H) of the system
is known, then the temperature dependence of the free en-
thalpy (G) divided by the temperature (T) is also known
[Eq. (1)].[5] Equation (1) can also be rewritten as Equa-
tion (2) and the enthalpy is given by Equation (3), in which
U is the internal energy and V is the volume:


�
@ðG=TÞ
@T


�
p
¼ � H


T2 ð1Þ


�
@ðG=TÞ
@ð1=TÞ


�
p
¼ H ð2Þ


H ¼ UþpV ð3Þ


When using MD simulations at constant pressure, the en-
thalpy of the system may be expressed as an ensemble or
time average, as shown in Equation (4):


H ¼ hhiNpTþphViNpT ¼ hEVþEKiNpTþphViNpT ð4Þ


in which h is the Hamiltonian of the system, EV is the po-
tential energy and EK is the kinetic energy. The subindex on
the angular brackets indicates the statistical ensemble at
which the configurations of the system are generated. Inte-
grating Equation (2) between 1/T1 and 1/T2 gives Equa-
tion (5):


GT2


T2
�G


T1


T1
¼
Z1=T2


1=T1


Hdð1=TÞ ð5Þ


The enthalpy (H) can be computed from MD simulations at
a number of temperatures between T1 and T2 and the inte-
gral can be then solved numerically.


The Gibbs–Helmholtz equation can be also applied to
changes in the state of the system. When the system evolves
from state A to state B, the associated change in free enthal-
py is defined by Equation (6). The corresponding change in
enthalpy is given by Equation (7) and the Gibbs–Helmholtz
equation can be then defined by Equation (8):


DGBA ¼ GB�GA ð6Þ


DHBA ¼ HB�HA ð7Þ
�
@ðDGBA=TÞ
@ð1=TÞ


�
p
¼ DHBA ð8Þ


Integrating Equation (8) between 1/T1 and 1/T2 gives
Equation (9):


DGT2
BA


T2
�DGT1


BA


T1
¼
Z1=T2


1=T1


DHBAdð1=TÞ ð9Þ


Equations (5) and (9) can also be derived from the statis-
tical mechanical definition of free enthalpy.[6]


G/T differences from probabilities : If A and B are two states
in equilibrium, then the relationship between DGBA and the
equilibrium constant KBA is given by Equation (10) in which
R is the gas constant and the equilibrium constant is defined
by Equation (11).


DGBA


T
¼ �RlnKBA ð10Þ


KBA ¼
PB


PA
ð11Þ


PA and PB are the probabilities of finding the system in
states A and B, respectively. The probabilities can be esti-
mated from the time spent in each state in equilibrium MD
simulations that feature sufficient transitions between the
two states. From Equation (10) it follows that Equation (12)
can be derived, which can be numerically compared with
Equation (9).


Figure 1. A) Structural formula of the b-heptapeptide studied. In the sim-
ulations both end groups were protonated, in accordance with previous
studies and experimental data.[2,3,10] B) The NMR spectroscopy model
structure in methanol at 298 K and 1 atm.[2]
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DGT2
BA


T2
�DGT1


BA


T1
¼ �Rln


KT2
BA


KT1
BA


ð12Þ


S differences from temperature integration : The entropy (S)
of a system at temperature T2 can be calculated from knowl-
edge of its entropy at temperature T1 and the heat required
to change the temperature from T1 to T2 at constant pres-
sure,[5] as shown in Equation (13) in which Cp is the heat ca-
pacity at constant pressure [Eq. (14)].


ST2�ST1 ¼
ZT2


T1


Cp


T
dT ð13Þ


Cp ¼
�
@H
@T


�
p


ð14Þ


If the heat capacity of the system is constant in the inter-
vals (Ta,Tb)2 ACHTUNGTRENNUNG[T1,T2] and (Tb,Tc)2 ACHTUNGTRENNUNG[T1,T2], then we can
derive Equations (15) and (16).


CðTa ,TbÞ
p 	


�
HTb�HTa


Tb�Ta


�
p


ð15Þ


CTb
p 	


CðTa,TbÞ
p þCðTb,TcÞ


p


2
ð16Þ


By using MD simulations, the heat capacity can be com-
puted with Equation (16) at a number of temperatures be-
tween T1 and T2, and the integral in Equation (13) can then
be solved numerically.


When using Equations (4), (5) and (13), numerical errors
due to numerical integration or to the approximation used
for the heat capacity, can be evaluated with the relationship
derived from the classical definition of free enthalpy, shown
in Equation (17):


GT2


T2
�G


T1


T1
¼ HT2


T2
�H


T1


T1
�ðST2�ST1Þ ð17Þ


Equation (13) can be also used to analyse the effect of a
temperature change on the relative entropies of states A
and B of a system. The entropy difference between states A
and B is defined by Equation (18) and the corresponding
heat capacity difference is given by Equation (19).


DSBA ¼ SB�SA ð18Þ


DCpBA
¼ CpB


�CpA
ð19Þ


The change in the relative entropies of states A and B
due to changing the temperature from T1 to T2 is then given
by Equation (20):


DST2
BA�DST1


BA ¼
ZT2


T1


DCpBA


T
dT ð20Þ


Results and Discussion


System thermodynamics : Basic thermodynamic quantities
are given in Table 1. Calculating error bars on these quanti-
ties in a realistic way is difficult. Statistical errors on the


data set are small and do not take into account the most sig-
nificant source of error, that is, incomplete sampling of the
accessible configurational space or sampling with non-con-
verged weights. In addition to error estimates, we show the
evolution of the enthalpy along the last 0.3 ms of simulation
(Figure 2). Clearly, in the last 0.2 ms the enthalpy of the
system varies by less than 2 kJmol�1 at all temperatures.
Table 1 shows that the enthalpy of the system increases with
increasing temperature in an almost linear manner (very
slightly quadratic, see Figure S3 in the Supporting Informa-
tion) for the given temperature range.


Table 1. Absolute thermodynamic quantities.[a]


hTi [K] hpi [kJmol�1 nm�3] hVi [nm3] H
dH [kJmol�1]


297.8 0.058 62.0 �29228
0.6
309.6 0.056 63.0 �28201
0.8
319.6 0.060 63.9 �27327
1.0
329.5 0.058 64.8 �26438
0.8
339.5 0.058 65.7 �25534
0.9
349.5 0.061 66.8 �24617
0.9
359.5 0.062 67.9 �23685
0.8


[a] The averages are given over 4L106 time points (1 per 0.1 ps). The en-
thalpy has been calculated by using Equation (4). Because hpi should be
the same for all simulations, the average over the seven values
(0.059 kJmol�1 nm�3) has been used to calculate the enthalpy. Note that
1 atm=0.061 kJmol�1nm�3. The calculation of the errors is described in
the Experimental Section.


Figure 2. Variation of the enthalpy of the system in the last 0.3 ms of the
simulations at 298 (*), 310 (&), 320 (^), 330 (~), 340 (*), 350 (&) and
360 K (^). DH(t’)=H(t’)�H(t=0.1 ms), in which H(t’) is calculated by
using Equation (4) and the data from the time interval 0 to t’.


Chem. Eur. J. 2008, 14, 5039 – 5046 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5041


FULL PAPERPeptide Folding Entropies and Free Enthalpies



www.chemeurj.org





By using Equation (5) (integration of the curve in Fig-
ure S3 in the Supporting Information from right to left) the
relationship between the free enthalpy of the system and
the temperature can be investigated, for example, (G360/
360 K)�(G298/298 K)=15.4 kJmol�1K�1 and (G350/
350 K)�(G310/310 K)=9.8 kJmol�1K�1. As expected, the
free enthalpy of the system per kelvin increases with in-
creasing temperature. Note that the values of these differen-
ces do not change when calculated over only the first 0.2 ms.


By using Equation (16), the heat capacity of the system at
310, 320, 330, 340 and 350 K can be estimated. The heat ca-
pacity per kelvin is plotted in Figure 3 as a function of tem-
perature. The integration of this curve gives an entropy dif-


ference of S350�S310 =


10.9 kJmol�1K�1. Thus, as
common sense would suggest,
the entropy of the system in-
creases with increasing temper-
ature. Again the value of this
difference does not change
when calculated over only the
first 0.2 ms.


Do the differences obtained
for free enthalpy, enthalpy and
entropy conform to Equa-
tion (17) in the temperature in-
terval 310�350 K? The answer
to this numerical check is yes
(9.8=20.7–10.9), which indi-
cates that the approximation
used for the calculation of the
heat capacity of the system is
valid in this range.


Folding thermodynamics : As
mentioned in the Theoretical
background section, the same
type of formulae can be used


to study peptide-folding thermodynamics. The atom-posi-
tional root-mean-square differences (RMSD) between pep-
tide structures taken at 0.5 ps intervals from the simulation
and the NMR spectroscopy model structure are shown in
Figure 4. Clearly, multiple events of unfolding and refolding
exist at each temperature (see the Experimental Section for
the criterion used to distinguish between the folded (F) and
unfolded (U) peptide structures). This is an essential condi-
tion for the present analysis. After all (saved) configurations
of the system were classified as F (the peptide in the (M)-
314-helical conformation) or U, the differences in Table 2
could be calculated. As an indication of numerical precision
(i.e., not accuracy), in addition to estimated errors given in
Table 2, the evolutions in the last 0.3 ms of the simulation of
DhViFU and DHFU are shown in Figure 5. Intriguingly, the
volume of the system seems to be very slightly, but also sys-
tematically, larger for the folded state than for the unfolded
state (Table 2). Figure 5A shows that the sign of this differ-
ence is indeed significant (fluctuations in the last 0.2 ms are
lower than 0.005 nm3). This suggests that the solvent-exclud-
ed volume is very slightly larger in the folded state, which
corresponds to a more compact average structure of the
peptide. A clear example comes from the comparison of an
extended and a helical confomer. Whereas in an extended
conformation the peptide is fully accessible to the solvent,
the helical conformation has a cylindrical solvent-inaccessi-
ble core. A similar observation has been made for a-pep-
tides adopting an a-helical fold in aqueous solution.[7] A re-
markable conclusion from Table 2 is that, within this tem-
perature range, enthalpy is more favourable for folding at
the higher temperatures. This property, which might appear
surprising at first sight, has also been observed experimen-


Figure 3. Heat capacity of the system at constant pressure per kelvin as a
function of temperature. Error bars are smaller than the circles.


Figure 4. Atom-positional RMSD between peptide structures taken at 0.5 ps intervals from the simulation and
the helical NMR spectroscopy model structure. Translational and rotational least-squares fitting and RMSD
calculation were based on all peptide groups (O-C-N-H atoms) and the Cb and Ca atoms of residues 2 to 5.
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tally in relation to protein folding in aqueous solution.[8] It
means that the average gain in interaction energy upon fold-
ing (the kinetic energy must be on average the same for the
folded and unfolded states) increases as the temperature in-
creases. This implies that the loss of interaction energy with
increasing temperature is faster for the unfolded state than
for the folded state. The progression is, however, markedly
non-monotonic (see Figure S4 in the Supporting Informa-
tion). This may be attributed to lack of convergence of pop-
ulation weights in 0.4 ms, but the possibility of non-monoton-
ically decreasing converged probabilities at particular tem-
perature intervals cannot be completely ruled out. Such be-
haviour has been observed for other systems,[9] and could be
due to the inability of the force field to reproduce system
properties at temperatures far from the parameterisation
temperature, or alternatively, could have a physical explana-
tion. Note that, in general, in the last 0.2 ms of the simula-
tion, the folding enthalpy of the system varies by a maxi-
mum of 1.5 kJmol�1 (2 kJmol�1 at 340 K, Figure 5B). As ex-
pected, at 298 K the exploration of the unfolded state occurs
at a much lower rate due to the dominance of the folded
conformation, thus making the convergence of this quantity
slow. In terms of folding enthalpies per kelvin, (DH350


FU/
350 K)�(DH310


FU/310 K)=�15L10�3 kJmol�1K�1. Although
this number is small, its sign may be considered significant
because the value is given per kelvin and the enthalpy, en-
tropy and free enthalpy changes upon folding are small for
this system (see below).


As expected, the probability of the folded state (PF,
Table 2) decreases with increasing temperature, although
again with a non-monotonic progression likely to be a result
of a lack of convergence. Figure 6 shows DGFU, which was
derived from PF by using Equation (10), as a function of
temperature and its evolution in the last 0.3 ms of the simu-
lation. The two panels indicate that differences between the
calculated DGFU values are not significant within the ranges
310 to 330 and 340 to 360 K. The slow increase of the fold-
ing free enthalpy, or slow decrease of the population of
folded structures, with increasing temperature agrees with


experimental data of a qualitative nature (CD spectra and
chemical shifts of the amino groups) over the same tempera-
ture range.[10]


By using Equation (9) (integration of the curve in Fig-
ure S4 in the Supporting Information from right to left) we
obtain values of (DG360


FU/360 K)�(DG298
FU/298 K)=7L


10�3 kJmol�1K�1 and (DG350
FU/350 K)�(DG310


FU/310 K)=5L
10�3 kJmol�1K�1 (7L10�3 and 4L10�3 kJmol�1K�1, respec-
tively, when calculated over only the first 0.2 ms). Thus, the
free enthalpy of folding per kelvin increases with increasing
temperature. A difference of 5L10�3 kJmol�1K�1 between
310 and 350 K means that the entropy must compensate the
counter affect of the enthalpy (�15L10�3 kJmol�1K�1, see
above) with �20L10�3 kJmol�1K�1. By using Equation (12),
the free enthalpy differences become (DG360


FU/360 K)�(DG298
FU/


298 K)=15L10�3 kJmol�1K�1 and (DG350
FU/350 K)�(DG310


FU/
310 K)=4L10�3 kJmol�1K�1 (18L10�3 and 3L
10�3 kJmol�1K�1, respectively, when calculated over only
the first 0.2 ms). The relative mismatch between the two sets


Table 2. Folding thermodynamic quantities.[a]


hTi
[K]


hViF
[nm3]


DhViFU


[nm3]
HF


[kJmol�1]
DHFU
d(DHFU)
[kJmol�1]


PF
dPF


297.8 61.98 0.02 �29230.0 �8.1
1.1 0.79
0.07
309.6 62.98 0.02 �28205.4 �9.3
1.1 0.48
0.16
319.6 63.86 0.03 �27333.6 �13.0
1.3 0.52
0.16
329.5 64.79 0.03 �26444.3 �11.7
1.1 0.49
0.12
339.5 65.76 0.03 �25542.5 �13.6
1.2 0.35
0.14
349.5 66.79 0.03 �24627.7 �15.9
1.2 0.35
0.15
359.5 67.89 0.03 �23693.7 �13.9
1.2 0.39
0.11


[a] Volumes (VX), enthalpies (HX) and probabilities (PX) have been cal-
culated over a set of 8L105 configurations of the system (1 per 0.5 ps),
previously classified as unfolded (U subscript) or folded (F subscript).
Enthalpies have been calculated by using Equation (4), with an average
pressure of 0.059 kJmol�1 nm�3 (see Table 1). Probabilities have been es-
timated by conformation counting. The calculation of errors is described
in the Experimental Section. Only the upper errors (sum of errors) are
shown for the folding enthalpies.


Figure 5. Variation of A) the folding volume (DhViFU = hViF�hViU) and
B) the folding enthalpy (DHFU =HF�HU) of the system in the last 0.3 ms
of the simulations at 298 (*), 310 (&), 320 (^), 330 (~), 340 (*), 350 (&)
and 360 K (^). DDhViFU(t’)= DhViFU(t’)�DhViFU(t=0.1 ms), DDHFU(t’)=


DHFU(t’)�DHFU(t=0.1 ms), in which DhViFU(t’) and DHFU(t’) are calculat-
ed by using the data for the time interval 0 to t’.


Chem. Eur. J. 2008, 14, 5039 – 5046 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5043


FULL PAPERPeptide Folding Entropies and Free Enthalpies



www.chemeurj.org





of values obtained from Equations (9) and (12) reflects the
differences in the convergence properties of population
probabilities and associated enthalpies,[11] and also the lack
of an energy component in the criterion used to define the
similarity cutoff for clustering.


The change in the heat capacity of the system upon fold-
ing (per kelvin) is plotted in Figure 7 as a function of tem-
perature. The convergence problems already seen for the
enthalpy become obvious here (Figure S4 in the Supporting
Information). The integration of this curve gives the entropy
difference of DS350


FU�DS310
FU =�15L10�3 kJmol�1K�1 (�9L


10�3 kJmol�1K�1 when calculated over only the first 0.2 ms),
which is close to the expected value of �20L
10�3 kJmol�1K�1. This result indicates that, contrary to the
situation observed for the enthalpy, entropy is more favour-
able to folding at lower temperatures. In other words, the
entropy loss upon folding is larger the higher the tempera-
ture (the entropy of the unfolded state grows faster with
temperature than that of the folded state).


Finally, we note that differences between thermodynamic
quantities in the folded and unfolded states as defined
herein cannot be directly compared with those measured ex-
perimentally. This is because herein the distinction between
the F and U states is based on a conformational criterion
(RMSD from helix) applied to the simulation to partition
the ensemble into F and U conformers at one thermody-
namic state point, whereas in experiments folding is induced
by changing the thermodynamic state point (temperature,
co-solvent) and measuring average properties over the
whole conformational ensemble.


Contribution of interaction terms to folding : The contribu-
tion of different interaction (potential) energy terms to fold-
ing is given in Table 3. Internal (peptide) bonding interac-
tions, internal non-bonding interactions and solvent–solvent
interactions favour folding at all temperatures, whereas pep-
tide–solvent non-bonding interactions strongly disfavour
folding. Although this is not unexpected, it is remarkable
that the contribution of solvent–solvent interactions to fold-
ing is similar in magnitude to the contribution of the inter-
nal non-bonding interactions of the peptide. Due to exact


Figure 6. A) Folding free enthalpy (DGFU =GF�GU) as a function of tem-
perature and B) its variation in the last 0.3 ms of the simulations at 298
(*), 310 (&), 320 (^), 330 (~), 340 (*), 350 (&) and 360 K (^). DGFU cal-
culated from PF and PU (PU =1�PF, Table 2) by using Equation (10).
DDGFU(t’)=DGFU(t’)�DGFU(t=0.1 ms), in which DGFU(t’) is calculated by
using the data for the time interval 0 to t’. Error bars are given according
to Equation (28) and dPF from Table 2.


Figure 7. Folding heat capacity of the system at constant pressure
(DCpFU


=CpF
�CpU


) per kelvin as a function of temperature. Error bars are
given according to Equation (30) and the upper d(DHFU) values from
Table 2.


Table 3. Contribution of interaction terms to folding.[a]


hTi
[K]


DhEv,bpiFU


[kJmol�1]
DhEv,nbppiFU


[kJmol�1]
DhEv,nbpsiFU


[kJmol�1]
DhEv,nbssiFU


[kJmol�1]


297.8 �6.1 �58.4 97.8 �41.4
309.6 �7.4 �53.7 89.8 �37.6
319.6 �8.1 �68.4 113.3 �50.0
329.5 �7.4 �75.7 123.2 �51.6
339.5 �8.5 �73.8 117.4 �49.0
349.5 �8.8 �73.2 115.4 �49.0
359.5 �9.3 �77.2 121.3 �48.6


[a] Average interaction potential energies (Ev) have been calculated over
a set of 8L105 configurations of the system (1 per 0.5 ps), previously clas-
sified as U or F. Ev,bp = internal (peptide) bonding interactions, Ev,nbpp =


non-bonding internal interactions, Ev,nbps =non-bonding peptide–solvent
interactions and Ev,nbss =non-bonding solvent–solvent interactions.
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statistical mechanical solvent–solvent enthalpy–entropy
compensation, that is, DHss =TDSss,


[12] the enthalpy change
due to solvent rearrangement upon folding is not a driving
force for this process.[13]


Conclusion


This study illustrates the combined use of MD simulation
trajectories and basic thermodynamic formulae for the in-
vestigation of the temperature dependence of fundamental
properties of molecular systems in equilibrium. More specif-
ically, we have investigated the temperature dependence of
the enthalpy, heat capacity, entropy and free enthalpy of a
system that consists of a b-heptapeptide in methanol and
have used analogous relationships to describe the folding/
unfolding equilibrium of the peptide. The results lead us to
the following conclusions:


1) The enthalpy, entropy and free enthalpy per kelvin of
the system increase with increasing temperature, which
indicates a progressive loss of interaction energy and
order.


2) The volume of the system in the folded state is very
slightly, but systematically, larger than that in the unfold-
ed state, which suggests a slightly more compact (larger
solvent-excluded volume) average peptide structure in
the folded state.


3) The enthalpy of the system is more favourable to folding
at the higher temperatures, which indicates that the loss
of interaction energy in the system with increasing tem-
perature is faster for the unfolded state than for the
folded state.


4) The entropy of the system is more favourable to folding
at lower temperatures, which indicates that the loss of
order in the system with increasing temperature is faster
for the unfolded state than for the folded state.


5) The folding entropy dominates the temperature depen-
ACHTUNGTRENNUNGdence of the folding free enthalpy. Thus, the change in
free enthalpy per kelvin upon folding increases with in-
creasing temperature.


6) Internal (peptide) bonding interactions, internal non-
bonding interactions and solvent–solvent interactions
contribute favourably to the enthalpy of folding at all
temperatures, whereas peptide–solvent non-bonding in-
teractions strongly disfavour folding.


7) The contribution of solvent–solvent interactions to the
enthalpy of folding is similar in magnitude to the contri-
bution of the internal non-bonding interactions of the
peptide.


Although none of these conclusions are completely unex-
pected, they illustrate the power of current molecular simu-
lation force fields and techniques in establishing the link be-
tween thermodynamic quantities and conformational states
and the energy–entropy compensation effects that dominate
polypeptide folding processes.


Experimental Section


Simulation setup : All simulations were performed by using the
GROMOS96 simulation software[14] and the GROMOS 43A1 force field
(including the methanol model).[14,15] b-Amino acid topologies were gen-
erated based on their a-amino acid equivalents.[3,16] A simulation at
298 K was started for a cuboidal periodic system that contained the b-
heptapeptide in its (M)-314-helical conformation (Figure 1) and 962 meth-
anol molecules at liquid density after energy minimisation. The setup of
this simulation has been described in detail elsewhere (simulation MDT1
in reference [16]). The simulation was performed by using periodic boun-
dary conditions, constant temperature and pressure (1 atm) and a twin-
range cutoff of 0.8/1.4 nm for non-bonded interactions. Simulations at
310, 320, 330, 340, 350 and 360 K were branched from the simulation at
298 K after 0.2 ns and the bath temperature was reset to the target tem-
perature in one single step. Each of the seven simulations spanned 0.4 ms.


Trajectory analysis : Trajectory coordinates and energies were stored
every 0.5 and 0.1 ps, respectively. Translational and rotational least-
squares fitting of structures and atom-positional RMSD were based on
all peptide groups (O-C-N-H atoms) and the Cb and Ca atoms of residues
2 to 5. The distinction between F and U structures was based on an
atom-positional RMSD criterion: an RMSD matrix (containing the
RMSD between every pair of structures) was calculated for 8L104 pep-
tide structures taken at regular intervals (5 ps) from the simulation at
298 K. The distribution of RMSD values was plotted (Figure S1 in the
Supporting Information) and the first minimum in the distribution
(0.1 nm) was taken as similarity cutoff. This cutoff was then used to per-
form a conformational clustering of all 8L104 structures (see refer-
ence [17] for a description of the clustering algorithm). The central
member of the most-populated cluster at 298 K ((M)-314-helical, Fig-
ure S2 in the Supporting Information) was taken as the reference folded
structure (for all temperatures). Subsequently, 8L105 system configura-
tions (1 per 0.5 ps) from each temperature were classified as F or U, de-
pending on the atom-positional RMSD between the structure of the pep-
tide in that configuration and the reference folded structure (�0.1 nm or
>0.1 nm, respectively).


Error analysis : The errors in absolute enthalpy values (dH, Table 1) were
calculated by using a block averaging method, with the correlation time
estimated from the statistical inefficiency (s) given by Equation (21),[18] in
which s indicates the standard deviation of a distribution, tall is the
number of time steps or system configurations used for the analysis and
from Equation (4) hEiall is given by Equation (22).


dH ¼ sðhEiallÞ ¼
�


s
tall


�1=2


sðEÞ ð21Þ


hEiall ¼ hhiþphVi ð22Þ


If the simulation trajectory is divided into nb blocks, each of which con-
tains tb time steps, the statistical inefficiency is defined by Equation (23),
in which s2(hEib) is given by Equation (24):


s ¼ lim
tb!1


tbs2ðhEibÞ
s2ðEÞ ð23Þ


s2ðhEibÞ ¼
1
nb


Xnb


b¼1


ðhEib�hEiallÞ2 ð24Þ


The statistical inefficiency is an estimate of the size at which the data
blocks become statistically uncorrelated (assuming Gaussian statistics).
Thus, for tb = s Equation (25) can be derived from Equations (21) and
(23).


sðhEiallÞ ¼
�


1
nb


�1=2


sðhEibÞ ð25Þ


For the calculation of errors in folding enthalpy values (d(DHFU),
Table 2) the following procedure was used: At each temperature, the s
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value obtained in the calculation of the error in H (Table 1) was used to
define the data block size (tb = s, corresponding to a time length tb). The
E values (i.e., h+pV) within each data block were distributed into F and
U data blocks according to the peptide conformation. This generated nb


F


(nb
F � nb, tb


F � tb and variable through blocks, tb
F = tb) and nb


U (nb
U�nb,


tb
U�tb and variable through blocks, tb


U = tb) blocks. These two sets of
data blocks were then used to estimate the errors in HF and HU by using
Equation (25). Finally, a lower bound [Eq. (30), i.e., independent varia-
bles] and an upper bound (sum of errors, that is, dependent variables)
were calculated for the error in DHFU =HF�HU.


The errors in probability values (dPF, Table 2) were derived by block
averaging the number of folded configurations in each simulation. Thus,
the standard deviation (s) of the number of folded configurations was
calculated for blocks of 5, 10, 20, 25, 40, 50, 80 and 100 ns, and extrapo-
lated to 400 ns from the (initial) linear part of the curve that describes
the dependence of s on block size.


Propagation of errors was treated within the following general approach.
If Z= f(A), the relationship between dZ and dA is given by Equa-
tion (26):


dZ ¼ dZ
dA


dA ð26Þ


Likewise, if Z= f(A,B) and A and B are independent, then dZ is given
by Equation (27):


dZ ¼
��


@Z
@A


dA
�2


þ
�
@Z
@B


dB
�2�1=2


ð27Þ


The expressions given in Equations (28), (29) and (30) were then derived
for the errors in DGFU (Figure 6A), DHFU (Figure S4 in the Supporting
Information) and DCpFU


T�1 (Figure 7):


dðDGFUÞ ¼ RT
1


PFð1�PFÞ
dPF ð28Þ


dðDHFUÞ ¼ ½ðdHFÞ2þðdHUÞ2�
1=2 ð29Þ


dðDCpFU
Tb
�1Þ ¼ ½ðadðDHTa


FUÞÞ2þðða�gÞdðDHTb
FUÞÞ2þðgdðDHTc


FUÞÞ2�
1=2Tb


�1


ð30Þ


in which Ta, Tb, and Tc are defined in Equations (15), (16), and a and g


are given by Equations (31) and (32).


a ¼ 1
2ðTb�TaÞ


ð31Þ


g ¼ 1
2ðTc�TbÞ


ð32Þ
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Ionic Liquids of Bis(alkylethylenedi ACHTUNGTRENNUNGamine)silver(I) Salts and the Formation
of Silver(0) Nanoparticles from the Ionic Liquid System


Masayasu Iida,*[a] Chihiro Baba,[a] Michiko Inoue,[a] Hibiki Yoshida,[a]


Eiji Taguchi,[b] and Hirotoshi Furusho[b]


Introduction


Metallosurfactants and metallomesogens provide unique
and functional aggregates not attainable in conventional or-
ganic surfactant systems.[1–10] Systematic studies are required
to clarify the relationship between the molecular structures
and the unique morphologies of the molecular assemblies.
Ethylenediamine is one of the most common ligands in the
history of metal complexes, and thus alkyl ACHTUNGTRENNUNGethylenediamines
are regarded as typical ligands for metallosurfactants. Be-
cause of the relatively simple structure of the alkylethylene-


diamine ligand among metallosurfactants, a series of alkyle-
thylenediamine–metal complexes is suitable for systematic
studies into the morphology of aggregates based on the mo-
lecular structure.
A variety of alkylethylenediamine metal complexes have


been synthesized, and highly ordered aggregation systems in
solution, such as microemulsions and lyotropic liquid crys-
tals, have been investigated.[2,7–10] From these studies, we re-
ported the synthesis of bis(N-alkylethylenediamine)silver(I)
nitrate (alkyl=hexadecyl, dodecyl, octyl, and hexyl) and the
X-ray crystallographic analysis of the dodecyl complex. Fur-
thermore, the characteristic aggregation behavior of the do-
decyl and octyl complexes in liquid-crystalline states and so-
lution were also investigated.[9g,10a] In the latter study, bis(N-
octylethylenediamine)silver nitrate had a transition point
from the crystalline state to the thermotropic liquid crystal-
line state at 48 8C. The preparation of bis(N-hexylethylene-
diamine)silver(I) nitrate was also reported therein, but this
complex does not assume a liquid-crystalline phase; thus,
the physical properties, such as its melting point of 44 8C,
were not described. These low-melting points for the ionic
crystals mean that ionic liquids or ionic liquid crystals form


Abstract: We have prepared novel
ionic liquids of bis(N-2-ethylhexyleth ACHTUNGTRENNUNGyl-
ACHTUNGTRENNUNGenediamine)silver(I) nitrate ([Ag(eth-
hex-en)2]NO3 and bis(N-hexylethylene-
diamine)silver(I) hexafluorophosphate
([Ag ACHTUNGTRENNUNG(hex-en)2]PF6), which have transi-
tion points at �54 and �6 8C, respec-
tively. Below these transition tempera-
tures, both the silver complexes assume
amorphous states, in which the extent
of the vitrification is larger for the eth-
hex-en complex than for the hex-en
complex. The diffusion coefficients of
both the complex cations, measured be-
tween 30 (or 35) and 70 8C, are largely
dependent on temperature; the de-


pendence is particularly large in the
case of the eth-hex-en complex cation
below 40 8C. Small-angle X-ray scatter-
ing studies showed that the bilayer
structure of the metal complex is
formed in the liquid state for both the
silver complexes. A direct observation
of the yellowish [Ag(eth-hex-en)2]NO3


liquid by transmission electron micro-
scopy (TEM) indicates the presence of
nanostructures, as a microemulsion, of


less than 5 nm. Such structures were
not clearly observed in the [AgACHTUNGTRENNUNG(hex-
en)2]PF6 liquid. Although the [Ag(eth-
hex-en)2]NO3 liquid is sparingly soluble
in bulk water, it readily incorporates a
small amount of water up to [water]/
[metal complex]=7:1. Homogeneous
and uniformly sized silver(0) nanopar-
ticles in water were created by the re-
duction of the [Ag(eth-hex-en)2]NO3


liquid with aqueous NaBH4, whereas
silver(0) nanoparticles were not formed
from the [Ag ACHTUNGTRENNUNG(hex-en)2]PF6 liquid in the
same way.
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above 50 8C. On the other hand, monoalkylamine silver
complexes have been reported to have low melting points.[11]


Furthermore, the formation of room-temperature ionic liq-
uids of analogous monoalkylaminesilver trifluoromethane-
sulfonimide complexes has recently been reported, and
these novel complexes were used as new electrolytes for
electrodeposition.[12]


Herein, we have tried to lower the melting point of bis(N-
hexylethylenediamine)silver(I) nitrate ([AgACHTUNGTRENNUNG(hex-en)2]NO3)
by using molecular design to create room-temperature ionic
liquids. As a result, bis(N-2-ethylhexylethylenedimaine)sil-
ver nitrate ([Ag(eth-hex-en)2]NO3), containing a small
amount of water (0.3H2O), and bis(N-hexylethylenedi-
ACHTUNGTRENNUNGamine)silver hexafluorophosphate anhydride ([AgACHTUNGTRENNUNG(hex-
en)2]PF6) assumed liquid states at room temperature, and
their unique physical and chemical properties were elucidat-
ed (see Scheme 1 for the molecular structures). The dis-


placement of the N-hexylethylenediamine ligand by N-2-
ethylhexylethylenedimaine significantly lowers the melting
point, even for the nitrate salt, and the structure in the solid
state is amorphous. Although these silver(I) complexes are
sparingly soluble in bulk water, [Ag(eth-hex-en)2]NO3 readi-
ly incorporates a small amount of water, and the properties
of the silver complex depend significantly on the amount of
water present (W0= [H2O]/[Ag complex]).
We based this study into the formation of the ionic liquids


on a series of bis(alkylethylenediamine)silver(I)-type com-
plexes for the following reasons: A slight change in the mo-
lecular structure of these silver complexes offers a variety of


molecular assemblies at ambient temperature,[9g] and the for-
mation of ionic liquids can be considered to be a category of
molecular-assembly systems. Furthermore, it is characteristic
that the amphiphilic metal complexes with double alkyl
chains provide metal nanoparticles from the reversed-micel-
lar or water-in-oil (W/O) microemulsion system in a high
yield.[10, 13] We, thus, tried to create silver nanoparticles from
the present ionic liquid systems by using reduction and di-
rectly observed the nanostructures of the ionic liquids
through transmission electron microscopy (TEM) by moni-
toring the silver(0) particles. The shape and size of the
silver(0) nanoparticles should provide useful information
concerning the microstructure of the ionic liquids.


Results and Discussion


Solubilities of the silver complexes in various solvents : The
newly prepared [Ag(eth-hex-en)2]NO3 complex is hardly
soluble in bulk water but incorporates water up to W0=7 to
form homogeneous and transparent solutions. An increase
in the water content makes the liquid more fluid, as de-
scribed below in the diffusion studies. The [Ag ACHTUNGTRENNUNG(hex-en)2]PF6
liquid is also insoluble in water, which is different from the
corresponding nitrate salt.[9g] Both the metal complex liquids
readily dissolve in many organic solvents. Before investigat-
ing the physical properties in detail, we verified their solu-
bilities in various solvents and classified them into three cat-
egories: 1) more than 10% (w/v), 2) between 0.1–10% (w/
v), and 3) less than 0.1% (w/v; Table 1).
The decomposition of [Ag(eth-hex-en)2]NO3 in certain


polar organic solvents reflects the strong solvation at the
head group. This complex is readily soluble in many organic
solvents, other than CH3Cl, which is favorable for the purifi-
cation. The larger hydrophobicity of [Ag ACHTUNGTRENNUNG(hex-en)2]PF6 than
[Ag ACHTUNGTRENNUNG(hex-en)2]NO3 can be attributed to the lesser hydration
of the PF6


� ion than the NO3
� ion and/or to the specific mo-


lecular interactions between the metal complex cations and
the counterions.


Changes in the 13C NMR spectra through complex forma-
tion : The 13C NMR spectra for the [Ag(eth-hex-en)2]NO3


and [Ag ACHTUNGTRENNUNG(hex-en)2]PF6 liquids are shown in Figure 1. The
high viscosity of the former complex makes the signals
broadened (the line-widths are 50–100 Hz for the alkyl
chains and head groups, respectively) The assignment of
each signal was performed based on 13C–1H COSY 2D
NMR analysis in benzene, measurement of the 13C NMR T1


Scheme 1. Molecular structures of a) [Ag(eth-hex-en)2]NO3 and b) [Ag-
ACHTUNGTRENNUNG(hex-en)2]PF6.


Table 1. A classification[a] of the solubilities of the (alkylethylenediamine)silver(I) complexes.


Water DMSO DMF Methanol Ethanol Acetone Dichloro-
methane


Ethyl
acetate


CHCl3 Diethyl
ether


Benzene Dioxane Cyclo-
hexane


[Ag ACHTUNGTRENNUNG(hex-en)2]NO3 1 1 1 1 1 1 1 1 2 3 3 1 1
[Ag ACHTUNGTRENNUNG(hex-en)2]PF6 3 1 1 1 1 1 1 1 3 3 1 1 1
[Ag ACHTUNGTRENNUNG(oct-en)2]NO3 3 1 1 3 3 1 1 1 2 2 1 1 3
[Ag(eth-hex-en)2]NO3 3 X X 1 1 1 1 1 3 1 1 1 1


[a] 1: >10%; 2: 0.1–10%; 3: <0.1%, X: decomposed. DMF=N,N-dimethylformamide, DMSO=dimethyl sulfoxide.
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relaxation time, and reference to the assignment of analo-
gous surfactants[14] (Figure 1). The 13C NMR T1 values at
27 8C for each signal of [Ag(eth-hex-en)2]NO3 and [AgACHTUNGTRENNUNG(hex-
en)2]PF6 in [D6]benzene (5%) were as follows: [Ag(eth-hex-
en)2]NO3: 1.63 s (d=10.49 ppm for C10); 2.73 s (d=


14.10 ppm for C8); 1.53 s (d=23.26 ppm for C7); 370 ms
(d=23.98 ppm for C9); 650 ms (d=28.82 ppm for C6);
350 ms (d=31.01 ppm for C5); 470 ms (d=39.94 ppm for
C4); 170 ms (d=42.02 ppm); 160 ms (d=52.14 ppm);
273 ms (d=54.10 ppm). [Ag ACHTUNGTRENNUNG(hex-en)2]PF6: 3.69 s (d=


13.94 ppm for C8); 2.88 s (d=22.69 ppm for C7); 1.34 s (d=


26.82 ppm for C5); 960 ms (d=30.85 ppm for C4); 1.87 s
(d=31.78 ppm for C6); 403 ms (d=40.68 ppm); 551 ms (d=


50.62 ppm); 405 ms (d=50.98 ppm). A discrimination of sig-
nals from C1–C3 in the head group was not performed. We
compared the changes in the 13C NMR chemical shifts of the
ligands between the free ligand and that of the silver com-
plex in neat liquid and 5% solutions of benzene (Table 2).
To distinguish the changes in the chemical shifts of the


signals from the ligands by complexation between the coor-


dination to the silver center and the intermolecular interac-
tions in the ionic liquid system, we compared the changes in
chemical shift between the neat state and samples in a 5%
solution in benzene. For both the alkylethylenediamine sys-
tems in benzene, the changes in the chemical shifts of the
terminal carbon atoms (C8 and C7 for both the complexes)
through complexation with the silver center are only slight
but are large for the carbon atoms in the head group region
(C1–C3). On the other hand, the complexation in the neat
systems causes larger changes in the chemical shift than in
benzene for many signals, particularly in the case of the ter-
minal carbon atoms. The difference in the effect of the com-
plexation on the chemical shifts, depending on the carbon
position, is appropriately estimated by taking the ratio of
the change in the chemical shift Dd as a result of the com-
plexation in neat liquid to the change in benzene for each
signal.
The results are listed in Table 2 for each system. In the


case of the carbon atoms in the head group (C1–C3), the
changes in the chemical shift as a result of the complexation
are relatively large, even in benzene, whereas in the ionic
liquid systems both the intra- and intermolecular interac-
tions from the complexation will cooperatively affect the
change in the chemical shift; thus, the estimated ratios are
hard to clearly interpret. On the other hand, the changes in
the chemical shift of the signals from the alkyl chains can be
more clearly explained: In the hex-en system, the magnitude
of the ratios of the carbon atoms in the alkyl chains follow a
trend in the order C7>C8@C6>C5>C4 (absolute value).
In the eth-hex-en system, there is a trend that follows in a
similar manner to the hex-en complex, although it is less
clear, that the terminal C8 and C7 carbon atoms show signif-
icantly larger changes in neat liquid than in benzene. These
results for both systems indicate that in the formation of the
ionic liquids the entanglement of the alkyl chains is impor-
tant for self-aggregation (namely, the ionic liquids) of the
silver complex cations. The short-range molecular interac-
tions monitored by the chemical shifts of the signals from
the terminal C8 and C7 carbon atoms show significantly
larger changes in neat liquid than in benzene. The short-
range molecular interactions monitored by the changes in
the chemical shifts are more complicated in the eth-hex-en
complex than in the hex-en complex.


Self-diffusion and electric conductivity : The [Ag(eth-hex-
en)2]NO3 liquid is very viscous at ambient temperature,
whereas it becomes fluid like normal liquids above 40 8C.
The dynamic properties of the liquids were quantitatively
studied by self-diffusion measurements of the silver complex
cations ([Ag(eth-hex-en)2]


+ and [Ag ACHTUNGTRENNUNG(hex-en)2]
+) and the


contained water in the [Ag(eth-hex-en)2]NO3 system by
using 1H NMR pulsed-field gradient (PFG) spectroscopic
analysis. The diffusion coefficients as a function of tempera-
ture are given by Arrhenius plots, as shown in Figure 2, in
which the dependence of the diffusion coefficients on the
water content W0 for [Ag(eth-hex-en)2]NO3 is also depicted.
As a result of the limitation of the power of our machine,


Figure 1. 13C NMR spectra for the a) [Ag(eth-hex-en)2]NO3 and b) [Ag-
ACHTUNGTRENNUNG(hex-en)2]PF6 liquids. The numbering of each carbon atom is depicted in
Scheme 1.
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the diffusion coefficients below 1.0M10�12 m2s�1 had larger
experimental errors and, thus, are not described herein (the
corresponding data are for the eth-hex-en complex of W0=


0.3 below 40 8C). Good linearities in the Arrhenius plots are
shown for [AgACHTUNGTRENNUNG(hex-en)2]


+ (Figure 2e) and for water at
larger W0 values (Figure 2b–d). On the other hand, the plots
are largely curved for the [Ag(eth-hex-en)2]NO3 systems at
lower W0 values. The plot is particularly curved below 40 8C
in the regions of the lower W0 values.
The Vogel–Tamman–Fulcher (VTF) equation (1) was sat-


isfactorily applied to describe the temperature dependence
of the diffusion coefficients of ionic liquids:[15]


D ¼ D0 exp
�
� B
T�T0


�
ð1Þ


In the present systems, the parameters D0, B, and T0 were
determined on the basis of Equation (1) (see Table 2). To es-
timate the fitted parameters, we first used the data for
[Ag(eth-hex-en)2]NO3 in which W0=0.3 and determined the
best fitting parameter of T0 as 200 K. This value was also
used in the other systems for comparison, as the error of
this value did not significantly affect the estimates of the
R2 values for the other systems. The D0 and B values in cer-
tain systems with good linearities in the Arrhenius plots
(Figure 2) were also determined to fit Equation (1) using
the same T0 value of 200 K for comparison.
Small diffusion coefficients of [Ag(eth-hex-en)2]


+ at the
lowest water content (W0=0.3) mean the formation of
strong self-assemblies of the complexes. Particularly, the


liquid at room temperature is regarded as a super-cooling
liquid. With an increase in the water content, the liquid be-
comes significantly more fluid and the diffusion coefficients
of both [Ag(eth-hex-en)2]


+ and water increase. It is remark-
able that with an increase in the water content, the linearity
of the Arrhenius plot becomes better. For the same
T0 value, both the D0 and B values increase with an increase
in the water content in the case of water, whereas they de-
crease in the case of [Ag(eth-hex-en)2]


+ (these values slight-
ly increase from W0=5 to 6.5, which may be an experimen-
tal error; Table 3).
In the case of [Ag ACHTUNGTRENNUNG(hex-en)2]


+ , the liquid is more fluid
and, thus, the diffusion coefficient is somewhat larger and
the temperature dependence is smaller than for [Ag(eth-
hex-en)2]


+ (Figure 2e). It is characteristic that in the hex-en
complex system, the linearity of the Arrhenius plot (T0=0)
is better than for the other cases and it is not necessary to
use Equation (1).
Although both the silver complexes are stable when


stored in a refrigerator, the colorless liquids become yellow-
ish with an increase in temperature. However, the 13C NMR
spectrum was almost unchangeable (within a shift of Dd=0–
0.05 ppm for each signal), and the CHN elemental analyses
were coincident with the calculated values within 0.5%, de-
spite the color change. We, thus, considered that the self-dif-
fusion coefficients were not significantly affected by the
color change at higher temperatures.
The electric conductivities were 31 and 74 mScm�1 for the


[Ag(eth-hex-en)2]NO3 and [AgACHTUNGTRENNUNG(hex-en)2]PF6 liquids, respec-
tively, whose values are very small, thus reflecting the high
viscosities. Therefore, this type of ionic liquid will be disad-


Table 2. Changes in the 13C NMR chemical shifts through the formation of silver complexes


eth-hex-en system hex-en system
Chemical shift [ppm] Complexation D ACHTUNGTRENNUNG(neat)/ Assignment Chemical shift [ppm] Complexation D ACHTUNGTRENNUNG(neat)/ Assignment
eth-hex-en silver


complex
D D ACHTUNGTRENNUNG(benzene) hex-en silver


complex
D D ACHTUNGTRENNUNG(benzene)


Neat
10.713 10.227 �0.486 1.2 10 14.089 13.622 �0.467 23 8
14.079 13.913 �0.166 �2.9 8 22.934 22.418 �0.516 29 7
23.245 23.054 �0.191 �2.8 7 27.41 26.622 �0.788 2.8 5
24.355 23.77 �0.585 1.0 9 30.63 30.592 �0.038 �0.08 4
29.113 28.64 �0.473 1.5 6 32.187 31.496 �0.691 9.0 6
31.389 30.845 �0.544 1.2 5 42.083 40.847 �1.236 0.98 1–3
39.358 39.624 0.266 1.6 4 50.149 50.645 0.496 0.64
41.324 41.887 0.563 2.7 53.195 51.19 �2.005 1.2
52.737 52.015 �0.722 0.96 1–3
52.951 53.891 0.94 0.78


5% solution in benzene
10.907 10.489 �0.418 10 13.963 13.943 �0.02 8
14.041 14.099 0.058 8 22.71 22.692 �0.018 7
23.187 23.255 0.068 7 27.098 26.816 �0.282 5
24.559 23.975 �0.584 9 30.397 30.854 0.457 4
29.132 28.821 �0.311 6 31.856 31.779 �0.077 6
31.477 31.01 �0.467 5 41.947 40.682 �1.265 1–3
39.777 39.942 0.165 4 49.838 50.616 0.778
41.81 42.015 0.205 52.708 50.976 �1.732
52.893 52.144 �0.749 1–3


54.1 1.207
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vantageous for an application towards electrical conductivi-
ty.


DSC studies : The appearance of [Ag(eth-hex-en)2]NO3 as a
solid at around �60 8C is transparent and glassy, whereas
[Ag ACHTUNGTRENNUNG(hex-en)2]PF6 is devitrified in the solid state. The former
glassy solid was confirmed to be isotropic by using polariz-
ing microscopy (PM). The differential scanning calorimetry
(DSC) curve for [Ag(eth-hex-en)2]NO3 is given in Figure 3a.
The transition at �54 8C is like a glass transition. The small
endothermic peak at around �30 8C in the DSC curve corre-
sponds to an enthalpy change of around 1.5 kJmol�1, which
is too small for the transition from the crystalline to isotrop-
ic liquid state; both the glassy transition profile and the


small enthalpy change indicate that the solid is almost amor-
phous. For comparison, the [Ag ACHTUNGTRENNUNG(hex-en)2]NO3 crystal was a
melt at 44 8C, and the DSC curve gives one sharp endother-
mic peak with an enthalpy change of 34 kJmol�1 (Fig-
ure 3b).
In contrast to the [Ag(eth-hex-en)2]NO3 complex, the


DSC curve for [AgACHTUNGTRENNUNG(hex-en)2]PF6 gives a sharp and simple
endothermic peak that corresponds to an enthalpy change
of 18 kJmol�1 (Figure 3c). This value is appreciably larger
than for the eth-hex-en complex but smaller than the melt-
ing enthalpies of crystalline [Ag ACHTUNGTRENNUNG(hex-en)2]NO3. The peak
shape and value of the enthalpy change for [AgACHTUNGTRENNUNG(hex-
en)2]PF6 suggest that the solid structure is more ordered
than that for [Ag(eth-hex-en)2]NO3.


WAXS and SAXS studies : The wide-angle X-ray scattering
(WAXS) profiles for [Ag(eth-hex-en)2]NO3 and [AgACHTUNGTRENNUNG(hex-
en)2]PF6 at two temperatures (�58 and 25 8C) are shown in
Figure 4a and b, respectively. The measurements for both
complexes at �150 8C gave the same profiles (not depicted)
as at �58 8C. Both the profiles show amorphous structures,
whereas [Ag ACHTUNGTRENNUNG(hex-en)2]PF6 is less amorphous than [Ag(eth-
hex-en)2]NO3 and several sharp peaks appear. The peak at
2q=218 is attributed to typical methylene–methylene short-
range interactions. The peak line-widths are 168 for the eth-
hex-en complex and 10.58 for the hex-en complex both at 25
and �58 8C. This result means that the short-range ordering
is higher for the hex-en complex. In the eth-hex-en complex,
a very broad peak is otherwise present in the larger-angle
region in both the liquid and solid states. The sharp peaks as
a result of the crystalline portions appear more clearly in
the hex-en complex. This structure causes a larger and sim-
pler endothermic peak in the DSC curve relative to the eth-
hex-en complex. The short-range structure of the hex-en
complex is, thus, more ordered in the liquid state than in the
eth-hex-en complex. The more complicated short-range
structure for the eth-hex-en complex than for the hex-en
complex observed from the WAXS measurements is consis-
tent with the more complicated short-range interactions ob-
tained from the 13C NMR chemical shifts as described
above.
As a series of the alkylethylenediaminesilver(I) complexes


provide aggregates, such as microemulsions and thermotrop-
ic and lyotropic liquid crystals, it is anticipated that these
complexes form an organized structure, which was investi-
gated by small-angle X-ray scattering (SAXS) studies. The
profiles in Figure 5 show that in both the systems similar
broad peaks appear at q=3.2 nm�1, which corresponds to
2.0 nm d spacing. The half-width of the peak for [Ag(eth-
hex-en)2]NO3 is 1.728, whereas the half-width for [AgACHTUNGTRENNUNG(hex-
en)2]PF6 is 2.478, despite the same peak position. These
values show the reverse relationship to that obtained from
WAXS studies, that is, the nanostructure observed by SAXS
studies is more ordered in the eth-hex-en complex than in
the hex-en complex, whereas the nearby structure of the
former complex is less ordered, as observed by WAXS stud-
ies.


Figure 2. Diffusion coefficients of the eth-hex-en complex containing
varying amounts of water (a–d) and the hex-en complex (e) as a function
of temperature and shown as Arrhenius plots. In (a), no water was
added. In the case of the eth-hex-en complex, the plots are drawn based
on Equation (1) using T0=200 K, and the values of D0 and B given in
Table 3. In the case of the hex-en complex, the plot is drawn by linear fit-
ting.


Chem. Eur. J. 2008, 14, 5047 – 5056 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5051


FULL PAPERSilver-Containing Ionic Liquids



www.chemeurj.org





To understand the SAXS
peak positions for the present
liquid systems, the molecular
structure of [Ag ACHTUNGTRENNUNG(dod-en)2]NO3


(dod-en=N-dodecylethylene-
diamine) determined by X-ray
crystallographic analysis[9g] is
useful. The [AgACHTUNGTRENNUNG(dod-en)2]NO3


crystal was revealed to have a
dinuclear structure, namely,
the molecular composition unit
is [Ag2ACHTUNGTRENNUNG(dod-en)4] ACHTUNGTRENNUNG(NO3)2.
Therefore, it is possible that
[Ag ACHTUNGTRENNUNG(hex-en)2]NO3 and
[Ag(eth-hex-en)2]NO3 also
have a similar dinuclear com-
position to the dod-en complex
in the liquid state. This molec-
ular structure may cause the
observed high viscosity. The X-
ray crystallographic analysis of


[Ag2ACHTUNGTRENNUNG(dod-en)4]ACHTUNGTRENNUNG(NO3)2 showed that the size of the head
group is 0.88 nm and the dodecyl chain length is 1.28 nm.
These values give a molecular length of 3.44 nm for the do-
decyl complex. The SAXS measurements for the [Ag ACHTUNGTRENNUNG(dod-
en)2]NO3 liquid, on the other hand, revealed that the lamel-
lar structure of 3.1 nm is formed in the thermotropic liquid
crystals. A contraction of about 10% occurs through the
transition from the crystalline to the liquid-crystalline state.


Figure 4. WAXS profiles of a) [Ag(eth-hex-en)2]NO3·0.3H2O and b) [Ag-
ACHTUNGTRENNUNG(hex-en)2]PF6 at �58 and 25 8C.


Table 3. Estimated values of D0, B, and T0 in Equation (1) for [Ag(eth-hex-en)2]
+, H2O, and [Ag ACHTUNGTRENNUNG(hex-en)2]


+ .


System Species T
[8C]


T0
[K]


108D0


ACHTUNGTRENNUNG[m2s�1]
B
[K]


R2[a]


[Ag(eth-hex-en)2]NO3 silver complex cation 40–70 200 1.01 1030 0.999
ACHTUNGTRENNUNG(W0=0.3) water 35–70 200 0.027 270 0.998


0 0.81 1800 0.997


[Ag(eth-hex-en)2]NO3 silver complex cation 30–70 200 0.32 610 0.999
ACHTUNGTRENNUNG(W0=3) water 200 0.32 360 0.999


0 33 2450 0.996


[Ag(eth-hex-en)2]NO3 silver complex cation 30–70 200 0.30 560 0.997
ACHTUNGTRENNUNG(W0=5) water 30–70 200 1.03 440 0.999


0 375 3050 0.997


[Ag(eth-hex-en)2]NO3 silver complex cation 30–70 200 0.56 610 1.000
ACHTUNGTRENNUNG(W0=6.5) water 30–70 200 1.44 445 0.999


0 610 3100 0.998


[Ag ACHTUNGTRENNUNG(hex-en)2]PF6 silver complex cation 30–70 200 0.44 860 0.998
0 53000 6100 0.999


[a] Square of the correlation coefficient.


Figure 3. DSC curves of a) [Ag(eth-hex-en)2]NO3·0.3H2O at �80–200 8C,
b) [AgACHTUNGTRENNUNG(hex-en)2]NO3 at 25–100 8C, and c) [Ag ACHTUNGTRENNUNG(hex-en)2]PF6 at �80–
200 8C.
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In the present system, the molecular lengths of [Ag(eth-
hex-en)2]


+ and [Ag ACHTUNGTRENNUNG(hex-en)2]
+ are estimated to be 2.16 nm


by subtracting the C6 alkyl chains from the length of [Ag-
ACHTUNGTRENNUNG(dod-en)2]NO3. The SAXS peak at q=3.2 nm�1 (correspond-
ing to a d spacing of 2.0 nm) indicates that the contraction
of about 10% of the bilayer occurs through the transition
from the ideal crystalline state (an all trans conformation) to
the ionic liquid states in a similar manner as the transition
from the crystalline to the liquid crystalline states in the
case of the dodecyl complex. Such nanostructures will be fa-
vorable in the formation of silver(0) nanoparticles from the
liquids of these silver(I) complexes, as observed for the
ACHTUNGTRENNUNGhexaACHTUNGTRENNUNGdecyl complex.


Observation of the nanostructures of the ionic liquids and
the formation of silver(0) nanoparticles by treatment with
aqueous NaBH4 : To obtain information on the nanostruc-
ture of the present ionic liquid system, we performed obser-
vations with TEM analysis by using two methods, namely,
the direct observation of the ionic liquid system by monitor-
ing reduced silver(0) particles produced by irradiation with
an electron beam and the observation of silver(0) nanoparti-
cles produced by reduction of the silver(I) complex in the
liquid state with aqueous NaBH4.
The silver complexes gradually became yellowish at room


temperature as a result of the reduction of silver(I) to
silver(0) ions, as described above.[16] This phenomenon was,
on the other hand, useful to directly observe the nanostruc-
ture of the ionic liquid by monitoring the silver(0) particles.
The 13C NMR spectrum for [Ag(eth-hex-en)2]NO3 was
almost unchanged by the slight coloration. We, thus, expect
that the structure of the ionic liquids remain almost un-
changed, even for the yellowish liquids. The transparent and
colorless sample liquids were diluted to about one-third con-
centration with diethyl ether for [Ag(eth-hex-en)2]NO3 and
with ethanol for [Ag ACHTUNGTRENNUNG(hex-en)2]PF6. These solutions were
dried on carbon-coated copper grids and were directly ob-
served by TEM studies. Figure 6a shows the TEM image for
the yellowish (partially reduced) [Ag(eth-hex-en)2]NO3


liquid. This result indicates that the hydrophilic regions
(black) and hydrophobic alkyl chain regions (white) present
in the liquid state form organized structures, such as microe-


mulsions. On the other hand, a similar TEM image for [Ag-
ACHTUNGTRENNUNG(hex-en)2]PF6 (Figure 6b) shows that the ordering structure
is less clear. These TEM images are consistent with the re-
sults of the half-widths in the SAXS profiles, that is, in the
case of the eth-hex-en complex, more ordered nanostruc-
tures are formed. A nanostructure, such as a W/O microe-
mulsion, in the [Ag(eth-hex-en)2]NO3 liquid in the absence
of an organic solvent is comparable to the W/O microemul-
sions of [Ag ACHTUNGTRENNUNG(oct-en)2]NO3 (oct-en=N-octylethylenediami-
ne).[9g]


The reversed micelles or microemulsions composed of al-
kylethylenediaminesilver(I) and -palladium(II) complexes
provide homogeneous and concentrated metal(0) nanoparti-
cles by treatment with aqueous NaBH4.


[10] In the present
liquid system, the silver ions are assembled in very limited
nanoregions surrounded by the alkyl chains without organic
solvents. Small amounts of water, strongly trapped in the
metal complex, would be located in the hydrophilic moiety
of the metal complex in the liquid state. The silver(I) ions
are condensed in an appreciably greater density relative to
common reversed micelles or W/O microemulsion systems.
This property of ionic liquids containing metal ions suggests
potential applications of the systems.[17] Thus, it is anticipat-
ed that it would be possible to effectively obtain silver(0)
nanoparticles from the present ionic liquid system.
By the reaction of the [Ag(eth-hex-en)2]NO3 liquid with


aqueous NaBH4, a yellow sol with an absorption peak of
409 nm was obtained. The TEM images of the sol are shown
in Figure 7. The [Ag(eth-hex-en)2]NO3 liquid gave well-uni-
formed nanoparticles relative to the [Ag(hexdec-en)2]NO3/
n-heptane/water system (hexdec-en=N-hexadecylethylene-
diamine) despite the shorter alkyl-chain length.[10a] Only a
small amount of water in the [Ag(eth-hex-en)2]NO3 liquid
(W0=0.3) would be favorable for the formation of monodis-
persed nanoparticles.
The effect of the addition of water on the formation of


nanoparticles was investigated further. Although the
[Ag(eth-hex-en)2]NO3 complex is sparingly soluble in water,
this liquid can be homogeneously mixed with a small
amount of water and results in a transparent liquid. With an
increase in the water content, the liquid becomes more
fluid. The [Ag(eth-hex-en)2]NO3 complex with varying W0


values was treated with aqueous NaBH4. A similar phenom-
enon as for the liquid with W0=0.3 occurred and the resul-
tant deep-yellow solution was observed by TEM analysis


Figure 6. TEM images of the direct observation of a) [Ag(eth-hex-
en)2]NO3 and b) [Ag ACHTUNGTRENNUNG(hex-en)2]PF6 in the liquid state.


Figure 5. SAXS profiles of a) [Ag(eth-hex-en)2]NO3·0.3H2O and b) [Ag-
ACHTUNGTRENNUNG(hex-en)2]PF6 at room temperature.
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after being dried on the carbon-film-coated copper grid. The
sizes were somewhat larger and the distributions more poly-
dispersed than those obtained from the liquid with W0=0.3.
Figure 7b shows a typical result for W0=5.
To stabilize the reversed-micellar structure in the


[Ag(eth-hex-en)2]NO3 liquid, we added further amounts of
the ligand to the [Ag(eth-hex-en)2]NO3 liquid so that the
ligand/solver molar ratio became 3:1. This liquid was treated
with aqueous NaBH4 solution in a similar manner to the 1:2
complex. The yellowish silver(0) sol was similarly obtained
and observed by TEM analysis. In the TEM image, the
silver(0) particles are a smaller size than in the neat system
(Figure 7c), in which the particle sizes are uniform. This
result indicates that the addition of the free ligand made the
hydrophilic core of the aggregates smaller and stabilized the
reversed-micellar structure.
In contrast to the [Ag(eth-hex-en)2]NO3 liquid, the reac-


tion of the [Ag ACHTUNGTRENNUNG(hex-en)2]PF6 liquid with aqueous NaBH4


gave only a colorless solution with precipitates of the silver
metal. This contrasting behavior of the two silver(I) com-
plexes is a result of the difference in the role of the ligands,


that is, the silver(I) ion is effectively protected by the ligand
against the aggregation of silver(0) particles in the reaction
of the [Ag(eth-hex-en)2]NO3 liquid, whereas the ligands
have no such effect in the [Ag ACHTUNGTRENNUNG(hex-en)2]PF6 liquid. This phe-
nomenon is a result of the difference in the structures of the
two kinds of ionic liquid (see Figure 6), namely, the ligands
surround the silver(I) ions like oils in reversed-micellar
structures in the eth-hex-en complex liquid, and the contact
of the central silver(I) ion with the aqueous NaBH4 is limit-
ed. This structure of the [Ag(eth-hex-en)2]NO3 liquid is fa-
vorable to incorporate a small amount of water and provides
reaction fields of nanospace. The difference in the reaction
with aqueous NaBH4 between the two complexes is also
compared to the difference in the solubilities in water, that
is, when comparing the nitrate salts the eth-hex-en complex
is sparingly soluble in water whereas the hex-en complex is
readily soluble.
The results presented herein can be compared with those


obtained from the analogous microemulsions comprising al-
kylethylenediamine–metal complexes, such as [Ag(hexdec-
en)2]NO3/n-heptane/water and [Pd ACHTUNGTRENNUNG(oct-en)2]Cl2/CHCl3/water
systems.[10] The use of alkylethylenediamine–metal com-
plexes for the formation of their metal(0) nanoparticles are
useful to control the size distribution by changing the solu-
tion conditions, such as concentration and solvent. The
longer alkyl chains will be more advantageous to obtain uni-
form silver(0) nanoparticles, because the hydrophilic core in
the microemulsion system is better protected by the longer
alkyl chains. However, the silver(0) nanoparticles obtained
from the present ionic liquid system are more uniform, and
the concentrations are higher than those obtained from the
[Ag(hexdec-en)2]NO3/n-heptane/water microemulsions. This
result also suggests that the alkyl chains of the [Ag(eth-hex-
en)2]NO3 liquid will effectively protect the silver hydrophilic
region and stabilize the ordered structure, such as reversed
micelles. The change in the particle size with the addition of
the ligand is also expected to develop this approach toward
nanoparticle control.
It should be further emphasized that this method of pre-


paring uniform-sized nanoparticles from an ionic liquid can
be performed without organic solvents, namely, it is a green
method.


Conclusion


Novel ionic liquids of silver complexes of 2-ethylhexylethyl-
ACHTUNGTRENNUNGenediamine (eth-hex-en) and hexylethylenediamine (hex-en)
have been isolated. In both the systems, the transition tem-
peratures to the solid state are below 0 8C and the solid-
state structures are amorphous.
In the formation of self-assembled ionic liquids, the im-


portant role of the terminal alkyl chains in the entanglement
was clarified using 13C NMR spectroscopic analysis. The en-
tanglement of the alkyl chains was more clearly indicated in
the hex-en complex than in the eth-hex-en complex. Organ-
ized nanostructures, such as W/O microemulsions, were


Figure 7. TEM images and size distribution of silver(0) nanoparticles ob-
tained by the treatment of the various silver complex aggregate systems
with aqueous NaBH4. a) [Ag(eth-hex-en)2]NO3·0.3H2O liquid;
b) [Ag(eth-hex-en)2]NO3 (W0=5) liquid; c) [Ag(eth-hex-en)2]NO3·
0.3H2O+eth-hex-en (molar ratio=1:1) liquid.
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formed and uniform-sized silver(0) nanoparticles were creat-
ed by treatment with aqueous NaBH4 in the case of the eth-
hex-en complex, whereas the nanostructure was more disor-
dered and silver(0) nanoparticles were not formed in the
case of the hex-en complex.


Experimental Section


Materials : The [Ag(eth-hex-en)2]NO3 complex was synthesized by the
treatment of AgNO3 crystals (880 mg, 5.2 mmol) suspended in diethyl
ether (15 mL) with 2-ethylhexylethylenedimaine ligand (1720 mg,
10 mmol) in diethyl ether (20 mL) at 0 8C. The eth-hex-en ligand was pre-
pared according to the method for N-n-alkylethylenediamines.[18] After
the reaction mixture was stirred overnight, the AgNO3 crystals almost
dissolved. The solution was filtrated and the diethyl ether was completely
removed by a repeat freeze–thaw method to give a colorless and viscous
liquid. The [Ag ACHTUNGTRENNUNG(hex-en)2]PF6 complex was obtained from the nitrate
complex in ethanol by the addition of NaPF6 with filtration of NaNO3.
The ethanol was removed by a repeated freeze–thaw method to give a
colorless liquid. Elemental analysis (%) calcd for [Ag(eth-hex-
en)2]NO3·0.3H2O: C 46.20, H 9.42, N 13.47; found: C 46.16, H 9.65, N
13.38; elemental analysis (%) calcd for [AgACHTUNGTRENNUNG(hex-en)2]PF6: C 35.50, H
7.45, N 10.35; found: C 35.58, H 7.56, N 10.58. The amount of water was
determined as 0.30 mol and 0.05 mol per silver atom for [Ag(eth-hex-
en)2]NO3 and [Ag ACHTUNGTRENNUNG(hex-en)2]PF6, respectively, by using a Karl–Fisher titra-
tion. We also used [Ag ACHTUNGTRENNUNG(oct-en)2]NO3 for comparison. This complex (crys-
tals at room temperature) was prepared as previously reported.[9g]


Measurements : Transitions from the solid to liquid state and the loss of
water from the solids were measured by differential scanning calorimetry
(DSC; with Shimadzu DSC-50 attached LTC-50 apparatus for low-tem-
perature measurements) at a constant rate of 10 Kmin�1 in the tempera-
ture range �80–200 8C. The samples (5–10 mg) were placed in aluminum
pans and the measurements were recorded at a rate of 10 Kmin�1 under
nitrogen at a flow rate of 50 cm3min�1. Indium metal was used as the
standard for temperature and enthalpy measurements. The WAXS stud-
ies were carried out at room temperature, �58, and �150 8C with a 0.8-
kW generator of CuKa radiation (Panalytical X’Pert Pro). The intensity
distribution of the WAXS studies was detected with a diode-array detec-
tor. The sample was put on the horizontal cell in vacuo (at around 7 Pa)
and measured by using a reflection method. The SAXS was measured in
the range 2q =1–108 at room temperature with a 15-kW generator of
CuKa radiation (Rigaku RINT-TTRIII). The intensity distribution of the
SAXS was detected with a NaI scintillation counter. The sample was put
in a 0.4-mm cell interposed by a 0.02-mm Mylar film (which had no
peaks in the measured angle region). The SAXS profiles are given as
plots of intensity versus q (4psinq/l), in which l =0.154 nm.


The 13C NMR spectra in solutions were recorded on a JEOL EX-270 FT
NMR spectrometer operating at 67.9 MHz. The T1 relaxation times for
[Ag(eth-hex-en)2]NO3 were measured in [D6]benzene by using an inver-
sion recovery method. The dynamic properties of the silver complexes in
the liquid state were studied by the measurement of self-diffusion of the
silver complexes and the contained water (only for the [Ag(eth-hex-
en)2]NO3 system) with varying W0 values. The self-diffusion coefficients
were measured by using 1H NMR pulsed-field gradient (PFG) spectro-
scopic analysis with a JEOL FX-90 spectrometer operating at 90 MHz
for the methylene chains in the silver(I) complex and water. The proce-
dure has been described previously.[9e,g] The field gradient produced was
up to around 0.9 Tm�1. The diffusion coefficients of the silver complexes
and water were measured as a function of temperature and water con-
tent. The experimental errors in the diffusion coefficients of more than
2M10�12 m2 s�1 were estimated to be less than 5%.


The electrical conductivity of the liquid was measured with a HORIBA
B-173 machine for a small-scale sample by standardization with aqueous
KCl (0.01 moldm�1; k=1.41 mScm�1; 25 8C).


The transmission electron microscopy (TEM) measurements were per-
formed at ambient temperature on a Hitachi H-800 electron microscope
operating at 200 kV. A specimen for the TEM measurements was pre-
pared by spreading an ionic liquid or a small-drop colloidal solution di-
rectly onto a standard 200-mesh copper grid (coated with a thin amor-
phous carbon film) and letting the drop dry completely in air. The size
distribution was derived from histograms for about 800 particles.


Preparation of silver(0) nanoparticles : The experimental procedure for
the creation of silver(0) nanoparticles by treatment of the silver(I) com-
plexes with NaBH4 as a reducing agent is as follows: The [Ag(eth-hex-
en)2]NO3 or [Ag ACHTUNGTRENNUNG(hex-en)2]PF6 liquids (1 g) were mixed with aqueous
NaBH4 (3 mL; 1.0 molkg


�1); the amount of NaBH4 added was in slight
excess of the silver complex. The reaction mixture was stirred vigorously
for about 2 h. A deep yellow solution was obtained with a black precipi-
tate, which was removed by filtration. Dilution of the solution with water
gave a yellow colloidal solution with a specific plasmon peak at 409 nm.
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GeB4O9·H2en: An Organically Templated Borogermanate with Large 12-
Ring Channels Built by B4O9 Polyanions and GeO4 Units: Host–Guest
Symmetry and Charge Matching in Triangular-Tetrahedral Frameworks


Chun-Yang Pan,[a] Guang-Zhen Liu,[a, b] Shou-Tian Zheng,[a] and Guo-Yu Yang*[a]


Introduction


Porous compounds with open frameworks have been inten-
sively investigated because of their widespread applications
in catalysis, absorption, and ion exchange.[1–4] Construction
of inorganic frameworks with novel topological structures
and unique functions offers great challenges and opportuni-
ties due to the diversity of available framework-forming ele-
ments. Aluminosilicates, aluminophosphates, and their iso-
morphically substituted forms are still among the largest
classes of these materials, which are usually constructed by
alternate linkage of various framework polyhedra. So far,
more than 25 chemical elements have been introduced into
the frameworks of these materials, and many new zeotype


topologies have been discovered.[2] However, compared to
mathematically possible topologies, the number of topolo-
gies for existing zeotype materials is limited because of
bonding requirements between framework polyhedra. An
alternative strategy for rational design of new porous mate-
rials is to replace the nodes of a simple underlying net by
polyatomic structure-building units (SBUs) such as clusters,
which was termed “decoration” by F0rey[5] in the concept of
scale chemistry.


Since the discovery of the first open-framework germa-
nates by Xu and Cheng in the early 1990s,[6,7] great efforts
have been made in this domain.[8,9] In contrast to aluminosi-
licate zeolites and microporous phosphates, porous germa-
nates have new structural features. Of fundamental impor-
tance is that germanium has flexible coordination geome-
tries and the ability to form 3-rings and Ge–O cluster aggre-
gates. On the basis of different arrangements of these cluster
units, a number of germanates with extra-large pores and
very low framework density has been made.[9] An notable
example is the crystalline germanate SU-M,[9f] with 30-ring
extra-large channels and pores extending to the mesoporous
range (>20 <), which is constructed from a unique Ge10


cluster and has the lowest framework density of any inor-
ganic material. Another remarkable feature is that most ger-
manate materials consist of pure GeO2 frameworks, and
only a small number of germanate frameworks incorporat-


Abstract: A new borogermanate open-
framework, FJ-18, with intersecting
12-/8-, 9-, and 9-ring channels in multi-
dimensions was synthesized by using
an organic diamine as structure-direct-
ing agent (SDA). X-ray diffraction
showed that its structure is constructed
by flexible connection of strictly alter-
nate B4O9 clusters (with fictitious tetra-
hedral geometry) and GeO4 tetrahedra
to form a zeotype framework with the
CrB4 topology. The topology and struc-


tural relations between FJ-18 and FJ-
16, a known borogermanate based on
the linkage of B4O9 clusters and GeO4


units, are described in detail. Different
guest SDAs can, by means of their
shape, size, and charge, directly influ-
ence the structure of the host frame-


work, and the origin of these phenom-
ena can be attributed to fundamental
parameters such as host–guest symme-
try and charge matching through H-
bonding interactions, the concept of
which has for the first time been ex-
tended to tetrahedral-triangular frame-
works. This result is a part of our ongo-
ing work aimed at making new large-
pore materials constructed from B–O
polyanions and Ge–O cluster units.
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ing heteroatoms such as In,[10a,b] Ga,[10c–e] Al,[10e–g] Zr,[10h–j]


Nb,[10k,l] Zn,[10m] Sb,[10n] Si,[10o] and B[11] have been document-
ed.


We focus on the synthesis of porous materials constructed
from Ge–O clusters[9e,12,13, 14] and investigating the effect of
introducing heteroatoms on their framework structur-
es.[10b,11c–f] Notably, incorporation of boron leads to a new
class of porous borogermanates.[11b–f] Our interest in boro-
germanates is based on the following considerations: 1) The
combination of the flexible coordination behavior of germa-
nium (GeO4 tetrahedron, GeO5 square pyramid or trigonal
bipyramid, and GeO6 octahedron) with that of boron (BO3


triangle and BO4 tetrahedron) is expected to enhance the
structural diversity of porous materials. 2) The potential
ability of germanium and boron to form Ge–O clusters and
B–O polyanions offers great opportunities for rational
design of open frameworks with even larger channels based
on the concept of scale chemistry and molecular building
blocks. 3) The large fraction of crystalline borates with non-
centrosymmetric structures increases the likelihood of pro-
ducing new borogermanates with efficient nonlinear optical
(NLO) effects, such as FJ-16.[11d]


We herein report the synthesis, crystal structure, and
properties of the new organically templated borogermanate
GeB4O9·H2en (FJ-18, en=ethylenediamine). Its structure is
constructed by alternating linkage of B4O9 polyanions and
GeO4 units to form a 3D framework with an intersecting
channel system in three dimensions, the largest channel of
which is encompassed by a 12-membered ring (12-MR). No-
tably, FJ-18 is the first open-framework borogermanate con-
taining triangular BO3 units templated by an organic tem-
plate, and the first in which host–guest symmetry and charge
matching were observed.


Results and Discussion


Structure description : X-ray structure analysis revealed that
FJ-18 crystallizes in the centrosymmetric monoclinic space
group P21/n (Table 1), and the 3D framework is constructed
by alternating linkage of B4O9 polyanions and a GeO4 tetra-
hedra unit via shared corners (Figure 1a). The asymmetric
unit of FJ-18 contains one unique Ge center, four unique B
centers, and nine unique O atoms (Figure 1a). The Ge atom
is tetrahedrally coordinated with a Ge�Oav distance of
1.738 <. Of the four independent B atoms, B1 and B4 are
triangularly coordinated with a B�Oav bond length of
1.364 <, and B2 and B3 are tetrahedrally coordinated with a
B�Oav bond length of 1.470 <. The B-O-Ge and B-O-B
bond angles of 122.8–130.3 and 112.5–126.68, respectively,
are similar to those observed in reported borogermanates.[11]


All oxygen atoms are two-coordinate and bonded to B or
Ge centers. The four B–O polyhedra form two approximate-
ly perpendicular edge-sharing 3-MR, each of which is con-
structed from two BO4 units and one BO3 unit by sharing
oxygen atoms to produce B4O9 polyanion with four potential
linking oxygen atoms that correspond to four corners of a


fictitious (B4O5)O4 tetrahedron (Figure 1b). Such an ar-
rangement of B centers is commonly observed in the isolat-
ed [B4O5(OH)4]


2� anion,[15] in which four terminal hydroxyl
ligands prevent further connection of [B4O5(OH)4]


2�. In con-
trast, GeO4 units link the B4O9 anions to form an extended
3D framework in FJ-18.


The connectivity between the fictitious (B4O5)O4 tetrahe-
dra and GeO4 tetrahedra in FJ-18 is very similar to that in
most zeolitic aluminosilicates or microporous aluminophos-
phates, in which strictly alternate cation–oxygen tetrahedra
share corners to produce (4,2)-connected nets (4-coordinate
cations 2-coordinate oxygen centers).[1] Four distinct chan-
nels with different apertures are observed in the resulting
3D open framework of FJ-18. Along the [100] direction,
there are two kinds of channels with 12- and 8-MR, arrayed
such that each 12-ring channel is surrounded by four 12-ring
channels and four 8-ring channels, and vice versa (Fig-
ure 2a). The large 12-ring windows are elliptical and consist


Table 1. Crystal data and structure refinement for FJ-18.


empirical formula C2H10B4GeN2O9


formula weight 321.94
T 293(2) K
crystal system monoclinic
space group P21/n
a 6.9779(6) <
b 11.6710(11) <
c 12.0454(10) <
b 90.133(6)8
V 980.96(15) <3


Z 4
1calcd 2.140 gcm�3


absorption coefficient 7.595 mm�1


F ACHTUNGTRENNUNG(000) 590
crystal size 0.2N0.2N0.18 mm
q for data collection 3.37–27.498
index ranges �9�h�9, �15�k�12, �15� l�15
reflections collected/unique 7158/2199 [R ACHTUNGTRENNUNG(int)=0.0373]
refinement full-matrix least-squares on F2


GOF on F2 1.237
R indices [I>2s(I)][a] R1 =0.0930, wR2 =0.1967
R indices (all data)[a] R1 =0.0962, wR2 =0.1983
largest difference peak/hole 1.422/�1.484 eA�3


[a] R1 =� j jFo j� jFc j j /� jFo j . wR2 = [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2.


Figure 1. a) Structural fragment of FJ-18 with unique atoms labeled.
b) B4O9 polyanion with fictitious tetrahedral geometry.
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of four GeO4, four BO4, and four BO3 groups. The openings
of the 12-rings are built from GeO4 and BO4 tetrahedra and
BO3 triangular units and contain two repeating GeO4-B1O3-
B2O4-GeO4-B4O3-B3O4 linkages. The free dimensions of
the 12-ring channels are 8.5N10.2 < (see Figure S1a in the
Supporting Information). The small 8-ring openings parallel
to the 12-ring channels along the [100] direction contain two
GeO4, two BO4, and four BO3 groups and are made of two
repeating GeO4-B1O3-B2O4ACHTUNGTRENNUNG(B3O4)-B4O3 linkages with free
dimensions of 4.6N6.1 < (see Figure S1a in the Supporting
Information).


Two 9-ring channels running along the [010] and [001] di-
rections (Figure 2b and c) intersect with the 12-/8-ring chan-
nels along the [100] direction to form four 9-ring windows
perpendicular to each 12- and 8-ring channel (Figure 3a).
Because the four 9-ring channels run along [010] and [001]
directions, the atomic arrangements and sizes of the 9-ring
windows are different. They are built from three GeO4, four
BO4, and two BO3 groups in GeO4-B2O4-B1O3-GeO4-B3O4-
B2O3-GeO4-B1O3-B3O4 and GeO4-B2O4-B4O3-GeO4-B2O4-
B3O4-GeO4-B4O3-B3O4 linkages with free dimensions of
5.6N6.7 < and 6.6N6.8 <, respectively (see Figures S1c and


S1d in the Supporting Information). Thus, the open struc-
ture of FJ-18 contains a 3D intersecting channel system
(Figure 3b). Two 9-ring channels running along [010] and
[001] directions intersect with each other. Although the 8-
and 12-ring channels are parallel to one another, they can
indirectly communicate through 9-ring channels. While the
9-ring channels communicate with each other not only di-
rectly through 12-ring channels but also indirectly via 8-ring
channels. Therefore, all types of channels can directly or in-
directly communicate in the structure of FJ-18.


Structure relations : Interestingly, the structure of FJ-18 has
no Ge-O-Ge linkages; this is a rather unusual structural fea-
ture, even for microporous germanates containing frame-
work heteroatoms, in which Ge–O polyhedra usually exist
as isolated clusters or chainlike or layered anions, which are
further linked by heteroatom polyhedra to form 3D frame-
work structures. Some examples are several structures based
on gallium and aluminum germanates[10c–g] with strictly alter-
nate tetrahedral frameworks, but no borogermanate ana-
logues have been found, which is attributed to the fact that
the radius of B, in contrast to that of Al and Ga, is much
small than that of Ge, and the cation-to-anion radius ratio
for both B and Ge is somewhat outside the commonly ob-
served range for tetrahedral oxygen environments.[11a] Thus,
polymerization of Ge polyhedra or B polyhedra is common-
ly observed in borogermanate systems. For example, FJ-7 is
a 3D chiral framework containing helical chains formed by
condensation of GeO4 tetrahedra through common verti-
ces,[11e] FJ-17/SU-16 is constructed from Ge–O layers pil-
lared by B2O7 dimers.[11b,c] In addition, several layered boro-
germanates [H2diamine] ACHTUNGTRENNUNG[Ge3B2O9(OH)2], where diamine=


en, trans-1,4-diaminocyclohexane (DACH), or trans-1,4-
bis(3-aminopropyl)piperazine (BAPPZ), are constructed by
alternate connection of the 3-ring of GeO4 and pairs of iso-
lated BO4 tetrahedra.[11f] Borogermanate FJ-16 with the
composition K2[Ge ACHTUNGTRENNUNG(B4O9)]·2H2O,[11d] which is built by the
linkage of GeO4 tetrahedra and B4O9 polyanions to form a
3D framework with 10-, 9-, and 9-ring channels along the
[100], [010], and [001] directions, respectively, is the only in-
stance of a borogermanate without Ge-O-Ge linkages. In
FJ-16, each B4O9 unit is linked to 11 others by four bridging


Figure 2. View of the 3D framework in FJ-18 showing 12- and 8-ring channels along the [100] direction (a) and 9-ring channels along the [010] (b) and
[001] (c) directions.


Figure 3. a) 12-Ring (left) and 8-ring (right) channels in FJ-18 along the
[100] direction. Two different 9-ring channels running along the [010] and
[001] directions are perpendicular to the 12- and 8-ring channels; they all
intersect with each other and with the 12- and 8-ring channels. Color
codes: B light gray, Ge dark gray, O black. b) The 3D intersecting chan-
nel systems in the structure of FJ-18. Color codes: 12- and 8-ring chan-
nels along the [100] direction, black and white columns; two 9-ring chan-
nels along the [010] and [001] directions, dark gray and light gray col-
umns, respectively.
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GeO4 groups. Like the B4O9 unit (Figure 4a), each GeO4


group also links 11 others by four bridging B4O9 units (Fig-
ure 4b). Such linkage modes differ from that of FJ-16, in
which each B4O9/GeO4 unit links 12 others by four bridging


GeO4/B4O9 groups (Figure 4c and d). In FJ-18, one exterior
GeO4/B4O9 group is linked by two B4O9/GeO4 units (Fig-
ure 4a and b), so that only 11, and not 12, B4O9/GeO4


groups are bonded to the central GeO4/B4O9 unit via four
bridging GeO4/B4O9 groups, whereas no such linking modes
exist for any exterior GeO4/B4O9 unit in FJ-16 (Figure 4c
and d). Compounds FJ-18 and FJ-16 have the same building
blocks (B4O9 and GeO4 groups) but different structures:
centrosymmetric in FJ-18 and noncentrosymmetric in FJ-16,
governed by different structure-directing agents: centrosym-
metric [H2en]2+ ions for FJ-18 and noncentrosymmetric [K2-
ACHTUNGTRENNUNG(H2O)2]


2+ complex cations for FJ-16. In addition, a layered
borogermanate of formula K4 ACHTUNGTRENNUNG[B8Ge2O17(OH)2] with Ge2O7


and B4O8(OH) groups as building blocks was recently repor-
ted.[11g] In K4 ACHTUNGTRENNUNG[B8Ge2O17(OH)2], one GeO4 group is linked to
another GeO4 unit and three B4O8(OH) clusters, whereas
one B4O8(OH) cluster only links three GeO4 units. One B
atom of B4O8(OH) groups is bonded by one OH� group,
which prohibits further connection with GeO4 groups and
thus results in the layered structure of K4ACHTUNGTRENNUNG[B8Ge2O17(OH)2].
The formation of FJ-16, FJ-18, and K4ACHTUNGTRENNUNG[B8Ge2O17(OH)2]
shows that it is possible to make different framework struc-


tures from the same or similar structural building units by
using different structure-directing agents.


From the topological point of view, the 3D framework of
FJ-18 has the same topology as CrB4


[16] if B4O9 clusters act
as four-connected nodes (Figure 5a). Compounds FJ-18 and


FJ-16 have some obvious differences in structure: 1) Dif-
ferent topological types: FJ-18 has CrB4 topology with
vertex symbols 4·62·6·6·6·6 (Figure 5a), whereas FJ-16 has a
diamond topology (Figure 5b) with vertex symbols
62·62·62·62·62·62. 2) Different space groups and sizes and
shapes of channels: FJ-18 crystallizes in space group P21/n
and has large 12-ring elliptical channels templated by chain-
like H2en2+ cations (Figure 6a), whereas FJ-16 crystallizes
in space group Cc and has medium double 10-ring inter-
weaving circular helical channels templated by [K2ACHTUNGTRENNUNG(H2O)2]


2+


complex cations containing ball-like K+ ions and water mol-
ecules (see below).


Framework condensation : It appears that the formation of
the B4O9 and GeO4 unit is independent of the different
SDAs, the function of which rather to direct these building
units in the reaction gel/solution to form the resultant
framework structures during condensation. In fact, numer-
ous polyborate anions can coexist in relatively concentrated


Figure 4. a, b) Topological view of the linkages of B4O9 and GeO4 groups
in FJ-18. Each B4O9/GeO4 unit is bridged by four GeO4/B4O9 groups to
11 other B4O9/GeO4 units, in contrast to FJ-16, in which each B4O9/GeO4


unit is bridged by four GeO4/B4O9 groups to 12 other B4O9/GeO4 units
(c, d). The oxygen atoms coordinated to the exterior Ge atoms of GeO4


tetrahedra are omitted for clarity in b) and d).


Figure 5. a) Topology of FJ-18 is the same as that of CrB4 with vertex
symbols 4·62·6·6·6·6. b) Topology of FJ-16 with vertex symbols
62·62·62·62·62·62.


Figure 6. a) The 8- and 12-ring channels of FJ-18 running along [100] di-
rection shown as polyhedra (BO3 black, BO4 gray, GeO4 white). Two dif-
ferent H2en cations as templates are located in the 12- and 8-ring chan-
nels. b) The [K2 ACHTUNGTRENNUNG(H2O)2]


2+ complex cation as a larger template, located in
the 10-ring channels of FJ-16 along the [100] direction. The K�O bond
lengths are in the range 2.704(8)–3.269(8) <.
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borate solutions, for example, the [B5O6(OH)4]
� ,


[B3O3(OH)4]
� , [B4O5(OH)4]


2�, and [B3O3(OH)5]
2� ions, ar-


ranged according to increasing basicity of their associated
solutions.[17] This type of process seems to be a plausible
mechanism for formation of open-framework materials, but
so far in situ experimental measurements to clarify the
mechanistic aspects of the synthesis of these materials have
not been reported.


Alternatively, from the viewpoint of structure, host–guest
symmetry and charge matching through hydrogen-bonding
interactions are fundamental parameters for the formation
of the different frameworks of FJ-16 and FJ-18. First, host–
guest hydrogen-bonding interactions influence the formation
of the different channel systems in the two compounds.
Note that the anionic frameworks of FJ-18 and FJ-16 have
uniform formal charges of �2, which necessitate two crystal-
lographically unique diprotonated en molecules situated on
the special sites (the center of symmetry) in FJ-18 or two
crystallographically distinct K+ ions occupying the general
sites in FJ-16 to neutralize the negative charges of the
frameworks. In FJ-18, the two H2en cations are located in
the 8- and 12-ring channels, respectively, and they form
strong hydrogen bonds to the inorganic framework with N�
H···O distances in the range of 2.77 and 3.36 < (Figure 6a).
The hydrogen-bonding interactions inside the 12-ring chan-
nels shorten the 12-ring and extend the 8-ring along the b
axis, whereas the hydrogen-bonding interactions inside the
8-ring channels extend the 12-ring and shorten the 8-ring
along the c axis. Hence, the shapes of both the 12- and 8-
ring channels are elliptical, not circular. However, in FJ-16,
two K+ cations and two water molecules are incorporated
into one channel and form a larger template [K2ACHTUNGTRENNUNG(H2O)2]


2+


(a hydrated inorganic cation complex, see Figure S2 in the
Supporting Information) with two two-center hydrogen
bonds. The electrostatic interactions between the K+ ions
and the framework, as well as the hydrogen-bonding inter-
actions between water and the framework (Figure 6b),
result in 10-ring channels with almost circular shape.


Second, the molecular symmetry element of the SDAs co-
incides with that of the anionic framework. Thus the inor-
ganic framework symmetry is dictated by a point-group sym-
metry element of the SDAs through the host–guest interac-
tions. In the 10-ring channel of FJ-16, the template [K2-
ACHTUNGTRENNUNG(H2O)2]


2+ , without any symmetry, interacts with the frame-
work through four two-center hydrogen bonds (Figure 6b,
and Figure S2 in the Supporting Information), resulting in a
noncentrosymmetric framework (space group: Cc), while in
FJ-18, the H2en cations as strong SDAs are ordered at the
middle of two interconnected channels with elliptical 12-
and 8-ring openings (Figure 6a). Note that the H2en cations
possess different orientations in the 12- and 8-ring channels.
The guest–framework interaction involved in the structure-
directing effect appears to consist of six two-center H-bonds
for the 12- and 8-ring channels, respectively (Figure 6a, and
Figure S2 in the Supporting Information). It is the centro-
symmetric nature of the H2en cations that leads to the cen-
trosymmetric structure of FJ-18 (space group: P21/n). There-


fore, symmetry matching between the template and the
framework lattice is a very important feature of FJ-18 and
FJ-16. In FJ-18, the symmetry element of H2en as guest is
only one of the crystallographic symmetries of the inorganic
framework. It is further confirmed that the inorganic lattice
need not necessarily adopt the full symmetry of the tem-
plate molecules.[18]


Third, host–guest charge matching is another important
characteristic of FJ-18 and FJ-16. In the structure of FJ-16,
the hydrated dimeric inorganic complex cation [K2 ACHTUNGTRENNUNG(H2O)2]


2+


is located on the side of the 10-ring channel without any
symmetry, whereas in FJ-18, two diprotonated en molecules
are located in the middle of two different 12- and 8-ring
channels with an inversion center. Compared with FJ-16,
therefore, the charge on the inorganic framework in FJ-18 is
adjusted to the charge of the H2en template by restructuring
or rearranging the framework assembly based on SBUs of
B4O9 clusters and GeO4 tetrahedra. Notably, this alteration
in FJ-18 is achieved solely by adjusting the curvature of the
framework (based on rearrangement with different orienta-
tions of B4O9 clusters and GeO4 tetrahedra) and the charge
of the framework surrounding the template by creation of
different 12- and 8-ring channels, not by appropriately
changing the framework composition.[19] Thus, for FJ-16 and
FJ-18 with different topological structures and templates,
the negative charges on the frameworks are completely de-
termined by framework topology. Such topology-determined
charge density is balanced by the inclusion of hydrated inor-
ganic complex cations [K2ACHTUNGTRENNUNG(H2O)2]


2+ in FJ-16 and H2en2+ in
FJ-18.


IR spectroscopy: The existence of GeO4, BO3, BO4, and or-
ganic components is confirmed by the characteristic bands
in the FTIR spectrum (see Figure S3 in the Supporting In-
formation). The sharp peaks at 2935 and 2871 cm�1 are char-
acteristic of stretching vibrations of CH2 groups, the peak at
1639–1577 cm�l is characteristic of NH bending, and peaks
at 3205, 3112, and 3036 cm�1 correspond to NH stretching
modes. The bands at about 1386 and 1325 cm�1 are attribut-
ed to trigonal boron (BO3), and those at about 1047 and
983 cm�1 to tetrahedral boron (BO4).


[20] The peaks at 886
and 842 cm�1 can be assigned to asymmetric GeO stretching
of the tetrahedral germanium. The bands at 580 cm�1 are
due to symmetric GeO stretching.[21]


Thermal properties : Thermogravimetric analysis of FJ-18
under a dry N2 atmosphere (see Figure S4 in the Supporting
Information) showed that FJ-18 is stable up to 317 8C and
then loses weight in two steps between 317 and 1000 8C. The
weight loss of 20.8% in the first step from 362 to 408 8C cor-
responds to removal of the en template and water (calcd
19.2%), which results in collapse of the framework accord-
ing to powder X-ray diffraction (PXRD). Above 635 8C, a
gradual weight loss of 24.26% up to 1000 8C is observed and
assigned to partial removal of the volatile germanium oxide
phase.[22]
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Ion-exchange experiments : Attempts to exchange H2en with
inorganic cations such as NH4


+ , Na+ , and K+ were unsuc-
cessful, perhaps due to the strong hydrogen-bonding interac-
tion between the H2en guest cations and the host frame-
work.[11b] However, a sample treated with AgNO3 solution
slowly darkens when exposed to light and the framework of
FJ-18 transforms to an unknown germanate, as demonstrat-
ed by PXRD, IR spectroscopy, and energy-dispersive spec-
troscopy (EDS). The IR spectrum of the Ag+-treated
sample showed that all bands of the B�O and H2en groups
had disappeared, and only Ge�O bands were present. An
Ag/Ge ratio for the Ag+-treated sample of 1:1.1 was ob-
tained by EDS.


Conclusion


We have made the novel 3D open-framework borogerma-
nate FJ-18 with intersecting 12-/8-, 9-, and 9-ring channels in
multidimensions by using an organic diamine as template.
Compared with FJ-16, templated by inorganic cations, both
structures have similar SBUs with the same negative frame-
work charge, but their topologies are different because of
the distinct shapes and symmetries of the templates. Al-
though the concepts of host–guest symmetry[18] and charge
matching[19,23,24] were put forward in tetrahedral phosphate-
based zeolite-type materials,[18a] it has been extended to tet-
rahedral germanate zeolite-type materials, and octahedral
vanadates[18b] and germanates,[24] that is, symmetry and
charge matching between inorganic host and guest template
are not limited to purely tetrahedral phosphate and germa-
nate systems, but also suited to tetrahedral-octahedral vana-
dium phosphates[18b] and germanates.[24] Now we have fur-
ther extended this concept to borogermanates with tetrahe-
dral-triangular frameworks for the first time. In addition, for
inorganic frameworks with similar SBUs and the same nega-
tive charge, such as FJ-16 and FJ-18, the topology is only
determined by rearrangement of the SBUs into different
orientations that depend on the different shapes and sym-
metries of the SDAs. Symmetry and shape of the SDAs play
a key role in forming and stabilizing the topological frame-
works of FJ-16 and FJ-18. We have also shown that B–O
polyanions can be useful SBUs to construct borogermanate
materials on the basis of flexible connection between B–O
polyanions and Ge–O units, which exemplifies the great po-
tential for the discovery of a wide array of open-framework
materials, given the wide variety of B–O polyanions and
Ge–O units that could be used in this synthetic regime. This
result is a part of our ongoing work for new borogermanate
materials with ever-increasing pore size and efficient NLO
properties by combining B–O polyanions with Ge–O.


Experimental Section


Materials and physical measurements : All chemicals were purchased
commercially and used without further purification. Elemental analysis


(C, H, N) was performed on an Elemental Vario EL III analyzer. FTIR
spectra were obtained from powder samples pelletized with KBr on an
ABB Bomen MB 102 series IR spectrophotometer in the range 400–
4000 cm�1. Qualitative energy-dispersive spectroscopy (EDS) was per-
formed on a JEOL JSM6700F field-emission scanning electron micro-
scope equipped with an Oxford INCA system. Thermogravimetric analy-
sis (TGA) was performed on a Mettler Toledo TGA/SDTA 851e ana-
lyzer in N2 atmosphere with a heating rate of 10 8Cmin�1. Powder X-ray
diffraction patterns (PXRD) were collected with a PANalytical XTPert
Pro diffractometer using CuKa radiation (l=1.5418 <).


FJ-18 was synthesized by boric acid flux reaction of GeO2, water, and en.
Typically, H3BO3 (1.00 g) and GeO2 (0.10 g) were mixed in a 30 mL
Teflon-lined bomb, and then water (0.40 mL) and en (0.20 mL) were
added dropwise to the mixture. The sealed bomb was heated at 180 8C
for 6 h and then slowly cooled to room temperature. White, blocklike
single crystals were recovered in high yield (85% based on GeO2) by fil-
tration, washed with distilled water, and dried in air. Elemental analysis
(%) calcd for C2H10B4GeN2O9: C 7.45, H 3.11, N 8.70; found: C 7.66, H
3.18, N 8.74. Good accordance of the experimental PXRD pattern with
the simulated pattern indicated phase-purity (Figure 7).


Crystallographic studies : A single crystal of FJ-18 with dimensions of
0.20N0.20N0.18 mm was selected for single-crystal X-ray diffraction anal-
ysis. The intensity data were collected on a Mercury CCD diffractometer
with graphite-monochromated MoKa radiation (l =0.71073 <) at room
temperature. All absorption corrections were performed with the multi-
scan program.[25] The structure was solved by direct methods and refined
by full-matrix least-squares techniques on F2 with the SHELXTL-97 pro-
gram package.[26] All non-hydrogen atoms (except O1, O2, and O4) were
refined anisotropically. Three unique atoms (O1, O2, and O4) statistically
occupy two split positions (O1/O1’, O2/O2’, and O4/O4’) and have occu-
pancies of 0.5. Crystal data and structure refinement parameters for FJ-
18 are listed in Table 1. CCDC 627142 contains the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Acknowledgements


This work was supported by the National Natural Science Fund for Dis-
tinguished Young Scholars of China (no. 20725101), the 973 Program (no.
2006CB932904), The NSF of China (no. 20473093) and the NSF of Fujian
Province (no. E0510030).


[1] Introduction to Zeolite Science and Practice, Studies in Surface Sci-
ence and Catalysis (Eds.: H. van Bekkum, E. M. Flanigen, P. A.
Jacobs, J. C. Jansen), Elsevier, New York, 2001.


Figure 7. Simulated and experimental powder X-ray diffraction patterns
of FJ-18.


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5057 – 50635062


G.-Y. Yang et al.



www.chemeurj.org





[2] A. K. Cheetham, G. F0rey, T. Loiseau, Angew. Chem. 1999, 111,
3466; Angew. Chem. Int. Ed. 1999, 38, 3268.


[3] M. E. Davis, Nature 2002, 417, 813.
[4] F. Schuth, W. Schmidt, Adv. Mater. 2002, 14, 629.
[5] G. F0rey, J. Solid State Chem. 2000, 152, 37.
[6] J. Cheng, R. Xu, G. Yang, J. Chem. Soc. Dalton Trans. 1991, 1537.
[7] J. Cheng, R. Xu, J. Chem. Soc. Chem. Commun. 1991, 483.
[8] a) X. Bu, P. Feng, G. D. Stucky, J. Am. Chem. Soc. 1998, 120, 11204;


b) C. Cascales, E. Guti0rrez-Puebla, M. A. Monge, C. RuVz-Valero,
Angew. Chem. 1998, 110, 135; Angew. Chem. Int. Ed. 1998, 37, 129;
c) H. Li, M. Eddaoudi, O. M. Yaghi, Angew. Chem. 1999, 111, 682;
Angew. Chem. Int. Ed. 1999, 38, 653; d) X. Bu, P. Feng, G. D.
Stucky, Chem. Mater. 1999, 11, 3025; e) T. Conradsson, X. Zou,
M. S. Dadachov, Inorg. Chem. 2000, 39, 1716; f) C. Cascales, E. Gu-
ti0rrez-Puebla, M. Iglesias, M. A. Monge, C. RuVz-Valero, N. J.
Snejko, Chem. Commun. 2000, 2145; g) L. Beitone, T. Loiseau, G.
F0rey, Inorg. Chem. 2002, 41, 3962; h) J. Pl0vert, T. M. Gentz, T. L.
Groy, M. OTKeeffe, O. M. Yaghi, Chem. Mater. 2003, 15, 714;
i) M. E. Medina, M. Iglesias, N. Snejko, E. Guti0rrez-Puebla, M. A.
Monge, Chem. Mater. 2004, 16, 594; j) M. E. Medina, E. Guti0rrez-
Puebla, M. A. Monge, N. Snejko, Chem. Commun. 2004, 2868; k) N.
Snejko, M. E. Medina, E. Guti0rrez-Puebla, M. A. Monge, Inorg.
Chem. 2006, 45, 1591.


[9] a) H. Li, M. Eddaoudi, D. A. Richardson, O. M. Yaghi, J. Am.
Chem. Soc. 1998, 120, 8567; b) J. Pl0vert, T. M. Gentz, A. Laine, H.
Li, V. G. Young, O. M. Yaghi, M. OTKeeffe, J. Am. Chem. Soc. 2001,
123, 12706; c) Y. Zhou, H. Zhu, Z. Chen, M. Chen, Y. Xu, H.
Zhang, D. Zhao, Angew. Chem. 2001, 113, 2224; Angew. Chem. Int.
Ed. 2001, 40, 2166; d) L. Tang, M. S. Dadachov, X. Zou, Chem.
Mater. 2005, 17, 2530; e) Z.-E. Lin, J. Zhang, J.- T. Zhao, S.- T.
Zheng, C.-Y. Pan, G.-M. Wang, G.-Y. Yang, Angew. Chem. 2005,
117, 7041; Angew. Chem. Int. Ed. 2005, 44, 6881; f) X. Zou, T. Con-
radsson, M. Klingstedt, M. Dadachov, M. OTKeeffe, Nature 2005,
437, 716; g) K. E. Christensen, L. Shi, T. Conradsson, T. Ren, M. S.
Dadachov, X. Zou, J. Am. Chem. Soc. 2006, 128, 14238; h) M. P. Att-
field, Y. Al-Ebini, R. G. Pritchard, E. M. Andrews, R. J. Charles-
worth, W. Hung, B. J. Masheder, D. S. Royal, Chem. Mater. 2007, 19,
316.


[10] a) D. Pitzschke, W. Bensch, Angew. Chem. 2003, 115, 4525; Angew.
Chem. Int. Ed. 2003, 42, 4389; b) G.- Z. Liu, S.-T. Zheng, G.-Y.
Yang, Angew. Chem. 2007, 119, 2885; Angew. Chem. Int. Ed. 2007,
46, 2827; c) T. Gier, X. Bu, P. Feng, G. D. Stucky, Nature 1998, 395,
154; d) X. Bu, P. Feng, G. D. Stucky, J. Am. Chem. Soc. 1998, 120,
11204; e) X. Bu, P. Feng, T. Gier, D. Zhao, G. D. Stucky, J. Am.
Chem. Soc. 1999, 121, 13389; f) G. Johnson, A. Parise, Chem. Mater.
1999, 11, 10; g) S. Bachmann, J. Buhl, Microporous Mesoporous
Mater. 1999, 28, 35; h) H. Li, . M. Eddaoudi, J. Pl0vert, M. OTKeeffe,
O. M. Yaghi, J. Am. Chem. Soc. 2000, 122, 12409; i) Z. Liu, L. Weng,
Z. Chen, D. Zhao, Inorg. Chem. 2003, 42, 5960; j) J. Plevert, R. San-
chez-Smith, T. Gentz, H. Li, T. Groy, O. M. Yaghi, M. OTKeeffe,
Inorg. Chem. 2003, 42, 5954; k) R. J. Francis, A. J. Jacobson, Chem.
Mater. 2001, 13, 4676; l) R. J. Francis, A. J. Jacobson, Angew. Chem.
2001, 113, 2963; Angew. Chem. Int. Ed. 2001, 40, 2879; m) X. H. Bu,
P. Y. Feng, G. D. Stucky, Chem. Mater. 2000, 12, 1811; n) Y. X. Ke,
J. M. Li, Y. G. Zhang, S. M. Lu, Z. B. Lei, Solid State Sci. 2002, 4,


803; o) L. Tang, M. S. Dadachov, X. Zou, Chem. Mater. 2005, 17,
2530.


[11] a) M. S. Dadachov, K. Sun, T. Conraddsson, X. Zou, Angew. Chem.
2000, 112, 3820; Angew. Chem. Int. Ed. 2000, 39, 3674; b) Y. Li, X.
Zou, Angew. Chem. 2005, 117, 2048; Angew. Chem. Int. Ed. 2005,
44, 2012; c) H.-X. Zhang„ J. Zhang, S.-T. Zheng, G.-Y. Yang, Inorg.
Chem. 2005, 44, 1166; d) H.-X. Zhang„ J. Zhang, S.-T. Zheng, G.-M.
Wang, G.-Y. Yang, Inorg. Chem. 2004, 43, 6148; e) Z.-E. Lin, J.
Zhang, G.-Y. Yang, Inorg. Chem. 2003, 42, 1797; f) G.-M. Wang, S.-
T. Zheng, G.-Y. Yang, Cryst. Growth Des. 2005, 5, 313; g) D.-B.
Xiong, J.-T. Zhao, H.-H. Chen, X.-X. Yang, Chem. Eur. J. 2007, 13,
9862; h) D.-B. Xiong, H.-H. Chen, M.-R. Li, X.-X. Yang, J.-T. Zhao,
Inorg. Chem. 2006, 45, 9301.


[12] Z.-E. Lin, J. Zhang, S.-T. Zheng, G.-Y. Yang, Microporous Mesopo-
rous Mater. 2004, 74, 205.


[13] H.-X. Zhang, J. Zhang, S.-T. Zheng, G.-Y. Yang, Inorg. Chem. 2003,
42, 6595.


[14] G.-Z. Liu, H.-X. Zhang, Z.-E. Lin, S.-T. Zheng, G.-Y. Yang, Chem.
Asian J. 2007, 2, 1230.


[15] a) M. Touboul, N. Penin, G. Nowogrocki, Solid State Sci. 2003, 5,
1327; b) A. S. Batsanov, E. H. Nava, T. Struchkov, V. M. Akimov,
Cryst. Struct. Commun. 1982, 11,1629; c) T. J. R. Weakley, Acta Crys-
tallogr. Sect. A 1985, 41, 377; d) C. J. Carmaly, W. Clegg, A. H.
Cowley, F. J. Lawlor, T. B. Marder, N. C. Norman, C. R. Rice, O. J.
Sandoval, A. J. Scott, Polyhedron 1997, 16 2325; e) C. L. Christ, J. R.
Clark, Phys. Chem. Miner. 1977, 2, 59; f) A. Ben Ali, L. S. Smiri,
V. J. Maisonneuve, J. Alloys Compd. 2001, 322, 153; g) X. Solans, J.
Solans, M. V. Domench, Acta Crystallogr. Sect. A 1997, 53, 994;
h) G.-M. Wang, Y.-Q. Sun, G.-Y. Yang, J. Solid State Chem. 2004,
177, 4648.


[16] M. OTKeeffe, M. Eddaoudi, H. Li, T. Reindee, O. M. Yaghi, J. Solid
State Chem. 2000, 152, 3.


[17] M. Z. Visi, C. B. Knobler, J. J. Owen, M. I. Khan, D. M. Schubert,
Cryst. Growth Des. 2006, 6, 538.


[18] a) X. Bu, P. Feng, G. D. Stucky, J. Chem. Soc. Chem. Commun. 1995,
1337; b) P. Feng, X. Bu, G. D. Stucky, Angew. Chem. 1995, 107, 1911;
Angew. Chem. Int. Ed. Engl. 1995, 34, 1745.


[19] X. Bu, P. Feng, G. D. Stucky, Science 1997, 278, 2080
[20] a) C. E. Weir, Res. J. Natl. Bur. Stand. Sect. A. 1966, 70 A, 153;


b) C. E. Weir, R. Schroeder, Res. J. Natl. Bur. Stand. Sect. A. 1964,
68, 465; c) J. Krogh-Moe, Phy. Chem. Glasses 1965, 6, 46.


[21] K. Nakamoto, Infrared Spectra of Inorganic and Coordination Com-
pounds, Wiley, New York, 1970.


[22] N. N. Julius, A. Choudhury, C. N. R. Rao, J. Solid State Chem. 2003,
170, 124.


[23] a) P. Feng, X. Bu, G. D. Stucky, Nature 1997, 388, 735; b) P. Feng, X.
Bu, S. H. Tolbert, G. D. Stucky, J. Am. Chem. Soc. 1997, 119, 2497.


[24] X. Bu, P. Feng, G. D. Stucky, Chem. Mater. 2000, 12, 1505, and refer-
ences therein.


[25] G. M. Sheldrick, SADABS, A program for the Siemens area detec-
tor absorption correction, University of Gçttingen, Gçttingen, Ger-
many, 1997.


[26] G. M. Sheldrick, SHELXS97, University of Gçttingen, Gçttingen,
Germany, 1997.


Received: November 15, 2007
Published online: April 8, 2008


Chem. Eur. J. 2008, 14, 5057 – 5063 K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5063


FULL PAPEROrganically Templated Borogermanate



http://dx.doi.org/10.1002/(SICI)1521-3757(19991115)111:22%3C3466::AID-ANGE3466%3E3.0.CO;2-M

http://dx.doi.org/10.1002/(SICI)1521-3757(19991115)111:22%3C3466::AID-ANGE3466%3E3.0.CO;2-M

http://dx.doi.org/10.1002/(SICI)1521-3773(19991115)38:22%3C3268::AID-ANIE3268%3E3.0.CO;2-U

http://dx.doi.org/10.1038/nature00785

http://dx.doi.org/10.1039/dt9910001537

http://dx.doi.org/10.1039/c39910000483

http://dx.doi.org/10.1021/ja982591n

http://dx.doi.org/10.1002/(SICI)1521-3757(19980116)110:1/2%3C135::AID-ANGE135%3E3.0.CO;2-%23

http://dx.doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2%3C129::AID-ANIE129%3E3.0.CO;2-T

http://dx.doi.org/10.1002/(SICI)1521-3757(19990301)111:5%3C682::AID-ANGE682%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3773(19990301)38:5%3C653::AID-ANIE653%3E3.0.CO;2-C

http://dx.doi.org/10.1021/ic9911217

http://dx.doi.org/10.1039/b007054h

http://dx.doi.org/10.1021/ic020193m

http://dx.doi.org/10.1021/cm0346879

http://dx.doi.org/10.1039/b409668a

http://dx.doi.org/10.1021/ic051039d

http://dx.doi.org/10.1021/ic051039d

http://dx.doi.org/10.1021/ja9813919

http://dx.doi.org/10.1021/ja9813919

http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2224::AID-ANGE2224%3E3.0.CO;2-1

http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2166::AID-ANIE2166%3E3.0.CO;2-C

http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2166::AID-ANIE2166%3E3.0.CO;2-C

http://dx.doi.org/10.1021/cm049373f

http://dx.doi.org/10.1021/cm049373f

http://dx.doi.org/10.1002/ange.200502432

http://dx.doi.org/10.1002/ange.200502432

http://dx.doi.org/10.1002/anie.200502432

http://dx.doi.org/10.1038/nature04097

http://dx.doi.org/10.1038/nature04097

http://dx.doi.org/10.1021/ja065403z

http://dx.doi.org/10.1021/cm062241x

http://dx.doi.org/10.1021/cm062241x

http://dx.doi.org/10.1002/ange.200351115

http://dx.doi.org/10.1002/anie.200351115

http://dx.doi.org/10.1002/anie.200351115

http://dx.doi.org/10.1038/25960

http://dx.doi.org/10.1038/25960

http://dx.doi.org/10.1021/ja982591n

http://dx.doi.org/10.1021/ja982591n

http://dx.doi.org/10.1021/cm9804766

http://dx.doi.org/10.1021/cm9804766

http://dx.doi.org/10.1016/S1387-1811(98)00176-0

http://dx.doi.org/10.1016/S1387-1811(98)00176-0

http://dx.doi.org/10.1021/ja003228v

http://dx.doi.org/10.1021/ic0343612

http://dx.doi.org/10.1021/ic034298g

http://dx.doi.org/10.1021/cm010486y

http://dx.doi.org/10.1021/cm010486y

http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2963::AID-ANGE2963%3E3.0.CO;2-F

http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2963::AID-ANGE2963%3E3.0.CO;2-F

http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2879::AID-ANIE2879%3E3.0.CO;2-G

http://dx.doi.org/10.1021/cm001006q

http://dx.doi.org/10.1016/S1293-2558(02)01330-4

http://dx.doi.org/10.1016/S1293-2558(02)01330-4

http://dx.doi.org/10.1021/cm049373f

http://dx.doi.org/10.1021/cm049373f

http://dx.doi.org/10.1002/1521-3757(20001016)112:20%3C3820::AID-ANGE3820%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3757(20001016)112:20%3C3820::AID-ANGE3820%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3773(20001016)39:20%3C3674::AID-ANIE3674%3E3.0.CO;2-W

http://dx.doi.org/10.1002/ange.200461911

http://dx.doi.org/10.1002/anie.200461911

http://dx.doi.org/10.1002/anie.200461911

http://dx.doi.org/10.1021/ic048658r

http://dx.doi.org/10.1021/ic048658r

http://dx.doi.org/10.1021/ic020511h

http://dx.doi.org/10.1021/cg049872t

http://dx.doi.org/10.1002/chem.200701009

http://dx.doi.org/10.1002/chem.200701009

http://dx.doi.org/10.1021/ic060967p

http://dx.doi.org/10.1016/j.micromeso.2004.06.020

http://dx.doi.org/10.1016/j.micromeso.2004.06.020

http://dx.doi.org/10.1021/ic034645m

http://dx.doi.org/10.1021/ic034645m

http://dx.doi.org/10.1002/asia.200700135

http://dx.doi.org/10.1002/asia.200700135

http://dx.doi.org/10.1016/S1293-2558(03)00173-0

http://dx.doi.org/10.1016/S1293-2558(03)00173-0

http://dx.doi.org/10.1007/BF00307525

http://dx.doi.org/10.1016/S0925-8388(01)01259-2

http://dx.doi.org/10.1016/j.jssc.2004.08.039

http://dx.doi.org/10.1016/j.jssc.2004.08.039

http://dx.doi.org/10.1006/jssc.2000.8723

http://dx.doi.org/10.1006/jssc.2000.8723

http://dx.doi.org/10.1021/cg0504915

http://dx.doi.org/10.1039/c39950001337

http://dx.doi.org/10.1039/c39950001337

http://dx.doi.org/10.1002/ange.19951071627

http://dx.doi.org/10.1002/anie.199517451

http://dx.doi.org/10.1126/science.278.5346.2080

http://dx.doi.org/10.1016/S0022-4596(02)00048-8

http://dx.doi.org/10.1016/S0022-4596(02)00048-8

http://dx.doi.org/10.1021/ja9634841

http://dx.doi.org/10.1021/cm001023f

www.chemeurj.org






DOI: 10.1002/chem.200701627


Controllable Synthesis of Nickel Hydroxide and Porous Nickel Oxide
Nanostructures with Different Morphologies


Lihong Dong,[a, b] Ying Chu,*[a] and Wendong Sun[a]


Introduction


Rechargeable batteries are becoming more and more impor-
tant in everyday life, especially in consumer electronic devi-
ces such as cellular telephones, notebook computers, com-
pact camcorders, and electric vehicles.[1–3] The development
of today s electronics industry needs batteries with much
higher energy densities. The nickel hydroxide/nickel oxy-
hydroxide couple Ni(OH)2/NiOOH is the primary redox
system used as the positive electrode of alkaline rechargea-
ble batteries, including nickel/cadmium (Ni/Cd), nickel/iron
(Ni/Fe), nickel/metal hydride (Ni/MH), and nickel/zinc (Ni/
Zn) batteries.[4,5] It has been reported that not only the crys-
tal structure but also the morphology of Ni(OH)2 has a sig-
nificant influence on its electrochemical properties.[6–8] Han
et al.[9] reported that the capacity of the positive electrode


could be significantly increased when nanophase Ni(OH)2


was added to micrometer-sized spherical Ni(OH)2. It is an-
ticipated that Ni(OH)2 nanostructures may have potential
applications in high-energy-density batteries. They may also
be used as precursors for NiO nanostructures, which are
well known as valuable materials due to their useful elec-
tronic, magnetic, and catalytic properties.[10,11] Such materials
have been extensively used in catalysis,[12, 17] battery catho-
des,[13] gas sensors,[14] electrochromic films,[15] and fuel-cell
electrodes.[16] Owing to their fundamental and technological
importance, as well as a long history of study, ever more ef-
forts continue to be directed towards exploiting the fabrica-
tion of Ni(OH)2 and NiO nanostructures.[18–29] Recently,
Ni(OH)2 and NiO hollow or solid micro/nanospheres,[18–23]


nanorods,[24] and nanotubes[25] have been reported. By hy-
drothermal treatment of freshly precipitated nickel oxalate,
Wang et al. obtained b-Ni(OH)2 nanoplates.[30] With the as-
sistance of NH3·H2O, Ni(OH)2 nanosheets have been syn-
thesized by a hydrothermal method at 200 8C.[29] Liu s group
prepared Ni(OH)2 nanoribbons by hydrothermal treatment
of amorphous a-Ni(OH)2 powder in the presence of high
concentrations of nickel sulfate.[26,27] Using an ethanol/water/
ammonia liquor system, Tang et al. fabricated Ni(OH)2


nanobelts, subsequent annealing of which furnished porous
NiO nanobelts.[28] However, in spite of the successes men-


Abstract: a-Ni(OH)2 nanobelts, nano-
wires, short nanowires, and b-Ni(OH)2


nanoplates have been successfully pre-
pared in high yields and purities by a
convenient hydrothermal method
under mild conditions from very simple
systems composed only of NaOH,
NiSO4, and water. It has been found
that the ratio of NaOH to NiSO4 not
only affects the morphology of the
Ni(OH)2 nanostructures, but also deter-
mines whether the product is of the a-
or b-crystal phase. A notable finding is
that porous NiO nanobelts were pro-


duced after exposure of the Ni(OH)2


products to an electron beam for sever-
al minutes during transmission electron
microscopy (TEM) observations. An-
other unusual feature is that rectangu-
lar nanoplates with many gaps were
obtained. Furthermore, porous NiO
nanobelts, nanowires, and nanoplates
could also be obtained by annealing


the as-prepared Ni(OH)2 products. A
sequence of dissolution, recrystalliza-
tion, and oriented attachment-assisted
self-assembly of nanowires into nano-
belts is proposed as a plausible mecha-
nistic interpretation for the formation
of the observed structures. The method
presented here possesses several ad-
vantages, including high yields, high pu-
rities, low cost, and environmental be-
nignity. It might feasibly be scaled-up
for industrial mass production.
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tioned above, the design of a simpler and more user-friendly
protocol for the fabrication of Ni(OH)2 and NiO nanostruc-
tures remains a significant challenge. Herein, we report a
one-pot, large-scale hydrothermal synthesis of a-Ni(OH)2


nanobelts, nanowires, short nanowires, and b-Ni(OH)2 hex-
agonal and rectangular nanoplates in a very simple system
composed only of water, NiSO4, and NaOH. The effects of
the reaction parameters, such as the molar ratio of NaOH to
NiSO4 (denoted herein as “R”), the temperature, and the re-
action time, on morphological and crystallographic phase
evolution have been synthetically and systematically investi-
gated. To the best of our knowledge, this is the first system-
atic study of the factors affecting the crystallographic phase
and morphology of Ni(OH)2 nanostructures. The experimen-
tal results have confirmed that the hydrothermal method
offers a very powerful means of fabricating well crystallized
nanostructures, as indicated by our earlier work.[41,42] Fur-
thermore, a notable finding is that porous NiO nanobelts
were produced after exposure of the Ni(OH)2 nanobelts to
an electron beam for several minutes during transmission
electron microscopy (TEM) observations. Moreover, porous
NiO nanobelts, nanowires, and nanoplates could also be ob-
tained by annealing the as-prepared Ni(OH)2 products.


Results and Discussion


Figure 1 shows representative
scanning electron microscope
(SEM) images of Ni(OH)2


nanobelts obtained after hy-
drothermal reaction for 24 h at
120 8C with R=3 (i.e. 9.8 mmol
NiSO4·7H2O and 3.3 mmol
NaOH). The images indicate
the large quantity and good
uniformity of the product; the
nanobelts can be seen to have
uniform width over their entire
lengths. The smooth, thin, belt-
like structures have a width
typically in the range of 60–
80 nm and lengths of up to sev-
eral tens to several hundreds
of micrometers.


Figures 2a and b depict low-
magnification TEM images of
the nanobelts. The ripple-like
contrasts observed in Figure 2b
are a result of bending strain,
further confirming the charac-
teristic shape of the nanobelts.
The thickness of the ribbons
ranges between 10 and 20 nm,
as estimated from Figure 1b
and Figure 2b, and indicated
with arrows. The main point to


emphasize here is that the yield and purity are rather high
according to the images. Figure 2c is a higher-magnification
TEM image and the inset therein is a lattice-resolved high-
resolution transmission electron microscope (HRTEM)
image of the part surrounded by the white frame. The
HRTEM image clearly reveals (110) atomic planes with a
spacing of 0.155 nm, which indicates that the as-synthesized
nanobelts are single crystals with a preferential [001] growth
direction along their long axes.


An interesting phenomenon was that the as-synthesized
nanobelts were very sensitive to electron-beam irradiation
under high-vacuum conditions during TEM observation and
were transformed into porous structures. As shown in Figur-
es 2d–g, after being irradiated by an electron-beam for sev-
eral minutes, the sharp lattice fringes of the nanobelts disap-


Figure 1. a) Low-magnification and b) high-magnification SEM images of
as-obtained Ni(OH)2 nanobelts (R=3, 120 8C, 24 h).


Figure 2. a), b) Low-magnification and c) high-magnification TEM images of as-obtained Ni(OH)2 nanobelts
(R=3, 120 8C, 24 h); the inset in c) is the HRTEM image of the part surrounded by the white frame. d) A
high-magnification TEM image of one Ni(OH)2 nanobelt after irradiation with an electron beam for several
minutes. e)–g) Different magnification TEM images of the porous NiO nanobelts obtained by irradiating
Ni(OH)2 nanobelts with an electron beam during TEM observation. h) HRTEM image of a porous NiO nano-
belt.
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peared (Figure 2d) and a copious amount of holes with di-
ameters of several nanometers gradually formed in these
nanobelts, while the long belt-like morphology was well
maintained. Figures 2e–g are typical TEM images of the
porous nanobelts at different magnifications. From Figure 2f
and g, it can be seen that most of the holes are square in
shape. The HRTEM pattern of a porous nanobelt illustrated
in Figure 2h shows a two-dimensional (2D) lattice with a
spacing of 0.14 nm, which corresponds to the separation be-
tween the (220) planes of cubic NiO (Fm3m, a=4.168 N).
This indicates that the Ni(OH)2 thermally decomposes to an
NiO phase upon electron-beam irradiation under high-
vacuum conditions. The HRTEM pattern also reveals that
the (111) planes of these NiO nanobelts are parallel to their
longitudinal axes, implying that the (111) planes were for-
merly (001) planes in the original Ni(OH)2 nanobelts. Such
smooth conversion of (001) planes in hexagonal Ni(OH)2 to
(111) planes in face-centered cubic (fcc) NiO by thermal de-
composition is a well-known and well-understood phenom-
enon for large crystal particles.[24,28, 31–34] Therefore, a similar
mechanism can be invoked in the case of the present nano-
belts.


When the amount of NaOH was increased to 4.9 mmol
(R=2) and other conditions were kept the same, nanowires
were generated, typical TEM images of which are presented
in Figures 3a,b. From Figure 3a, it can be seen that the prod-
uct was composed of copious amounts of thin, straight, and
long nanowires with diameters of 20–30 nm and lengths of
several micrometers, these respective dimensions being less
than the width and length of the aforementioned nanobelts.
An enlarged TEM image of the nanowires is shown in Fig-
ure 3b, close inspection of which reveals that each nanowire
has a uniform width over its entire length. Again, both
images are indicative of high yield and purity. On further in-
creasing the amount of NaOH to 9.8 mmol (R=1), short
nanowires were produced; their lengths decreased to
500 nm–1.5 mm, although their diameters were still about


20–30 nm, as shown in Figure 3c. Therefore, it can be con-
cluded that the greater the amount of NaOH used, the
shorter the one-dimensional (1D) nanostructures produced.
That is to say, NaOH regulates the 1D growth of the nano-
wires. It follows that 0D nanostructures will be obtained so
long as enough NaOH is introduced.


As expected, a further increase in the amount of NaOH
to 19.6 mmol (R=1/2) led to the formation of Ni(OH)2


nanoplates, as depicted in Figures 4a and b. It can be seen
from the TEM images that most of the nanoplates have a
hexagonal morphology with sizes in the range 100–150 nm.
Many of them are regular hexagons, with the adjacent edges
forming angles of 1208, as indicated by arrows in Figure 4b.
As Zhu and co-workers[29] suggested, the surface of the
nanoplates is made up of the (0001) planes of the hexagonal
b-Ni(OH)2 phase, the angles of 1208 may be those of the
(10–10) and (01–10) planes, and the edges should corre-
spond to the (10–10) and (01–10) planes. This suggestion is
supported by an HRTEM pattern with the [0001] as zone
axis, as shown in Figure 4c; clear lattice fringes of 0.27 nm
between two adjacent (10–10) and (01–10) planes can be ob-
served. In addition to the nanoplates, some rod-like nano-
structures can also be observed in Figure 4a, which presuma-
bly arose from a face-to-face stacking of some nanoplates.
These stacked structures were further examined by
HRTEM, as shown in Figure 4d, which shows a side view of
a typical single nanoplate. The calculated interplanar spac-


Figure 3. a) Low-magnification and b) high-magnification TEM images of
as-obtained Ni(OH)2 nanowires (R=2, 120 8C, 24 h). c) A TEM image of
as-obtained Ni(OH)2 short nanowires (R=1, 120 8C, 24 h).


Figure 4. a), b) TEM and c), d) HRTEM images of the as-obtained
Ni(OH)2 nanoplates when R=1/2. e) TEM image of the as-obtained
Ni(OH)2 nanoplates when R=1/3; the inset is an HRTEM image of a
rectangular nanoplate. f) TEM image of the as-obtained Ni(OH)2 nano-
plates when R=3/40.
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ing is 0.46 nm, which is in good agreement with the d spac-
ing value of the (0001) plane of hexagonal b-Ni(OH)2. We
also irradiated the nanoplates with an electron beam for a
certain time, but no obvious holes appeared on their surfa-
ces. This lack of a phase transformation may be ascribed to
stronger binding of water molecules in the nanoplates as
compared with that in the nanobelts.


On further decreasing the [Ni2+]/ ACHTUNGTRENNUNG[OH�] molar ratio to
R=1/3, a lot of rectangular nanoplates appeared, a typical
TEM image of which is shown in Figure 4e. The lengths of
these nanoplates were in the range 100–200 nm, while their
widths were in the range 50–100 nm. According to the
HRTEM image shown as an inset in Figure 4e, the rectangu-
lar nanoplates are also single crystals. Moreover, the lower
the value of R, the more rectangular nanoplates were
formed. When R was decreased to 3/40, a great number of
rectangles with many gaps were formed, as shown in Fig-
ure 4f. To the best of our knowledge, this is the first report
of this kind of morphology for Ni(OH)2 nanostructures,
which should result in an increase in the specific surface
area of the product and may open up new possibilities for
material applications.


Besides the [Ni2+]/ ACHTUNGTRENNUNG[OH�] molar ratio, the temperature
also had a significant effect on the shape and phase struc-
ture of the product when the value of R was between 1 and
1/2. In the case of R=3/4 and hydrothermal reaction for
24 h, nanoplates were obtained at 120 8C, a typical TEM
image of which is shown in Figure 5a. At 140 8C, however,
the product was composed of nanobelts and a small amount
of nanoplates, as presented in Figure 5b, and an interesting
phenomenon was that the nanoplates adhered to the nano-
belts and tended to fuse into them. Further increasing the
reaction temperature to 160 8C resulted only in the forma-
tion of nanobelts, as shown in Figure 5c. When the tempera-
ture was further increased to 180 and 200 8C, long and uni-
form nanobelts remained the only product, as depicted in
Figure 5d.


To shed light on the mechanism of formation of the
Ni(OH)2 nanobelts, their growth process has been followed
by examining the products harvested after different hydro-
thermal treatment times of 0, 0.5, 1, 3, 6, 12, 24, 48, and 96 h
at 160 8C, with the value of R being fixed at 3. Before hydro-
thermal treatment, namely at 0 h reaction time, only irregu-
lar and flocculated nanoparticles were obtained, as shown in
Figure 6a. An XRD pattern (Figure 7a-A) revealed that


they were amorphous, which indicated that hydrothermal
treatment was absolutely necessary for the synthesis of
Ni(OH)2 nanocrystals. The product obtained after hydro-
thermal reaction for 0.5 h still consisted of irregular parti-
cles, as presented in Figure 6b. When the hydrothermal pro-
cess was extended to 1 h, a copious amount of short nanofi-
laments appeared (Figure 6c) and the irregular particles van-
ished. On prolonging the hydrothermal reaction time to 3 h,
the nanofilaments were completely transformed into short
nanowires of diameter 20–30 nm and length 1–3 mm, as
shown in Figure 6d. After a reaction time of 12 h, the short
nanowires grew into longer nanowires with lengths in excess
of 10 mm, but their diameter was unchanged from that of the
short nanowires obtained after a reaction time of 3 h; a typi-
cal TEM image is shown in Figure 6e. When the reaction
time was extended to 24, 48, and 96 h, both the length and
diameter progressively increased. Figure 6f shows a repre-
sentative TEM image of the sample after a reaction time of
96 h, close inspection of which reveals several noteworthy
features. First, a bifurcation is found at the end of one nano-


Figure 5. TEM images of the as-obtained Ni(OH)2 nanostructures at dif-
ferent temperatures in the case of R=3/4 and hydrothermal reaction for
24 h: a) 120 8C, b) 140 8C, c) 160 8C, d) 180 8C.


Figure 6. TEM images of the Ni(OH)2 nanostructures harvested after dif-
ferent hydrothermal treatment times at 160 8C with R=3: a) 0, b) 0.5,
c) 1, d) 3, e) 12, f) 96 h.
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belt, as indicated by an arrow. Second, parallel fissures are
observed in a part of a nanobelt, as marked by the frame;
this phenomenon can also be seen in Figure 5c, as indicated
by arrows. Third, the ripples on some nanobelts are not con-
secutive, as highlighted by a circle. On the basis of the
above observations, we are inclined to describe the forma-
tion process of the Ni(OH)2 nanobelts as involving a se-
quence of dissolution, recrystallization, and oriented attach-
ment-assisted self-assembly of nanowires into nanobelts, this
being a thermodynamically driven process. Under hydro-
thermal conditions, higher temperature and pressure in-
creased the solubility of fine amorphous a-Ni(OH)2 nano-
particles in water so that a highly supersaturated solution
was formed; this was followed by a nucleation and crystalli-
zation process of nanocrystals. Due to the difference in solu-
bility between the larger particles and the small particles ac-
cording to the Gibbs–Thomson law,[38] nanofilaments formed
(Figure 6c) as the small particles agglomerated. As the reac-
tion progressed, these nanofilaments extended along their c
axes and grew into short and eventually long a-Ni(OH)2


nanowires. Many of these nanowires then aligned in a side-


by-side arrangement to form nanowire bundles. Subsequent-
ly, these nanowire bundles further crystallized to form
single-crystal nanobelts through oriented attachment, which
is similar to the formation process of Sb2O3 nanobelts re-
ported by Tang s group.[39]


The phase composition and form of the as-synthesized
products were examined by X-ray powder diffraction
(XRD) analysis. X-ray diffractograms B–D in Figure 7a are
those of the as-prepared Ni(OH)2 nanobelts, nanowires, and
short nanowires, respectively. All of the diffraction peaks
could be clearly indexed to the monoclinic phase a-Ni(OH)2


with lattice constants of a=7.89, b=2.96, c=16.63 N, and
b=91.18 in accordance with the standard card JCPDF
No. 41–1424. No peaks attributable to other types of nickel
hydroxide are observed in the XRD patterns, indicating the
high purity of the samples obtained. Diffractogram A in Fig-
ure 7a is that of the sample before hydrothermal treatment,
which shows it to be amorphous. Diffractogram E in Fig-
ure 7a is that of the mixture of nanobelts and nanoplates ob-
tained with R=3/4 at a reaction temperature of 140 8C. It
can be seen that all of the diffraction peaks in E can be in-
dexed to a monoclinic phase, confirming that the principal
morphology of this sample is one of nanobelts, as depicted
in Figure 5b. Figure 7b shows the XRD patterns of the hex-
agonal and rectangular Ni(OH)2 nanoplates, respectively; all
of the diffraction peaks are in good agreement with the hex-
agonal b-Ni(OH)2 structure with lattice constants of a=


3.127 and c=4.606 N (JCPDS card No. 14-0117). On the
basis of the above results, it could be concluded that the
crystallographic phase of the as-prepared samples is mainly
dependent on the [Ni2+]/ACHTUNGTRENNUNG[OH�] molar ratio; that is to say, in-
creasing the amount of NaOH leads to the generation of b-
Ni(OH)2.


With a view to obtaining a more comprehensive under-
standing of the structure transformation and morphology
evolution of the Ni(OH)2 nanocrystals, large-scale experi-
ments were carried out under different reaction conditions,
and some typical experimental parameters and representa-
tive results are listed in Table 1. It can be concluded from
the table that the molar ratio of [OH�] to [Ni2+] was vital in
determining the final morphology and crystallographic
phase produced. At R�1, a-Ni(OH)2 nanobelts or nano-
wires and short nanowires were always obtained after hy-
drothermal treatment regardless of the temperature. At R�
1/2, which is less than the stoichiometry of Ni(OH)2, irre-
spective of any other conditions, only b-Ni(OH)2 nanoplates
were generated, and more and more rectangular nanoplates
were formed with increasing amount of NaOH. At 1/2�R�
1, such as R=3/4, temperature played a very important role
in determining the morphology and crystallographic phase
of the final product, as discussed above.


Nickel hydroxide (Ni(OH)2) is a typical layered double-
hydroxide (LDH), of which there are two polymorphs,
namely the a- and b-phases.[35] Both forms crystallize in the
hexagonal system with the brucite-type structure by stacking
of the Ni(OH)2 layers along the c axis. The main difference
between the a- and b-Ni(OH)2 phases arises when other


Figure 7. a) XRD patterns of the Ni(OH)2 nanostructures: A) before hy-
drothermal treatment; B), C), and D) nanobelts, nanowires, and short
nanowires obtained by hydrothermal treatment for 24 h at 120 8C with
R=3, 2, and 1, respectively; E) the mixture of nanobelts and nanoplates
obtained by hydrothermal treatment for 24 h at 140 8C with R=3/4.
b) XRD patterns of A) the hexagonal and B) the rectangular Ni(OH)2


nanoplates.
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ions or molecules are present between the stacking layers
along the c axis. a-Ni(OH)2 consists of stacked Ni(OH)2�x
layers intercalated with various anions[36] (e.g., carbonate, ni-
trate, sulfate, etc.) or water molecules in the interlayer space
to maintain overall charge neutrality.[37] However, b-
Ni(OH)2 has a brucite-like (Mg(OH)2) structure without
any intercalated species. Nevertheless, the Ni(OH)2 layers of
both polymorphs share a common hexagonal planar ar-
rangement of octahedrally oxygen-coordinated NiII ions. In
the present case, when the ratio of Ni2+ to OH� exceeded
1:1, a substantial amount of excess SO4


2� anions was present
in the system, and these intercalated into the interlayer
spaces of the Ni(OH)2 layers leading to the formation of a-
Ni(OH)2. Moreover, due to the stacking of the layers along
the c axis, 1D nanowires with [0001] direction were formed.
Then, with sufficient energy being provided, the nanowires
self-assembled laterally through oriented attachment to min-
imize the surface energy of the system and further crystal-
lized to form single-crystal nanobelts. When R was de-
creased to 2, more NaOH was introduced into the reaction
system, and this strong electrolyte may have partially neu-
tralized the surface charges of the obtained Ni(OH)2 nano-
wires, preventing possible crystallite aggregation.[43] The
aforementioned oriented attachment of nanowires would
then have been prevented so that only nanowires were ob-
tained after reaction for 24 h at 120 8C. Nevertheless, nano-
belts could still be obtained by prolonging the reaction time
or increasing the temperature in the case of R=2, as shown
in Table 1, indicating that nanowires could be transformed
into nanobelts so long as enough energy was provided. This


further confirmed that the
nanobelts were formed by a
lateral self-assembly of the
nanowires. On the other hand,
we also noted that when R was
varied from 3 to 1, the length
of the nanobelts or nanowires
decreased with increasing con-
centration of NaOH and that
short nanowires were ultimate-
ly formed because NaOH dis-
favors the anisotropic growth,
as pointed out by Liu et al.[40]


In addition, NaOH is a strong
electrolyte that is selectively
adsorbed on certain crystal sur-
faces; the quantity of hydroxyl
functions adsorbed on (0001)
faces is much larger than that
adsorbed on other faces ac-
cording to Wang et al.[44] The
higher the concentration of
NaOH, the greater the steric
effect it exerts on the (0001)
faces. As a result, the lengths
of the one-dimensional nano-
structures decreased with in-


creasing concentration of NaOH. Ultimately, when R was
less than 1/2, OH� anions were present in the system in
excess, which restricted the intercalation of other species
(e.g. SO4


2�) into the as-formed crystal nuclei, and as a result
only b-Ni(OH)2 nanoplates were formed. Furthermore,
owing to the presence of excess OH� ions, the strong inhibi-
tory effect on 1D anisotropic growth along the c axis, cou-
pled with the strong steric effect as well as the crystal nature
of the hexagonal planar arrangement, led to the formation
of hexagonal nanoplates. The precise mechanism of forma-
tion of the rectangular nanoplates with gaps still remains a
puzzle; more in-depth studies are necessary and the relevant
work is underway.


The very interesting phenomenon observed in the case of
R=3/4, that is, the sole formation of nanoplates at lower re-
action temperatures (e.g. 120 8C) and longer and longer 1D
nanostructures being synthesized on increasing the tempera-
ture to 140, 160, 180, and 200 8C, as shown in Figure 5, can
be explained in terms of the relationship between the steric
effect exerted by OH� and the energy provided to overcome
this steric effect. At lower temperature, the relatively high
OH� concentration restricted not only the 1D crystal growth
but also the intercalation of SO4


2�, and hence b-Ni(OH)2


nanoplates were the exclusive product. When the tempera-
ture was increased to 140 8C, the inhibitory effect on the 1D
crystal growth was largely overcome and the main product
was nanobelts accompanied by a small amount of nano-
plates. When the temperature was further increased to
160 8C, a lot of nanobelts were clearly produced, as shown in
Figure 5c; some parallel nanowires could also be observed,


Table 1. Ni(OH)2 nanobelts/nanowires/short nanowires/nanoplates obtained under different reaction condi-
tions.


NiSO4


[mmol]
NaOH
[mmol]


ACHTUNGTRENNUNG[Ni2+]/ ACHTUNGTRENNUNG[OH�]
(R)


T
[8C]


Reaction time
[h]


Morphology and shape Phase


9.8 3.3 3 120 24 nanobelts a


9.8 4.9 2 120 24 nanowires a


9.8 4.9 2 120 48 nanobelts a


9.8 9.8 1 120 24 short nanowires a


9.8 19.6 1/2 120 24 nanoplates b


9.8 39.2 1/4 120 24 nanoplates b


9.8 4.9 2 160 24 nanobelts a


4.9 3.3 3/2 120 24 short nanowires a


2.45 3.3 3/4 120 24 nanoplates b


2.45 3.3 3/4 140 24 nanobelts and nanoplates a


2.45 3.3 3/4 160 24 nanobelts a


2.45 3.3 3/4 180 24 nanobelts a


9.8 3.3 3 80 24 nanobelts a


1.23 3.3 2/5 180 24 nanoplates b


9.8 3.3 3 25 0 irregular particles amorphous
9.8 3.3 3 160 1 short nanofilaments a


9.8 3.3 3 160 3 short nanowires a


9.8 3.3 3 160 6 a few short nanobelts a


9.8 3.3 3 160 12 nanobelts a


9.8 3.3 3 160 48 nanobelts a


0.98 3.3 3/30 160 24 nanoplates (rectangles
appear)


b


0.49 3.4 3/20 160 24 nanoplates b


0.25 3.4 3/40 160 24 nanoplates (more rectan-
gles)


b
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but nanoplates were no longer seen owing to the provision
of more energy through the higher reaction temperature. As
sufficient energy was supplied at the higher reaction temper-
atures of 180 and 200 8C, the nanobelts became ever more
prevalent at the expense of the nanowires. These results fur-
ther confirmed that temperature can weaken the inhibitory
effect of OH� anions and promote the self-attachment of
nanowires into nanobelts.


The thermal behavior of the a-Ni(OH)2 nanobelts and b-
Ni(OH)2 nanoplates was investigated by means of TGA and
DTA measurements (Figures 8a,b). The TGA curve in Fig-


ure 8a indicates that in the temperature range from 30 to
600 8C a-Ni(OH)2 shows two steps at around 65 and 285 8C,
with different net weight losses; the total weight loss was
measured as about 20%. The TGA curve of b-Ni(OH)2


(Figure 8b), on the other hand, shows the onset of decompo-
sition (weight loss) at about 285 8C. The major weight loss
occurs rapidly between about 298 and 342 8C, as reported in
the literature.[29] The total weight loss was measured as
about 20%, in good agreement with the theoretical value
(19.4%) calculated from the following reaction:


NiðOHÞ2 endothermic
������!NiOþH2O ð1Þ


It is believed that the difference in the TGA curves of the
two kinds of products may be attributed to the different
bonding abilities of water molecules in the respective a- and
b-phases, and the TGA results also confirmed the phenom-
enon that holes appeared on the surfaces of the a-Ni(OH)2


nanobelts but not on the b-Ni(OH)2 nanoplates after irradi-
ation with an electron beam for a certain time during TEM
investigation. The DTA curve in Figure 8a shows two endo-


thermic peaks with maxima located at 68 and 345 8C, and
the DTA curve in Figure 8b shows one endothermic peak
with a maximum located at 318 8C. The temperature ranges
of the endothermic peaks in the two DTA curves corre-
spond well to those of the weight losses in the TG curves
and are consistent with the endothermic behavior observed
during the decomposition of a- and b-Ni(OH)2 into NiO.


Porous NiO nanobelts, nanowires, and nanoplates could
be obtained by thermal decomposition of the as-synthesized
precursor Ni(OH)2 nanobelts, nanowires, and nanoplates at
500 8C for 2 h. Figures 9a,b show the XRD patterns of NiO


nanocrystals obtained from nanobelts and nanoplates as pre-
cursors, respectively. The obtained diffractograms reveal
that all of the samples could be perfectly indexed to the
cubic structure of crystalline NiO and that no impurities
were present in the powder samples. The inset in Figure 9
shows low-angle powder X-ray diffraction patterns of the
porous NiO nanobelts and nanoplates. The presence of a
single broad diffraction peak in the low-angle range is indi-
cative of a disordered mesostructure with no discernible
long-range order in the mesopore arrangement.


Typical TEM images of the porous NiO nanobelts, nano-
wires, and nanoplates are shown in Figure 10. It can be seen
from Figure 10a that there is an abundance of pores in the
nanobelts, and that there is no significant change in the di-
ameter of the nanobelts as compared to their precursors, but
that they are much shorter than before calcination, which
may stem from the decreased mechanical stability of the
porous nanostructures and the sonication to which they
were subjected prior to TEM observation. A similar phe-
nomenon was also noted for the porous nanowires, as shown
in Figure 10b. Although the morphology of the b-Ni(OH)2


nanoplates, as shown in Figure 10c, was perfectly retained
after thermal decomposition to NiO, their size was a little


Figure 8. Thermogravimetric curves of a) a-Ni(OH)2 nanobelts and b) b-
Ni(OH)2 nanoplates.


Figure 9. XRD patterns of the porous NiO a) nanobelts and b) nano-
plates obtained by thermal decomposition of the as-synthesized Ni(OH)2


nanobelts and nanoplates as precursors at 500 8C for 2 h. The inset shows
the corresponding low-angle XRD patterns.
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smaller than that of the precursors. The inset in Figure 10c
is an enlarged image of the porous NiO nanoplates; a lot of
holes can clearly be seen, which confirms the porosity of the
NiO nanoplates.


To investigate the specific surface areas and porous
nature of the NiO nanobelts, nanowires, and nanoplates,
Brunauer–Emmett–Teller (BET) gas-sorption measurements
were carried out. Nitrogen adsorption–desorption isotherms
of these porous nanostructures are shown in Figure 11, and
the insets therein are the corresponding Barrett–Joyner–Ha-
lenda (BJH) pore size distribution plots. These isotherms
can be categorized as being of type IV, with a distinct hyste-
resis loop. The BET specific surface areas of the samples
were found to be 146 m2 g�1 for NiO nanobelts, 147 m2 g�1


for NiO nanowires, and 144 m2 g�1 for NiO nanoplates, indi-
cating that there is no obvious difference in specific surface
area among the three kinds of morphology. The average
pore diameters according to the BJH plots calculated from
the nitrogen isotherms of the porous NiO nanobelts, nano-
wires, and nanoplates were 11.6, 7.04, and 7.11 nm, respec-
tively, indicating that all of the samples contained mesoscale
pores but that the average pore diameters of the NiO nano-
wires and nanoplates were much smaller than that of the
NiO nanobelts. Moreover, the pore size distribution of the
NiO nanobelts was seen to be slightly broader according to
the BJH pore size distribution plots. Based on the above dis-
cussion, it is believed that these porous NiO nanostructures
satisfy the requirements for potential applications in the
field of surface catalysis and among them the nanowires
have the highest specific surface area and the lowest average
pore diameter.


Conclusion


In summary, by hydrothermal treatment of a very simple
system composed only of water, NiSO4, and NaOH, and
modulating the ratio of NaOH to NiSO4, some Ni(OH)2


nanostructures of various morphologies have been obtained.
Thus, a-phase nanobelts, nanowires, and short nanowires,
and b-phase hexagonal and rectangular nanoplates could be
synthesized exclusively, in high yields and with high purities.
By irradiation with an electron beam for several minutes,
the as-synthesized nanobelts were transformed into porous
NiO nanobelts, but the nanoplates underwent no obvious
changes under the same conditions. All of the as-prepared
Ni(OH)2 products could be transformed into corresponding
porous NiO nanostructures by annealing. The formation
process of the Ni(OH)2 nanostructures may be described as
a sequence of dissolution, recrystallization, and oriented at-


Figure 10. TEM images of the porous NiO structures obtained by thermal
decomposition: a) nanobelts, b) nanowires, and c) nanoplates.


Figure 11. Nitrogen adsorption isotherms of the porous NiO: a) nano-
belts, b) nanowires, and c) nanoplates. The insets show the corresponding
Barrett–Joyner–Halenda (BJH) pore size distribution plots.
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tachment-assisted self-assembly of nanowires into nanobelts.
The current process has the advantages of employing simple
synthetic methods and inexpensive experimental set-ups
that may readily be scaled-up for industrial production.


Experimental Section


Preparation of samples : All of the chemicals were of analytical grade
and were used without further purification. Distilled water was used
throughout. In a typical preparation of a-Ni(OH)2 nanobelts, an aqueous
solution (40 mL) containing NiSO4·7H2O (9.8 mmol) and NaOH
(3.3 mmol) was sealed into a 50 mL capacity Teflon-lined autoclave and
heated at 120 8C for 24 h (the reaction time was always 24 h unless other-
wise mentioned). After hydrothermal treatment, the reaction mixture
separated into a green paste-like precipitate and a clear supernatant,
which was decanted off. The solid product was subsequently washed sev-
eral times with deionized water, and then dried in air at 60 8C for 12 h.
Finally, a green powder was obtained. By changing the molar ratio of
NiSO4 to NaOH, the temperature, or the reaction time, a-Ni(OH)2 nano-
wires, short nanowires, and b-Ni(OH)2 nanoplates could be obtained.
Porous NiO nanobelts, nanowires, and nanoplates were obtained when
the as-synthesized Ni(OH)2 nanobelts, nanowires, and nanoplates were
directly calcined at 500 8C for 2 h in a muffle furnace.


Characterization : The as-prepared powder samples were characterized
by X-ray powder diffraction (XRD) analysis on a Rigaku X-ray diffrac-
tometer with CuKa radiation (l=1.5406 N). The morphologies and sizes
of the as-obtained products were observed by transmission electron mi-
croscopy (TEM, Hitachi H-800) and field-emission scanning electron mi-
croscopy (FE-SEM, JEOL 7500B). High-resolution transmission electron
microscopy (HRTEM) was performed with a JEM-3010 transmission
electron microscope (300 kV). Thermogravimetric (TG) analyses were
carried out with an STA-409PC/4/H Luxx simultaneous TG-DTA/DSC
apparatus (Germany) at a heating rate of 10 8Cmin�1 in a flow of air. N2


adsorption was determined by BET measurements using an ASAP-2000
surface area analyzer.
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High Catalytic Activities of Artificial Peroxidases Based on Supramolecular
Hydrogels That Contain Heme Models


Qigang Wang, Zhimou Yang, Manlung Ma, Chi K. Chang,* and Bing Xu*[a]


Introduction


This paper describes the evaluation of the catalytic activity
of artificial enzymes composed of a supramolecular hydro-
gel[1,2,3] and a group of synthetic heme model com-
pounds.[4,5,6] It is well-known that the spatial arrangement of
atoms or groups near the active center determines the activ-
ities of hemoproteins.[7] To understand the activities of
hemes, Chang et al. have synthesized a series of heme
models modified by a range of groups that have varying
dipole moments and are positioned near the coordinated
heme center. From studies on these models, Chang et al. re-
ported that dipolar forces and hydrogen bonding should
play a significant role in regulating the oxygen affinities of
heme proteins.[5,6] In particular, it was observed that the off-
rates of O2 were governed by the dipole moments in the
model molecules equipped with aprotic groups. For the
heme-model compounds modified with protic groups, the
off-rates of O2 were determined by hydrogen bonding inter-
actions with the O2 located at their coordinated centers.
Since the off-rates of O2 from the heme groups in proteins
are related to their ability to catalyze peroxidation by affect-


ing the stabilities of the catalytic intermediates, the activities
of various hemes likely depends on the nature of the distal
groups above the coordinating centers in the heme model
compounds.


Supramolecular hydrogels of amphiphilic oligopeptides[8,9]


or other small molecules[10–12] are being explored for various
important applications, such as scaffolds for tissue engineer-
ing,[8] media for screening inhibitors,[11,13] matrices for bio-
mineralization,[14] and biomaterials for wound healing.[12]


Similar to the natural selection of peptide chains in en-
zymes, self-assembled nanofibers of derivatives of amino
acids allow the incorporation of heme model compounds as
the prosthetic group to mimic peroxidases.[3] In the artificial
enzymes reported in this work, the hydrogels serve at least
two functions: as the skeleton of the artificial enzyme to aid
the function of the active site in organic solvent and as im-
mobilization carriers to facilitate their various applications.


We have demonstrated that the nanofibers in supramolec-
ular hydrogels protect a hemin monomer by preventing its
dimerization and degradation and facilitate its catalytic ac-
tivity by providing nanoporous diffusion channels, which
possess unique flexibility to allow the transport of sub-
strates. As a result, the hemin chloride encapsulated in a
supramolecular hydrogel reaches about 60% catalytic activi-
ty in toluene relative to that of native horseradish perox-
idase (HRP) in water.[2] The excellent performance of this
enzyme mimic system made of a supramolecular hydrogel
prompted us to evaluate whether supramolecular hydrogels
could serve as a general platform for the combination of
other synthetic heme model compounds and for the deter-
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mination of factors that govern or contribute to the catalytic
activity in such systems. More specifically, we expected that,
similar to the case for the hemoprotein and the trends in
catalytic activities observed in the series of model com-
pounds themselves, the distal substituents above the iron
centers of the heme model compounds would have a signifi-
cant influence on the catalytic activities of the supramolec-
ular-hydrogel-based artificial peroxidases.


In this work, we found that changes in the distal substitu-
ents above the active centers of the heme model compounds
also determined the activities of the supramolecular-hydro-
gel-based artificial enzymes. The highest catalytic activity of
the hydrogel-based artificial enzyme (I ; Scheme 1) in tolu-
ene reached about 90% of the activity of HRP in water. By
removing water from the hydrogels, we obtained lyophilized
artificial enzymes (II), which were examined to determine
their catalytic activities in organic solvent (toluene). The
catalytic activities of the lyophilized enzymes reached up to
75% of that of I in organic solvent. These results confirm
that supramolecular hydrogels are an excellent platform for
making artificial enzymes and verifies the possibility of fine
tuning the activity of the artificial peroxidases by changing
the distal substituents near the active center of the heme
model compounds. This novel approach may provide impor-
tant guidance for the development of artificial enzymes.


Results and Discussion


Scheme 1 illustrates the typical procedure for making the ar-
tificial peroxidases by using supramolecular hydrogels. The
mixture of Fmoc-l-phenylalanine (1) (Fmoc: 9-fluorenylme-
thoxycarbonyl) and Fmoc-l-lysine (2) under slightly basic
conditions resulted in a suspension, which turned into a
clear solution upon heating to 333 K. The addition of one of
the heme model compounds 3–8[5] and subsequent cooling
afforded a brown, nontransparent hydrogel (I). After fast
cooling with liquid nitrogen, I was freeze-dried to give the


lyophilized powder (II) containing the nanofibers of 1 and 2,
and the heme model. We characterized both I and II and in-
vestigated their catalytic activities for oxidation.


As shown in the TEM images (Figure 1), the control hy-
drogel (i.e. that made of only 1 and 2) and Gel-6 (i.e. that
composed of 1, 2, and 6) have a similar morphology (we
chose Gel-6 as the representative example of Gels-3 to -6 as
they share the same features). The morphology of the con-
trol hydrogel consisted of nanofibers (�20 nm diameter) of
self-assembled 1 and 2, which were noncovalently entangled
to form 50~500 nm pores. Besides the relatively large pores,
the diameters of the nanofibers in Gel-6 are almost the
same as those in the control, which suggests that the nano-
fibers of Gel-6 mainly consist of 1 and 2. The gray area/dark
particles that surround the nanofibers are probably the
heme model compounds and the less-ordered aggregates of
1 and 2.[3] Moreover, the presence of the heme model com-
pounds in the outer layer of the nanofibers should facilitate
the diffusion of the substrates upon their subsequent catalyt-
ic application as artificial peroxidases.


Figure 2 shows the UV/Vis spectra of compound 6, Gel-6,
and HRP in an aqueous buffer (0.1m phosphate, pH 7.4).
The Soret peak of Gel-6 at 411 nm is the same as that of
pure 6, which indicates that the configuration of 6 in the ar-
tificial peroxidases is unchanged. The Soret peaks of the
other compounds (4, 5, 7 and 8) in the hydrogels are also
the same as their corresponding pure forms. However, the
Soret peak of compound 3 differs from that of pure 3 in the
aqueous buffer because 3 has no axial imidazole-containing
ligands for coordination to the iron center. Although it
exists in dimer form in the aqueous buffer, in the hydrogel,
compound 3 changes into its more active monomeric form
as a result of supramolecular interactions. A 1:1 mixture of
histidine and Gel 3 shows a redshift in the Soret band (from
400 to 406 nm), which indicates the formation of a hemin–
histidine complex stabilized by a FeIII�N bond.[3] In the case
of model hemes 4–8, the direct introduction of an axial
ligand with imidazole at the meso position led to their mon-


Scheme 1. Procedure for making the supramolecular-hydrogel-based artificial enzymes by using hydrogelators and heme model compounds.
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omeric forms and produced a redshift of the Soret band rel-
ative to that of heme 3. As a result, the model heme 6 and
Gel-6 have the same Soret band at about 411 nm as that of
HRP, which has a similar heme group to that of the de-


signed heme model compounds.[15] Gel-6 displays another
strong peak at 265 nm, which is the characteristic absorb-
ance of the Fmoc groups in 1 and 2. The absorbance of Gel-
6 at about 295 nm originates from the phenylalanine of the
hydrogel. The tryptophan and/or tyrosine residues in HRP
lead to the weakly absorbing peak at 280–300 nm.


Using the oxidation of pyrogallol as a model reaction, we
monitored the catalytic activities of the artificial peroxidases
(Gels-3 to -8) formed by the heme model compounds (3–8)
and the supramolecular hydrogel. As shown in Table 1 and
Figure 3, these supramolecular-hydrogel-based, artificial per-
oxidases all exhibit relatively high activities in toluene that
are close to the activities of native peroxidases in water.
Relative to Gel-3, the artificial enzymes made of Gels-4 to
-8 have significantly higher activities in toluene. Among
them, the activity of Gel-6 in toluene can reach 90% of that
of native HRP in aqueous buffer. These results suggest that
hydrogel-encapsulated compounds 4–8 have a greater struc-
tural similarity to native HRP than Gel-3, which is in agree-
ment with the data obtained from their UV/Vis spectra.


The kinetic data in Table 1 indicate that the kcat of Gel-3
in toluene (370.7 min�1) is 136 times that of free 3 in toluene
(2.7 min�1). For model hemes 4–8, the values of kcat for the
free forms in toluene are 8.1, 7.5, 9.8, 3.7, and 9.3 min�1, re-
spectively. Compared with the activities of Gels-4 to -8 in
toluene (1212.2, 1063.6, 1556.9, 545.1, and 1481 min�1), the
activity enhancements of the model hemes 4–8 after hydro-
gel immobilization are times 148.6, 140.8, 157.9, 146.3, and
158.3, respectively. The 130–160-fold enhancement of activi-
ty for Gels-3 to -8 indicates the influence of the novel supra-
molecular hydrogel skeleton on the artificial peroxidases.
Such an effect should be divided into two parts, the effect of


Figure 1. TEM images of the nanofiber matrices in A) the hydrogel made
of 1 and 2 without heme model compounds and B) the hydrogel made of
1 and 2 with the addition of compound 6 (Gel-6) after cryo-drying.


Figure 2. UV/Vis spectra of 4 mm Gel-6 (d), free 6 (c), and free
HRP in pH 7.4 buffer (a).


Chem. Eur. J. 2008, 14, 5073 – 5078 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5075


FULL PAPERArtificial Peroxidases Based on Supramolecular Hydrogels



www.chemeurj.org





the supramolecular nanofibers and that of the phase equilib-
rium of reactants and products between the hydrophobic
toluene solution and the aqueous environment.


By measuring the activities of the lyophilized artificial en-
zymes in organic media, we can separate the contribution of
the amphiphilic nanofibers from the effect of the phase
transfer that originates from the organic media and water in
the hydrogel. In the case of 3, the activity of lyophilized
Gel-3 in toluene is about 12 times the activity of Gel-3 in
the aqueous buffer (Table 1). At the same time, the activity
of the artificial enzyme (i.e., Gel-3) in toluene is about 19
times higher than that of Gel-3 in the aqueous buffer.
Therefore, the effect of phase transfer may contribute to
about a 1.5 fold increase in the enhanced activity of the arti-
ficial peroxidases in toluene. This enhancement is quite con-
sistent for all the artificial peroxidases. When the heme
model compounds are incorporated into the hydrogel, all of
the enhancement ratios from phase transfer are about 1.5.
Thus, the high activities of the artificial peroxidases in or-
ganic solvent mainly originate from the amphililic nanofib-


ers that mimic the molecular environment around the active
center in a natural enzyme.


Figure 4 shows the time-course plots of the catalytic reac-
tions over 15 minutes for Gels-3 to -8 in water. These data
indicate that the activities of artificial peroxidases with dif-


ferent heme model compounds depends on the distal groups
above the coordinated iron atoms and reveals that the order
of their catalytic abilities in the aqueous buffer is Gel-6>
Gel-8>Gel-4>Gel-5>Gel-7>Gel-3. Figure 5 shows the
time-course plots of the catalytic reactions over 15 minutes
for Gels-3 to -8 in toluene, which showed the same order of
catalytic activity as in water. Therefore, the order of the ac-
tivities of the artificial peroxidases is Gel-6>Gel-8>Gel-
4>Gel-5>Gel-7>Gel-3. As shown in Figures 5 and 4, the
artificial systems have activities in the order of Gels-6, -8,
-4, -5, -7@Gel-3 in water and Gels-6, -8, -4, and -5@Gels-7
and -3 in toluene. The major reason for the different reactiv-
ities of Gel-7 in toluene and water is that the hydrophobic
alkyl chain on the thioester of 7 is a poor facilitator of hy-


Table 1. The activity data and ratios of various catalytic systems in differ-
ent solvents.[a]


kcat in buffer
[min�1]


kcat in toluene
[min�1]


kcat in toluene
after
lyophilizing
[min�1][b]


Activity
ratio[c]


Free 3 2.4 2.7 2.7 1.00
Gel-3 19.9 370.7 255.6 1.45
Gel-3
+histidine


49.7 1045.3 710.6 1.47


Gel-4 59.8 1212.2 776.5 1.56
Gel-5 56.6 1063.6 685.4 1.55
Gel-6 90.3 1556.9 1146.9 1.35
Gel-7 44.4 545.1 406.5 1.34
Gel-8 88.6 1481.4 979.5 1.51
HRP 1740.0 1.8 1.8 1.00


[a] The backgrounds of all carriers without heme model compounds have
been subtracted. [b] The samples were lyophilized to form a powder
before assaying the activities. [c] The ratio of the activity of the artificial
enzyme versus the lyophilized artificial enzymes (i.e. dried hydrogels con-
taining heme models).


Figure 3. Catalytic activities of the artificial enzymes, heme model com-
pound 3, and HRP under three different reaction conditions.


Figure 4. Time-course plots (over 15 minutes) of the reaction of pyrogal-
lol (10.0 mm) and H2O2 (40.0 mm) in 0.01m phosphate buffer at pH 7.4
catalyzed by 5 mm Gel-3 (&), Gel-4 (&), Gel-5 (~), Gel-6 (~), Gel-7
(*), and Gel-8 (*).


Figure 5. Time-course plots (over 15 minutes) of the reaction of pyrogal-
lol (10.0 mm) and H2O2 (40.0 mm) in toluene catalyzed by 5 mm Gel-3
(&), Gel-4 (&), Gel-5 (~), Gel-6 (~), Gel-7 (*), and Gel-8 (*).
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drogen bonding with the iron-bound oxygen atom. When
the solvent is water, sufficient water molecules are present
to aid the formation of hydrogen bonds on the oxygen
atom, thus assisting the catalytic reaction.


It is well-known that during catalysis peroxidases react
first with hydrogen peroxide to form intermediate species
(FeV=O–porphyrins).[16] In native HRP, the proximal histi-
dine coordinates to the iron in heme, which can effectively
reduce the energy level of the FeV=O–porphyrin by electron
donation from the imidazole group. Therefore, the inter-
mediate species in HRP has lower activation energy and
higher activity in the peroxidation reaction. Thus, in an arti-
ficial peroxidase, a ligand containing imidazole can have the
same positive effect as the histidine group in HRP. This
mechanism explains the higher activities of Gels-4 to -8 than
that of Gel-3. The intermediates of the artificial peroxidases
formed by the heme model compounds 4–8 with an axial
ligand containing imidazole might also effectively lower the
activation energy.


To explain how the distal groups in heme model com-
pounds can influence the activities of the corresponding arti-
ficial peroxidases, we need to examine how the distal groups
above the porphyrin ring of the heme model compounds
may affect the hydrogen bond formed by the iron–oxo spe-
cies. The heme model compounds 4–8 can be divided into
two types. The first type, which includes compounds 6–8
(Scheme 2A), has meta-substituted benzamides with the


distal groups above the coordination site of the porphyrin
ring. The second type, represented by 4 and 5 (Scheme 2B),
has the simple o-anilide with the distal groups above the co-
ordination site of the porphyrin ring. In the first type, it is
apparent that the heme model 6 has distal OH groups and
heme model 8 has the tertiary amide near the iron–oxo site
of the intermediate. These groups bear lone-pair electrons
and may act as hydrogen bond acceptors to lower the activa-
tion energy of their intermediates. The higher activation
energy of heme model 8 than that of 6 may be ascribed to
increased steric hindrance in its molecular structure. For the
second type of heme model compound, the electron-defi-
cient distal groups in heme models 4 and 5 are located away
from the FeV=O porphyrin relative to heme models 6 and 8.


As a result, the FeV=O species from heme models 4 and 5
should have higher activation energies compared with those
of heme models 6 and 8. The higher activation energy of
heme model 5 than that of 4 may also be ascribed to in-
creased steric hindrance in its molecular structure. For heme
model 7, the distal alkyl chains from the thioester do not
bear lone pair electrons that could act as hydrogen-bond ac-
ceptors. Therefore, the intermediate species in 7 has the
highest activation energy among the heme models 4–8.
Among the artificial peroxidases, Gels-4 to -8, the order of
activation energy for their intermediates is Gel-7>Gel-5>
Gel-4>Gel-8>Gel-6, which agrees with the order of activi-
ty: Gel-6>Gel-8>Gel-4>Gel-5>Gel-7.


Conclusions


The combination of a supramolecular hydrogel with various
heme model compounds that act as the active center affords
artificial peroxidases with high catalytic activities. The activi-
ty of the artificial peroxidases can be tailored by changing
the distal substituents above the coordinated centers of the
heme model compounds, which is independent of the supra-
molecular hydrogel. Although the effect of phase transfer at
the interface of the organic solvent and water in the supra-
molecular hydrogel provides a certain enhancement, the
high activities of the artificial peroxidases in organic sol-
vents are mainly due to the unique features of the amphi-
philic nanofibers. Moreover, by using the principles illustrat-
ed in this work, it may be possible to tune the activities of
the artificial peroxidases by changing the distal substituents
or the structure of the hydrogelators. Our future work will
expand this general strategy to a variety of artificial en-
zymes.


Experimental Section


Fmoc-l-phenylalanine (50 mmol), Fmoc-l-lysine (50 mmol), and sodium
carbonate (100 mmol) were added to water (1 mL) to afford a suspension,
which turned into a clear solution after heating to 333 K. Then, the pow-
dered heme model (10 mmol) was rapidly dissolved in the peptide solu-
tion. A hydrogel composite with hemin (Gels-3 to -8) formed after about
10 min. After rapid cooling with liquid nitrogen, I was freeze-dried to
give the lyophilized powder (II). By using the oxidation of pyrogallol
(10.0 mm) by H2O2 (40.0 mm) as a model reaction and by fixing the total
concentration of various hemins at 5 mM in the mixture, the activities of
the hemins were obtained by monitoring the absorbance (420 nm) of pur-
purogallin, the product of hemin-catalyzed oxidation of pyrogallol. The
activity constant kcat (Vmax/[E], in which Vmax is the velocity of the reac-
tion and [E] is the concentration of the enzyme) was measured by using
the initial reaction rate in the first minute at saturated concentration
(10.0 mm), which eliminates the effect from the concentration of sub-
strate and enzyme. Therefore, the kcat values in various systems represent
the basic kinetic activity.


Scheme 2. The orientations of the distal groups in A) compounds 6–8 and
B) compounds 4 and 5.
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